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CHAPTER I 

INTRODUCTION 

  

I, Historical Introduction 

Electrical discharges in gases, in the form of 

lightning, are assumed to have been occurring since early 

geological times and there is speculation that these 

lightning discharges in the atmosphere may have played 

an important role in the origin of life on this planet. 

aizier’! has shown that organic compounds which make up 

living systems can be synthesized by passing an electrical 

discharge through an atmosphere of CHys NH, , HO and Ho» 

the gases which Urey ‘2? has postulated as being the com- 

ponents of the primitive earth's atmosphere. Apart from 

this early importance of lightning little, if anything, 

is known of electrical discharges until the early recorded 

history of man when lightning was considered to be created 

in various manners by the gods which were in vogue at the 

time. An interesting account of some of these beliefs is 

given by Schonlana‘?? . 

Although man-made electricity was known to the early 

Greek philosophers it was not until 1600 that the first 

scientific study of electricity was made by William Gilbert



and, according to Chainers‘*), it remained for Wall in 

1708 to be the first to suggest that lightning wes an 

electrical phenomenon. In the years that followed there 

was considerable speculation on this point and in 1749 

Benjamin Franklin”), who was convinced that lightning 

was due to electricity, proposed a method by wiich this 

could be proven. Franklin's suggestion was taken up by 

d'Alibard who in 1752, one month prior to Franklin's 

fanous kite experiment, successfully showed that thunder- 

clouds were in fact electrified. 

The problem of destruction by lightning, a brief 

historical account of which is given by Schonland‘ >? , has 

been known to man since earliest times but it was not until 

lightning had been equated with an electrical discharge 

that Franklin, acting in the capacity of an high voltage 

engineer, was able to develop a lightning rod to provide 

protection against this destruction. Pranklin's works‘ 9? 

indicate that the first fully recorded successful per- 

formance of the lightning rod was in 1760 although it was 

suggested that unrecorded successes had occurred some 

years earlier. In spite of this fact that protection 

from electrical dischargeswas initiated over 200 years 

ago it is still a major problem in high voltage engineering



which indicates the need for more information on the 

discharge processes so that the engineer will be better 

able to develop the protection required. 

fhe actual study of lightning discharges progressed 

little until the end of the nineteenth century when 

Hoffert’©) in 1689 and Waiter” in 1903 published 

pictures taken by moving a camera, with the lens open, 

while waiting for a lightning flash to occur. These 

pictures showed the multiple stroke nature of lightning 

but were not able to resolve the development of the stroke. 

fhe time resolution was greatly increased by Boys ‘®) who 

in 1926 published details of his canere, incorporating 

twin rotating lenses, which he had invented in 1900. 

Boys himself only obtained one picture with his camera 

and that in 1928‘®) after 27 years of failure but 

Schonland and Goliens'??, in the early 1930's, successa=- 

fully used a Boys camera in South Africa and from their 

results were able to put forward a widely accepted picture 

of the lightning development. 

Laboratory studies of electrical discharges were 

ahead of the study of lightning and some early interesting 

results were reported by Sdareig\'?? in 1834 and varaday*'?? 

in 1837 on D.C. disobarges and by Steinmets''@) in 1898



on A.C. discharges. In 1900 and succeeding years a tre- 

mendous breakthrough was made by Townsena‘ '? who developed 

the theory of ionization by collision. This theory was 

the basis for a vast amount of research on electrical 

discharges continuing to the present day. The application 

of Townsend's theory to higher pressures and longer gaps 

showed that it was inadequate to cover all discharges and 

in the late 1930's a further breakthrough was made when 

Meek‘'4), working with Loeb, developed the streamer theory. 

One other early important development should be 

mentioned in this brief historical outline and that is the 

multi-stage impulse generator by Marx' 15) in 1924. This 

invention with its subsequent improvements (see Craggs and 

Meex 19) ) has been a standard tool in impulse breakdown 

research and unioubtably will continue to be 30. The steady 

development of the cathode ray oscilloscope and more 

recently of photomultipliers, image converters and high 

speed film for various types of time resolving cameras has 

given engineers and physicists a wide range of tools with 

which to continue the study of electrical breakdown pheno- 

mena and a review of the recent work pertinent to this 

thesis will be found in the following chapter.
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fy As power requirements grow electrical engineers have 

al % found that in order to meet demands, it is technically and 

/ economically necessary to go to higher and higher trans- 

\ mission voltages. Attendant on these higher voltages 
} 

i 

have been increased problems of insulation and protection 

of equipment from high voltage surges, and although a con- 
} 

j 

| 
breakdown of non-uniform field gaps there is as yet no it 

k Cer understanding of the breakdown mechanism. et 
we 

, siderable amount of work has been done on the impuise 

In the author's opinion, an understanding of the nature 

of the impulse breakdown is necessary if the best protection 

is to be developed for power systems and it is therefore the 

aim of this thesis to provide new information on the impulse 

breakdown of non-uniform field gaps in air. Since gaps 

encountered in engineering are generally of a non-uniform 

field nature this type of gap was studied and in order to 

separate positive and negative breakdown effects the rod- 

plane gap was used. During the course of this research 

@ new probe technique (see chapter 3) for measuring the 

electric field at either of the gap electrodes was developed 

and this technique has been used to study the breakdown of 

positive rod-plane gaps up to 200 cm in length using short



front impulses. For comparative purposes some work was 

done using a negative impulse with a 50 and 100 cm gap. 

The results provide new information from which a better 

understanding of the breakdown mechanism has emerged and it 

is hoped that further use will be made of the field measuring 

technique to provide new information on other gap geometries 

and using long wave front impulses.



CHAPTER If 

REVIEW OF PREVIOUS WORK 

I, Introduction 

Meek and Craggs‘"?) in their book "Electrical 

Breakdown of Gases" have given a comprehensive coverage 

to the work up until early 1951 and several sections of 

this book are of particular interest with regard to the 

work of this thesis. A brief resume of these chapters 

is therefore given including some of the more important 

references contained in their extensive bibliography. 

Chapter IV gives a descriptive account of the various 

techniques employed to study the growth of spark dis- 

charges and as these techniques have been used to provide 

most of the present knowledge of the spark discharge 

a summary will be given. 

(i) Suppressed discharges 

Suppressed discharges which are obtained by applying 

a voltage to a gap for a limited time only have been used _ 

to study the growth of sparks in a non-uniform field. theck 

technique employed is to photograph the éischarge with the 

voltage applied for varying lengths of time and then to 

compare the advance of the spark with the time of voltage



application. This technique necessitates averaging 

a number of shots since each photograph refers to a 

different discharge but it does permit an average velocity | 

of propagation of the spark to be determined. A further 

disadvantage has been shown to exist by recent studies of 

Gorin and Stekolnikov''®), ‘they show that when the 

applied voltage is chopped a reverse discharge occurs due 

to the space charge in the gap. With time integrated 

photography this discharge may be confused with the forward 

discharge. 

(ii) Cloud chambers and Kerr cells 

Although the cloud chamber has been used mainly to 

study avalanches and streamers in uniform field gaps, 

Nakaya and Yamasaki‘ '9) have used one to study short 

point-plane gaps with results similar to those of Kaether 

in uniform field gaps. 

fhe Kerr cel1'29r?) » first used in 1875, consists of 

two polarizing sheets between which is a liquid such as 

nitrobenzene which is capable of changing the plane of 

polarization of light passing through it depending on 

whether or not it is electrically stressed. This cell is 

used as a shutter with a fast response time, notably of 

the order of 4 nsec to close. This shutter has been used



to study the growth of sparks but the results quoted are 

all for uniform field gaps. 

(iii) Time resolving cameras 

A number of investigators have used time resolving 

cameras of the rotating lens, rotating mirror or rotating 

film type. A considerable amount of work was done on the 

non-uniform field gap up to 2 metres in length with the 

results showing a leader stroke starting from the anode 

(in a positive point, negative plane gap) and branching in 

the downward direction until reaching the cathode. The 

main stroke then follows in detail the path of the leader 

stroke but it does not branch as frequently, only following 

the more prominent branches. The leader stroke is seen as 

an intense filamentary channel accompanied by a less light, 

but more diffuse, voluminous shower of discharge. The in- 

portance of this shower of discharge has been stressed in 

several papers'<*12) | The nature of the breakdown was 

quite variable from shot to shot and in some cases the 

positive leaier stroke did not cross the entire gap but 

was met by a negative leader propagating from the plane. 

If a point electrode was placed on the negative plane 

a negative leaier was always seen to grow from the point 

although it was such slower than the positive leader and
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did not start until the positive leader was partway across 

the gap. 

This technique has made possible a good measurement 

of leader velocity and a graph of initial and final leader 

velocity is given as a function of series resistance, 

Komelkov, by putting a slit between the discharge and 

the camera, was able to view various parts of the gap 

individually and thus showed separately the two parts of 

the leader stroke. Komelkov states that the first part, 

a zone of large diameter, low intensity ionization corres- 

ponding to the voluminous shower of discharge visible on 

earlier photographs, consists of streamers emerging from 

the tip of the second part which is the leader channel of 

relatively small diameter and intense illumination. 

(iv) Photomultipliers 

Meek and Cragge‘24) suggested the use of a photo- 

multiplier to study the growth of the leader stroke which 

precedes the spark breakdown of a gap and this technique 

gave a considerable advantage in time resolution over the 

rotating camera technique. Saxe and tieek'*?) studied 

@ positive point, negative plane gap and give curves of 

distance travelled against time for the leader in two 

different gaps with varying circuit resistance.
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For voltages below breakdown value they showed that 

a@ corona discharge emits light from a roughly hemispherical 

volume with the positive point at the center of the plane 

face which is parallel to the negative plane and with the 

curved surface towards the plane. The light intensity was 

found to decay continuously with distance from the point. 

Two other methods of studying the breakdown mechanism 

are mentioned, namely oscillographic studies and the use 

of Lichtenberg figures. No results pertaining to rod-plane 

gaps are given for the former but mention is made of some 

work by Allibone‘®>) and by others on rod-plane gaps using 

Lichtenberg figures. Allibone's results, obtained by 

placing a piece of film between the electrodes, show that 

the initial corona may cross the gap without the formation 

of a leader. This indicates that the photomultiplier used 

by Saxe and Meek was not sufficiently sensitive to enable 

them to observe all the corona. 

(v) Other chapters of particular interest 

Chapter VI, “Theory of the Spark Mechanism", deals 

mainly with the basic breakdown theories which are more 

readily applied to uniform fields. A brief section is 

however devoted to non-uniform fields and Meek and Craggs 

state about the point-plane gap " ..... the breakdown
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on the conditions governing the propagation of streamers 

for which no quantitative mechanism has yet been proposed.” 

Although a great deal of work has been done on point-plane 

gaps since 1951 the position is still the same in that the 

breakdown voltage cannot be computed theoretically. 

Chapter VII deals with breakdown voltage characteristics 

and includes curves showing breakdown voltage-vs-gap length tor 

for both positive and negative impulses. Shase velues will 

not be enlarged upon here as this work is concerned mainly 

with obtaining new information on the mechanism of break~ 

down rather than on the breakdown voltage values. It must 

be noted however, that any proposed theory of breakdown must 

be capable of explaining the observed breakdown voltage 

characteristics. 

The chapters not mentioned specifically were found 

valuable in providing a general background to the problem 

of electrical discharges. 

Il. Swedish Work 

Horinder and Salka published a series of papers on non- 

uniform field breakdown using a chopped impulse voltage and 

studying the growth of the discharge in a sphere-plane and
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point-plane gap using a camera with a quartgz-rocksalt lens. 

Their results for the positive case ‘29? showed the discharge 

to occur in three phases. The first is a corona consisting 

of a short sten trvm anal ee ete crown developing in 

a time less than they could resolve. They considered the 

possibility of radioactive substances in the air to create 

electrons away from the high field region in this first 

phase. The a eeonn phase is a high conductivity channel 

starting ‘from the base of the corona stem and branching 

downwards with the aid of "fine luminous tufts" at the 

ends. In addition a "luminous bundle of rays" develops 

and traverses the whole gap at the sparking voltage. The 

third phase or main stroke occurs when a branch of the 

sits cali crosses the gap and it follows the path of 

the branch or in some cases two branches in parallel. No 

growth from the plane was observed in these experiments. 

These results are in good general agreement with earlier 

work. 

The negative case'27) gave an initial phase of corona 

which crossed the gap in a single or in several stages. 

When this occurred a leader developed from the plane and 

was met by a leader developing from the cathode. These 

leaders form the track of the main stroke which follows
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when they meet approximately in mid-gap, the positive 

leader generally covering the greater distance. 

®he thira paper’?®) in the series, dealing with 

insulating screens in the long discharges brings out 

the interesting fact that the corona from the positive 

point is stopped by a screen whereas the corona from 

a negative point is not. That is to say the positive 

corona tends to spread out along the screen while the 

negative corona causes a corona to start on the opposite 

side of the screen even though the screen is not punctured. 

An explanation of this is given in terms of a higher space 

charge density in the negative case and it is pointed out 

that a screen in the negative case decreases the breakdown 

voltage value while it increases the breakdown voltage in 

the positive case. | 

The final paper‘*9) again deals with the negative 

case using limited current to slow down the process and 

to make the main stroke less intense as was done by 

earlier wovtkere oe
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III. Purther Work Using The Techniques eribed 

Meek and Craggs 

(i) Photomultipliers 

In 1955 Saxe and leek‘ 31) published a paper giving 

further results using the photomultiplier technique which 

they had developed and reported on earlier@>) , They also 

used an inverted gap, i.e. the plane was at a high 

potential and the rod was earthed (through a resistor), 

in order to facilitate current measurements. The results 

show the similarity between the current pulse shape and 

the light pulse shape corresponding to the impulse corona. 

fhe impulse corona and the diffuse, voluminous discharge 

ahead of the leader channel are shown to be generally 

similar indicating that the two are different aspects of 

the same phenomena. 

(ii) Suppressed discharges 

eX. Park and Cones‘ 22) give an interesting ewneeny of the 
sense SA ESA tne in -_ —_ — —— — 

breakdown mechanism after giving ga set of “experimental 

results correlating current measurements, made in an 

inverted gap as was done by Saxe and Meek, to still photo- | 

graphs obtained by chopping the applied voltage before 

breakdown. The photographic results agree generally with 

those published earlier by Norinder and Salka using the
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same technique. ‘The corona is seen _to be made up of 

a large number of "streauers” so-called because of their 

  

Pine 

appearance on the discharge pictures but which, according 

‘to. their theory, are actually photographic traces produced 

“by balle or regions of high space-charge density with high 

ionization and excitation activity at their leading surface. 

These balls are projected from the sphere electrode towards 

the plane along lines of force of the applied field. The 
ereeeerwensm 

ball should be thought of a8 a ‘travelling wave of high 
a a a are a eel 

eharge density propagated by: new charges being continually 

  

produced in the big field of the leading edge. A high 

concentration of positive and negative ions is left behind 

with an excess of positive ions for the sphere positive and 

an excess of nome yive ions for the ‘sphere negative. oan 

space otarge reduces ‘a: field so that ionization is = 

inhibited and thus the passage of the high charge density 

does not produce a conducting path. 

They go on to postulate that this process is initiated 
al eee eeneeeeeeenanieemneenrn a dae 

(considering the positive case) by an electron being produced 

  

ee a 

from a negative ion by the high field near the ephere and 
wie aa a ae 

being accelerated towards the sphere forming an electron 
ae ET A SSS 

avalanche. As soon as this ionization process starts it 
Pee ee eee 

"produces photons which liberate electrons in the aneeee “high
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field region and thus a large number of avalanches are 
een ne socneuheianal 

  

ae 

formed. The electrons are drawn into ‘the sphere ‘leaving 
Se a 

  

a 

the regions of high positive charge density which then 
ae 

propagate across the gap. fhis Mheory accounts for the gi 

high speed of propagation of % the “etreamers a across the > BBD. 

After the corona streamers the leader stroke starts but 

“the reason for it starting is not explained. 

- fhe paper includes an appendix giving ‘the calculation 

of the voltage distribution between the sphere and the 

plane. This distribution is plotted along with a curve 

which is estimated to be the voltage distribution after the 

space charge has entered the gap and the corona has pro- 

pagated to the plane. 

(iii) Time resolved photography 

Waters and Jones‘??? did considerable experimental 

work on non-uniform field breakdown in air. They used 

a rotating mirror camera with an f/1.0 aperture and in 

order to prevent the film being fogged by the final break- 

down,the voltage was chopped by a triggered sphere gap. 

They also measured the current in the gap and studied the 

time lag to breakdown using an impulse with a wave-tail 

of several millisec to half value.
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They observe the positive corona to fill a volume 

roughly hemispherical in shape and having a filament growth 

rate of 10° em/sec. In general their results are in 

agreesent with previous work. 

For the negative case they show the corona completely 

crossing the gap before the positive leader is initiated 

from the point where the negative corona hit the plane. 

(iv) Lichtenberg figures ; 

Baatz, Bbcker and Pisher' 94? did some work on a rod- 

rod gap of 35 om in length in order to get results which 

eould be compared with an investigation done for CIGRE 

Study Committee No. 8 They give results of current and 

voltage measurements and they studied the corona growth 

using a film stretched between the electroies on which 

_ Lichtenberg figures were produced. Again the final discharge 

was suppressed by chopping the voltage so as to prevent 

fogging of the filn. 

IV. Work Done Under Loeb 

Hudson and Loeb! 29) have studied the breakdown of 

a point-plane gap in air using a high speed photomultiplier 

technique and although the study was done using a D.C. 

voltage the results of the prebreakdown study are of interest.
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Their technique was to use two photomultipliers, 

one to trigger the oscilloscope and one to observe the 

corona growth. The trigger photomultiplier was focused 

on the space near the anode tip so that the oscilloscope 

would be triggered at the instant corona was initiated in 

the gap. The signal photomultiplier was moveable so that 

it could view any portion of the gap and by a succession 

of observations at different points in the gap the growth 
ee 

of the corona was observed. 

the results show that the corona _aivoharge consists 
acces 

of “e fast primary streaner or dendrite” (a dendrite is- 

defined as a “more or less tree-like configuration of 

a large or small number of streamers which start at the 

electrode as either separate filaments or as a single _ 

trunk which then develops into multiple streaners by 

branching") "and a slower secondary which are not at first 

resolved. The primary emerges and increases in amplitude 

as it proceeds at high speed into the gap." “The initially 

very bright but slower secondary dendrites at first mask 

the primaries but attenuate rapidly ....." The mechanism 

of this primary-secondary dendrite process is discussed 

but no are: qnne LaeteOe are * reached.
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In a later paper Nasser and Loev‘ 99) state that from 

the Lichtenberg figure technique there is no evidence of 
ES A 

primary and eneensery streamers and they go on to suggest 

—— 

“that the phéfiomena ena observed by the photonatetps+er technique 
Pe et gee 

are e in fact aue to the branching o of the corona streamers. 
TSE ip oP RRS tee 

“The “primary streamers would then be the streamers travelling 

axially which pass a given horizontal plane before the 

“more radial streamer tips which travel further and more 

“slowly and would be observed as the secondary streauers. 

: More recently still pawson‘?” , working in Loeb's 

laboratory, has used an image converter and photomultipliers 

to show that the rae eet etreamer pattern is in 
a ee 7 a 

fact « a real phenomenon ynon and not due ke the method of wbaare: 
oe LT aaa 

ing streamer branches as suggested by Haneey. and Loeb. 
ee SAAT Stent ins ay 

Dawson petueed the photomultiplier axis, ‘nt a square aperture 

and then observed the edge of the region in which streamers 

were observed. Although a signal was obtained only 

occasionally when a signal did occur it alwaye consisted 

of a primary~secondary streamer sequence. 

Dawson also observed, using an image converter, that 

when the primary streamer tips reached the cathode the 

"secondary streamers started to increase in length almost 
deen nap AEE ELIE OR A IA I LE RE SE SAPO CSOT CET Ta aN 

instantaneously. "This", he says, "is explicable if the 
So a et me ae 

  

amen
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presence of a very fast, u unobserved return stroke from ‘the 
, vee —_ nee meEyer wee: saemrenmers 

cathode is assumed." 

sori ‘ie tinliad nis to the paper by Nasser and Loeb, they show 

interesting results using Lichtenberg figures produced on 

film. The branching of the corona filaments is studied and 

the number of branches as a function of distance from the 

anode and of gap length is shown. They consider that the 

length of the Lichtenberg figure produced by any given 

streamer is a function of the voltage on the streamer tip 

and use this to determine the voltage at the tip of 

streamers which have crossed the gap. If these ) streamer 

tips are considered to be regions of high charge density 

seclated from the anode as has been “suggeatea 22) then itv 

seeus more ‘Likely that the LapoRvany factor is the charge 

of the eyneaner tip rather ‘than the potential of the tip. 

Vv. Work 

Considerable work has been done in Russia on rod-plane 

gaps and much of this has been translated in Soviet Physics - 

fechnical Physics and Soviet Physics - Doklady. Stekolnikov 

and Shkilev‘>®) published results relating current in the 

gap to streak photographs taken using an "“electron-optical 

converter" or image converter. This paper deals mainly
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with the development of the leader in a positive rod- 

negative plane gap of length from 3.0 to 5.75 metres. 

Stekolnikov'>®), in a later paper, using the same technique 

gives results of a study of the impulse corona including 

propagation velocities which vary from 5 x 107 em/see to 

2x 108 em/sec. ‘The velocity of the “beams of filaments" 

from the head of the leader stroke is given as an average 

of 4 x 10! em/sec. In two more papers, Stekolnikov and 

Shkiley$4041) deal with the negative rod=-plane gap using 

the techniques employed for their earlier work on the positive 

rod-plane gap. In the second of these papers they discuss 

the effect of varying the rate of rise of voltage which has 

been found to have a large effect on the breakdown voliage 

value. Other work on the effect of wave front duration on 

long rod-plane gaps is reported in two papers by Bazelyan, 

Brago and Stekolnikoy42>43) , They find the breakdown 

voltage is a minimum for a wave front of from 150 to 250 sec 

with a minimum average gradient of from 2.25 kV/cm to 

4.7 kV/em for gaps ranging in length from 590 cm to 50 cm. 

This compares with an average gradient of 5.35 kV/cm using 

a atandard impulse wave. This work was continued by 

Stekolnikov and Shkilev‘44) who give a comparison of image 

converter photographs taken with short and long wave fronts.
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Two papers closely associated with the present thesis 

work were published after the present work had been under 

way for about a year. The first of these, by Bazelyan‘43) , 

describes the measurement of the space charge injected into 

a gap by the corona pulse using an inverted sphere-plane 

gap. The sphere was divided into sections and the integral 

of the current flowing in each section was measured. With 

this technique Bazelyan measured the current in the very 

small section of the sphere from which the corona originates, 

thus eliminating the error caused by the displacement 

current in the remainder of the sphere which previously 

caused a lower than actual value to be obtained. The 

integral of the current in the other sections of the sphere 

was used to determine the field at the surface of the 

sphere and the change in that field due to the space charge 

of the corona. From these field changes, Bagelyan concludes 

that the hypothesis, put forward by Park and Cones! 32) , 

that the space charge moves along with the ionization 

front leaving behind a neutral or weakly charged medium 

is correct. 

The second paper, by Bazelyan and Stekolnikov'4®) , 

uses the equipment of the first paper to study the effect 

of injecting a space charge into a gap. This is done by
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superimposing a short impulse voltage on a slowly rising 

impulse wave. The results showed that by injecting a charge 

of between 8.5 and 1G ~coulombs into the gap an increase 

in the breakdown voltage of up to 20% could be obtained. 

Gorin and Inkoy‘47) have investigated the development 

of the leader channel by means of an insulated probe 

projecting a short distance from the rod in a positive 

rod-negative plane gap. This effectively isolated a short 

section of the discharge channel so that the voltage 

gradients could be measured. The current densities were 

measured by measuring the current in the rod and determining 

the channel diameter from image converter records. 

Vi or. 2 

wright'48) has developed a theory of the propagation 

_of positive impulse corona based on a model in which 

electrons produced by photoionization initiate avalanches 

in the strong fields near the tip of the corona filament. 

He compares the results with experimental results obtained 

by Kritzinger 49) and gets a reasonable agreement. However, 

he assumes the corona filament has an electrically conducting 

channel which has not been shown to exist and which, in fact, 

probably does not exist so his model would need some 

modification in this respect.
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Aleksandrov' published a paper on the corona to 

spark transition in long air gaps. He concludes that the 

condition for breakdown of the gap is the condition for 

the appearance of a leader which he states is determined 

entirely by thermal processes. 

Dawson and winn' 91) have presented a model for the 

corona streamer propagation which assumes negligible con- 

ductivity of the path behind the filament head. This is 

in agreement with the hypothesis originally put forward 

by Park and Cones‘ >) , The criterion given for the pro- 

pagation of a corona streamer is that the tip should 

contain an excess charge of 10° ions and the radius of 

the tip should be about 3 x 107? om. This is compared 

with experimental results of the present work in Appendix I. 

In a following paper, Dawson‘ 22? describes an experiment 

in which it is found that corona filaments do in fact 

continue to grow after the applied voltage has been removed 

which gives further support to the hypothesis that the 

corona filaments are isolated regions of charge propagating 

because of their own high field.



26 

Vil. First Use Of A Field Probe 

Kritginger‘ 2994) first used a field probe protruding 

above the plane in a point-plane gap in conjunction with 

photomultiplier studies in which he claims to have shown 

that a region of ionization activity moved from the point 

to the plane and then back towards the point. These regions 

of ionization, which he called "globules", were observed 

by using a photomultiplier to scan various levels in the gap 

so that an average picture of the movement could be built 

up by taking several shots at each interval of distance 

from the point. No explanation of the mechanism causing 

the “globules” to return to the rod from the plane was given 

but for the forward growth he suggested, on the basis of 

experiments using various gas mixtures, that photoionization 

played an important role. 

Using a high impedance probe protruding above the plane 

he obtained field values of about 15 kV/om when the field 

due to the geometry of the gap would only be 1 kV/em. This 

showed definitely the enhancement of the field by the 

corona space charge. By scanning the region just above the 

probe with the photomultiplier he showed that a step 

occurred on the voltage oscillogram coincident with the 

occurrence of a light pulse at the probe. This showed that
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the light pulse of the corona "globules" was associated 

with the space charge effect. Using a low impedance 

current probe mounted level with the plane a current 

pulse was found to be coincident with the light pulse 

and from both the current and voltage measurements the 

charge associated with a "globule" was found to be from 

2 to 5 x 107” coulombs. 

VIIT U 

This review of the literature has been to indicate 

the state of the art when the present work was begun and 

includes work published while the present program was in 

progress. Although some comment has been made in this 

chapter, in general where previous results have a direct 

bearing on the work of this thesis comment and comparison 

will be given in that section following which deals with 

the specific results. > 

One further recent work must be mentioned and that 

is the new book by Loe! 95) | __ it gives an interesting 

review of the work up fo 1964 in a typically enthusiastic 

manner which leads one to believe that a better picture of 

the non-uniform exci _ breakdown has been developed than 

eptuntiy exists.
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CHAPTER iil 

EXPERIMENTAL EQUIPMENT 

iL. DEVELOPMENT OF A NEW FIELD PROBE TECHNIQUE 

(4) General 
The field probe used by Kritzinger‘ >>) protruded 

above the surface of the plane in order to measure the 

potential drop, AV, over a small distance, /\d, which 

gives the field as AV/A4d volts/om. This technique has 

several disadvantages, the main one being that a small 

portion of the field will be short circuited by the lead 

which connects the probe to the oscilloscope and by the 

finite thickness of the probe itself. The result is that 

the potential of the probe is lower than that of the space 

would have been if the probe were not there so that the 

probe will not give the correct value of field and it will 

cause a distortion of the field in the gap. In order to 

minimize this effect the probe diameter must be large com- 

pared with the diameter of the supporting lead. This, 

however, introduces another problem in that changes of field 

over 4 small distance horizontally cannot be measured. It 

is these factors which the author wished to overcome in 

the development of a new probe technique.
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A probe mounted flush with the plane surface was 

considered and from the following it can be seen that the 

field at the probe surface is proportional to the integral 

of the displacement current flowing in the probe. Taking 

any arbitrary electrode configuration with a small insulated 

probe mounted flush with the surface of the earthed 

electrode, when a voltage is applied to the high voltage 

electrode an electric flux, Y, will link the high 

voltage electrode with the probe of surface area A. This 

electric flux is equal to Q, the charge which has flowed 

into the probe, and is equal to /idt where i is the dis- 

placement current in the probe. Since E, the electric 

field at the probe surface is proportional to the flux 

density D which is equal to W/A it follows that 

E = a idt/é A. 

In order to assess the value of this technique 

a@ probe, 2 cm in diameter, was made and current oscillo- 

grams obtained. It was found, however, that the oscillo- 

grams were generally not of a sufficiently high quality to 

permit an accurate integration to be made and that when an 

interference free oscillogram was obtained the time 

involved in the integration made the method impractical.
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A simple solution to this problem was found by doing 

the integration electrically. By connecting the probe to 

earth through a capacitor instead of a resistor the voltage, 

as measured on the oscilloscope, was proportional to the 

integral of the current instead of to the current and thus 

since fiat = Q = CV, where C is the capacitance from the 

probe to earth and V the voltage measured on the oscillo- 

scope, E = OV/E A. For any given probe arrangement C/€ ,A 

is a constant and will be called the probe constant, Ky» 

with units of kV/cm/volt. This means that oscillograms of 

the capacitor voltage will be oscillograms of the field at 

the probe surface differing only by a constant Ko: Tests 

of this technique showed that consistent results could be 

obtained and an assessment of the accuracy and limitations 

involved was begun. 

(ii) Errors in field probe technique 

Three sources of error were considered. Firstly the 

insulation required between the probe and the surrounding 

electrode will cause some distortion of the field but 

experiment has shown that this can be taken into account by 

considering the effective probe radius to include approxi- 

mately half of the insulation thickness. For probes 

smaller than 1 cm diameter this is a very appreciable
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factor and, as will be seen later, it is better to measure 

x, than to compute it from A and C. The second source of 

error is due to the time constant of the probe capacitance 

and the recording oscilloscope input resistance. With 

a varying field this is difficult to correct so it is 

necessary to have the time constant long enough to make its 

effect negligible. Thirdly, the voltage on the probe will 

cause a field distortion since the surface should be at 

the same potential as the remainder of the electrode surface. 

This effect is equivalent to a depression in the electrode 

surface of Vk, x 107" om and in practice is negligible. 

(iii) Limitations of field probe technique 

There are two limitations on the use of this probe 

technique which must be considered. The first is that the 

field measured is the average field over the surface area 

of the probe. If the field along the plane varies rapidly 

then obviously a small diameter probe must be used. Since 

the probe can be made any diameter desired this overcomes 

one of the disadvantages mentioned in connection with the 

Kritginger probe. The second limitation is the fact that 

there must be no conduction current to the probe since 

the measurement of field is dependent on the integration 

of the displacement current. Experiment has shown that
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this is not a problem as long as any discharge is confined 

to the region around the high voltage electrode but once 

the corona filaments cross the complete gap or if a discharge 

starts from the earthed electrode care must be exercised in 

interpreting the results. Practical results show that for 

a probe 2 ma in diameter the chance of a conduction current 

to the probe is very small unless breakdown occurs when the 

ehance increases to almost 100%. It has been found however 

that the field can be measured, even under breakdown con- 

ditions, by covering the probe with a perspex dome which 

prevents any conduction current to the probe. Although 

this cover will change K it can be taken into account by 

calibrating the probe eat uniform field with the cover in 

place. 

(iv) Calibration of field probes 

Initial calibration tests were made on a probe of 

2.22 cm diameter by placing a uniform field electrode, 

42 cm in diameter, 5 cm above the plane in which the probe 

was mounted. The applied voltage was measured on the 

resistance voltage divider (which will be described in 

a later section) and the voltage over gap length, which 

gave a field value of 21.8 kV/em, compared to the field 

value measured with the probe.
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The insulation around the probe was an air gap of 

0.50 mm so that the actual probe radius plus one-half of 

the insulation thickness gives an effective probe radius 

of 1.135 cm. This gives an effective probe area of 

4.04 om. These dimensions were measured with a micrometer 

so the values are ~ 0.010 mm which gives an accuracy in 

the area of about ~ 1/4%. Initially the capacitance of 

the probe to earth was the stray capacitance including the 

oscilloscope input capacitance. This stray capacitance 

was measured using a @ meter and found to be 33 pF but the 

accuracy of this would at best be ~ 3% so a further 339 pF 

was added giving a total of 372 pF with an accuracy of 

about > 1/2% 

from these values se was computed for each case and 

the result is Ko = 0.0924 and Ko2 = 1,040 kV/em/volt. 

The voltage applied to the uniform field electrode was 

109 kV which gave probe voltages of 227 and 20.8 volts 

corresponding to 21.0 kV/em and 21.6 kV/om respectively. 

This result indicates that the value of the stray capaci- 

tance was too low but with the improved accuracy of © the 

agreement is within 1%. 

It is interesting to note that if the field value is 

used to compute the stray capacitance from C = EAE ft the
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result of 34.3 pF when used with the additional capacitance 

of 339 pF gives Ke = 1.045 and E = 21.75 kV/em. This 

agreement does not include any oscilloscope error since 

the impulse voltage and probe voltage were both measured 

using the same oscilloscope. The calibration was done 

with positive and negative polarity and with insulating 

barriers up to 3 mm thick covering the probe. The results 

were the same for all cases. 

A further calibration was done for a probe 1.930 mm 

in diameter using a uniform field electrode 1 m in diameter 

9.75 cm above the plane in which the probe was mounted. 

The applied voltage was 146 kV giving a field of 14.98 kV/cm. 

The probe insulation was 0.089 mm so that the effective 

probe radius was 1.010 mm and the effective area 3.30 mm. 

The stray capacitance was again used as the integrating C¢ 

and it was measured on a Wayne Kerr bridge and found to be 

30.9 pF ~ 0.5 pF. This gives a value of K, = 10.6 kV/cn/volt 

and B = 14.05 kV/om which is a difference of 7% from the 

value obtained using the applied voltage and the gap length. 

The large difference is undoubtedly due to not knowing 

the effective probe area sufficiently accurately. A 7% 

error in area representsa 2.6% error in radius which is 

only 0.026 mm. The actual radius of the probe is known
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to a sufficiently high degree of accuracy so it is likely 

that the effective probe radius does not include exactly 

one-half of the insulation thickness for small diameter 

probes. From this it can be concluded that if a high degree 

of accuracy is required the probe should be calibrated in 

a known field. 

(v) Probes used in experimental work 

Three probes, mounted as shown in Fig. 1, were used 

for the majority of the work and had nominal diameters of 

2 cm, 1 cm and 2 mma. The insulating block, which was 

threaded so that the probes could be easily changed, was 

cemented to the plane with Araldite. The copper screening 

box, a cube of 13 cm, was screwed to the insulating block 

and contact with the plane was made through spring "fingers" 

which pressed against the lower surface of the plane. The 

hole in the plane was the correct size for the 2 om probe 

so it was necessary tc use inserts to reduce the hole size 

for the smaller probes. The shank of the probe was connected 

to a BNC connector in the screening box and from this 

connector a short length of 75.qa cable took the signal to 

the oscilloscope screening box. This cable could not be 

terminated in its characteristic impedance so it was 

necessary to keep the length of cable short to prevent
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oscillations in the cable. This made it necessary to use 

the oscilloscope 10X attenuating probe to connect the signal 

to the oscilloscope but this had the advantage of a 10X 

increase in input resistance. 

After the initial calibration the oscilloscope atten- 

uator probe was changed and this reduced the integrating 

capacitance to 31 p¥. Using this value the following probe 

constants were obtained. 

2 em probe ~ K, = 0.0865 kV/em/volt 

1 cm probe - K, = 0.449 kV/om/volt 

2 mm probe = K, = 11.30 kV/em/volt 

2 mm probe covered by perspex dome 

K = 12.63 kV/om/volt. 

The value of ‘. with the perspex cover was obtained by 

calibration in a uniform field. A check was then made 

in a non-uniform field and the same ratio of K, (not 

covered) to K, (covered) was obtained. 

For measurements of the field at the rod an inverted 

gap was used as shown in Fig. 2B and the probe constant 

calculated to be 9.82 kV/om/volt. It was not practical to 

measure x. for this probe so the calculated value was used 

even though experience had shown that it could have an 

absolute error of 5 or 10%. This absolute error is not of
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great importance since the same probe was used throughout 

and the comparative error would be small. 

ii, Oscilloscope 

The oscilloscope used was a Hewlett Packard Type 175A 

with a specified bandwidth of 0.C. to greater than 50 MHz 

and 4a sensitivity of 50 millivolts per cm. The screen had 

an internal graticule which could be illuminated by an 

ultra-violet light source which was mounted in the polaroid 

camera. The ultra-violet light also served to pre-fog the 

film which gave an improved writing rate. The lens on the 

camera could be shifted to eleven different vertical 

positions (five either side of a normal center position) 

so that eleven traces could be recorded on one polaroid 

picture. This was very convenient for comparison as well 

as economy reasons. All the oscillographic results were 

taken on polaroid film, mainly type 410 which is specifi- 

cally for oscillographic work and has a film speed of 

ASA 10,000. Some of the slower work was done using type 47 

film which has a film speed of ASA 3,000. 

Initial experiments showed that the oscilloscope was 

not adequately screened to prevent interference caused by 

the firing of the impulse generator from affecting the
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oscilloscope trace. It was therefore necessary to build 

a screening box to house the oscilloscope. A box, 914 cm 

wide, 84 cm deep and 56 cm high was constructed from copper 

sheet and mounted on a Haniy-angle trolley to facilitate 

its movement. Access to the oscilloscope was through 

hinged doors on the front which were made of copper mesh. 

The doors were held shut with four spring clamps which 

covered the complete length of the top and bottom and which 

provided quick access while maintaining good screening. 

The power input was taken from an isolating transformer 

and fed through a mains filter as shown in Fig. 3. The 

signal was fed into BNC feedthrough connectors mounted on 

the box. As mentioned earlier the signal was taken from 

the feedthrough connector to the oscilloscope by means of 

a 10% attenuating probe in order to eliminate oscillations 

in the 75.cable and to raise the input impedance seen by 

the field probe. This attenuating probe and lead introduced 

interference on to the signal and it was found that an extra 

earthed screen on the whole probe and lead was necessary to 

eliminate this interference. The mechanism of this inter- 

ference was not determined. With the screening as outlined 

the interference was reduced to an acceptable level over the 

complete range of impulse voltages and oscilloscope sensi- 

tivities.
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Several methods of triggering the oscilloscope were 

tried and different methods were used for different con- 

agitions. When the resistor divider was used a signal was 

taken from it and fed through a circuit as shown in Pig. 4. 

Initially this cireuit applies the full voltage from the 

divider to the trigger input. When the voltage rises to - 

6.2 volts the Zener diode conducts preventing the pulse 

from rising further. The trigger pulse is thus independent 

of the voltage input (providing of course that the input is 

greater than 6.2 volts) and therefore gave very reliable 

triggering without requiring any change for different impulse 

voltages. When the resistor divider was not used a short 

piece of wire acting as an antenna to pick up a signal from 

the firing of the impulse generator was used to provide the 

triggering signal and again reliable results were obtained. 

A third method was to trigger the oscilloscope from the 

incoming signal. This method was mainly used to study the 

pulses caused by charge hitting the field probe since a fast 

sweep speed was used and a variable delay after the firing 

of the impulse was necessary. The disadvantage of the 

internal trigger is that the settings of the controls must 

be changed to suit the signal and for very small signals 

the triggering was not reliable.
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In order to photograph the oscilloscope traces the 

shutter of the camera was locked open in the B position 

and the screening doors clamped shut. If a series of shots 

was taken on one picture the lens position could be altered 

from outside the box. For the type 410 film the lens wag 

set for its widest aperture for sweep speeds greater than 

1» sec/cm with a corresponding reduction in aperture as the 

sweep speed was decreased. The graticule was illuminated 

and exposed for 1/100 sec at an aperture of £/8 in order 

to pre-fog the film and record the graticule. This was 

done with the lens in the central position. 

lil. Experimental Gap 

(i) Rod 

The rod used was circular in cross-section with 

@ diameter of 1.1 cm and a length of 1 metre. The lower 

5 em was threaded into the upper part so that the end 

could be hemispherical, a 30° cone, or square cut which 

was used for the majority of the work. The rod was sus- 

pended by a copper braid from a 2.5 em diameter aluminum 

pipe which was the connection to the impulse generator.
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(ii) Plane 

The earthed plane was made up of three aluminum sheets 

on a Handy-angle frame. The center sheet, in which the 

probes were mounted, was 1.22 m wide by 3.66 m long and 

could be slid back and forth along the framework so that 

the probe could be situated at any horizontal distance from 

the rod center-line. This center sheet overlapped the two 

edge sheets which were 2.44 m by 0.91 m and which were 

fastened to the 2.44 m by 2.44 m framework. Experiment 

showed that the spark did not tend to terminate at the point 

of overlap so it was assumed that the slight discontinuity 

in the earth plane did not affect the breakdown. The 

framework was mounted on legs 1.357 m high so as to enable 

the oscilloscope to be used beneath the plane which was 

necessary in order to keep the length of cable from the 

probe to the oscilloscope as short as possible. The legs 

were set on insulating blocks and the plane was earthed by 

a single heavy copper braid to one end of the center sheet. 

iv. iichtenberg Figure Technique 

Most of the Lichtenberg figures were produced on 

perspex by coating it with Xerox powder before subjecting 

it to the corona streamers. The technique involved wiping
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Xerox powder onto the perspex sheet using a piece of cotton. 

The powder tended to stick to the perspex so a thin layer 

was easily applied. The perspex was then set at the appro- 

priate height in the gap, parallel to the plane, and the 

required impulse applied to the gap. The perspex was then 

wiped lightly with the cotton which brushed aside the excess 

powder leaving clear Lichtenberg figures. The figures could 

be removed and the perspex readied for another shot by | 

rubbing the sheet vigorously until a thin layer again 

covered it. if a flashover occurred which caused a heavy 

tree shaped Lichtenberg figure on the sheet considerable 

effort was required to rub the sheet back to its original 

condition. An example of a Lichtenberg figure on perspex 

is shown in the photograph, Fig. 5. 

More permanent Lichtenberg figures were produced on 

4-ray film. It was found that for negative impulses the 

film could be covered by a light proof barrier and the 

figures could still be obtained but for the positive case 

the film could not have any cover so it was necessary to 

do the work in darkness. For this the double emulsion of 

the X-ray film proved to be a great asset as it did not 

matter which side of the film was exposed to the corona. 

An example of the Lichtenberg figures produced with the 

film is shown in Fig. 6.



  
FIG. 5 POWDER LICHTENBERG FIGURE ON PERSPEX



  
FIG. 6 LICHTENBERG FIGURE ON X-RAY FILM
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Lichtenberg figures were also produced with the film 

perpendicular to the plane and an example of this is shown 

in Fig. 7. 

V.__impulse Generators 

Due to the fact that the department moved in the 

middle of the experimental work it was necessary to use 

three different impulse generators during the course of 

this investigation. The initial work was done on an 

& stage, 0.208, 125 kV per stage generator shown in 

Fig. 8 This generator was designed to be used with a high 

capacitance load so the only wave front capacitor was the 

100 cm sphere gap. With the low capacitance of the test 

gap this gave a wave front duration of approximately 0.4 

psec with some oscillation near the wave crest. The voltage 

wave shape is not shown as it is the same as the geometrical 

field shape shown in Pig. 22B of the results. 

The voltage was measured usinz a screened resistor 

divider, shown in Fig. 9C, which was designed and built 

using an existing 6 koresistor. The resistor was mounted 

on a moveable 1.22 m square earth plane in order to provide 

@ constant earth reference andi the screening ring assembly 

was added to the top of the divider in order to improve



GNVid 
CNY 

COX 
NZIALIG 

A
T
I
V
O
L
I
G
I
A
 

WITS 
HLIA 

SENOTA 
O
M
S
E
N
T
L
H
O
T
T
 

SNvId 

 



  

IM 

SPHERES 

OUTPUT    

  

C=0.20yF, 125xV 

R&23 xU 

R= 525. 

R= 50. (4 STAGES ONLY) 

RF 400. 

Rg 1100 

  

O-125xV_ IN 

FIG.8 . 8 STAGE IMPULSE GENERATOR



0.20 wSEC./DIV 
0.10 pSEC./DIV 

  

2 

2 / \ 

| 
Wie Pelee ed 

A B 

FIG.9 SCREENED RESISTOR DIVIDER 

kK——|.22m ae 
<—0.6In — 

  

0.61é 

jo
 

A. RESPONSE OF RESISTOR 
ALONE 

1. INPUT 2. OUTPUT 

B. RESPONSE OF RESISTOR 
WITH SCREENING 

1. INPUT 2. OUTPUT 

C. DIAGRAM OF DIVIDER



a4 

the response time. The improvement obtained is shown in 

Fig. 9A and B where part A shows the response to a unit 

step of the straight resistor used as a divider and part 5 

shows the response to a unit step after the addition of the 

earth plane and screening ring. The unit step was obtained 

from a Marconi nano-second pulse generator and the divider 

input and output were recorded simultaneously on a Tektronix 

type 555 double beam oscilloscope. The low voltage side of 

the divider was made of two 10.n carbon resistors in parallel 

and the output was taken through a 75_n cable to a 75_n. 

attenuator at the oscilloscope. The divider had a total 

resistance of 6,415. and a division ratio of 1,346 : 1. 

With the 10X attenuator at the oscilloscope the overall 

division ratio was 13,920 : 1. This generator was used 

for the 50 cm gap, both positive and negative, and for 

preliminary work on the shorter gaps. A schematic diagram 

of the laboratory layout is shown in Fig. 10. 

When the old laboratory had to be vacated the new 

impulse generator had not been installed so work was con- 

tinued using the impulse generator, which had 6 stages of 

0.03 .F at 50 kV, from the undergraduate teaching laboratory. 

In order to give sufficient energy to use the 6 kn potential 

divider only three sections of this generator were used as
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shown in Pig. 11. The lowest wave front resistor, 600r, 

was used to give as low a potential division between the 

wave front resistor ani the potential divider as possible. 

This gave a wave front of approximately 0.4 »seC. This 

generator was used for the work done on the inverted gap 

which was reported in a paper presented at the ViIth 

International Conference on Phenomena in Ionized Gases 

and which is appended to the thesis. 

For the final work on the one and two metre gaps the 

new impulse generator, 16 stages of 0.14 4F at 100 kV, was 

used. This generator is shown in Fig. 12. The 6 kc 

resistor divider was no longer used as the wave front 

capacitor of the new generator was a capacitor divider 

with a total capacitance of 400 pF. The wave front 

duration of this generator was approximately 2.0 “sec.
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CHAPTER _IV 
EXPEHXIMENTAL KESULTS 

  

Il. Introduction 

When the field measurement technique had been 

developed it was applied mainly to the study of the field 

in a positive roi-negative plane gap with results obtained 

for gap lengths ranging from 5 to 200 cm. In conjunction 

with the field measurements barriers were used in the gap 

to limit the growth of the corona filaments which enabled 

further information to be obtained by observing the change 

in field due to the effect of the barrier. Lichtenberg 

figures which formed on the surface of the barrier were 

observed and yielded information on the number and dis- 

tribution of the corona filaments. In a final section on 

the positive rod-negative plane case the charge associated 

with individual corona filaments is measured by allowing 

the filaments to terminate on the field probe. This, of 

course, means that a conduction current occurs to the 

probe so that the charge measured cannot be equated with 

the field. 

For comparison purposes some work was done on the 

negative rod-positive plane case using gap lengths of 50 

and 100 om.
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Since the results were taken on polaroid film with 

several different traces on each picture it was decided 

that the figures in this thesis would be traced from the 

oscillogramus., This has avoided confusion by making it 

unnecessary to specify a particular trace on a picture 

and it has made it possible to superimpose traces, thus 

adding to the ease of comparison. 

Il, Field Measurements 

(i) 15 cm gap 

(a) Field on the rod center-line 

The field at the plane on the center-line of the rod 

has been studied and is shown to be made up of two parts. 

Firstly, the field due to the voltage applied to the high 
SE I ca tm te ae Naeem 

voltage electrode which will be called the geometrical field 
LS nn SS : Nina 

ani secondly the field due to space charge. The geometrical 
pee eT ee ean 

field can be determined up to the point of corona onset 

only as the space charge introduced into the gap by the 

corona will change the charge distribution on the high 

voltage electrode. This means that the field at the 

earthed electrode due to the applied voltage will be 

changed and, as 4 consequence, once corona has started 
a SE SS ETE NSCs 

in the gap it is not possible to separate the two fields. 
a seeeinecasnaeenateemnemnmcseercesmet Ee
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The peak geometrical field is plotted as a function of 

applied voltage in Fig. 13. This graph is divided into 

sections which will be discussed along with oscillograns 

showing the field for each section. 

OK a- Below 32 kV the field is solely the geometrical field 
\ise 
rt 

with no evidence of corona. The lower trace of Fig. 14A 

is an example of this field and, as there is no discharge, 

this field will be identical with the applied voltage wave- 

shape. 

A. 2. In this region the corona occurred occasionally with 

oe delays up to about 10 «sec after the voltage crest. The 

increase in field, above the geometrical field, had an 

initial steep rise attaining 90% of its value in 0.3 } ABeC 

with the final 10% rise occurring in a further 0.2 asec. 

The second trace of Fig. 14A shows this field. 

uf 3. In this region corona occurred for each impulse although 

ry there wae &tili oonsideralie variation in the time delay 

after the impulse crest. It was noted that in general the 

shorter the time delay the higher the field rise at the 

plane with the maximum increase giving a total field about 

four times that of the geometrical field. Examples of this 

field are shown in the top two traces of Fig. 14A and the 

lower trace of Fig. 14B. It should be noted that the delay
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times did not necessarily decrease with an increase in voltage 

as shown in Fig. 144. The delay time was quite variable but 

for the Fig. 14A decreasing delay times were chosen so as 

to avoid confusion in having the traces superimposed. 

4. At an applied voltage of 57 kV some of the corona 

filaments crossed the gap to the plane. This is indicated 

by a Slight falling off of the field due to the corona 

filaments’ associated space charge being neutralized at 

the plane. The upper trace in Fig. 14B is a sample oscillo- 

gram showing this effect. 

5. The number of corona filaments reaching the plane is 

increasing and on some traces a double peak occurs with 

@ peak separation of about 0.4 weec. This is shown in 

Fig. 14C and several explanations were considered. It 

could be that there are two “waves" of corona filaments 

crossing the gap with different velocities of propagation 

but if they all started from the rod at the same time the 
velocity variation would have to be greater than 2 to 1. 

Observations of primary ani secondary streamers by Hudgon' 39) 

and Dawson’) would tie in with this possibility. Secondly 
it was considered that corona might start from two different 

points on the rod at different times but field measurements 

at the rod showed that the initial corona filaments caused
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a large decrease in the field at the rod and there was no 

evidence that a further corona discharge occurred. The 

most likely explanation of the double peak is that branches 

in the corona filament are stopped, because their field is 

Opposed by the field of the main part of the filament, and 

then start again when the space charge of the main filament 

is neutralized at the plane. This mechanism would also 

explain the primary and secondary streamers mentioned 

earlier. ; 

The time lag before initiation of the corona is still 

quite variable with times being recorded up to about 148 ene 

after the wave crest. 

&& 7. Above approximately 70 kV the corona starts before 

the wave crest so the time lag is short. Unfortunately the 

voltage wave has a small step just before the crest so the 

  

corona tends to start on ‘the flat portion of this step inka 
SSE Se Re Ua yee 

causes | some variation in corona onset time. At th: this 5 point a 
OO Na ome 

‘the graph starts to haverge |trom the straight line ie SEAR é 
PO ee St i Sa }/ 

is obtained | as long as the corona starts after the wave is 

crest. The field oscillograns in Fig. 14D show examples 3 

of this for applied voltages of 71 kV and 78 XV. 

“8: At this voltage the field is similar to that in the 

previous section but the peak value is increasing up to



51 

about 14 kV/em. The field then decreases to about 4 kV/em 

and finally increases slightiy before reaching» a constant 
— tee 

<= — 

value which decreases as the applied voltage © decreases. 
- a a a a mma 

A second peak was not observed at this voltage but the 

second rise could be due to corona filaments restarting 

and progressing part way across the gap. A sample oscillo- 

gram with an applied voltage of 85.5 kV is shown in Fig. 145. 

There is again some variation in corona starting time as 

the point of initiation is still on the step near the wave 

crest. 

3. ‘At 95 kV the corona a is ; initiated on the steeply rising ~ 

part of the wave front so its starting time is consistent 

within. a few nanoseconds. fhe ‘Starting field is the! same 
— mangers a er 

as that for an applied voltage of 85.5 kV which indicates 
} —— Petiscne sch ae aS SS 

nt / > that the field at the rod has reached a value which is 

: sufficient “to cause an initiating electron to be readily 

  

removed from a ‘negative ion without appreciable time lag. 

“The éwod llogras of Pig. 14F shows the field at an applied 

voltage of 93 kV which rises to a second peak after the 

initial corona has crossed the gap and been neutralized. 

Later records taken at the rod electrode show that this 

second peak occurs before a second discharge has occurred 

at the rod which indicates that it must be due to corona
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initiated in the mid-gap region. This is added evidence 

in favour of the hypothesis that branches of the corona 

filaments stop and ere restarted when the main corona fila- 

ments are neutralized at the plane. The clearing of this 

second "wave" of space charge from the gap allows the field 

at the rod to increase to a value sufficient to enable 

@ leader stroke to be initiated. 

Pig. 14G shows the field right up to breakdown. This 

was accomplished by covering the probe with a perspex cap 

so that no conduction current could occur in the probe. 

After the two initial peaks in the field, which are caused 

by the first corona filaments and the filaments which are 

restarted in mid-gap, a succession of peaks occurs caused 

by corona filaments which are initiated at the head of the 

leader stroke. The average field rises slightly as the 

leader stroke approaches the plane and then drops sharply 

as the final breakdown occurs. The field does not collapse 

to zero immediately which indicates the presence of positive 

space charge in the gap which takes some time to clear. 

Pig. 13 is replotted in the lower curve of Pig. 15 to 

show its relation to the space charge fields which occur 

in the gap. The upper curve of Fig. 15 shows the peak field .. 
ene eT apm 

at the plane as the corona filaments cross the gap, the 
a 

ba fe 
ae 

; 

a
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4) 
@ Maximum = being approximately St times the geometrical 

Bast field. (Tne _Spread. in values" at ‘he 1 lower voltages is, due 
$e VA 

a to the variation of the corona with She tine 288 after the 

  

voltage crest and the spread in values for ‘the points at 

5 higher voltages is probably due to the variation of the : 

‘position of the corona filaments with respect to the probe, 

‘that is to say the nearer the corona filaments to the | 

© probe the higher the field will bee’ The middle curve 

Ghtwe the value to which the field ‘aeons when the corona 

filaments have reached the plane and their associated space 

charge has been neutralized. 

(b) Field distribution along the plane 

In order to gain more information regarding the spread 

of space charge in the gap the field distribution along the 

plane was measured. This work was done using the small 

impulse generator and the gap shown in Fig. 2 so the 

absolute values of the fields at the rod center-line will 

be slightly different from those of the previous section. 

Field oscillograms taken at various distances along the 

plane from the rod center-line with an applied impulse of 

89 kV are shown in Fig. 16. Pig. 16A shows the field on 

the rod center-line and 5 cm from it. These two are very 

similar but the field decrease at 5 cm is slower and it does
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not have as pronounced a second rise. Fig. 16B shows 

the field at 10, 15 and 20 cm from the rod center-line. 

The decrease from the peak value is becoming less pro- 

nounced and the field after the corona has stopped decreases 

with the decreasing impulse voltage. Fig. 16C shows the 

field 25 and 30 cm from the rod center-line and here it 

can be seen that the space charge field adds very little 

to the geometrical field. There is still a small decrease 

in field due to the space charge being neutralized at the 

plane and then the field decreases due to the decreasing 

impulse voltage. The fact that the field directly under 

the rod does not decrease as the impulse voltage decreases 

indicates that the field is mainly due to space charge. 

A similar series of field oscillograms for an applied 

voltage of 64 kV is shown in Pig. 17. Here again the 

decreasing effect of the space charge with increasing 

distance along the plane from the rod center-line can be 

clearly seen. 

The values from these two series of oscillograms have 

been plotted and Fig. 18 shows the results for an applied 

voltage of 89 kV. The lower curve is the corona onset 

field or geometrical field which occurs 0.25 wsec after 

the start of the impulse. The upper curve shows the peak
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field which occurs after a further 0.25 sec. This is the 

field before the space charge is neutraliged on the plane 

and from the shape of the curve it can be deduced that the 

charge is near the plane. The middle curve shows the field 

approximately 12 pees after the start of the impulse. 

This is after the corona in the gap has ceased and from — 

the broad shape of this curve it appears that the space 

charge is spread throughout the gap. | 

The graph of field at the plane vs the distance along 

the plane from the rod center-line for the second case is 

shown in Fig. 19. The lower curve in this case shows the 

field due to the high voltage plane and was obtained by 

removing the rod. The middle curve then shows the peak 

geometrical field with the rod in position. This curve is 

the same shape as the lower curve in the preceding graph 

but is slightly lower in value. The upper curve shows the 

peak field due to the corona and again a space charge in 

the lower part of the gap is indicated by the nature of the 

curve which is high on the rod center=-line and falls rapidly 

as the distance from the rod center-line increases. 

(c) Field at the rod 
in order to measure the field at the rod an inverted 

gap was used as shown in Pig. 2. The Lichtenberg figure,
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Pig. 7, shows the result of placing the film vertically 

between the rod and the plane with one edge of the film 

centred on the rod end. This shows that the corona starts 

from the edge of the rod only so that the conduction current 

to the center of the rod would be zero, which enabled -the 

probe to be tiounted in the rod end. When the probe had 

been installed a piece of polythene was placed over it. 

Since this did not change the measurement it was assumed 

that there was in fact no conduction current to the probe. 

Using the probe situated in the rod end the oscillo- 

grams in Pig. 20 were obtained. Fig. 20A, curve 1, shows 

the field without any corona discharge. This is the 

geometrical fielu and is the same shape as the applied 

voltage wave. Curve 2 shows the field when the corona 

starts on the wave crest. The corona creates a space 

charge in the gap which has a field at the rod in opposition 

to the applied field so that the field drops to a low value 

which prevents any further discharge from occurring. After 

the initial collapse of field at corona onset the field 

rises slightly as the space charge propagates away from 

the rod. In curve 3 it can be seen that as the voltage is 

raised the corona starts on the wave front ani the rise after 

the initial field collapse is slightly more pronounced since 

the space charge propagates farther from the rod.
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The field at a voltage just below the breakdown voltage 

is shown in Fig. 20B. In this case the field rises to 

about 25 kV/om after the initial collapse and then decays 

quite quickly to about 15 kV/em. This decay from 25 kV/en 

to 15 kV/em does not appear to be due to further corona 

discharge but is probably due to any remaining electrons 

and some of the negative ions being drawn out of the region 

arouni the rod leaving a higher net positive space charge 

which will not disperse as quickly as it is drifting into 

a region of lower field. Since the field at the edges of 

the rod will be considerably higher than the 25 kV/cem recorded 

on the rod end it is possible that some ionization does 

occur which would aid the clearing of negative charge from 

the rod region. This possibility has not been investigated. 

Finally, the field at the rod under breakdown conditions 

is shown in Pig. 20C. In this case, after the initial 

collapse at corona onset the field rises again due to the 

fact that the voltage is still rising and due to the prop- 

agation of space charge away from the rod and the subsequent 

neutralization of this space charge at the plane. The field 

rises sufficiently to allow a leader stroke to be initiated 

which propagates across the gap. This time the field does 

not collapse as it did when the corona was initiated,
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rather it falls slowly as the leader grows across the gap. 

This can be explained by considering the leader stroke to 

be a conducting channel growing out from the rod and having 

very little net space charge so that the opposing field is 

small. When the final breakdown occurs the field reverses 

since the applied field is removed when the voltage collapse 

occurs leaving only the field due to the positive space 

charge wiich, as was shown in field measurements at the 

plane, takes time to clear from the gap. 

(4) Effect of a conductor in the gap 

In order to establish the effect ofa conducting. 

channel starting at the rod edge and projecting into the 

gap, on the field at the rod center, several tests were 

made with conductors positioned as shown in Pig. 21A. 

in the first test, the results of which are shown in 

Fig. 21B, the field with the rod alone was compared with 

the field when a piece of 18 gauge wire projected into the 

gap 2 cn. The field with the rod alone collapses due to 

corona from the rod and the field with the wire in place 

decreases due to corona on the wire emi, but comparison 

of the fields before corona occurs shows that the shielding 

effect of the wire is small compared with the shielding 

effect of the space charge. It is interesting to note
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that the corona which occurs at the end of the wire, 

2 em from the probe, does not cause as great or as fast 

a field decrease as the corona at the rod edge. 

in order to eliminate the corona a 1 om diameter rod 

with a hemispherical end was used as the projecting con- 

ductor. The field was measured with this conductor 

projecting 0, 2, 4 and 10 cm into the gap and the oscillo- 

grams are shown in Fig. 210. This shows that the projection 

of the first 2 cm causes the greatest decrease with the 

effect of each succeeding bit of projection being less than 

for the previous bit. From a comparison of Pig. 21B and 

‘Fig. 21C it is reasonable to assume that the 1 cm rod has 

@ much greater effect than the 18 gauge wire which more 

nearly represents the size of the leader channel. Although 

the leader channel cannot be accurately represented by a wire 

protruding into the gap this experiment does tend to support 

the interpretation of the second slow decrease of field at 

the rod, as shown in Fig. 200, as being due to a conducting 

leader stroke growing from the rod towards the plane. 

A further simple experiment to check the effect of space 

charge in the gap on the field at the rod end was carried out 

using the apparatus in Fig. 22 A. An impulse of 110 kV was 

applied to the plane for three conditions; (a) no sphere,
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(b) sphere center 4 cm from the rod end and (c) sphere 

center 5.6 cm from the rod end. The resulting field 

oscillograms are shown in Pig. 22B and the peak fields 

are 27.5 k¥/em, 13.7 kV¥/om and 16.7 kV/em respectively. 

Assuming that the sphere has a capacitance of approximately 

2 pF to the plane then it will have a charge of 2.2 x 107" 

coulombs. If this charge is assumed to be at the center 

of the sphere it will create an opposing field at the rod 

end of 12.4 kV/om in the first cease and 6.3 kV/em in the 

seconc case which when added to the measured fields gives 

25.1 kV/cm and 23.0 kV/em. Considering the assumptions 

made these figures agree quite well which illustrates 

experimentally the effect of space charge in the gap. 

(e) Effect of the shape of the rod end on the field at 

the plane 
The field at the plane was measured for three different 

rod endings, (1) square-cut, (2) 30° cone, (3) hemispherical, 

and the resultant oscillograms are shown in Pig. 23. Trace A 

is for the square-cut end, trace B for the 30° cone and 

trace C for the hemispherical end, all for an applied impulse 

voltage of 76 k¥. Ten oscillograms were recorded for each 

and with the square-cut end corona occurred for each impulse 

but the corona onset varied from the wave front to 0.5 4sec
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after the crest. In each case the effect of space charge 

being neutralized at the plane was observed but for the 

corona starting on the wave front the peak field was not 

reached for 0.4 sec while for the corona starting latest 

the peak was reached in 0.15» sec. 

With the 30° cone the corona always started on the wave 

front with the peak value occurring after 0.4 ~ 0.74 seo. 

The peak value of field reached was only about half that for 

the square-cut end but the final value, after the space charge 

had been neutralized at the plane, was the same. Using the 

hemispherical end corona occurred for only two of the ten 

impulses and in one case the time to peak was 0.52 1 sec and 

for the other 0.19 nae8- The peak values were slightly less 

than those for the square-cut end with the final value being 

the same as for the square-cut end and the 30° cones. 

With the applied voltage raised to 90 kV another series 

of 10 impulses was applied to each rod end and the results 

are shown in trace D for the square-cut end, trace E for the 

30° cone and trace F for the hemispherical end. With the 

square-cut end the corona always started on the wave front 

and gave consistent results with a time to peak value of 

0.13 nsec. fhe peak field recorded was similar to that for 

the applied voltage of 78 kV as was the minimum field after
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the corona had reached the plane. A second rise was then 

recorded which generally led to the probe being “hit" by 

a corona filament as shown in the dashed line of the figure. 

Por the 30° cone the corona again started on the wave 

front with the time to peak value varying from approximately 

0.2 = 0-34 880. in this case the peak values recorded were 

similar to those obtained with the square-cut end as were 

the succeeding values. Even though the fields were similar 

four breakdownsoccurred with the 30° cone whereas there 

were no breakdowns recorded for the other two rod ends. 

Using the hemispherical end at 90 kV applied voltage, 

corona occurs on every impulse but it always occurred on 

the wave crest or on the tail up to 1.14 see after the 

start of the wave. After the initiation of corona there 

appears to be little difference in the time to reach the 

peak value which was QO. -08 sec. The peak field values 

are e slightly (higher than 1 those for thé other two rod ends 

but when the 1 field has s fallen due ; to the neutralization — 

  

of space. charge at the plane the value does not rise as it 

dia for the other two cases. 

Further information and discussion on the differences 

between the rod ends will be given in the section on 

Lichtenberg figures.
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(11) Gap length variable, 5 - 20 cm 

An example of the field at the plane in a 5 com gap is 

shown in Pig. 24A for an applied impulse voltage of 37 kV. 

it is noted that the corona filaments cross the gap even 

though the applied voltage is only sufficient to cause 

corona on the wave tail. This is explained by the fact 

that the field is more uniform since the size of the rod 

was kept constant while the length of the gap was sheivenes: 

The same éffdot cosurred for the 15 cm gap when the field 

was made more uniform by using a hemispherically ended rod 
eee 

  

instead of the square-cut rod. The field rose to a peak 

  

ee 

value of approximately 16.5 kV/om in 0.06 sec and then 

fell to 5.5 kV/om. A second peak in the field then occurs 

similar to those observed in the 15 cm gap. The final field 

is only 50% greater than the geometrical field which 
eect centreltiaenens ae o = 

indicates that there is very little space charge remaining 

in the gap after the corona discharge has finished. The ~ ow 

oscillation-on-the wave crest_exists on the voltage wave Oko 

and is due to insufficient damping when only-one-stage of ~ ‘ 

the—_generator was used. 

The field at the plane in a 10 cm gap is shown in 

Pig. 245 for an applied impulse voltage of 43 KV in trace 1 

and 52 kV in trace 2. Again if corona occurs some of the
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filaments cross the complete bap but considerable space 

charge remains in the gap, especially with the lower 

voltage where the final field is about 34 times the 

  

geometrical field. In the first ease a peak field of 

8 kV/em is reached after 0.4 sec and in the second case 

the peak field is 11 kV/cm reached after 0.28ec. 

Trace 1 of Pig. 24C shows the field in a 10 cm gap for an 
ten 

applied impulse voltage of ie KV which is sufficient to 

cause breakdown occasionally. in this case the field 

reaches a peak value of 11.5 kV/em in 0.08 sec. 

The gap was then lengthened and a 72 kV impulse 

applied to a 15 cm gap and to a 20 cm gap, the results 

of which are shown in Pig. 24C, trace 2 and trace 3 

respectively. In the 15 cm gap the corona crosses the 

&@p causing a peak field of 7 kV/em to occur after 

0.36sec. fhe field then falls to 3.5 kV/cm as the 

Space charge is neutraliged. With the 20 cm gap the 
een scien ae 

corona does not cross the gap but it does increase the 

field to 3.5 kV/ow. The fact that this is the same as 

the final field for the 15 cm gap is probably coincidental. 

a 
ok As § the ga Pp length is is snorensed the geometrical fi field 

decreases, the peak fic field aue to the corona discharge 
weet name E 

decreases and the time to corona onset increases. That 
<< ee eeree rede ananateenaan od
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these trends should occur is quite obvious but the decrease 

in time during which there is corona activity in the gap, 

as evidenced by the change in field at the plane, bears 

consideration. In the 10 em gap the initial corona crosses 

the gap to the plane where the space charge is neutralized. 

This permits a second discharge to start within the remain- 

ing space charge which also crosses the gap and has its 

associated space charge neutralized leading to a third 

discharge. The third discharge does not cross the gap but 

it produces the slight increase in field at about Va 8ec. 

in the 15 em gap only one discharge occurs and when the 

space charge associated with the initial corona filaments 

is neutralized no more corona is initiated. Finally, for 

the 20 cm gap the corona does not eross the: ‘&p- It ceases 
Stren 

+ “TEE ea — 

  

aes 

to grow when less than 20 cm in length so that there is no 
—— = 

neutralization of charge at the plane. 

“(444) 50 om gap 

(a) Field at the plane 

As in the case of the 15 cm gap a complete study of 

the field at the plane for a 50 cm positive rod-negative 

plane gap has been made. Fig. 25 shows the field at the 

road center-line as a function of voltage with the lower 

straight line showing the geometrical field extrapolated
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from low voltage measurements. The sudden large spread in 

field values which occurs at 240 kV in the upper curve is 

caused by corona filaments crossing the gap at that voltage 

so that the peak field is dependent on the relative position 

of the filaments with respect to the probe. Breakdown occurred 

about 50% of the time for an applied voltage of 268 kV at 

which voltage the peak field measured was 8 kV/em. 

Examples of the field oscillograms are shown in Fig. 26. 

it is not possible to detect the corona onset point since 

it occurs on the steeply rising front and does not give 

a discontinuity as was the case in the 15 com gap. Another 

factor which tends to obscure the corona onset point is 

that the effect of the initial corona on the field at the 

plane will be much less for a 50 cm gap than for a 15 cm 

gap since the field is an inverse function of the square 

of the distance. Fig. 26A shows the field for applied 

voltages of 106 kV in trace 1, 138 kV in trace 2 and 160 kV 

in trace 5. At 160 kV the field rises to a crest and then 

there is another rise starting after about 0.5 asec. This 

also occurs at 185 kV and 215 kV as shown in Pig. 268, 

traces 1 and 2, but the time delay decreases as the voltage 

is raised so that at 213 kV the first crest is just dis- 

cernible. This effect can be explained in the same manner
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as the double peaks observed in the 15 em gap, but in this 

case the mid gap corona starts not because the space charge 

of the main corona filaments has been neutralized at the 

plane but because the space charge of the main filaments 

has propagated a sufficient distance from the space charge 

which has been left behind to enable the mid gap corona to 

start. Fig. 26C shows the field at an applied impulse 

voltage of 240 kV. At this voltage the initial crest 

occurs slightly later than for the lower voltages and then 

the second rise starts about 0.5,48ec later. In some cases 

the second rise continued until the corona reached the 

plane in approximately 2 sec. This can be explained in 

the same way as the lower voltage cases but since the 

corona actually reaches the plane it may be that the main 

corona filaments stop and then start again due to the 

approach of space charge from higher up in the gap. ‘The 

field for an applied voltage of 268 kV is shown in Pig. 26D. 

This is similar to the field at 240 kV except that the 

pronounced break does not occur. Instead the field reaches 

a crest and then continues to rise gradually. 

The field distribution along the plane was measured 

for an applied voltage of 240 kV with the results shown 

in the graph of Pig. 27. The lower curve is the field at the
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first crest while the upper curve is the final field after 

the second rise has occurred. The second rise has a much 

greater effect near the axis of the gap which is reasonable 

since the space charge is propagating directly towards 

@ point on the axis but is moving at an angle to a point 

off the axis. This means that the cos 9 term will be 

decreasing so that the field increase is less. 

Oscillograms showing the field at various distances 

from the rod center-line are shown in Pig. 28. Fig. 28A, 

trace 1 is the field on the centerline, trace 2 is 10 cm 

from the center-line and trace 3 is 25 em from the center- 

line. Fig. 28B shows the field 50 cm from the rod center- 

line and Fig. 26C, trace 1 shows the field 75 cm and trace 2 

the field 100 cm from the rod center-line. The second rise 

is still apparent even 100 cm from the axis but the increase 

is very small. 

(bo) Field at the rod 

The field at the rod was measured using the same 

arrangement as was used for the 15 em gap. The breakdown 

voltage with the rod at the earthed end was found to be 

about 10% higher than for the case with the rod the high 

voltage electrode but it was assumed that this was close 

enough to permit comparison between the two cases. The
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corona appears to start later with the rod earthed so that 

the field at 213 kV as shown in trace 1 of Fig. 29A follows 

the geometrical field almost to the crest before the corona 

is initiated causing the field to collapse to a low value 

as for the 15 cm gap. The field for an applied voltage 

of 240 kV, as shown in trace 2 of Fig. 29A, is similar 

except that the corona starts earlier on the wave front. 

In both cases after the initial collapse the field rises 

slightly as the space charge propagates away from the rod 

towards the plane. This rise levels off and then the field 

increases again which is added evidence indicating corona 

starting in the mid gap region. If corona started again 

at the rod one would expect a decrease in the field rather 

than the increase which occurs. After the second small 

rise a gradual decline in the field is observed. This 

decline is greater than could be caused by the voltage 

falling so it must be due to a gradual build-up of the 

positive space charge near the rod due to a clearing of 

electrons and negative ions into the rod. Pig. 29B shows 

the field with 268 kV applied in trace 1 and 293 kV in 

trace 2. At 268 kV the field is again similar to that 

at the lower voltage but it rises higher as the space 

charge propagates farther into the gap and the break in
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the rise is not as pronounced. This is probably due to 

the mid-gap corona starting before the initial corona 

has stopped. At 293 kV the field, after the initial 

corona, rises to a value such that the leader stroke 

starts from the rod. This causes a slow decrease in 

the field and leads to breakdown which occurs beyond 

the edge of the oscillogram in time. 

The breakdown field is shown in Fig. 29C, trace 44 

on a different time scale so that the final breakdown is 

shown. The field goes positive before breakdown because 

the prebreakdown current causes a considerable decrease 

in the applied voltage. When the final breakdown occurs 

the field takes a step positive because the applied 

voltage collapses so that the only field is due to the 

positive space charge. Some of the positive space charge 

will produce a sufficiently high local field to cause 

streamers to propagate to the discharge channel or to 

the rod which accounts for the fact that the positive field 

pulse is only of very brief duration. The remainder of the 

positive space charge disperses more slowly as can be 

seen by the gradual return of the field to zero. Trace 2 

of Fig. 29C shows the field when breakdown is interrupted 

by chopping the voltage with a sphere gap. As the field
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is decreasing due to the growth of the leader stroke the 

voltage is chopped which causes a large positive swing 

in the field since the applied field is removed leaving 

only the space charge field. A reverse discharge (see 

Gorin and Stekolnikov''®) ) occurs which reduces the 

positive field until the discharge ceases allowing the 

field to rise again positively. Subsequent reverse dis- 

charges reduce the field to a value at which the remaining 

space charge is no longer sufficient to initiate further 

discharges. The time constant of the field probe was too 

low to measure the rate of decay of this remaining field 

which caused a field of approximately 5 kV/cm at the rod. 

(iv) 100 cm gap 

A thorough investigation of the 100 cm gap was not 

carried out in the low voltage region but a comprehensive 

study of the field on the plane at the rod center~line 

was made for the voltage range from 473 kV at which voltage 

corona occasionally crossed the gap to 510 kV at which 

voltage the gap broke down in most cases. The field at 

the rod was not measured as a sufficiently large plane high 

voltage electrode was not available. 

Pig. 30A shows the field at the rod center-line with 

trace 1 corresponding to 473 kV when corona does not cross
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the gap and trace 2 corresponding to 473 kV¥ when corona 

does cross the gap. Trace 3 shows the field for an applied 

voltage of 488 kV and trace 4 for an applied voltage of 

502 kV. The dashed lines at the ends of the traces 

indicate that a conduction current has probably occurred 

to the probe so that the field measurement ceases to be 

accurate. This is deduced from the sudden step which 

indicates that the charge of a corona filament has hit the 

probe. At 473 kV the time to the maximum field is about 

5+5 sec when corona does not cross the gap while the 

peak field when corona does cross the gap occurs at about 

5 a8ec. The voltage wave reaches a crest in slightly less 

than 2 usec from the start of the wave so that the corona 

continues for some time after the wave crest. With an 

applied voltage of 480 kV. the corona filaments crossed 

the gap in most cases and with an applied voltage of 488 kV 

the filaments crossed the gap in every case with a time to 

peak value of from 4.0 to 4.4 28eC. For an applied voltage 

of 495 kV the peak value of field occurred at 3-9 nsec and 

for 502 KV, at which voltage breakdown occurred occasionally, 

the time to peak value varied from 3.3 to 3-8 Bec. With an 

applied voltage of 510 kV breakdown occurred in most cases 

and the peak value of field occurred in approximately 3.3 

psec e
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Using a different time scale the field at the rod 

center-line is shown in Fig. 30B for applied voltages of 

473, 480, 488, 495, 502 and 510 kV in traces 1 to 6 res- 

pectively. Here it can be seen that at 495 kV and higher 

voltages the corona filaments continue to hit the plane 

for a considerable period of time after the arrival of the 

initial filaments. Although the average field remains 

quite constant this can be deduced from the short, sharp 

spikes on the field oscillogram which are caused by the 

space charge of a filament increasing the field as it 

approaches the plane. When the filament hits the plane the 

space charge is neutralized and the field returns to its 

former value. The fact that the field does not decrease 

appreciably (except for the first corona filaments to cross 

the gap) below the average value when the corona filaments 

hit the plane indicates that the space charge neutralized 

is small relative to the total space charge in the gap. In 

some cases there is a brief dip below the average as the 

space charge is being neutralized and it is possible that 

this is due to the corona filament producing a short con- 

ducting filament at the plane which gives some shielding 

effect on the nearby probe.
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From previous workers" (99) photographic results it 

appears likely that the long succession of corona filaments 

hitting the plane indicates that a leader stroke has 

started from the rod but that it dies out before causing 

a complete breakdown of the gap. 

Fig. 31 shows the field at the plane as a function of 

the applied voltage for voltages approaching the bredid ous 

value. The upper curve represents the crest value of 

field as the corona filaments approach the plane and it is 

drawn through the lower points as these represent a better 

average value, the higher ones being due to the space charge 

of an individual filament coming very close to the probe. 

The lower curve shows the average value after a short time 

interval when the field has reached a relatively steady 

average which does not increase unless breakdown occurs. 

For the lowest two points the corona did not cross the gap 

so no space charge was neutraliged and there was therefore 

no drop in field. The dashed line represents the average 

field in the gap at the peak voltage and it can be seen 

that the initial peak field goes above this average while 

the final field does not. In order for the peak field at 

the plane to exceed the average, the field in the gap must 

decrease if the integral of the field over the gap length
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is to equal the voltage. This is in agreement with the 

theory that the initial corona tips form a “wave” of high 

space charge density behind which the field will be con- 

siderably lowered and in front of which the field will be 

enhanced. The fact that the field at the plane tends to 

remain constant as the applied voltage wave tail decreases 

indicates that either the field in the gap is decreasing 

or the leader stroke is effectively extending the high voltage 

electrode so that the field in the remainder of the gap 

stays constant at the average value. As long as corona 

activity continues in the gap the latter case must be true 

otherwise a very low field would be created at the rod. 

(v) 200 cm gap 

For the 200 cm gap the field was measured as a function 

of voltage and as a function of distance from the rod 

center-line. The graph, Fig. 32, shows the field variation 

with voltage for a point on the plane directly under the 

rod. The curve, similar in shape to those for shorter 

gaps, rises with increasing slope up to the breakdown 

voltage. The corona initiation point was not determined 

as corona was seen on the rod at the minimum applied 

voltage of 146 kV. The field measured at this voltage was 

extrapolated linearly in the lower dashed curve to give



5.0 

4.0 

3.0 

2.0 

E
L
E
C
T
R
I
C
 

FI
EL

D 
— 

kV
/c

m 

FIG. 32 FIELD AT THE PLANE IN 
A 200cm GAP 

- 
—_ 

—_ 

- 

- 
- 

= 
-— 

_- ~ “EXTRAPOLATION OF 
ble ee FIELD OBTAINED AT 

Pens fo 148 xV 

50 300 450 600 750 900 1050 
APPLIED IMPULSE VOLTAGE —xV



76 

a comparison with the higher voltage fields and it can be 

seen that the final field is about five times this linear 

extrapolation. As the voltage is increased the spread in 

the measured field increases indicating irregularities in 

the space charge growth. This effect was noted previously 

and when the filaments actually cross the gap the variation 

is largest as it is due to the varying distance of the 

corona filaments from the probe. 

Pig. 33 shows the field oscillograms for various 

applied voltages ranging from 148 kV in Fig. 33A, trace 1 

to 1020 kV in Fig. 33D, trace 2. At the lowest voltage 

the shape of the field oscillogram is very close to that 

of the applied voltage wave with the crest occurring 

approximately 14 - 24sec after the start of the wave. It 

was not ascertained whether the step on trace 1, Fig. 334 

was due to the corona initiation or whether it was due to 

& slight oscillation on the voltage wave. The latter is 

the more likely. As the voltage is raised the field 

oscillograms show that the field increases more slowly so 

that the crest occurs after the voltage crest with a maximum 

time to the crest of about 83 1 sec as shown in Fig. 33D, 

trace 1. The delay in the crest is caused by the time 

required for the corona filaments to propagate across the
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gap. Fig. 33), trace 2 shows the field decreasing after 

the peak as some of the filaments cross the gap and the 

space charge is neutralized at the plane. The time to 

peak value has decreased to between 4 and a Bec indicating 

that the average velocity of the corona filaments has 

increased. 

The field distribution along the plane was measured 

for an applied voltage of 990 kV and the results plotted 

in Fig. 34. Up to about 50 om from the rod center-line 

the filaments reach the plane and thus cause considerable 

variation in the peak field depending on the proximity of 

a corona filament to the probe. This can be seen in the 

upper curve which is the peak field distribution. The 

field distribution after 104 8e¢ is shown in the lower 

curve which apart from the value at 25 cm from the rod 

center-line gives a smoother curve. 

For this length of gap the transit time of the corona 

filaments across the gap is sufficient to enable the field 

distribution to be plotted at various times as the corona 

crosses the gap. This has been done in Fig. 35 where the 

field distribution is shown for 1 Be intervals starting 

0.64 8e0 after the start of the impulse wave. For com- 

parison purposes the field distribution with an applied
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impulse voltage of 148 kV, which is the lowest curve, is 

shown. it is quite similar in shape to the field dis- 

tribution at 0.8 usec with 990 kV applied. As the corona 

grows into the gap the field at the center increases more 

than the field away from the rod center~line which, as 

mentioned earlier, is due to the fact that the space charge 

of the corona filament tips is approaching the center 

directly while it is moving at an angle to the more distant 

points on the plane. 

In order to emphasize the change in distribution as 

the corona grows the curves of Pig. 35 have been replotted 

in Fig. 36 on the basis of a constant amplitude at 125 cm 

from the rod center-line with the remaining points on the 

curves changed proportionally. This shows more clearly the 

relatively greater increase in field on the rod center-line. 

The field distribution after 10 asec has been included and 

is the dashed curve. It is slightly flatter than the field 

at 4.6 sec indicating a slight spreading out of the space 

charge.
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lil. Hesults Using Barriers 

(i) Introduction 

From previous work ‘28) it was known that in a positive 

point-plane gap a barrier placed in the gap stopped the 

corona filaments from reaching the plane and increased the 

breakdown voltage. Since the space charge is associated 

with the advancing corona filaments this means that the 

space charge position can, to a certain extent, be controlled 

by a barrier in the gap. The following work makes use of 

this by measuring the fieid with and without a barrier in 

the gap and comparing the results. 

(44) 15 om gap 

(a) Field on rod center-line 

The effect on the field at the rod and at the plane 

of placing a barrier in the gap is shown in Pig. 37. The 

field with no barrier in the gap is shown in Pig. 37A with 

the upper trace being the field at the plane and the lower 

trace being the field at the rod. The field at the plane 

increases as the corona filaments cross the gap and then 

decreases as the space charge is neutralized at the plane. 

A second rise then occurs as either electrons and negative 

ions are cleared from around the rod or a combination of 

that and the propagation of mid-gap corona filaments occurs.
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At the rod the field decreases sharply when corona occurs 

and then rises as the corona propagates to the plane and 

the space charge is neutralized. The field at the rod con- 

tinues to rise for a short period of time after the second 

rise at the plane has started which definitely indicates that 

corona filaments have started within the remaining space charge. 

The field at the rod then falls off while the field at the 

plane remains constant which indicates a very localized 

effect of electrons and negative ions being drawn into the rod. 

A barrier was then placed 5 cm from the plane and the 

resultant fields are shown in Pig. 37B. At the plane the 

field rises until the corona reaches the barrier when the 

field value levels off. There is no decrease in field as 

the space charge is prevented from reaching the plane so 

that it is not neutralized. At the rod the field again 

decreases sharply as the corona is initiated but the rise 

afterwards is limited as the space charge can only move 

10 em from the rod. Again a slight decrease in the field 

at the rod occurs while the field at the plane is constant 

which again indicates a localized clearing of electrons 

and negative ions into the rod. 

Fig. 357€ shows the fields with a barrier 10 em from the 

plane. The field at the plane is similar but the maxinum
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field is lower since the space charge is stopped farther 

from the plane. The field at the rod however is different 

in that the initial collapse of field due to corona onset 

is not as great. From this one can conclude that the initial 

sharp decrease in field is due to corona which exceeds 5 cm 

in length. After the first drop in field a gradual decrease 

occurs similar to that which occurred in the other cases 

which again indicates a localized clearing of electrons and 

negative ions. This also indicates that with a barrier 

5 om from the rod there is no appreciable propagation of 

space charge away from the rod. 

(b) Field off rod center-line 

Lichtenberg figures, which will be discussed in a later 

section, indicated that the corona spread horizontally 

along the barrier and in order to check the effect of space 

charge spreading along the barrier the probe was positioned 

20 em from the rod center-line while two impulses were 

fired, one with a barrier 2 em above the plane and one with 

no barrier. The results are shown in Fig. 36 where the lower 

trace shows the field with no barrier and the upper trace 

the field with the barrier. ‘The first arrow shows the corona 

onset point while the second shows where the field enhance- 

ment due to space charge propagating along the barrier begins.
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The experiment confirms that the space charge does spread 

out along the barrier. 

A further experiment to show the effect of corona, with 

an horizontal component of growth, on the field off the rod 

center-line was performed using the arrangement shown in 

Pig. 394A. The probe was situated 15 cm from the rod center- 

line and field oscillograms shown in Fig. 39B were obtained 

with the barrier in position A, with the barrier in position 

3 and with no barrier. Again the first arrow shows the 

corona onset point and the second arrow shows the point of 

divergence of the two traces. The upper trace shows the 

field with no barrier and with the barrier in position A. 

Since the two were identical it was assumed that the decrease 

in the field with the barrier in position B, as shown in 

the lower trace, was due to the barrier stopping the 

horizontal development of the corona and not due to some 

other effect of the barrier. This shows that the space 

charge associated with the horizontal component of the 

corona contributes an appreciable amount to the field at 

a distance of 15 cm from the rod center-line. 

(ec) Velocity measurement using barriers 
Since the barrier halts the forward growth of the 

corona filaments it was considered that this might provide
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@ method of measuring the velocity of the corona filaments. 

The technique used was to superimpose several oscillograms 

taken with barriers at various levels in the gap on an 

oscillogram taken with no barrier in the gap. The time 

interval between the start of corona ans the point of 

éeviation of the trace with a barrier from the trace without 

a barrier would then represent the time taken for the corona 

to travel from the rod to the barrier. This was done and 

sample oscillograms are shown in Pig. 40 taken with a barrier 

5 cm below the rod, 11 cm below the rod and with no barrier. 

The oscillogram taken with no barrier went off scale since 

the sensitivity used was high. It was found that the time 

resolution was not sufficiently high to enable changes of 

velocity in the gap to be measured but the average value of 

6.5 x 10! cm/sec * 10% which was obtained is in general 

agreement with previously obtained results. ‘27 993) it is 

also in agreement with the value obtained by taking the 

time to cross the whole gap as the time from corona onset 

to the time of the peak field. This isavalid assumption 

since there was no evidence of a conduction current in the 

probe (which indicates the arrival of a corona filament at 

the plane) prior to the peak field. For the case illustrated 

above this gave an average velocity of 8.6 x 10! em/sec > 5%.
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(iii) 50 cm gap 

(a)  Gonstant voltage, variable barrier height 

Placing a barrier in a 50 cm gap affected the field by 

limiting the corona filament growth as it had done in the 

15 cm gap. With an applied impulse voltage of 240 kV oscillo- 

grams were taken with a barrier at various distances below the 

rod with the results for a barrier 0, 5, 10, 15 and 46 cm 

below the rod and with no barrier shown in Fig. 41, traces 

1 to 6 respectively. Field values obtained for these oscillo- 

grams are plotted in Pig. 42. The field exhibits an initial 

rise in the first tu sec followed by a more gradual rise to 

& peak value. When the barrier was at the rod the second 

rise did not occur and when the barrier was 20 cm or more 

from the rod the first rise was not affected which indicates 

that the first rise is due to space charge within 20 cm of 

the rod. The second rise was quite variable when the barrier 

was more than 20 em from the rod so two points, one at 40 cm 

and the other at 46 om from the rod, are included in the 

graph as examples where it can be seen that the second rise 

was either the same as it would have been with a barrier 

20 cm from the rod or it was quite a high value which had 

a wide spread. From these results it is concluded that the 

initial corona propagates approximately 20 cm into the gap
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and stops while a slight redistribution of charge occurs. 

The redistribution of charge is probably caused by mid gap 

corona starting behind the leading corona filament tips. 

This may or may not increase the field sufficiently to enable 

the leading corona filament tips to begin further propagation 

into the gap but if it does the second discharge continues 

until it is stopped by the barrier. If a further discharge 

does not occur the field remains relatively constant after 

@ small second rise. 

(b) Variable voltage 

In order to show the effect of a barrier on the field 

at the plane for various applied voltages the field was 

obtained as a function of applied voltage with a barrier 

at the rod and with a barrier 15 cm below the rod. These 

results are plotted in Fig. 43 along with the curve of 

Pig. 25 which shows the field with no barrier as a function 

of applied voltage. As before the lower straight line, 

curve 1, is the geometrical field extrapolated from low 

voltage measurements. Curve 2 is the field with @ barrier 

at the rod which severely limits the corona growth, thus 

limiting the field at the plane. The field still rises 

considerably above the geometrical field because of the space 

charge which spreads out along the barrier. Curve 3 shows
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the field with a barrier 15 cm below the rod and curve 4 

the field with no barrier. With the barrier 15 em below 

the rod the field starts to be limited with an applied 

voltage of approximately 180 kV indicating that the 

corona at this voltage propagates about 15 cm into the 

Bap. 

(c) Barrier near the plane 

With a barrier in the upper part of the gap the effect 

is to contain the space charge near to the rod which keeps 

the field at the rod low and prevents a further discharge 

from occurring. With a barrier in the lower part of the 

gap the space charge is able to propagate away from the 

rod so that even though the space cherge is not neutralized 

at the plane the field at the rod rises sufficiently to 

initiate ea further discharge. In this case the field 

between the barrier anid the plane may reach a value 

sufficient to cause a spark between the plane and the 

bottom of the barrier or 4 spark may occur from the top 

of the barrier over the edge to the plane. 

Pig. 444 shows the field under the rod for an applied 

impulse of 272 kV with a 0.64 em thick bakelite barrier 

1% cm above the plane. The field rises to a peak value of 

30.2 kV/om in 5-4 usec and then collapses to 2.5 kV/cm
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when a discharge occurs between the barrier and the plane. 

This discharge is extinguished almost instantaneously (the 

time being too short to measure on the oscillogram) and 

the field recovers to 20.6 kV/om. Purther brief discharges 

occur away from the first discharge as a region of high 

positive space charge builds up away from the rod center- 

line. The build up of space charge is shown in Pig. 44B 

where the field 10 cm from the rod center-line rises to 

a crest of 26.0 kV/em in 7.74800 and Pig. 44C where the 

field 25 cm from the rod center-line rises gradually to 

12.3 kV/em in 10.2 see and then more sharply to a crest 

of 28.5 kV/om in a further 3sec. In each case the field 

falls after the crest is reached due to local discharges 

occurring between the plane and the barrier. In Fig. 440 

the field falls to zero when the final breakdown occurs 

but this is not always the case. Fig. 44D shows the field 

at the sane location but this time the field went negative 

after the final breakdown indicating an excess of negative 

charge had accumulated on the bottom of the barrier. If, 

on the other hand, the number of discharges is small in 

the region of the probe then the final field collapse 

leaves a positive value as shown in Fig. 445 due to the 

positive charge on the upper surface of the barrier. The
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probe was then moved 14 cm beyond the edge of the barrier 

and the result is shown in Fig. 44F. The field did not 

rise appreciably since there was no barrier above the 

probe on which the positive space charge could accumulate. 

The short sharp rises in field are due to corona filaments 

growing over the edge of the barrier and then being 

neutralized on the plane. The frequency of these filaments 

was such that more often than not the probe was struck by 

a filament so that a conduction current occurred making 

the remainder of the field oscillogram meaningless. 

With the barrier 43 cm above the plane and an applied 

voltage of 298 kV, Fig. 45A was obtained. In this case 

only a few discharges occurred from the plane to the 

bottom of the barrier before the final breakdown occurred 

over the edge of the barrier. The field at the plane on 

the rod center-line reached a maximum value of 25.7 kV/cm 

in approximately 9-6 ~sec and then as the final breakdown 

occurred it fell to a small negative value indicating the 

presence of some negative charge on the bottom of the 

barrier. 

When the barrier was placed 10$ em above the plane the 

field at the plane reached a value of only 13.5 kV/om as 

shown in Fig. 455. In this case there was no evidence of
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a discharge between the barrier and the plane. After 

approximately 164 sec the final breakdown cccurred and 

the field fell to 9 kV/cm which indicated that a con- 

siderable space charge retained on the barrier. This is 

explained by the fact that the discharge goes directly 

from the rod to the edge of the barrier and then to the 

plane instead of going from the rod to the center of the 

barrier, along the barrier to the edge and then to the 

plane. In the latter case the discharge along the barrier 

would remove a considerable amount of the space charge 

whereas in the former case the space charge would remain 

on the barrier. Applying a lower voltage to the gap with 

the barrier 4 cm from the plane also causes breakdown from 

the rod directly to the edge of the barrier. Fig. 450 

shows the result with an applied voltage of 285 kV where 

the field rises to a crest of 20.3 kV/em in 15.6 sec and 

then falle to 14.7 k¥/em at breakdown. 

IV. Lichtenberg Fi 

(4) 15 om gap 
A further comparison of the three types of rod endings 

was made using Lichtenberg figures produced on X-ray film. 

For an applied impulse voltage of 78 kV, Fig. 46, 47 and 48



  
PIG, 46  ## LICHTENBERG FIGURE AT PLANE WITH THE 

HOD END A 30° CONE



  
PIG. 47 LICHTENBERG FIGURE AT THE PLANE WITH 

THE ROD END SQUARE-CUT



  
PIG. 48 LICHTENBEXG FIGURE AT THE PLANE WITH 

THE ROD END HEMISPHERICAL



show the Lichtenberg figures at the plane for the 30° 

cone, the square-cut rod and the hemispherically ended 

rod respectively. The latter two are quite similar with 

between 400 and 500 individual figures which vary from 

dots less than + mm in diameter to dots of approximately 

1 mm in diameter with up to 25 radial arms giving an over- 

all diameter of up to 9 mm. For the 50° cone the number 

of figures was between 70 and 100 with a maximum size of 

8 radial arms giving an overall diameter of 4.5 mm. This 

shows that the higher field obtained with the square-cut 

and hemispherically ended rods was due to a larger number 

of filaments approaching the plane. 

Fig. 49 and 50 show Lichtenberg figures obtained 

6 cm above the plane for the square-cut and hemispherical 

ends respectively. Again the two are similar but they 

aiffer from those obtained at the plane in that there are 

a number of individual figures with long branches up to 

5+ om in length. These long branching figures are pro- 

duced by the filaments that would have produced figures 

at the plane had they not been deflected by the barrier. 

At this level the number of individual figures was again 

between 400 and 500 which indicated that the number of 

branches forming was approximately the same as the number



  
PIG. 49 LICHTENBERG PIGURE 6 om ABOVE THE PLANE 

WITH THE ROD END SQUARE-CUT



  
PIG. 50 LICHTENBERG FIGURE 6 cm ABOVE THE PLANE 

WITH THE KOD END HEMISPHERICAL
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of branches which were dying out. The fact that filament 

branches were dying out 6 cm above the plane was confirmed 

by the occurrence of the very small individual figures at 

that level. 

Lichtenberg figures were obtained with the film 12 cm 

above the plane in Fig. 51, 52 and 53 for the square-cut 

end, the hemispherical end and the 30° cone respectively. 

All three show the tendency to have several strong figures 

at the center with branching towards the edges extending 

for over 12 cm in the first two cases and up to 10 cm in 

the third case. There are also a few of the very small 

point figures which indicate the presence of very weak 

filament branches which are dying out at this level. 

In the central region of the Lichtenberg figures 

a distinct difference is seen between the square-cut end 

and the hemispherical end. For the square-cut end the 

filaments start at several points on the edge and due to 

their mutual repulsion tend to leave a clear space in the 

center. With the hemispherical end the highest field is 

in the center so the corona starts there and branches from 

a central filament which does not leave a clear area in 

the center. In this respect the 30° cone is similar to 

the hemispherical end.



  
Pic. 51 LICHTENBERG FIGURE 12 cm ABOVE THE PLANE 

WITH THE ROD END SQUARE-CUT



 
 
12 om ABOVE THE PLANE LICHTENBERG FIGURE 2 FIG. 

WITH THE ROD END HEMISPHERICAL



  
PIG. 53 LICHTENBERG PIGURE 12 cm ABOVE THE PLANE 

WITH THE ROD END A 30° CONE
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(ii) Long Gaps 

Por the longer gaps it was not practical to use X-ray 

film to obtain Lichtenberg figures because of the large 

sizes required. Instead, Xerox powder on perspex was 

used to obtain the figures which were mainly used to 

determine how far the filaments progressed into the gap and 

how many reached the plane. In a 50 cm gap with an applied 

voltage of 240 kV the filaments spread horizontally 

approximately 20 to 25 cm which agrees with the initial 

corona filament growth deduced for barrier experiments 

outlined in Section Ili-(iii)-a. This shows that the 

space charge is in a cylindrical volume rather than 

a hemispherical volume as was the case for the 15 em gap. 

The space charge was also shown to be in a roughly 

cylindrical volume for the 2 m gap by placing vertical 

barriers at various horizontal distances from the rod. 

For an applied impulse of 990 kV Lichtenberg figures 

showed that corona filaments reached the plane but only 

extended 75 to 100 em in the horizontal direction. The 

exact extent of the corona in the horizontal direction 

could not be determined as the Lichtenberg figures on the 

vertical barriers were very faint, unlike those obtained on 

a horizontal barrier which were very clear. Better
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sensitivity could no doubt be obtained using X-ray film 

but the problem of shielding the film from external light 

outweighed the advantage of increased sensitivity since 

the exact extent of the corona was not significant. 

Vv. iM ent of © e in Corona PF n 

Although the field measuring technique required that 

the current in the probe be purely a displacement current 

it was found that a conduction current to the probe was 

also useful in providing a measure of the charge associated 

with a corona filament. 

With a 50 cm gap a = mm diameter probe was constructed 

and mounted in the plane. The small size of the probe 

ensured that only one filament hit the probe at any one 

time and also made the voltage due to the displacement 

current small enough to be negligible compared with the 

voltage due to the conduction current. The results 

using this probe are shown in Pig. 54 and 55. Fig. 54 

shows two oscillograms plotted as a percentage of full . 

value against time, one being a charge of 2.24 x 10719 

coulombs and the other being a charge of 1.05 x 107? 

coulombs. From this it is seen that the larger charge 

takes longer to flow onto the probe. Fig. 55 shows four
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oscillograns superimposed representing charges ranging 

from 9.00 x 107'° coulombs to 1.77 x 107? coulombs. ‘The 

second step on the lower oscillogram represents a charge 

of 5.10 x 107’? coulombs. ‘These oscillograms also show 

that in general the higher the step the longer the time 

required for the step to reach its maximum value. If 

this charge came solely from the head of a corona filament 

one would expect the times to be much more consistent. 

Therefore it would appear that the charge is coming from 

the channel behind the head as well as from the head of 

the corona filament. The brightening of the channel at 

the plane as observed by Park and Cones (32) and the 

“return globule" observed by Kriteinger ‘94? would be con- 

sistent with the charge being drawn from the channel. The 

double step on one oscillogram also suggests charge being 

drawn from the same channel in both steps. Since the probe 

was only $ mm in diameter it was hit in only one shot out 

of about 20 so that the chance of it being hit more than 

once in a single impulse unless the same channel were used 

seems quite remote... Further evidence supporting this is 

shown in Fig. 56 which is an oscillogram taken using a 2 mm 

diameter probe covered by a 0.05 mm thick polythene barrier. 

The slight rounding at the start is due to the induced
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current as the filament approaches the plane. When the 

filament tip hits the barrier there is a step in the 

escillogram but the sharp cut-off indicates no build up of 

charge on the barrier from the channel behind the tip. 

This is because the charge on the barrier prevents a high 

field from building up due to the charge in the channel 

which would occur if the charge in the tip had been 

neutralized on the plane. Similar results were obtained 

for 15 cm and 100 cm gaps so it was assumed that the gap 

length did not affect the charge on the corona filament. 

Using a 100 cm gap with an applied voltage of 503 kV 

and using the 2 mm diameter probe, 20 shots were taken to 

determine the minimum value of charge hitting the probe 

which was 5.36 x 107'' coulombs. ‘The probe was then 

covered with a perspex cup so that the charge could not 

come within 0.14 mm of the probe and another 20 shots 

taken which gave a minimum value of field of 15.5 kV/cm. 

These two values were assumed to pertain to a corona 

filament just capable of reaching the plane and from 

calculations shown in Appendix I in which the charge is 

assumed to be in a spherical volume the radius of the 

volume was found to be 0.064 mm. The excess positive 

charge was found to be 3.35 x 10° ions which gives an 

excess charge density of 3 x 10'* ions/ec.
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Dawson and winn(91) in their streamer propagation 

model give the minimum conditions for the propagation of 

a filament as a radius of 0.03 mm and an excess of charge 

of 108 ions. This is quite reasonable agreement and as 

the experimental values are higher it could be expected 

that a lower value might be obtained if more than 20 shots 

had been taken. 

VI. Negative Rod-Positive Plane 

(41) 50 om gap 

The negative rod=-plane results differed in several 

respects from the positive rod=-plane results, the most 

noticeable difference being the higher voltage required 

to cause breakdown for the negative case. Field measure- 

ments at the plane on the rod center-line show that the 

field is much lower for the negative case and the field 

value was much more consistent up to the point where 

a second discharge occurred. Fig. 57 shows the field as 

a function of voltage in curve 1 and the geometrical field 

in ane 2. The field is only that due to the first dis- 

charge and it was found that if several shots at the same 

voltage were superimposed on one oscillogram it was not 

possible to detect any difference in the initial field
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rise. Example oscillograms are shown in Fig. 58. Fig. 58A 

shows the field with an applied voltage of 500 kV when no 

second diecharge occurs. The rise time is, within the 

measuring limits, the same as that of the voltage wave 

which indicates that the corona pulse is very short and is 

over before the voltage crest is reached which is less 

than 0.5 sec. Fig. 58B shows the field with an applied 

voltage of 510 kV and in this case a second discharge 

occurs causing a second rise in field. 

The field distribution along the plane was measured 

at several voltages and the results are shown in Fig. 59. 

The values have all been converted to a 500 kV base so 

that the differences in amplitude are due to a change in 

space charge. As the voltage is raised the shape of the 

field distribution, shown in Fig. 60, with the values 

converted to a common peak amplitude, does not change 

greatly which is consistent with results obtained using 

Lichtenberg figures showing that the initial corona is 

confined to the upper part of the gap with a maximum 

extent of approximately 20 to 25 om when 555 kV is applied. 

Lichtenberg figures formed on barriers in the lower 

part of the gap showed that the second discharge consisted 

of a small number of corona filaments, which grew into the
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lower gap. The field distribution along the plane con- 

firms that the second discharge creates a space charge in 

the lower gap region as can be seen in Pig. 61. Curve 1 

is the field distribution for the first discharge and 

curve 2 is the field distribution if a second discharge 

occurs. If the second discharge created a further space 

charge in the same region as the first space charge the 

two field distribution curves would be similar but the 

much sharper field distribution of the second discharge 

shows that the space charge is in the lower part of the gap. 

Sample oscillograms are shown in Fig. 62 where part A is 

the field at the rod center-line, part 5 the field 30% cm 

from the rod center-line and part C the field 61 cm from 

the rod center-line. In each case the field when no 

second discharge occurs is also shown. 

Previous workers (27739) have shown that the corona 

completely crosses the gap before a positive leader is 

initiated from the plane and this work tends to confirm 

that result. From these field measurements it is obvious 

that the field which is sufficient to initiate a positive 

leader from the plane does not occur over a large area 

gince the maximum field measured on a 2 om diameter probe 

was less than 16 kV/cm.
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(i4) 100 cm gap 

In order to determine the maximum field at the head 

of the negative corona filament it was necessary to use 

a smaller probe so the 2 mm diameter probe was tried. 

With the 1 m gap an applied impulse of 1,030 kV produced 

breakdown about 60% of the time in a series of 25 impulses. 

The field when no second discharge occurred reached a value 

of 9.6 kV/om and a sample oscillogram is shown in Pig. 63, 

trace 1. When a second discharge occurred breakdown 

always followed and a peak field of from 13.5 to 27.2 kV/cm 

was measured. Trace 2 of Fig. 63 shows a sample oscillogram 

with breakdown occurring. The field rises to a peak value 

and then decreases slowly until breakdown when a sharp 

decrease in field occurs. The slow decrease in field is — 

similar to that which occurs at the rod, in a positive 

rod gap, when the leader starts from the rod. This indicates 

that a positive leader starts from the plane causing the 

initial decrease in field. It was also noted that the 

higher the peak field the greater the drop due to the 

leader formation. The high field is due to the corona 

filament coming near to the probe and since the leader would 

have a greater shielding effect on the probe the nearer it 

is to the probe, this is further evidence that the leader 

starts from the point on the plane which is hit by the corona.
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CHAPTER V 

DISCUSSION AND CONCLUSIONS 

  

Most of the results have been fully discussed and 

correlated with earlier work in the previous chapter, 

but a brief summing up is necessary to round off the work. 

There are two main contributions of this work which are 

the development of a new field measuring technique and 

the use of this technique to give a new perspective to 

the study of the spark breakdown of a rod-plane gap. from 

this study the following picture of the breakdown mechanism 

has emerged. 

OX Considering first of all the positive rod case, the 

initial stage of isaancaens Sab corona, is initiated with 

a varying time ) lag at the _low voltages which indicates 

  

“a 4 statistical time lag but as the volta is raised so 

(DZ) tat corona starts _on ‘ehae wave front _with ith very little 
a ET SS enemaineieiiateiie mee 

time variation it starts at a reasonably constant | field 

which indicates that the ind ti ateng electrons are produced — 
' - on rast gts Pn eg, . Pa A Py =, Aen anal 

by the high field a from negative ions. It has been shown 

that the corona propagates in a low overall field, in the 

order of 5 kV/em in the long gaps, and that the field at 

the tip of the corona filament is high, well in excess of wes: Sth ee orona ficament 16 nigh
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30 kV/em and values have been measured up to 200 kV/om. 
se 

Pield measurements at the fod have shown that “the field 
= 

‘rises as the corona ‘propagates towards the plane which 
Re ine 

indicates that the _ Space charge. is associated with the tip 

of of the corona pihanianls These facts support the theory (32+51) 51) 

‘shat the corona filament is a region of high space charge 

density which propagates due to ite own high field and 

that it is not conneoted by a conducting ¢ hannel to the rod. 

Barlier work'??) indicated that the initial visible 

corona filled a roughly hemispherical volume | which this 

work shows to be true for short gaps of about 15 cm but 
i 

a it would ieee teat the corona tends to 

fill a more oylindrical volume. There is however some 
sounpensamaanbe Fe ate 

evidence which suggests that the initial corona consists 
— 

  

of two stages, the first being filaments directed “radially 
eet Si ee 

arenes de a 

“from the rod end which we would fi11 a hemispherical volume 

    

ne me es 
ee 

Fawn fe 

a 
and the eaters being a Aibutiiied directed coro corona starting 

_— ns ee o. 

  

from th urace of the hemis herical volume and tendi to lot 12.8 Lspherica: ng 

<" produce | a cylindrical volume. Work is at present under 

way to calculate the field distribution along the plane 

due to various space charge distributions, then by com- 

paring the calculated and measured values it is hoped that 

the actual space charge distribution can be found.
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When the corona space charge has propagated a sufficient 
eters et 9 a Ea 

distance from the rod or when the space charge has been 

neutralized atthe. plane the field at the rod rises 
= ESE _ 

sufficiently to initiate a _new y_ discharge. This ‘discharge, 

  

which is the leader channel, is different in character 

because it grows into a much more uniform field. The 
ad 

leader channel conducts along : its length | and from its tip 
eee ccerenn pena PF 

the conduction is carried out by a succession of corona 

filauents which carry charge to the plane as did the 
initial corona. 1t is the sum of these small charges, 

Garclis in the order of 5 x 1079 coulombs, which makes 

up the rising prebreakdown current. Pinal breakdown ¢ end 

collapse < of f voltage then oocura when th the leader channel 

reaches the plane. 

furning to the negative rod ease, there is again an 

initial radially airected corona from which a further, 

downward diveoted, Morona may grow. The downward cirected 
a it 

corona in this edge differs sey from the pope tive: case 
Ee ee 

in that it consists of aniy a few Sc laments rather than 
SF aS pao! af ees ae 

the several hundred_of the positive case. When one of 

these filaments reaches the plane it causes a positive 

eine tae Sara 

secant 

leader to grow from the plane which in turn leads to com- 

plete breakdown of the gap. The actual charge and field
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associated with the negative corona were not measured but 

the acquisition of a new double beam oscilloscope should 

enable a two probe experiment to be done to determine 

these factors. 

Further work using the field measuring technique is 

in progress to study the effect of wave front duration on 

the field at the plane and to study the field when various 

gases are used but there still remains considerable new 

work to be initiated. In order to get more information 

about breakdown in gaps several metres long it will be 

necessary to measure the field at the rod and for this 

the ideal technique would be to measure the field at the 

high voltage electrode using a Faraday cage to house an 

oscilloscope. This has the advantage that simultaneous 

measurements can be made at the rod and at the plane so 

there is no question about correlating results obtained by 

earthing each electrode in turn. It is also expected that 

much useful information could be obtained by extending the 

field measurement technique to the study of breakdown in 

other gap geometries and to the study of field distortion 

due to the effect of neighbouring objects. 

Finally, it is noted that two papers have been prepared 

during the course of this work. One was published in
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"Electronics Letters" and the second was read at the 

ViIth International Conference on Phenomena in Ionized 

Gases, Belgrade, August, 1965. Copies of these papers 

are appended inside the back cover of this thesis.
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APPENDIX I 

  

The minimum charge measured when a corona filament 

hit the 1 mm radius probe was 0.536 x 107° coulombs and 

the minimum field, due to a corona filament, which was 

measured when a 0.14 mm barrier was over the probe was 

15.5 kV/fem. Assuming that the charge is in a spherical 

volume and, neglecting the charge distribution in the 

volume, that it acts as a point charge at the center of 

the volume the following result is obtained. 

a8 

R ‘ Probe 

eee E> sos oF 
<< 

& 

sp 28_ cos OdS 

The average flux density | Dd = prebe TCR? 

Probe Area 

ar fn 

2Q ! 1 / E,, = Dav. | Leas ign eet]: 
Eo 47&}| JJ (424m?) (n*+ 10 

SOME Sole ad 
En E 47 75° o (c2+ny 
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Substituting the known values of E,y, Q and Tp and solving 

for ry gives r, = 0.204 mm. This gives a charge radius of 

0.064 mm. The excess charge is 

-10 

0.528 15 = 3.55 x 10° ions 
1.6 x 10 

which gives an excess charge density of 

8 
222 x0 <= 3x 10'4 ions/c.c. 

4/3T7(6.4)" x 10 

These values compare to the theoretical values of Dawson 

and Winn of 10° ions in a volume of radius 3 x 107? om 

which gives charge density of approximately 10! ions/c.c.
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MEASUREMENT OF ELECTRIC 
FIELDS AT ELECTRODE SURFACES 

A new technique for determining the field 
at the surface of the earthed electrode of 
a gap subjected to an impulse voltage is 
described. An example is given of the 
results obtained when the technique is 
applied to the study of the field variation 
during the initial stages of spark break- 
down in a rod-plane gap, showing, in 
particular, the influence of space charges. 

A new technique for determining the field 
at the surface of the earthed electrode of a 
gap subjected to an impulse voltage has 
been developed. The technique involves 
the measurement of the charge induced 
on a small probe mounted flush with the 
surface of the electrode and is based on 
the principle that the field is propor- 
tional to the electric flux density. It 
differs in principle from a technique de- 
veloped by Kritzinger! in which the field 
is determined from the voltage developed 
on a probe projecting into the gap. 

Consider a probe of area A with an 
electric flux of y coulombs entering it. 
Since «f= D=y/A and y = idt, 
where / is the displacement current in the 
probe, it follows that E =f idt/eA. 
Using this relationship, the field can be 
obtained by taking an oscillogram of the 
current in the probe and by finding the 
integral mechanically. It is, however, 
more expedient to integrate using a capa- 
citor C, as shown in Fig. 1. An oscillo- 
gram of the voltage V across the capa- 
citor then enables the field to be calculated 

insulated probe electrode surface 

      

  

Cc 

screening 
box ie 

TOPCO: 

Fig. 1 Diagram of probe connection 

from E = CV/e A. As C, A and « are all 
constant, the voltage oscillogram can be 
calibrated directly in terms of E. 

Experiments have been carried out 
with a circular probe mounted in the 
earthed-plate electrode of a uniform-field 
gap. The results show that allowance has 
to be made for the insulation thickness 
between the probe and the surrounding 
electrode, as the insulation increases the 
effective radius of the probe by approxi- 
mately one half the insulation thickness. 
For a lcm-radius probe the insulation 
thickness can be made negligible, and the 
electric field determined by the probe 
agrees with that obtained from the applied 
voltage and gap length within the limits 
of error of the voltage divider used to 
measure the impulse voltage. 

The effect of voltage on the probe was 
investigated by decreasing C by a factor 
of 10, which increased V from 20 to 
200V for a field of 22kV/cm. This re- 
sulted in a 24°% decrease in the measured 
field, which indicates the importance of 

keeping C at the maximum value con- 
sistent with obtaining a voltage which can 
be accurately measured on the oscillo- 
scope. 

Two other points must be considered 
when interpreting the results. Firstly, the 
technique gives the average field over the 
surface of the probe, and consequently, 
for nonuniform fields, the probe must be 
made small, if accurate values of localised 

fields are to be obtained. This is also true 
for uniform fields if local nonuniformities 
of field due to space charge are to be in- 
vestigated. Secondly, the time constant of 
the measuring circuit will introduce error 
for measurements involving long times. 
From this point of view a high C and a 
high-input-impedance oscilloscope are de- 
sirable. 

The technique has been applied to the 
study of the field variation during the 
initial stages of spark breakdown of rod— 
plane gaps and in particular to determine 
the influence on the field of space charges 
introduced by corona streamers. It has 
been used both at the rod and at the 
plane, depending on which was the 
earthed electrode, for both positive and 
negative rod—plane gaps. Fig. 2 gives an 
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Fig. 2 Field distribution at the plane for a 
50cm rod-plane gap with a 500 kV negative 
impulse applied to the rod 

example of the results for a 50cm rod- 
plane gap with a negative impulse of 
500kV applied to the rod, which is suffi- 
cient to cause impulse corona at the rod 
without breakdown of the gap. The geo- 
metrical field, i.e. the field due to the geo- 
metry of the gap in the absence of a dis- 
charge, was obtained by scaling up the 
result for an applied voltage below the 
corona-onset voltage. The results show 
that the field at the plane is greatly in- 
creased by the development of the im- 
pulse corona discharge at the rod. A 
further substantial increase in the field 
at the plane occurs at higher voltages, 
sufficient to cause ultimate breakdown of 
the gap. A comprehensive account of 
this work will be published in the near 
future. 

This technique can be applied to the 

Ta Sa i) en Al TS a SR aT TR nae Ae TR Cor Dery TN TTY 

study of the field at either electrode of any 
gap configuration, with or without space 
charge, provided that the probe is so 
positioned that the conduction current 

to it is zero. For example, it may be used 
to determine the field distortion at the 
electrode surface in parallel-plane gaps or 
sphere gaps due to the presence of neigh- 
bouring objects, or it may be used to study 
the field distortion caused by the firing of 
the trigger gap in a trigatron. These are 
only two of the many applications en- 
visaged by the authors. 

During the preparation of this note, 
the authors found that Bazelyan? and 

Bazelyan and Stekolnikov® have used 
another technique based on the same 
principle to measure more accurately than 
has been done previously the amount 
of charge injected into a gap by the 
corona from the sphere in an inverted 
sphere-plane gap. 
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