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PREFACE 

This thesis describes experiments which have been performed 

in Durham to study tne behaviour of' electron swarms drifting 

under the influence of a uni-directional electric field. 1'he 

electron swanns were admitted into a plane parallel electrode 

gap, (- 7 em), through small holes in the cathode. These 

-7 swarms were in gene1'al of 3.10 sec duration, and contained 

initially about 1 o6 
electrons. Most of the measurements were 

made in hydrogen at a gas pressure of about 60 mm Hg, although 

some work has been done in nitrogen. 

E/ ( -1 -1 
'rhe value of the 1~educed field p

0
, - 23 v em rrun ) , 

in the drift section was sufficient for exciting and ionizing 

electron-molecule collisions to occur, but wasalways below that 

required for the gap breakdown. The motion of the swarm was 

followed by observation of the radiation emitted by excited gas 

molecules, and these light signals were detected at the side of 

the electrode gap with a photomultiplier. However, it was so 

arranged that only the radiation emitted from a thin slice of 

the avalanche path was collected by the photomultiplier, so that 

a comparison of -.;he light intensities emitted from the path at 

various distances from the cathode, enabled several discharge 

parameters to be detennined; e.g. the ionization coefficient, 

the electron drift velocity, and the diffusion coefficient. 

It was found that when the number of starting electrons 

in a swarm was maintained below 10
6, the rates of ionization, 



for both primary and secondary electrons moving in the gap, 

were constant and in agreement with those found by other workers. 

However, when the initial electron density was increased, it 

was found that the rate of multiplication by co:lision 

ionization was reduced in the primary swanns. 1'his effect 

has been attributed. to local distortions of' the applied field, 

which tend to reduce the ionization coefficient as seen by 

electrons moving in the swarm. Confinnation of this argument 

has been obtained from a computer s~nulation of the development 

of a primary avalanche under the experimental conditions. 

'rhe measurements of the electron drif't velocity tended to 

be higher than would be expected at this value of' E/p • 
0 

This result is howeve1· in agreement with other workers at the 

same gas pressure, and is attributed to a. rliffusive motion of 

the electrons within the swarm which is superimposed upon the 

drift inotion. 
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CHAP.'l'l~It ONE 

INTRODUCTION 

'.L'he electrical breakdown of' a gas is the term used to 

describe the transition in the gas from an insulating to a 

highly conducting state. A characteristic of the breakdown 

is that the voltage applied betv;cen electrodes in the gas, 

drops bJ a process producing a high conductivity betr;een cathode 

and anode. The transition occurs in a very short time period, 

during which it is not potisible to maintain the electrostatic 

energy of' the gap capacitance; conseq,uentl.t, a breakdovm of the 

gap ·.rolta.ge occurs. One of the problems of Gas Discharge 

physics has been to account for this breakdown in terms of 

fundamental gas processes. 

1'he basic process involved in d.c. discharges is the electron 

avalanche; that is the ionization processes started by one 

or more electrons. 1'wo kno~·m mechanisms ( 
1

) which account for 

the breakdown of a gas stressed by a unidirectional electric 

field are: 

i) a relatively slow mechanism, v.hich requires a large 

number of avalanche generations to produce breakdown (Generation 

or Townsend mechanism). 

ii) a rapid mech!lllism, in which breakdo·.-m results directly 



from a primary electron avalanche (Streamer mechanism or 

Kanalaufba.u) • 

This thesis is concerned with the development of primar~ 

electron avalanches in a plane parallel electrode gap prior to 

the gap breakdown, and subject to space charge distorted 

electric fields. 

The method of observation of the avalanches, initially 

used by Corrigan and Von Engel ( 2 ) to measure excitation 

coefficients, is lmown generally as the optical method. Electrons 

moving under the influence of an electric field besides pro-

ducing new electrons by ionizing collisions, also excite 

radiation. The emitted photons are detected by a photo-

multiplier and indicate the temporal growth of' the electron 

avalanche. 

1 .1 Ionization garowth in uniform elect:dc fields 

The conduction of electricity in gases m~ be studied 

by expressing the electrical properties of the discharge in terms 

of atomic data such as charge, ma~s, mean free path, etc. 

Electrons moving through a gas suffer many collisions with gas 

molecules, and as a result acquire a certain distribution of' 

energies. 'rhe majority of' these collisions are of the elastic 

type, however in hydrogen for example, the onsets of various 

inelastic processes are fairly evenly distributed over the whole 

electron energy range. This even distribution means that in 

- 2 -



hydrogen ~:~.nd other molecular gases, a Maxwellian distribution 

may, to a f'irst approximation, be usf:ld to descr .i..be the ene.::gy 

distribution of' the electr·ons. (In rare gases a Dru.yvesteyn 

distribution is probably more suitable). It follows therefore 

that under the conditions of the present experiment, the majority 

of electrons will have energies less than that required for 

ionization, and only a small fraction in the tail of the distr·ibu-

tionj, will be very energetic. In hydrogen the sequence of 

exciting processes by which electrons are brought into equilibrium 

with the electric field. are: rotational excitation, vibrational 

excitation, excitation of valency electrons to a wide r·ange of 

energy levels, some of' which lead finally to dissociation of the 

molecule, while others decay by quantum emission; and energy 

losses by ionization. The relative energy losses by these 

processes obtained by Corrigan and Von .l!dlgel ( 2 ), are shown in the 

follovvi.ng table, (approximate values). Here ~ is the electric 

field strength, and p the hydrogen gas pressure. 

Elastic .Hot. Vib. Diss. ,b;xcit. Ioniz. 

40 2.5 .0/o 6.25f~ 

~ergy losses caused by rotational excitation pl~ an insignificant 

part in swarm experiments in h,y-drogen where the mean electron 

temperature is several electron volts. The measured c1·oss-sections 

for vibrational excitations are also q..1ite small ( 19 ), 1:.t.11d the 

- j -



calculated energ.t losses for electrons varying in energy f'rom 

1-10 eV is only a small percentage. However the measured cross­

sectiontfor dissociation losses are such that in Qydrogen it is 

apparent that a large percentage of the energy gained by the 

electrons from the electric field, is lost finally in the 

dissociation of the molecules. 

In an electron-molecule colli:oion sufficient energy may be 

transferred in the collision f'or a valency electron to be ejected 

from the molecule. This electron together with the original 

one, may ionize other molecules in the same way, thus starting 

a chain of ionizing collisions, kno;m as the electron avalanche. 

If a plane-parallel electrode gap is considered, with a voltage 

V applied between the electrodes producing a unifol'm field 

E(=V/d) at all points in the gap. 1'hen, if the electrode separa.-

tion is d em, and provided the gas pressure p &ld the parameter 

iij'p are kept constant, the-total steady-state current flowing in 

the gap initiated by a small photo-electric curr·ent I
0 

at the 

cathode, is given by the Townsend equation 

I = I 
0 

DC.d e 

( 1-(~)(eoe.d_1)) 
( 1 .1 ) 

Under these conditions ae. and (~) are constants, known as the 

'rownsend primary and generalized secondary coefficients. This 

equation has been verified experimentally with these low cathode 

cur:cents over a wide range of gap separations, and for a very 

- 4 -
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large range of' the parameter pd. (In air, f'rom pcl""1 to pd-1 ,000 

mm Hg em, by Dutton, Ller:ellyn Jones, and Palmer())) • .ii'ig. (1.1) 

shows a series of graphs f'or nitrogen showing the increase in 

current I as a function of the electrode separation for different 

reduced fields &fp. 

Inspection of this ~:quation shoYis that the current becomes 

indeterminate when the denominator arproaches zero. In a practical 

case, the magnitude of the current is controlled by the series 

resistance of the poi·:e:r supply, and the degree to Which d can 

approach ds, the sparking distance, is controlled by the constancy 

of this sup.iJlY, and by the presence of' field distortions caused by 

space charges in the gap. These become appreciable f'or large 

values of the current I. The condition for breakdown in the gap 

is 

~a 
(~) (e -1) = 1 ( 1 .2) 

That is the condition at which the original discharge goes over 

into a self-sustaining discharge which may be maintained without 

the irradiation of the cathode. The sparking distance d is 
s 

defined. as the value of' d which satisfies this condition. 

This expression has been found to be a very good a.pproxima-

tion for the oreakdown cz·i terion in gases, even though in 

practise the asswnption of a uniform field during the later 

stages of curr·ent growth cannot be correct. The gener·al conclu-

sion which has been drawn, is that in many cases the value of the 

- 5 -



applied field at which space charge distortion becomes appreciable 

is very close to the actual breakdown voltage. 

1.2 Secondary processes 

.A physical interpretation of oe. may be obtained by 

regarding OLdx as the average number of ionizing collisions in 

a distance d.x in the field direction. '/while (!;!) represents 

several distinct proces·ses, the most important of these under 

laboratory conditions are: 

i) secondary emission f'rom the cathode caused by the impact 

of positive ions; 

ii) photo-elect:r:'ic emission from the cathode by the incidence 

of' photons produced in the bod,y of the gas. 

The operation of these processes may be represented by 

coefficients, the sum of the coefficients being approximately 

e~ual to the generalized coefficient (~) 

(:;:) ( 1 .j) 

where '\( is the mean number of secondary electrons produced by 

the impact of' positive ions on the cathode, and Ci) is defined 

as the mean number of electrons ejected by a photon incident on 

the cathode, per ionizing collision in the gas. It has been 

found that both o(. and (~) are functions of (.ti:/p). 

1.3 Generation mechanism 

The preceding sections have described gas processes which 

account for stead.f state, ionization currents flowing through an 

- 6 -
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electrode gap stressed by electric fields below that required for 

the breakdown of the gap. 1'his section sets out to descri'be 

the development of' ionization in time, when a sufficiently high 

voltage is applied to the gap. 

Consider a plane parallel gap in v;hich a primal'Y avalanche 

is released :rrom the cathode b.)' a brief flash of' ultra-violet 

light. If' the amplification of' the avalanche is sufficiently 

high, the number of photons emitted and also the number of positive 

ions formed will be suf'f'icient to release secondary electrons 

from the cathode. These secondar.)' electrons, the mean number of 

vrhich is 

or 
per avalanche, (1.4-) 

will then produce new avalanches in the nex.t generation. If' the 

primary avalanche begins with n electrons, all emitted at the 
0 

same moment, then the secondary avalanche \';ill oegin with Fo 

electrons. 

Using the optical method. it is possible to obse1·ve the 

oscillatory natw·e of' the electr·on component of the current in 

the discharge. If the secondar,Y electrons are proc.1.uced mainly 

by photoelectric emission at the cathode, as is usually the case, 

then the interval between avalanches T is nearlY- enual to the g ~ "1 

electron tr·ansi t time ( d/v _). However if the secondary emission 

is by the impact of' positive ions, then the generation time is 

the or-der of' the posit:i.ve ion transit time (d/v ). The interval 
. + 

- 7 -



T differs by a factor 10
2 

- 10.) for the two nrocesses. g . ~ 

The dotted cw·ve in Fig. ( 1 .2) indicates the electron 

curr·ent if the whole of' the radiation from the avalanche is 

emitted as the elect1·ons enter the anode. However this is an 

idealized case, and in general, the light is radiated dur-ing 

the whole transit time of the avalanche electrons. Consel.luently, 

the oscillations tend to fade away with time, and the time 

separation of' the secondary avalanches decreases. 'l'he figure 

shows the case when /"'-= 1, i.e. the case of a self-sustaining 

curr·ent • 

. Fig. ( 1 • .) ) shows oscillograms of' the electron current in a 

mixture of' nitrogen and methane, for different values of/"'-. 

'!'he log I-d curves shown in .l?ig. ( 1 .1) therefore represent 

the initial build-up of' current in a discharge gap, which is made 

up of' successive generations of avalanches. The discharge in 

this cas~ is initiated by a few starting electrons, and the 

upcur·ving observed in these graphs is caused by secondary action 

at the cathode. This was confirmed by calculations performed 

by Cr·owe, Bragg and Thoma/4 ), who showed that for all but the 

largest currents recor·ded, the current density in the gap was 

below that i~hich could cause appreciable space charge distortion 

of the applied field. 

1.3.1 Influence of space charges 

It is apparent that the growth of ionh.ation currents in 

a gap beyond a point at which the electron density exceeds 

- 8 -



8 
10 electrons/cc, must to some extent be dependent upon local 

field disto:L·tion~ produced by space charges. 'rhis dependence 

upon the number density of electrons has not been considered in 

the Townsend relation. MeasUI'ements of the current growth in 

this region are however extremely dif"f'icult to perform, as 

space charge ef'fect.s v.ill not become significant until the gap 

voltage is within ~J~ of that required for the gap breakdown. 

The majorit,y- of experiments performed to measure these currents 

have therefore used oscillo~copic techniques, in which a high 

voltage pulse is applied to the electrode gap. 1'his voltage 

is usually considerably above the breakdown voltage, and the 

techniCj_ue is of the 11 single shot 11 type and it has the advantage 

that very-high stabilit.t voltage supplies are not required. The 

discharge current is measured by either the electrical or 

optical methods. Only the electron component of' the discha1·ge 

is observed. if' the optical technique is employed; however, if 

the current induced in the anode circuit is measured, the total 

current caused by the drift o:t' electrons and positive ions can 

be measured. The dotted line in I~ig. (1.4) shov;s the predicted 

total current measured by the electrical method, and produced by 

a flash of electrons at the cathode (n ~ 1). 'rhe current should 
0 

rot 
remain constant for t /" '1' upto t = """ , since every avalanche 

+ 

lJUlse produces the same number of electrons (n
0

}"- = n) which 

started the preceding pulse, i.e. elec t.rons lost from the gap 

T+- positive ion gap transit-time. 

- 9 -





are replaced by secondary electrons at the cathode, thus main-

taining a constant n'.llllber of electrons in the gap at one time. 

However, experiments performed b.f Kluckow(S) and others, produce 

results which lie on the full cw·ve in .l!'ig. (1.4). 'rhe curr·ent 

begins to rise after some hundred nano-seconds to high values 

which lead to breakdown. Measurements by the same method, when 

/"" ~ 1, have been maa.e by Bandel ( 6), Menes ( 7), and others. 

Typical results are shown in Fig. (1 .5). 'l'he current rises towards 

a limiting value during the earlier stages of the discharge, but 

later it is seen tha.t an over-exponential grov.th occurs. 

Calculations performed by Bandel show conclusively that the up-

curving of the oscillograms is causl:!d by the influence of' space 

charge fields. 'l'hese fields are produced by the accumulation 

of positive ions in the electrode gap which eventually enhance 

the applied electric field, and lead to breakdown. 'I'he influence 

of space charge becomes more apparent as the number of positive 

ions produced per generation increases. This number is determined 

by the quantity n e'""~, and space charge effects have been observed 
0 

at t< T LSing single avalanches developed from a single electron 
+ 

(n
0

:: 1). Alternatively, a high number of avalanches per 

generation mey be used (n )'1 ), with leVIer values of amplif"ication 
0 

(medium values of o«.d). Axperiments using the latter method have 

been performed by Schlumbohm(S), who measured the current gr·ov;th 

in co
2 

started by a.n d.-particle. The influence of space char·ge 

- 10 -
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is detec.ted in the fourth generation (dotted line), while the 

full line represents the calculated current growth without space 

charge infl uenc;e :B'ig. ( 1 • 6). 

An account of' the influence of' small space charges on 

collision ionization has been given ·by Steen-beck and Von Engel ( 9). 

An electrode gap was considered. in which positive ions had 

accumulateu. as a result of' the passage of several electron 

ava.lanchl:ls. 'l'he applied fie lei ~ was subsequently increased 
0 

between the positive ions and the ca.thode, and decreased in the 

:c·egion of the gap between the anode and the ions. If' the change 

in the applied. f'ield was {j., then the potential acr·oss the gap 

changed from V to V + A 'J where 

.l. 

6." -; ~ l':l ct..~ 
0 

rX/p is function of E/p, taken to have the form 

"'/p = A e 

At a distance X from the 

o<.~./P = A e 

= A e 

= ,. 
rL e 

B -~ 

cathode 

-~ E+A 

~ 1 - (1.+ &/E E 

~ (1 !:!A - i E 

where c(
0
= o/."' for ~ = 0. 

- 11 -

) 

i ) + -2 
E 



The change in the total number of ion pairs produced in the gap 

caused by a small space charge is 

&l 

J 0("" d.~ -
0 

cl 

+ !!! ( Bp - IE) J !J,.
1 

E:... ').. C) 

'l'he integral on the right in the above expression is always 

positive; hence the last term is positive when .b/p<..B/2 and vioe-

versa. If V is a constant, i.e. if' f::.V = 0, the equation shows 

that for E/p < B/2 the total ionization in a space charge distorted 

field is larger than would be the case in a uniform field. 1'he 

condition .1!:/p = .B/2 corresponds to the point of inflexion on the 

curve -'/p = f(.b;fp). It is concluded therefore that the effect 

of space charge is to increase the total ionization in the 

region of the ( o<jp) curve}4below the point of' inflexion. Also, 

that the ionization in an electrode gap is reduced if' ( ol/p) is 

above the point of' inflexion on the Clo-fp = f(J:/p) curve. 

It has also been shown from the last relation that a value 

of' AV may be obtained for which the ionization is the same, 

whether or not space charge effects. t".re considered. 

If ~od olx d.x- o(.d = 0 

~v 
1!. - Bl:L2 Jd (AEl dx = 2 

.c.: 0 

then 

If /li< oc chaL·ge density ( (' ) , and p ae j, the current density, then 

V = V 
0 

±. cl 

- 12 -



depending on v.hether ~ "> Bp/2 or l!; <. Bp/2. Thus if' the field 
0 0 

is such that ( ol/p) is belOI\ the point of inflexion, the voltage 

V decreases with increasing nwnber density; a result which 
0 

(10) (11) (12) 
agrees with experiment ' ' • 

It has_been concluded therefore, that in a plane discharge, 

the current develops to high values as a result of space charge 

influence, and that space charge is not merely a phenomenon 

accompanying the current growth, 

i .4 Streamer mechanism 

From the preceding sections it is apparent that the formative 

breakdown time of a plane parallel gap should be the order of 

several electron transit times, However, measurements of the 

formative time tf as a function of gap overvoltage shov; the.t the 

formative time is reduced as the overvol tage is increased, ~~hen 

large overvoltages are employed, the formative times can be less 

than an electron transit time,--anci this has been taken as an 

indication the. t the generation mechanism is inadeq,uate to explain 

the gap breakdown ( 13 ). :B'urther evidence to support this view 

was obtained from cloud chamber photographs of the development of 

high-nwnber-densi ty electron avalanches( 14), A sequence of 

photographs were obtained, showing how an avalanche developed in 

the normal manner until a certain critical carrier density was 

reached. Then, in a periodcf some tens of na.no-3econds, the 

formation of an anode-directed st.r·ea.mer is shown, followed 
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inunediately by a cathode-directed streamer. During this time 

the avalanche head moved only a few uun in the discharge gap, 

and further, no successors from the cathode of the gap were 

observed. Afte:r· a further short interval, spark iJreak:dovm of 

the gap occurred in the streamer channel. Because of' the nature 

of' the technique, these photographs could not have been of the 

first stage of the discharge, but in fact :cef'er to the later 

development of the spark. 

Hm~ever, more detailed studies of' the phenomena have been 

made using the optical method and high speed oscilloscopes. 

E'ig. ( 1. 7) sho•,,s four typical oscillogrruns produced by primary 

avalanches moving in a 0.8 em electrode gap( 15 ). 'l'he amplitude 

of' the pulses increases as the voltage U applied to the electrode 
0 

gap is increased, and in each case the final upturn of the trace 

leads to breakdovm of the gap. The avalanches remain single 

avalanches, and no secondary emission from the cathode was recorded. 

A breakdown mechanism was therefore formulated in which breakdown 

resulted directly from the development of' the primary avalanche 

0.}' photoioni ZC:l. t:Lon. 

A recent paper publisht~d by ;;agner( 
16

) has shown moce 

clearl.Y this· transition of' a slow moving, primary avalanche to 

a di:t'ferent process or:' development which is characterised oy its 

faster rate of' propagation. 'l'he method of observation of' these 

avalanche-streamer transitions v;as by means of' an image-intensifier, 
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streak-shutter technilj_ue. A sigrlii'icLmt point here h. that in 

contrast to the cloud chamber method of observation, the develop-

ment of' the avalanche ·is followed i'rom quite low values of the 

electron number density, thr·ough a critical number density, to 

the ctevelopm•!mt of' the anode and cathode directed streamers. 'l'he 

sensitivity- of the apparatus is therefot·e sufficient to enable 

the streak photographs to be identined with the first stages of 

the discharge current. The development of the anode and cathode 

directect streamers are shown schematically in .ii'ig. (1.8). The 

paper also indicates how -che intensification and acceleration 

of the cathode directed streamers takes place, l!'ig. ( 1 .9). 

'rhis abrupt intensification shown in 1"1agner 1 s phot.ogra.phs is 

attributed to the streamer encoun tel'ing a second generation of' 

avalanches generated at the cathode by the photo-electric effect. 

Ho·wever, another interpretation of' this phenomenon has been 

put f'or·ward by Ward ( 
17 ) in a recent paper on mid-gap break-

down. Here the development of high density avalanches has been 

simulated on an electronic com!JUter, using basic data from 

experiments performed by 'l'holl ( 
18

) (working in the same laboratory 

as uagner). Tholl's measurements however, made using the optical 

method, are not as detailed as those made by vvagner. The calcula-

tions of' the mid-gap breakdown are made using a one-dimensional 

'l'o\·msend model, when space charge ei'i'ects are taken into conside:cation. 
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These calculations indicate that the rates of propagation of the 

streamers may be accounted f'or using the 'l'ownsend model, and that 

gas-photoionization is not required to produce the breakdown. 

The cathode streamers produced in the gap are in fact associated 

with secondary· eli;)C tron avalanches from the cathode. These con­

clusions however, do not appear to be substantiated by ,,'agner 's 

r!:lsults, which show that tht. initiation of the cathode streamer 

is not dependent on the presence of secondary electrons, and 

also th·~~t the streamer would reach the cathode surface even in 

the absence of any secondary emission. v·;hether or not the 

particular ionization process postulated, i.e. gas photoionization, 

is able to produce suff'icient ionization is not proved, and the 

mathematical analysis of the phenomena is not yet far advanced. 
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CliAP'.r.lili 2 

'rHE PRESENT E.XPERIMENI' 

In the preceding chapter two breakdown mechanisms have been 

described in which space charge fields have significant ef'fects 

upon the later growth of discharge currents. Although several 

theoretical models have been put forward (e.g. by Wiard, .. 
Llewellyn Jones, Lucas), no experiments have been performed in 

which the spatia-temporal development of hi&l-number density 

avala.nches is studied under static voltage conditions. This 

is so chiefly because of' the extreme rapid.i ty with \'h ich the 

discharge current grows during the final stages before the 

gap breakdown, rendering step-by-step measurements d.if'f'icult 

to perform. One method of overcoming this d.if'ficult.t has been 

to use a 'single-shot' techni'iue in which a high-voltage pulse 

is applied to the gap (the pulse amplitude exceeding the gap 

·breakdown voltage), ho,·.ever this method has the disadvantage 

that the electron velocities, multiplication rates, etc., are 

much removed from those occuring under static voltage conditions 

when the ionization currents are small. Therefore, as a first 

step towards the stud.Y of space charges in gas breakdovm, and 

in particular on the development of primary electron avalanches, 

a limited discharge is studied. That is, the applied voltage 
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to the gap, and the electrode separation, are maL~tained below 

that required for breakdown. Further, as the current densities 

in the discharge are relatively small, the rates of change of 

the pa::.·ametecs of interest are slovt enough to be measured with 

the conventional instruments. 

If the effects of space charges upon the development of a 

primary avalanche under statio voltage conditions is to be 

studied experimentally, an important condition¥ which must be 

realized is that the number of electrons within the diffusion 

radius of the avalanche must exceed a certain critical number n
0

• 

Above this number the particle density is such that the 

resulting distortions of the applied field significantly change 

the ra.te of ionization. To meet this condition with the limited 

amplification available in the electrode gap, prima~ electron 

avalanches are initiated by a large nwnber of locally concentrated 

6 
electrons (n

0 
~ 10 ). 

2.1 Choice of the working gas and operating conditions 

Most of the experimental readings have been made in hydrogen 

for the following r·easons. In ger1eral theoretical calcula-tions 

of the properties of atomic and molecular states are complex, and 

tend to be limited to simple structures. Consequently, some 

considerable work has been done in hydrogen and many properties of 

the hydrogen molecule are well understood. Further these 

properties may be used to infer those of other more-complicated 

molecules by allowing for the perturbations which occur. 
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The energy levels and the decay processes in molecular 

hydrogen will be described in a later section, however the half-

life of the excited state relevant to the experiment is extremely 

short, so that radiative emission from excited molecules occurs 

before the molecule has moved appreciably from the point of the 

original exciting collision. This is an important consideration 

if accurate spatial resolution of' an avalanche is to be attained. 

In addition, complications introduced by the presence of meta-

stable states do not arise in molecular hydi·ogen. In the text 

the ref' ore, references to the working gas r·efer to molecular 

hydrogen except where otherwise stated. 

A plane parallel electrode gap was used in the experiment 

with an elec trade separation of' up to 7 ems. This spacing was 

chosen so that adequate time resolution could be attained, and 

also that the amplification of an t:~lectron avalanche during the 

transit of the gap was suf'ficient to increase the part-icle number 

density from a figure at which space charge fields were negligible, 

to one at which they were ELpprecia-ole. 

The reasons determining the operating voltage and the working 

gas pressure will be discussed in Chapter 4, but a t,1·pical value 

for the gas pressure in the system was 60 mm Hg, with a reduced field 

-1 -1 0 
f/p = 23.5 volts cm mm at 0 C. 

2.2 Methods of observation 

Many experiments have been performed to stu.d,y the nature of 
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the motion of electrons through gases. 'l'his section~- sets out to 

survey briefly some of the methods used, and to indicate why the 

optice.l method was chosen f'o:r this investigation. 

The majority of recent experiments have been based on the 

fact that charges moving :ial an electrode gap induce electrical 

signals in the electrodes. In general, the voltage developed 

across a resistoz· connected in the anode supply lead is displa,yed 

on a fast oscilloscope. If the electrons are contained within 

a thin la,ye:c initiated at the cathode, then it is assumed that 

the amplitude of the voltage pulse observed reaches a maximum 

when this electron layer enters the anode. However the method is 

subject to two principal limitations: firstly it can be argued 

that there exists a considerable uncertainty as to the exact 

position of the electrons in the gap, and consequently average 

values are o-btained for the drif"t velocity, ionization coe:t':t'icient, 

etc. Also inaccuracies arise when the dimensions of the swarm 

become comparable with the electrode sepa.ra tion, and when there 

is appreciable diffusive motion. This poor spatial resolution 

of the electrons in the gap means that the method is not well 

suited to detect local changes in the ionization coefficient. 

Secondly, to obtain appreciable induced-voltage signals an 

electrode gap is required 1~i th a small capacitance. 'l'his con1lition 

is difficult to meet and yet retain a uniform-field drift section. 

Other possible methods by which various parameters may be 

measured at a series of' points across the gap include microwave 
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absorption, and the placing of probes at intervals between the 

electrodes. However both these methods have the disadvantage 

that the method of measurement will probably interf'ere with 

the phenomenon under observation. 

In the optical method, the light emission produced by 

inelastic electron collisions is used to detect the avalanches. 

This emission is detected with a photomultiplier and refers 

only to the drifting electrons; the motion of positive ions 

is !l2.l detected using this method. However the method of 

obserwtion is by means of' a phenomenon caused by the motion of 

the electrons, and the observations themselves do not cause 

perturbations of this motion. A real limitation on the method 

is the range of' the reduced field lijp over which observations 

may be carried out, i.e. ~p must be sufficiently large for 

exciting electron-molecule collisions to occur. In the pz·esent 

experiment it was f'ound the.t insuf'ficient light was collected 

from the passage of a single avalanche to produce smooth 

osci1lograms. The pulses displayed on the oscilloscope were very 

ragged and subject to statistical fluctuations. However, because 

the transit of a single avalanche did not lead to gap breakdown, 

a complete picture of the electron distribution within an 

avalanche could be built up by collecting the radiation from 

several-hundred consecutive avalanches, i.e. identical single 

avalanches were initiated at the cathode at two to three milli­

second intervals. The period between avalanches was then 
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sufficient for all the particles produced during the passage of 

the preceding avalanche to be swept from the gap by either the 

electric field or by diffusion. 

Experiments using the optical method to detect the motion 

of drifting electrons have been carried out by Dibbern( 1B'), and 

his experimental arrangement is shown in Fig. (2.1). The object 

of this experiment was to study the motion of electron swarms 

moving in a plane-parallel gap through a mi..xture of' nitrogen 

and methane. However his arrangement had no particular 

advantage over the electrical method in that no discrimination 

between photons originating from different parts of the discharge 

was possible, as the line of sight of the photomultiplier was in 

the direction of the electron motion. This disadvantage was 

overcome in an experiment by Breare( 20 ' 21 ) to measure the drift 

velocities of low density electron swarms, and also in the present 

experiment. 

A photomultiplier was used to view the discharge from the 

~of the electrode gap (Fig. (2.2)), and it was so arranged 

that only radiation from a thin slice of the avalanche path was 

detected. In this diagram the path taken by the primary electron 

swarms is shown, and only photons emitted from the thin section 

of the path were collected at the photo-cathode. A detailed 

description of the lens and slit arrangements giving this spatial 

resolution is left to section 3.4.. By altering the position of 
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the photomultiplier it was possible not only to measure the 

drift velocities of the i'ront and centre pa1.·ts of the swarm, 

but also the electron distribution within it ana the amplifica-

tion of the swarm as it mo,ed across the electrode gap. The 

procedure used to determine these parameters will be found in 

sections 5.2 and 5.3. 

The method is well suited to detect small changes in the 

electron ionization coefficient, a quantity which is sensitive 

to small changes in the electric field strength; caused for 

example, by space charge distortion. 'fhis sensitivity can 

readilj be accounted for: a lumped excitation coefficient £/p, 

analogous to the reduc~d ionization coefficient ~p, has been 

defined and measw"ed by Corrigan and Von .imgel ( 2 ). £jp is the 

total number of erni tted quanta per electron, per em of path 

in the field direction, per rnm Hg. The quantity has been measured 

in hydrogen for ..c!/p = --15 to .i!:/p = 1 00 v/ cm/Hg by Corrigan and 

Von Engel. and by Legler( 22 ). E.jp is a fw1etion of .c;jp, and the 

relation is very similar to that between o<.jp and 4P. If it is 

assumed that the number of photons (dp), created by an electron 

swarm moving a distance dx, is proportional to the number of 

drifting electr.-Jns (~), then 

( 2.1 ) 
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An electron swarm moving through a decreased field region, will 

emit fewer quanta per em of path, Thus the change in light 

intensity emitted from such a swarm, will be greater than would 

be the case if the coefficient £ was not field dependent. The 

small changes in electron nurnber in a· swarm pr~duced by local 

field distortions are dif.t'icul t to measure directly; however 

corresponding changes in the photon emission from the swarm are 

larger and more readily detected. l~e effect is analogous to 

that of a reflected light beam from a plane mirror in that a 

rotation of the mirror through an. angle Q, produces a change of 

2Q in the angle of reflection of the reflec.ted beam. 

2.3 The nature of the light emission from a qydrogen discharge, 

Fig. (2.3) shows the electronic energy levels of the 

izy"drogen molecule. Electrons of higher energy are able to 

produce excitation to the singlet ·states 'n' and I,"' I 

" ' which may decay 

directlY to the groundstate by quantum emission, giving rise to 

the well lmown Lyman and Werner bands. It has been shown that 

the Werner bands are by far the more prominent of the two, and 

that the wavelength of the radia~ion lies in the spectral region 

1 ,ooo - 1 ,2ooi. 

From a consideration of the experiments of Ramien( 19) and of 

.. (24) . t h th h Jones and Whidd.ington , l.t is possible o s ow at t e cross-

section for excitation to the triplet state 'b' is larger than 

that to the singlet state 'C' for electrons whose energies are 
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just above threshold. However a transition from this state to 

the groundstate by quantum emission is a 'forbidden transition', 

and the decay process is therefore by quantum emission to the 

triplet state 'a', followed by the dissociation of the qydrogen 

molecule, as the state 'a' is a repulsive one. The dissociation 

energy of H2 is 4.4 eV and the excess energy is carried away by 

the two atoms. The spectra corresponding to this transition is 
0 

a continuum extending from 2,000A into the visible region. 

In the experiment it was found that sufficient light was 

emitted in the visible region at pressures of 60 mm Hg to produce 

smooth oscillograms without the use of sodium salicylate light 

converters. It is worthwhile to note here that some controversy 

exists between English and Gennan workers in this field over the 

wavelengths of the light emitted. In particular Legler( 22 ) in 

his experiment states that he was unable to detect any visible 

radiation at--all from a discharge in hydrogen. While in an 

experiment reported by Corrigan and Von Engel(2) to measure 

excitation coefficients, it is stated that some 20% of the total 

radiation emitted from their discharge was in the visible region, 

(also Nygaard( 26)). The discharge in the present experiment was 

viewed through a Pyrex window which will not transmit radiation 
0 

of wavelength below 3,000A, and in addition sufficient visible 

light was emitted for photographs of the discharge to be taken 

using normal panchromatic film. 
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It is concluded therefore that the radiation continuum emitted 
0 

from a discharge in molecular hydrogen extends from 2,000A into 

the visible region, the radiation being similar to the emission 

from a spectral qydrogen lamp, made to give the ultra-violet 

continuum. 

A wave mechanical treatment by Cool~idge and James( 25) has 

shown that the theoretical mean life of the continuum is 1.1 x 

10-3 seoon~ This life time is between one to two orders of 

magnitude less than the electron-gap transit time; a condition 

which must be realised if good spatial resolution of the discharge 

is to be obtained. 

2.~ Gas breakdown in uhf fields 

The work on the development of electron avalanches in de 

fields was carried out in the period Jan 1965 - Dec. 1966. However 

the work of the laborato~ as a whole is concerne~ with pre-

breakdown ionization currents in general, and during the period 

Oct. 1963 - Dec. 1964 the author with R. Kirkwood, made measure-

ments of ionization currents produced in uhf fields. An account 

of this work is given in a separate appendix. 

- 26 -





CH APT .&H. 3 

THE APPAR.l1.'rUS 

'l'he main features of the experimental system are mentioned 

here, aud are descriued in detail in the following sections. An 

electrode gap v1as constructed to provide a cl:C'ift section through 

1ihich primary and secondary electron swarms moved in a uniform 

electric field. .Because the ratio of the primary ionhation 

coefficient to the gas pressw·e changes rapidly with ~ p in 

the region considered (1/p-v20) it was necessary that this 

applied field should oe uniform, anri great care was taken to 

ensure that this condition was fulfilled. Also, because of the 

sensitivity of the ionization coei'ficient to irnpuri ties at this 

value of ~/p, the s,:y·stem was designed to have high vacuwn 

properties. .A thermionic electron source was constructed which 

was capable of injecting variable density electron swarms into 

the drift sec"tion, but which clid no·t cause appreciable distortion 

of the applied field in this section. 

The exact design f'or the pre!;lent apparatus was drawn up 

after a period of' experimentation v1ith a smaller system in which 

many electl'ode and source configurations were tested, and their 

shortcomings determined. 

·). 1 '.rhe discharge vessel 

'l'he pyrex discharge vessel was a standard Wlequal tee-piece 

made by the ~uick lt'it Visible .!now Gompa.n,t. A laboratory bench 

- 27 -



; I 
.;,. .... ..:. . . . 
bellovJ.s 

..::ell 

...:'~lOt omu.l-~ i.J..L l er 

!itri.J. e 

- _ _.;.. ~10 ::1 e ;3\J._t->·..:)ly 
J:?nc:n 

lead. 

D if fus i. o D .JUi~l..,J 

'~t1e ve::;sel. 



was used to support the vessel, while the vacuum system and pov.e1· 

supplies, etc., were constructed to fit under the bench top. 1'he 

vessel stood on a circular base plate of ~" thick, i.:.>right steel, 

separated from the bench by a sheet of asbestos. A vacuwn seal 

was effected using a Viton a-ring fitted into a do•1e-tailed groove 

cut. Ln the base plate. '.rhe upper end plate was of ~" thick, bright 

steel, and a vacuum seal was effected in a similar manner. 

Initially it was planned to clamp doi';n both end plates using 

back flanges, however the combined weight oi' the cell and the 

electrode assemblies proved sufficient for the backing pump to 

create a partial vacuum in the cell. 'rhe doYe-tailed grooves 
cl 

ensure\positive retention of" the a-rings, and made a very effective 

leak-free seal wi thou·t the use of' vacuum grease. 

The observation port was sealed with a 74" diameter, polished 

glass disc. 1'his disc was held in position with a clamp plate-

and backing flange turned out of non-conducting tufnel. Between 

the disc and the fine ground open end of the cell was a nitrile 

rubber gasket. The high voltage supply lead to the anode led 

through a hole in the bench top and into the cell through a 

re-entr·!:Lllt glass-to-metal seal. A Viton a-ring was located in a. 

groove in the metal flange connected to this seal, and this 

flange was cla!uped to the base plate. The high voltage lead 

lay along a line parallel to and about 2 em from the central electrode 

axis. 'rhe use of a re-entrant seal ensured that there was no 

sparking between the lead and the base plate, li'igs. (3 .1 and 3 .8). 
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nith the exception of' the area around the observation port, 

the e;ell and the electrode assemblies were baked under vacuum for 

a week at 160°C Vlith electric heating tape. 'l'he observation port 

0 was baked at 100 C, the upper temperature limit for nitrile rubber. 

'l'he cell temperature and glass temperatures of other parts of' the 

system were monitored with copper-constantan thermo-couples 

attached to the glass surface under the heating tape. 

).2 The vacuwn system 

'l'he discharge vessel was evacuated using two pumps; an 

l!;dwards two-stage rotary pump, which could be run -w-ith an air 

ballast, and an ,C;dwa.rds 20.3B three stage diffusion pump. 'l'he 

pumping fluid used was .i!:dwards 705 silicone oil. 

After consideration of the pumping speed of the diffusion 

pump, (50 litres/secondh and the volume of the vessel, 

approximately 30 litres, it was decided that the diffusion pump 

should be clamped to -the under side of the base plate. 'l'he pump 

passed th1·ough a hole cut in the top of the laboratory bench, 

thus avoiding the use of a long length of low conductance glass 

tubing. The only obstruction between the pump and the vessel 

was a baffle valve, which limited backstreaming of the pwnping 

i'luid and which was also used to seal the vessel from the pumps. 

Vacuwn seals were effected with Viton 0-rings and the original 

nitrile rubber seals on the valve drive shaft were replaced by 

Vi ton ones to allow ·baking to 160°G. 
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The vacuum system is shown in E'ie;. (3 .2). A side arm led of'f' 

the diffusion pump just above the ·oaf'fle valve to a Penning gauge, 

two nitrogen vapour· traps, the palladium thimbles, nitrogen bottles, 

and the manometer. 1'his side arm ·Nas supported from a metal rod 

running the length of the bench. No part of the glassware was 

clamped directly to the bench, but rather through a rneta1 rod 

framework which ensured a degree of' flexibility. Thus any sudden 

jolts given to the bench were not transmitted to the glassware. 

'l'he glass taps were greased with Silicone High Vacuum Grease, 

and the side arm and taps with the exception of the manometer 

0 
were baked at 160 c. 

Pressure measurements in the system wex·e made in the following 

manner. Gas pressures upto 70 mm Hg ~•ere measured using a U tube 

manometer containing ~dwards 704 silicone oil. Because of' the low 

relative density oi' the oil, (1.07) it was estimated that gas 

pressures of' the order of 60 mm Hg could be measured to within 

·' -6 -3 0.5%. Pressures in the range 10 - 10 mm Ht; were measured 

with an .Edwards Penning gauge, and in the range 10-j 10-
1 

mm Hg 

with a Pil·ani gauge located oetween the diffusion pump and the 

backing pump • 

The system included three li(iuid nitrogen vapour tr-aps; 

one between the diffusion and backing pu1nps; one containing a 

rolled length of' corrogated copper sheet in the side arm from 

the vessel; and another containing activated charcoal leading off 
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this side ann. 'rhe copper sheet tends to adsorb organic molecules 

which .strike it, thus r·educing the amount of' non-1Jwupable vapout·s 

in the system. Activateu charcoal also readil.l adsorbs va.pours 

v1hen it is cooled beloi'l room temperature. Unf'ort una tely, it 

also adsorbed large quantities of the worldng gas, even when 

cooled to solid carbon dioxide temper:.;.tures. In addition slight 

temperature changes produced a marked variation in the gas pressure 

in the system, and so the use of this trap during an experimental 

run was discon-tinued. 

The ultimate vacuum obtained in the system after outgassing 

-6 
was better than 10 mm Hg. A set of measurements took about 

four hours to carry out, and during a. similar period with the 

-4 
pumps closed off', the pressure in the system rose to 10 nun Hg. 

3.3 The pro due tion of pw·e hydrogen 

Pure hydrogen was admitted to the system through three heated 

palladium thimbles, each 5 em long with an outside diameter of' 

1.5 mm. Fig. (.3.3). A length of quartz tubing was fitted over 

each thimble and lengths of resistance wire i·,ere coiled around 

these. Sufficient current was passed through these 1~ires to heat 

the quartz to a dull red heat. #hen the pressure of hydrogen 

around the thimbles was maintained at atmospheric pressure the 

system took about an hour to fill to a pressure of a·bout 60 mrn Hg. 

li'urther purification of the hyd!·ogen in the systew was not 

attempted. 
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The system could also be filled from flasks of spectro-

scopically pure nitrogen supplied by the British Oxygen Company. 

3.4 The photomultiplier 

The photomultiplier was an E.M.I. type 6097B with a 

Venetian-blind-type dynode arrangement. The photo-cathode 

material was an antinomy-caesium compound which showed a maximum 
0 

sensitivity at a wavelength of about 4,300A. Sufficient photo-

multiplier gain was obtained by operating with an overall voltage 

of 1500 volts; the dynode circuit is sho\vn in Fig. (3.4). The 

useful cathode area was reduced to about 1 cm2 in the centre of 

the photo-cathode. to reduce the tirne spread of a pulse of 

electrons arriving at the anode. Under these operating conditions 

the manufacturers state that the time spread of anode pulses is 

-8 less than 2.10 second. The time constant of the anode circuit 
_a 

was calculated to be 2.10 7 second; less than the time spread of 

the pulses. 

In order that the electric field between the electrodes 

might remain Wlifonn, Bruce( 27 ) showed that earthed conductors 

must not be positioned within four gap spacings of the electrodes. 

The outer casing of the photomultiplier was in fact some 14 ems 

from the edges of the elactl··odes. This is twice the corresponding 

distance in the smaller test system, (see section 3.6.1), and 

led to a reduction by a factor four of the light intensity 

collected. Further reduction ofithe collected light intensity 

to meet Bruce's condition was not acc.aptable, and a compromise 
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was made. 

An alternative solution would have been to use a large 

diameter, short-focal-length lens fixed inside the vessel, and to 

traverse the photomultiplier. This method however has the 

serious disadvantage that light from either end of the electrode 

gap would follow different paths through the lens to the photo­

multiplier. An accurate picture of the ionization in the gap 

could only be built up if the transmission coefficient of the 

lens for different incident angles was constant, or unless a 

difficult calibration was made. Also a slanting view of the 

avalanche would be obtained. L1 view of these drawbacks, and 

other practical difficulties in mounting the lens, this method 

was not employed. 

Fig. (3.5) shows the photomultiplier and the arrangement 

used for focussing the light from the discharge onto the photo­

cathode~ Light was collected from a 6 mm thick disc lying in 

a plane perpendicular to the central electrode axis, (z-axis). 

It would have been preferable to measure the light signals 

emitted from a narrower section in the gas, however a 6 mm wide 

slice was necessary to obtain appreciable signals from the photo­

multiplier. The slit dimensions were such that the field of view 

and the depth of focus of the lens extended over more than the 

flat sections of the electrodes along the other two axeEt (z: and y). 

At the gas pressures used, (N60 ~n Hg), diffusive motion of 

the electrons within a swarm caused the dimensions of the swarm 
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to increase as the swarm drifted from cathode to anode. It was 

therefore necessary to ensure that in the measurements of the 

electron number, that electrons did not diffuse radial~ out 

of the field of view of the photomultiplier. In genera.l,electrons 

in the primary swarms were contained within a tube of 1-2 ems 

radius, and were thus well in focus. 

The photomultiplier was clamped into a cradle which could 

be traversed along the z-axis and which had a 10 em travel 

horizontally along the x-axis. The cell and the photomultiplier 

mounting were covered by a large light-tight box which fitted 

onto the bench. This box had a matt black finish inside, while 

the controls for moving the photomultiplier and for counting 

the numbercf drive shaft revolutions were mounted under the 

bench. 

3.5 The oscilloscope and film measurements 

The signals from the photomultiplier were led directly into 

a Tektronix type 551 dual beam oscilloscope. This oscilloscope 

bad a maximum sweep speed of 0. 02 11sec/cm, and was used in con­

junction with an L type pre-amplifier plug-in unit. The rise time 

of the combined unit was 0.012 j.lsec, and the oscilloscope sweep 

was triggered externally from the electron source. 

An Exa I 35 1nm camera with an f 2.8 lens was adapted to fit 

the oscilloscope. Ilford HP3 fj_lm was used to record the traces, 

and this was processed in PQ Universal developer at 13°C. This 

low developer temperature was found to produce a greater degree 
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degree of contrast in the film. Using an enlarger, the films were 

projected onto graph paper and the shape of the signal traced out. 

Time delay and amplitude measurements could then be read directly, 

while the area under the pulse was measured using an Albrit 

planimeter. 

3.6 The electrodes 

3.6.1 Test electrodes 

Exploratory experiments were carried out using the small 

test system to measure the amplification of low number density 

electron swarms drifting across an electroO.e gap. The steel 

electrodes used formed a 6 em gap, and had an overall diameter 

of 9 em. The edges of these electrodes were curved, but as 

the electrode depth was only 1 em, the curvature at the edges 

was rather abrupt. 

Fig. (3.6) is a semi-logarithmic plot showing the increase 

in the number of electrons contained in a section of a swa-rm 

as it moves across the electrode gap. It is seen that the 

amplification is not a linear function of distance, but that 

the slope of the graph (equal to the ionization coefficient ot), 

becomes higher near the electrodes. At first this effect was 

thought to be caused by the rei':lection of light from the curved 

edges of the electrodes, into the photomultiplier. However, 

when the measurements wer-e repeated, this time with the electrode 

surfaces blackened to prevent reflections, identical plots were 

obtained. The upcurving exhibited in the plot therefore, was 
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not caused by reflected light from the anode entering the iJhoto-

multiplier. 

The ionization coefficient o<. is _t)a.rticularly· sensitive to 

changes in the reduced field 4P, for values of ~p ~ 20. It 

was concluded therefore, that the observed increase in oe. near 

the electrodes was produced by enhanced electric fields; and that 

the electr·odes were not producing a uniform field. in the gap, 

but one which was distorted in the vicinity of the electrodes 

).6.2 The present electrodes 

The briv1t steel electrodes used UJ the present experiment 

were machined to a Bruce-;.)tevenson profile. Bruce( 27 ) has 

perf'or·me'd a comprehensive series of exper·iments to investigate 

the uniforlllity of the electric fields produced by these electrodes. 

'l'he electrodes .,.,-ere ma.(i_e to dimerH>ions for use at a maximum gap 

spacing of 7.04 ems although it is concluded from Bruce's 

results that no appreciable di-stortion can be detected until a 

spacing of 8.2 ems is reHched. Bruce states that the contour 

of the electrodes was designed graphically after con-sideration 

of data o-btained from sphere gap measurements at small gap lengths. 

'l'he contour is in three parts each merging tangentially into the 

next, namely: 

a) a flat surface .d.B' of' diameter not less than the rnaximum 

gap spacing at which the electrocles will be used .• 

b) a portion BC of gradually increasing curvature to minimise 
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edge effects, the initial radius of curvature at B being not less 

than ten times the minimum gap spacing. 

c) a circular portion CD to complete the edge. 

1'he electrode surface is formed l~y the revolution of the curve 

PBCD about the vertical axis through P, ( F'ig. 3 • 7). 

'l'he electr-odes were machined to a rough approximation of' 

the contour and then polished until a template cut to the contour 

PBCD fitted well. Great care was taken to merge the electrode 

flat into the curve BC. 

3.6.3 Electrode supports 

The anode, the lower electrode in the cell was supported 

on the base plate b.:i a glass tube insulator. Provision was made 

to level the electrode surface, by means of three threaded rods, 

Fig. C;.8). Several sets of rods we:ce made of varying lengths, 

so that the electrode separation was variable f'rom 4-8 ems. 

1'he- cathode was sus·p-ended from the upper end plate by a 

stainless steel cylinder, and the electrode surface lay in a 

plane par·allel to the end plate. '.rhese end plates and the 

cathode were all maintained at earth pote111tial. 

3. 7 'l'he high voltage supply 

It is known that space charges modi:t'y the development of 

an electron. avalanche only in the last stages of growth before 

the electrode gap breaks dovm. To stud,y these effects while 

avoiding breakdown it is necessary to maintain an anode voltage 
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just below the sparking potential. .A. stabalized high voltage source 

is therefore required which has no appreciable ripple superimposed 

on the de level, and which does not drift appreciably during 

the time re.i_uired for an experimental run. A supply meeting 

these requirements was designed and the circuit is shmvn in 

Fig. (3. j). The output from the mains-supplied transformer was 

rectified, doubled, and then smoothed using a condenser bank. 

This de voltage was then stabali~ed against mains fluctuations 

by three stages of corona stabalizers. ':l'ests showed that a 71~ 

mains fluctuC:~.tion produced a 0 .07/~ variation in output voltage. 

This degree of stability was achieved by ensuring that the cor·ona 

stabalizers operated at the correct current ratings. The choice 

of the size and. stability of the resistors 1<1 , R
2 

and R.3 was 

therefore very important. '!'hey consisted of' chains of' 1 i'i Oxide 

:cesistors, which operated at the given current ratings gave a 

stability of better than 2jo. Calculated values of- the currents 

flowing in the supply are shown in Table (1), together with the 

v::.~.riations produced by a .±. h~ fluctuation in the mains supply. 

It is noted that a variation of this order was never approached 

during the experiments. The supply was continuously variable 

from 1 - 11 kV and the maximum output current v;as 50 ,.,..A. Voltage 

measurements v.-ere made using a Scalamp galvanometer and a chain 

of 1~ib cracked carbon resistors and both the current sensitivity 

of the galvanometer and the resistance of the chain Viere determined 

in the laboratory. 
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R Q x333KJJ; 1W Oxide resistors in series: - 2.97M.n... 1 "' 

R2 3 x333K~ 1",Y Oxide resistors in series: - 0.98MJL. 

R3 3 x333KP; 1N Oxide resistors in series: - 1 .04M .n-. 

R - 4 x1 oo;,,. -n; 1% cracked carbon resistors in parallel: - 25Mn-. 
4 

~ - 10 x1 OOM 5lo; 1% cracked carbon resistors in series: - 1 o9 
..t:L. 

The resistors comprising R1, R
2

, and R
3

, were operated so as 

to give a dissipation of 0.68W per resistor; giving a drift 

stabi~ity. of better than ~fo. 

The max. and min. values shown in the table below are the 

calculated current variations produced by a mains fluctuation 

of .! r/o. The currents are given in fA• 

R1 = i 
2 .96!.1 cs

1 

i1 = 2 i 
0.98M CS:a. 

R = 3 • i 1.04M cs
3 

' 

Mean Max. Min. 

400 710 121 

250 333 152 

250 257 243 

i = 520yA. load 

Table ( 1). 

Mean Max. Min. 

1420 1820 1050 i. 
Ul, 

i. 
~n:a. 

1020 1110 929 

i. 770 777 763 l.n. 
I 



It was necessary to introduce a high value resistor into 

the anode lead to prevent overloading of the supply when the gap 

broke down. This also served to limit the gas current, high values 

of' which coul1l produce gas impurities and buming of the electrodes. 

However the introduction of this resistor meant that the movement 

of charge in the electrode gap would produce an induced potential 

diffet·ence across the resistor. As has been pointed out this 

forms the basis of one method of studying electron motion in 

electrode gaps. It is therefore necessary to shay; that in the 

present experiment the reduction of the applied field so caused 

is not a significant factor in determining the developma~t of the 

avalanche. In the present experiments the maximum number of 

charged particles moving in the gap during an electron transit 

time was rJf the order 1 o8
• 'rhe gap ce.paci tance and as so cia ted 

stray capacitance was of the order 30 pF, so the reduction in the 

appli.ed anode val tage was 

v = n.e I c 

108 
X 1 .6 X 10-19 

volts = -12 
)0 X 10 

= 0 .53 volts, (A.!!: = 0 .5j/ d volt/ em. ) 

The time constant of the anode circuit RC was 0.75rn sec, while the 

maximum source repetition rate was 1 , 000 swarms/ sec., i.e. a 

period of 1m sec. The repetition rate was kept below this value 

to ensur·e that the positive ions created in the passage of an 
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electron avalanche had time to drift out of the electrode gap 

before the appearance of' the next avalanche. 

It is now necessary to show that the sum of' the reductions 

in anode voltage by individual avalanches is that of a conver.ging 

series of terms. In l•'ig. (j. 11 ) V is the reduction in anode 
0 

voltage after one avalanche has crossed the e;ap; V is the 

reduction at a time t. The transit time of an ave~.lanche was 

approximately 1 o-6 second, compar·ed. v;i th the source period ~ t 
-) 

of 1 0 second. After a time &. t, 

-At/RC 
V = V e 

0 

and after the second avalanche has crossed the gap 

V = V ( 1 + e- ~t/RC ) • 
0 

The corresponding voltage reductions after a time 2 &t are 

V = (V ( 1 + e -At/RC )) e- At/RC 
0 

and 

and after a time 3 At 

V = (V + (V ( 1 + e -At/HC) )e -4t/HC )e -At/RC 
0 0 

,, 'u (V ( 1 -At/RC,) -At/J:{C, -At/HC 
~ + \. v + +e · J e · )e • 

0 0 0 v = 
'l'he sum to infinity of' this series is the sum of' a geometric 

series of constant - At/RC multiple e ; 

- flt/RC V .e 
0 

sum = 
1 

-llt/RC 
- e 

sum = 0.20 volts, 
-1 -1 

a change in £/p of 0.003 V em mm 
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It may therefore be concluded that the overall effect of successive 

avalanches is a very small reduction of' the anode voltage, and 

that the reduction caused by a single avalanche is not a significant 

factor. 
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CHAPTER 4 

11lli ELECTRON SOURCE 

It was required. for the purposes of the present experiment 

that the electron source should be capable of injecting variable 

density electron swarms into the electrode gap with a repetition 

rate of upto 1,000 swarms per second. In addition the electrons, 

6 
..... 5 x 10 per swarm, had to be contained in a swarm whose di:nensions 

were small compared with the gap dimensions. It was also necessa~ 

to ensure that the electric fields associated with the source did 

not distort the uniform field applied in the drift section. 

The gas pressure in the system was such that the electron mean 

free path was very small, so that electrons moving even a short 

distance suffered a large number of collisions with gas molecules. 

Thus once the electron swarms had moved into the drift region 

they came into equilibrium with the field very quickly. 

4.1 Previous wor-k 

Breare has shown the impractability of electron gatL'"l.g 

methods at pressures exceeding 20 mm Hg, and has introduced a new 

method for the injection of electrons. The primary reason for 

the unsuitability of gating methods at higher gas pressures is 

the increased n~~ber of collisions which the electrons make in 

transit between the electrode grids. With the result that there 

is a tendency for the electrons which are in equilibrium with the 
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field, to drift along the field lines into the cathode surface 

rather than through the holes. 

In his high pressure experiments, Breare found that a form 

of relaxation oscillator gave sufficient electron emission, 

Fig. (l ... 1). A condenser C was connected across a plane-parallel 

gap of separation about 5 mm, comprising a 1 em nickel disc, 

and an anode, which was the cathode of the drift section. The 

voltage and charge on the condenser were built up slowly via the 

le~c R, until breakdovm occurred across the gap. At pressures 

above 20 mm I-Ig formative breakdown times are very small, and 

t:1e condenser almost completely discharged is less than 5 x 10-
7 

second. The voltage developed across a 2 fl resistor, placed 

between the earthed side of the capacitor and the cathode, 

indicated the current in the source. Currents of several amperes 

f'loVTed during the discharge, a small fraction of which passed 

_ into. the drift area through small pin- holes in the cathode.­

Variation of the discharge repetition rate was effected by altering 

the voltage applied to the leak resistor R. The oscilloscope 

time base was triggered from a small pulse produced from the rapid 

discharge of C; this also acted as a time-zero marker. 

4. 2 1'he present source 

'rhe principle of' operation of the source was the same as 

that used in Breare'a experiments; however, it was possible to 

inject swarms into the drift space with an increased number 

density. 'l'he following sec t:i.ons describe the measurements and 
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changes made in the development of' the source. 

Figs. (4.2 and 4.3) show the source used in the present 

experiment. A discharge was struck between the rounded, polished 

end of a silver steel rod and the centre of the cathode in 

which four holes were drilled. 'l'he diameter of the holes was 

0.01 ern (1+ thou'), and the thickness of the cathode surface at 

this poi.l'lt was also 0. o·t em, (4 thou'). A gap of this type gave 

a ve~ stable swarm repetition rate, and also ensured that the 

discharge actually occurred behind the holes in the cathode. To 

achieve a constant repetition rate it is essential that the metal 

in, and close to, the gap is clean,.. and free from impurities; if 

it is not, large fluctuations in the discharge frequency occur. 

It was in fact necessary to repolish the wire with emery. cloth 

between experimental runs to maintain this stability, and it is 

noted that tungsten rod is preferable in this respect to silver 

steel. 

The use of ring-insuh.tors to limit the area on the 

under-side of the cathode to which the discharge might strike, 

was abandoned because of the instability Which they caused. It 

was suspected that this instability in the repetition rate was 

caused by sputtering of the metal from the point onto the insulator, 

resulting in tracking across the surface. 

It was found possible to vary the number of electrons per 

swarm, without varying the swar,n dimensions, by changing the 

point-plane separation. Provision was made to do this using a 

P.T.F.E. flexible bellows ~ig. (4.3), enabling the gap separation 
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to be varied in units of 0.0025 em (1 thou'). It was found that 

the number of electrons per swarm passing into the drift section 

increased as the point-plane separation was reduced. 

The number of electrons per swarm could also be varied by 

discharging different condensers through the gap. Unfortunately 

capacitances of greater than 10pF had finite inductances and the 

time taken to discharge these condensers increased, thus 

increasing the physical dimensions of the swarm without any 

significant increase in the number density. 

4.3 Measurements on the emission of' the source 

Measurements of the emission of various source configurations 

were made using the small test apparatus mentioned earlier, and 

shown in Fig. (4.4). The object of these experiments was 

primarily to determine the number of electrons per swann entering 

the drift section through holes in the cathode as a function of 

the applied fielcl strength E i!!, the plane-parallel gap, the state 

of the source (wire-plate spacing, wire voltage,-hol~ Bize, gas 

pressure, etc.) being kept constant. In subsequent experiments 

these listed parameters were changed one at a time to determine 

conditions under which satisfactory emission occurred; i.e. 

the emission of sufficiently high-number density swarms. 

To this end a plane-para.llel gap spacing of about 1 mm was 

used, Fig. (4.4). So that during their transit of this gap, no 

appreciable multiplication of the svarm electrons occurred by 

collision ionization. In addition this spacing allowed the 
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source emission to be studied over a considerable range of the 

parameter E/p without the occurrence of breakdown, (upto lVP"" 
-1 -1 

160 V em mm ). 

4.3.1 Effect of hole size 

A number of cylindrical inserts were made which rested in the 

cathode of the test apparatus. Each cylinder had a different 

diameter hole drilled in. the centre of the closed end, and Fig. 

(4.5) shows the number of electrons per swarm as a function of 

the applied field E in the plane-parallel gap for different hole 

cliameters. 

It is noted that there is a basic difference in fonn between 

the charaoteristicsibr the 0.01 em hole and the other curves, in 

that the number of electrons per swarm does not show a marked 

dependence upon the applied field until the onset of ionization. 

In the case of the larger diameter holes it is probable that 
-

there is some penetration into the hole by the applied field, which 

results in more electrons drifting into the plane-parallelgap 

rather than into the cathode. Values for the applied field strength 

in this section of the graph are upto 1/5th of the field 

strength in the point-plane gap. However examination of the 

electron swarms with the photomultiiJlier and a 6 em gap spacing 

showed that although the electron number per· swarm for the larger 

diameter holes was increased, there was no significant increase 

in the important parameter, the number density. 'l'he increase in 
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electron number per swann was found to be brought about by an 

increase in the time period over which the electrons emerged 

from the cathode; in general for the larger diameter holes, the 

swarms had a roughly spherical head which was followed by a long 

elaotron tail. 'l'herefore because of the need for swarms with a 

high electron concentration and also because of the less-marked 

dependence of the emission on the applied field E, it was decided 

to use the 0.01 om holes. Experiments were also performed with 

several holes in the cathode, but no significant change in the 

voltage-current characteristics resulted and the final hole 

configuration used was one of four 0.01 em holes ·drilled close 

together in the centre of the cathode. 

As it was necessary to disturb the point-plane arrangement 

in order to interchange the cylindrical inserts, it was not 

possible to reproduce the exact conditions for the point-plane 

discharge, and as a result no sensible relationship was observed 

between the number of electrons per swann as a function of the 

area of the hole. The discharge conditions were not reproducible 

in this test arrangement for two reasons: f':i.rstly the point-pla.!le 

separations involved are extremely small, a few thousands of an 

inch; and second, observations of' such discharges (Bandel( 2B)) 

has shown that successive discharges, even when struck in the same 

gap do not necessarily occur from the same point on the tip of 

the wire. 

Curves marked 1 and 2 in Fig. (4.5) were obtained from a 

point-plane source with a Wehnelt focussing cylinder, F:i.g. (4.6). 
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The negative potential on the cylinder was adjusted until a 

maximum in the current flowing through the galvanometer was 

obtained; that is until the discharge was focussed to an area 

behind the hole in the electrode. However the introduction of' 

the cylinder led to an increase in the path length which the 

electrons had to traverse to enter the main electrode gap, and 

the final e!nission was in fact less than in the unfocussed case. 

4.3.2 Effect of gas pressure 

Fig. (4. 7) shows the emission into the gap as a function 

of gas pressure and the applied voltage for a 0.013 em hole. 

The decrease in emission into the drift section with increasing 

pressure is clearly seen. After consideration of the pressure 

dependence of the emission, it was decided that the working 

pressure should be about 60 mm Hg. This pressure ensured a 

reasonable emission, while reducic•g the spread by diffusion of 

-the el-ectrons in the swarm during its transit of the main 

electrode gap. 

4 .• 3, 3 Effect of a wide range of applied field strengths 

!'ig. (4. 8) shows the emission over a wider range of applied 

fields. It should however be pointed out here that these field 

strengths exceed those in the present experiment by upto a factor 

7. It is however interesting to compare these curves with \:ne. 

current voltage characteristics of negative point-planes obtained 

by Bandel ( 28) and also be \'o"eissler( 29 ). In their experiments, 

the current collected by a plane from an irrad.iated negative point 
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was measured, Fig. (4-.:;J). 'l'he results snow that as the applied 

voltage Vis increased the current either remains constant or 

:increases slightly over a considerable range of' voltage. 1'he.se 

currents were attributed to natural ionization in the gas. In 

the present experiment the initial slow rise in the current is 

caused by electrons collected frorn the discharge in the point­

plane gap, after passing through the holes in the plane. 'l'he 

initial ernission is dependent on the applied fields for the 

larger diameter holes, but is not as sensitive to the field in 

the 0.01 em case. 

In Bandel's characteristics, a steep rise in current of 

several orders of magnitude follows, which is caused by collision 

processes in the gas. 'rhis high rate of ionization is character­

istic of point-plane electrode gaps. ii.t still higher voltages 

a steady rise of current is recorded, and a corona discharge is 

ol>served. (Region A-:0 in -~'ig. (4-.9)). 

'fhe characteristics outained in this e:x1Jeriment U'ig. (4-.8)) 

are seen to follow a very similar trend. It is suge;esterl that 

in the section of' the graph S-A £t'ig. (4-.8), some penetr~tion of' 

the hole by the applied field is O(.;curring, which is pulling electrons 

from the discharge behind the cathode, through the hole, to be 

collected 'by the anode. .U:vidence to support this view is that an 

increase in the source repet:Ltion rate occurs at the point A' 

on the characteristic. This indicates a considerable penetration 

- 49 -



( T~'l"'tlL'(""' ,C' • ._,, I 

, 'i t: 1 ( -~ .~, f T '1 t:r· ;:· •' 
- .. - "l <: \ ;- .,. .. - I. 

,, ·_,. ·r '~ -.. ~ · .. 

{ ,. 

.1., 
!' 

\7 ( • (" 
l. 

. .. 
G 

"'( -· 

2 

] 
""T 

, .' T-. -

• ( ..,._ . ., -r 



of the hole by the applied field, i'or it is known that the source 

repeti ti-:m rate is sensitive to thepoint-plane potential 

difference. 

The source r·epeti tion rate is deter-mined by: 

i) the time constant RC of the source circuit; 

ii) the -ve HT voltage; 

iii) the sparking 1Jotentia.l of the point-plane gap; 

iv) the discharge maintainance potenti9.l V to which the 
lfi 

potential of' the wire falls. 

If the fisli penetration of the holes is such that the electric 

field in point-plane gap is larger than that produced by a wire 

potential V , then the recovery time between discharges will be m 

redut:ed. 

At A' then, the source repetition rate is increased, and 

it is also notlil•l that at this point on the characteristic the 

electric fielu strengths in both gaps are the same order of 

magnitude. A further increase in the applied voltage to the 

plane-parallel gap causes a corona discharge to be struck from 

the point to the upper electrode, through the hole in the cathode. 

Consideration of the present experimental conditions, where 

5-7 em drift secti.-)nS are employed, show that the sour.ce is being 

oper!:ited in the region of' the up-turn of the characteristic.• It 

is difficult therefore to obtain an accurate estimate of the 

number of electrons in a swarm entering the drift section because 

of the sensitivity of' the emission to the applied voltage in this 
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region. 'l'he following two sections describe two methods used during 

experimental runs to measure the number of' electrons per swarm 

entering the main electrode gap. 

-1 -1 
4.4 Source emission at low values of' ii:/p, (o/P< 3 v em nun ) 

Measurements of the number of eleci.trons per swarm entering 

the drift section were made using the circuit shown in Fig. (4.10), 

before ~1d after a sequence of oscilloscope photographs. A 

mov'.Lng coil galvanometer was connected into the anode supply lead 

and mounted inside the inner of two metal boxes. The inner box 

and the galvanometer case were maintained at the anode voltage, 

while the outer box was earthed. The current flowing in the 

anoae circuit, produced by electron swarms moving across the gap 

was measured together with the source repetition rate (n ), 'lllhile 
p 

a low value of anode voltage was employed to prevent the occurrence 

of' collision ionization in the drift section. ]'rom this 

information, the nwnber of electr·ons (n ) per swarm could be 
0 

calculated: 
= 

i 
a 

n • e 
p 

HeJ:·e e is the electronic charge, and ia. the anode cur·cent. 'l'he 

value f'or n thus obtained is that given by the horizontal section 
0 

of the graph in .&'ig. (4.5) before the up-turn. 

-1 -1 . 
4.5 Source emission_ at higher values of Jii/p, (.Ejpr,-: 2) v em nun ) 

i'' 
Under the operating conditions of the present experiment it 

is difficult to use the method described in the preceding section 

because of the high voltages involved. 1m alternative method was 
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therefore employed. 'rhe motion of charged particles in the electrode 

gap prod.•.1ces a current I(t) in the anode circuit, and thus a 

voltage pulse across the anode (limiting) resistor, which is a 

function of time. Th:as voltage pulse was displayed on the oscillo-

scop~, and using the following relations, values for the number of 

electrons per swarm entering the gap could be obtained. 

If n electrons drifl; in a plane par~llel gap (of width d) 
0 

under the inf'l uence of an electric field c~ 
0 

= Vjd) with a constant 

velocity v_, then a current flows during the transit time (T_ = d/v_) 

of the electrons: 
I_(t) = e nj'r_ 

e n v 
0 = _..;..._ 

d 

If the number of electrons increases by ionizing collisions with 

the distance x from the cathode 1 then the electron component 

becomes a function of time 1 whe1·e t = x/v _ 

e n_(t-) 
I_( t) = T 

and if 
n (t) = n exp(cx v t) J - 0 -

then 
e n 

I (t) 0 exp(o<. v _ t) = - T o~t~·r_ 

r_( t) = 0 'l' < t 

'l'he time constant of this electron component is 1/ o<. v _. 'l'his 

current I_(t) flowing in the anode circuit will be supplemented 

by a current I (t) caused by the drift of positive ions to the 
+ 
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cathode, and also by a d.is1Jlacement current arising from the gap 

and associated capacitances. The total cu1·:cent in the .;;xternal 

circuit at a time t is: 

I(t) = I (t) +I (t) + C dU 
+ dt 

= I cr 
du 

+ c dt 
(4.1) 

where U is the amplitude of the display·ed voltage pulse. 'l'he 

displacement current is important if 'the time constant Re of the 

anode circuit is long compared with the time constants of' the 

carrier currents. In this case the high voltage supply feeds 

energy into the gap capacity too slowly, so that the electrostatic 

c u2 · k h energy - J.S ta en to produce and drive t e carriers through 
~ 

the gap. 1'he equation can be interpreted as a cir-cuit of parallel 

branched Rand C. Fig. (4.11). The time constant of the circuit 

in the experiment is j.O x 10-j second, compared with 1#v ~o.) 
+ 

-4 
x 10 second. An exact solu-tion to equation (4.1) has the-form: 

U(t) = -C
1
. exp(-t/RC) cs:xp("-'/RC) I ("-')d"+ CU(o)). 

o cr 

If' HC>1/0(.v, as is the case in the present experiment, U(t) is 
+ 

obtained as the integral of" the current 

U( t) = 

The amplitudes of the t:lectron, ionic, and loading components are 

given by: 
1 en 

u( t) 0 ( exp ( o( v _ t ) - 1) = -oc.d. c O~t~T_ 

en 
t U( t) 0 (exp(o<..d)) = c ·r 

+ 
T < t<'l' 

- + 
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u( t) = U('l') ·exp(- tR.~* ) 
'L' ~t +""=: 

The ampli tu,ie of the electron component reaches its maximwn at 

t = 'l' and 

U(t) 
1 

= o<.d 

en 
0 

c (exp(o<. d) - 1) , 
en 

U(t) amounting to"" 1/o<. d of' the total voltage Co exp(o<..d). A 

plot of U(t) is shown in Pig. (4.12). Af'ter a time '1' the ca.paci ty 
+ 

of the gap is reloaded with the time constant RC. .l!'rom the above 

equation it is possible to obtain values for o<. and hence n • 
0 

4.6 Comments 

The oscilloscopic method of measurement of' the number of 

starting electrons is onl.Y applicable to avalanches which finish 

when the last ions reach the cathodej; it does not allow for the 

production of' secondary electrons. Also it is dii'f'ic.:ul t to see 

in the oscillograms the discontinuity which marks the arrival of 

the electron swarm a.t the anode, (at t = T_). '!'his is so because 

of' the finite dimensions of the swarm, so that the time taken for 

the electrons to enter the anode is not small compared with the 

transit time. 

Consequently the determination at~ the starting number of 

electrons n by the oscilloscopic method is of limited accuracy, 
0 

although :v:alues of n determined at low value:; of E/p by both 
0 

methods are in reasonable agreement. However the range of' values 

of n over v.hich space charge effects may be observed is very 
0 

restricted. 'l'his rar1e,e is set by a lower limit below which space 
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charge effects are not observed, and by an upper limit above which 

the injected swarm causes breakdown to occw·. In the experiments 

the initial nurnoer of electrons in the primary swarms is increased 

step-by-step through this range by fractional decrease::; c>f the 

wire-plate distance in the electron sour·ce. However the oscillo-

scopic method described is not sufficiently accurate to discr-iminate 

between adjacent values of n in this narrow range and for this 
0 

:c·eason in the presentation of' the experimental results, the number· 

of' starting electrons is given as detennined using the galvanometer 

method at low voltages. These values are below the actual numbers 

of electrons emitted at the operating voltage, but they do on 

the other hand give an accurate picture of' the relati11e electron 

starting numbers between sets of readings in an experimental run. 

A similar comparison could not de made as accurately using the 

oscilloscopic method. 
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CHAFTER 5 

l'H.b; EXPC:RIM.~~N'l'ilL hi~iiS u'R.c;E/lENTS 

The measurements are presented in three sections, namely: 

i) measurements of the ionization coefficient in prim1:u:·y 

and secondary swarms. 

ii) measurements of the electron drift velocity. 

iii) measurements of the electron diffusion coefficient, and 

of' the electron distribution in the swarms during the transit 

of the electrode gap. 

5.1 ~xperimental procedure 

The discharge vessel was evacuated to a pressure of less 

than 10-6 rum Hg before the working gas was admitted. liydrogen 

was then let into the system through the heated palladium thimbles, 

taking about an hour to reach the working pressure of 60 mm Hg. 

A further half' hour was allowecl for the thimbles to cool, ancL for 

the gas pressure to become constant. 

After the electron source had been switched on, the anode 

voltage was incr·eased to a value just belo·;, the ur·eakdown voltage, 

at which point secondary electron avalanches were usually 

observed with the photornul tiplier looking at the anode region. 

(l!'ig. (5 .1) shows typical oscilloscope traces in hydrogen and 

nitrogen at voltages below that required f'or the gap breakdown. 

The gas pressure in the ::;ystem was about 60 rrun Hg for the hydrogen 

oscillograms, and about 40 mm Hg for the nitrogen oscillograms. 
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The trace in Fig. (1a) was photographed at a sweep speed of 0.02 

micro-seconds/em, and is a typical example of' the majority of 

photographs taken. The time interval between the primary and secon­

dary avalanches is the order of' the gap transit time for electrons, 

indica tinE; that the secondary electrons are produced at the 

cathode by the photo-electric effect. Figs. (1b, 1c) are 

photographs taken at slower sweep speeds and show a third avalanche 

generation. 

Figs. ( 1 d, 1 e, 1 f) are photographs taken at various applied 

anode voltages. As the voltage is increased secondary avalanches 

become apparent. However the resolution of primary and secondary 

avalanches is not as high as in the other photographs and 

although these traces are I" rom ni tr·ogen, rather than hydrogen 

measurements, this lower resolution is attributed mainly to the 

lo·.ver gas pressure. Similar traces are obtained in hydrogen at 

40 mm Hg, and the poor resolution is caused by~ a considerable 

diffusion of' electrons between primary and secondary swarms. 

The amplitude of a trace at a particular time is a measure 

of the number of electrons drifting in the volume of gas observed 

by the photomultiplier. Since the light emitted from the swarms 

is isotropic, the trace shows the variation in the number· of 

electrons :in this volume with time, and thus the area under the 

pulse is a. measure ot' the total number of electrons which have 

passed through this volume. 
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At a particular value of E/p, an experimental run comprised 

six sets of photographs of oscilloscope traces, each set 

corresponding to a different number of starting electrons n • 
0 

1'he photographs in a set were taken with the photomultiplier 

at 2.5 rwn intervals across the electrode gap~; the gap oeing 

scanned once in either direction. Points on the graphs :F'igs. 

(5.3 etc.) marked 0 indicate a traverse cathode to anode, 

and points marked J< indicate a traverse from anode to cathode. 

The initial number of electrons per swarm was measured with the 

galvanometer circuit (see Ch.4) at lo~ voltages, before and after 

a set of photographs were taken. This initial nwnber was also 

measured at the operat:ingvoltage using the oscilloscope method, 

(see 4.6). 

Six sets of photographs took about 2~ hours to expose, bringing 

the total time f'or a run to about ~ hours. In all fifty-five 

films were exposed, comprising some 1,800 frames scanned and 

measw:·ed. 

5.2 'rhe path swept out by a primary electron swarm drifting across 

the electrode gap 

Although the diffusion coef'f'icien t for free electrons at a 

gas pressure of' 60 nun Hg is comparatively small, the dimensions 

of an electron swarm will increase as the swarm drifts from cathode 

to anode. 1'his can easily be verified by looking into the discharge 

gap in a darkened room, along the line of sight of' the photo-
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multiplier. A very faint lwninous column of gas is ob·served between 

the electrodes, which becomes broader moving from cathode to 

anode. 'l'his discha:cge is too faint for photographic purposes, 

hO\·.ever if the anode voltage is increased until breakdown occurs, 

a similar colwnn of luminous gas is observed which is more intense. 

A photograph of' this column is shown in 1-'ig. (5.2a). It is 

noted thut the Uiameter of this column rloes not increase linearly 

with distance from the cathode, but that t..he edge of the column 

is in fact a curve. It v;ill be shown later in this chapter both 

by simple theory, and in some cases by experiment, that this 

diameter increases as the square root of the swarm drift time. 

The electrode surfaces in l!'ig. (5.2a) are located along the 

two horizontal white lines in the d.i.scharge. 'l'hese lines are 

reflections from the electrode surfacesj while the tails above 

and belovi these lines are reflections from the cw·ved edges of 

the electrodes. The traces to the right of .the columns ip the 

photoe;raphs are also reflections, originating from the walls of 

the glass vessel.. (Fig. (5 .2d) is a photograph of the electrode 

gap illuminated f'rorn the side, cathorle uppermost, without a 

dis charge running. 1'he other :-'hotograph s wey·e all taken in a 

darkened room. :B'ig. (5.2c) is a photograph o"f a clischarge in the 

electr·ode gap without the electron source running. In the absence 

of the injected swarms breakdovm has occurreu by a discharge which 

covers most of the flat sections of' the electrode surfaces, there 

being no preferential discharge channel. 
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l<'igs. (2a, 2b) may therefore oe taken to indicate trepath 

swept out by a primar·y swarm released from the cathode. 

5.3 Measurements of the ioni~ation coefficient 

'l'he expansion of a primm-y electron swarm during its transit 

of' the elect:code gap has in the last section been attributed. to 

a diffusive motion of' the electr·ons which is superimposed upon 

the drift motion. Consequently it is not possible to make 

accw·ate measurements of' the ioni~ation coefficient by taki.ng the 

ratio of the trace amplitudes at two points in the electrode gap. 

If this wer·e done, too small a value f'or the ionization coefficient 

would be obtained, oecause although electrons are not able 

to diffuse out oi' the field of' view of the photomultiplier radially, 

they may do so by diffusing towards either electrode. It will 

be remembered from section 3.4, l!'ig. (3.5), that only radiation 

from a thin slice ( 6 nun) of' the swarm path is collected at the 

photocathode. 1'hus in a trace obtained with the photomultiplier 

looking at a slice near the anode, the peaK amplitude will be 

reduced because electrons have been lost from the thin slice by 

dif'fusiun t<.mards either elec·!;x·ode. 

Measurements of' the ionization coefficient were ther·efo:c·e 

made by comparing the total nwnbers of' electrons in swar·ms at 

various positions across the gap. This has been done by plotting 

the area. under em oscilloscope trace a.s a function of the photo­

multiplier position on semi-logarithmic paper. This area is pro­

portional to the total number of photons emitted from the thin 

slice under observation, a quantity which in turn is proportional 
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to the total number of' electrons which !Jassed through the slice. 

'L'he slope of these gra9hs gi'les the ionization coefficient eX., 

pro~,ided the electric field in the gap remains uniform. lrom 

equation (1. ') 

dp = f n e d.x ' 
where dp is the total number of photons emitted as a result of 

n ehctrons drifting through a thin slice of the swarm path of 
e 

width d.x., located x ems f'rom the cathode. 

dp = £ n exp ( o( x) dx 
0 

log dp = o(.x + log (n £. dx) e e o 

Actual values of' the electron numoers involved may be calculated 

if several constants of proportionality are known, namely: the 

quantum efficiency and gain of the 11hotomul tiplier, and a gap 

geometry factor. However because the ionization coefficient may 

be determined from the slope of the g:caphs, these constants were 

not-evaluated. 'rhe units in -which the electron number ne is 

( 
2 

expressed in figs. 5.3, etc.), is therefore ems • 

The plots represent a quantitative record of the experiments 

performed, but cmf'ortunately because of the differ·ing slopes are 

di.ff'icult to present on single axes. 'l'hey may however be divided 

into three groups~~ the first in which the number of starting 

electrons was low, E'igs. (5 .3 - 5.8); the second group in which 

n was su:f'f'iciently high for the resulting concan trations of 
0 

charged particles in the prirnarj swarms to distort the applied f'iel:l, 
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.i"igs. (5.9-5.17); ancl in which the graphs are initially linear, 'but 

become concave to the distance axis. 'I'he third group, f'igs. (5.18-

5.23), consists of graphs showing the multiplication of secondary 

electrons released from the cathode by the photo-electric et~ect; 

these graphs are linear in form. 

In the case of' the hydrogen measurements the plots are 

labelled. A, .B, C, D etc. indicating that the mea.surements were 

made in dii'f'erent gas samples. Measw·ements were made with two 

gap spacings, (d = 6.171 em or d.= 7.21 em), and the cathode and 

anode surfaces are at ·1.30 em and either 7.47 or 8.51 ems on the 

abscissa in iig. (5 .3 etc.) for the two gaps. In all these 

measurements it was necessary to ensure that the line of' sight of' 

the photomultiplier did not approach too closely either of the 

planes in which the electrod.e surfaces lay so as to avoid reflection 

and obstruction by the electrodes. 

In the second group of graphs, Figs. (5 .9-5.17) the slope of 

the linear sections may be taken to obtain values for the 

-
ionization coefficient in the first em or so f'r..om the cathode. 

Hov.ever the slopes of the curved sections, while indicating that 

a reduction in the value of oc. has occw·red cannot be taken as 

a direct measure of oc.. as the local electric fields in the gap 

can no longer be assumed to be constant. Because the excitation 

coefficient £ is field dependent, the area tmder· an oscilloscope 

trace, (proportional to the number of' photons erni t ted), is no 

longer directl.Y proportional to the number of electrons moving 

past the probe. It is seen from equation (5.1) that a reduction 
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in the local field strength besides reducing the value of O(.dx 

will also decrease the value of log n ~dx the intercept on the 
e o 

vertical axis. The slope of the graph is therefore no longer 

equal to the ionization coefficient. At this stage it is 

concluded that primary electron swarms containing a high electron 

number density show a departure from an exponential growth rate 

brought about by space charge effects. 

Figs. (5.18- 5.23) show the amplification of secondary 

electron swarms across the gap. It will be shown later that these 

secondary electrons are generated over a large part of the cathode 

surface, and are not confined to the central channel through which 

the primary electrons passed. Thus it is to be expected that 

only a fraction of these secondary electrons will encounter field 

distortions produced by positive ions, which were left over as a 

result of the passage of the primary electron swarms. In fact no 

deviation from an exponential rate of growth was_detected_in the 

amplification plots for secondary electrons. 

The maximum voltage available from the power supp~ was 

11 kV, and in nitrogen at a pressuz·e of 60 mm Hg, this voltage 

was not sufficient to produce breakdown. The nitrogen measure-

ments were therefore carried out at gas pressures of about 41J mm. 

At this pressure the spreading of the primary swarms during their 

transit of the gap was quite considerable. Because of electron 

diffusion therefore, the electron densities were never sufficient 
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to produce detectable changes in the ionization rates. 

5. 3. 1 Corrunents 

In the remainder of this chapter the measurements made of 

the electron drift velocities and of the electron distributions 

are presented. Although the departure from an exponential growth 

rate of some of the primary swarms has been attributed to space 

charge effects, the calculations made to determine the local field 

distortions in the gap are left to Chapter 6 of the thesis, and 

a comparison of the experimental and theoretical curves is presented 

in Chapter 7, together with a disoussion of the experiment. 

However the measured values of the ionization coefficient 

in hydrogen and nitrogen are tabulated in Table (2), (opposite 

P C:tS ). 
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Initial no. of 
Gas figure starting Primary swinns Secondary swaro1s ol../p E/po p d 

. electrong 0 

sample number co( o4.jp o(. ol./p (Rose) -1 -1 mm Hg n
0 

x·lO 
0 0 v em mn em 

Galv. Oscill. 

A 5.3 o. 21 106 
0.58 0.009 0.014 23.65 67.75 6.171 

A - o. 21 "106 
0.56 0.009 0.014 23.71 67.75 6.171 --

A 5.4 0.40 10
6 

0.61 0.010 0.014 23.71 67.75 6.171 

A 5.9 0.96 5 x10
6 

. 0.72 0.012 0.014 23.71 67.-75 6.171 I 

A - I 1.45 0.79 0.013 0.014 23.56 67.75 6.171 _..., --

A 5.10 . 2.03 ~--- 0.71 0.011 0.012 23.07 67.75 6.171 

B 5. 11 o.7o· 3 x10
6 

0.75 o. 012 0.78 0.013 0.015 23.80 64.00 6.171 

B 5.5 0.56 10
6 

0.74 0.012 o. 81 0.013 0.015 23.88 64.00 6.171 

B 5.12 1. 27 6 x10
6 

0.66 o. 011 0.015 23.86 64.00 6.171 

B 5.1~ 19 1. 88 9 X 10
6 

0.63 0.010 0.89 0.014 o. 014. 23.52 64.00 6. 171 

B 5.20 2.00 9 X .10° 0.63 0.010 o.B9 0.014 0.014 "23. 49 64.00 6.171 

Table (2) Ionization coefficients. 



Initial no. 
Gas Figure of starting Primary swarms 

electrons 
sal!lple number .. 6 o(. «.jp 

n0 x ~o 0 

Galv. Oscill. 

c 5.6 0.41 <:..106 
0.94 0.012· 

c 5.14 1.55 6 x106 
0.72 0.013 

c 5.1&\21 1. 82 6 x106 
0.63 0.010 

c 5.17<r22 1. 93 6 x1o
6 

0.50 0.009 

c 5.23 2.41 - 0.58 0.010 

D - 0.58 ~106 
0.82 0.015 

D - 0.96 5 x10
6 

0.53 0.010 

Primary swarms : 

Value of oLjp
0

, if the values of E/p0 
~ ~ 

are normalized to 23.50 v em mm • 

I -1 -1 
GL p0 = 0.011 em mm 

tr 
-1 -1 = 0.002 em mm 

Secondary swarms cX.jp 
0 E/po 

1- p d 

c{ 

0.88 

0.65 

0.79 

0.86 

0.80 

0.80 

0.87 

-1 -1 oLjp (Rose) v em mm mm Hg em 0 

0.016 . 0.013 23.39 - 60.45 7.210 
... 

0.012 0.015 23.80 60.45 7.210 

0.014 0.013 23.41 6~.45 7.210 

0.015 0.013 23.4-1 60.45 7.210 

0.014 0.013 23.34 60.45 7.210 

0.015 0.012 23.14 60.95 7. 2": ·~ 

0.016 0.012 23.14 60.95 7.210 
~--

Secondary swarms: 

Value of aL/p0, if.the values of ~Po 

-1 -1 
are n~rmalized to 23.50 v em mm • 

ot./po = 
r::r = 

-1 -1 0.014 em mm 

-1 -1 
0.003 em mm 

Table(2) cont. 



5.4 Measurements of the electron drift velocities 

Drift velocities of' the primary and secondary electron 

swanns have been calculated in the following manner. 'l'he 

oscilloscope traces represent the variation in the number of 

electrons within a swann with time, at given points across the 

gap. The position of the photomultiplier l~s been plotted against 

the time at wi1ich the amplitude of the oscilloscope trace reaches 

a maximum. This has been done for both primary and secondary 

swa.nns, and. the times are measured from a time-zero set by the 

discharge of the source condenser. 'l'he slope of these graphs 

gives the drift velocity of the point of maximum electron density 

in the swarm. 

l!'igs. (5. 2ll- - 5. 31) are typical examples; the graphs marked 

P refer to primary swarms, and the graphs marked S re:t'er to 

secondary swarms. Drift velocities of various sections of the 

prJ.mary electron swarms have also been measured. Graphs marked 

xi£~ or x%T in Figs. (5.23-5.31) refer to the motion of sections 

of the swann where the electron number is x;~~ of the peak value. 

F and T refer to sections in the front and tail of a swar-u. respec-

tively. 

The values for the drift velocities so obtained are shown 

in 'l'able (3), and are compared with values obtained by Bradbury 

and Nielson (3o) and others (31 ) '(32)' (3.5) at similar values of E/p. 

The values obtainea in the present experiment are seen to be above 
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these published values; values of upto 1arc; higher are recorded. 

It is also apparent from the graphs, that viewed from an 

inspection window at the side of the electrode gap, the velocities 

of electrons contained in the :i'ront of the swarm (anode-side), 

are above the velocities of electrons in the swarm centre. The 

converse is true of electrons in the tail (cathode~:;ide) of the 

swarm. 

In the following sections these effects are treated by 

considering the motion of' the primary swarns by drift and diffusion. 
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Initial nb Primar~ Second~ Bradbury 
Gas Pigure of vd x10 vd x10 Nielson6 E/p20 

electrons v x10 
per swarm em/sec em/sec d -1 -1 sample number rh x1o6 ... em/sec V em mm 

A 5.24 0.21 7.77 7.60 22.09 

A 5.25 0.40 7. 71 7.60 22.09 

A 5.31 0.96 8.32 7.83 7.60 22.09 

A 2.03 8.35 7.40 21.49 

B 5.27 0.56 8.88 7.66 7.66 22.25 

B 5.26 0.70 8.32 7-45 7.66 22.23 

B 5.28 1.27 8.67 7-39 7.66 22.23 

B 5.29 1.88 8.47 6.39 7-57 21.92 

c 0.41 7.60 7.50 21 .eo. 

c 5.30 1.36 7 .. 85 7.13 7.50 21 .81 

c 1.55 8.44 7.93 7.65 22.18 i 

-- - - -c 1 .93 8.22 1·31 7.50 21 .81 
-

c 2.41 8.21 7.50 21.75 

D 5.31 0.96 7.72 7.06 7-4~ 21 .56 

Table (3) Electron drift velocities 

in hydrogen. 



5.5 Drift and Diffusion 

5.5.1 Basic diffusion relat:Lons and particle distribution under 

diffusion 

Diffusion of particles is said to have occurred if there is 

a net transfer of particles from a region of high concentration 

to one of loVI concentration. The origin of the motion is thermal, 

and the particles, which are in constant collision with each 

other, follow random paths. l!.'ventually this diffusive motion will 

bring about a uniform density of particles within the gas, and 

although diffusion of particles from one region to another still 

occurs~ a steady state condition is reached. 

Fick 's law describes a system of' particles to wrdch no 

external forces are applied. In a gas, consider a plane along 

which the electron density is constant and equal to !!.· The con-

centra tion gradient at the plane is then ~ n/ "b x, and Fick 's law 

states-that: 

the particle flow crossing unit 

area of plane per second == - D 'bn/ ~ x. 

The negative sign indicates that the flow of particles is in 

the direction of decreasing concentration. L~ the case of 

electrons, D is the diffusion coef'fic ient for free electrons, and 

is given approximately by(3lt-) 
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:Cayer at t=O 
X:.O 

t= I)' X=() 

X=:() 

X 

x,t . 

~iffusion of an electron layer in 

fielc'i free space t34} and in an electric field. 



where 1\ is the mean free path of an electron between collisions 

with gas molecules, and c is the average random velocity of the 

electrons, assuming a Maxwellian distribution. 

Einstein( 3S) considered the spatial and temporal distribu-

tion of particles moving independently of each other vii th chaotic 

heat motions. Consider an origin at x=O, at which there are N 
0 

particles at time t:O. Then the number of these particles which 

are located between x and X+dx at a time t is 

N 
X 

N 
0 

·- J(4n-Dt) dx 

This expression has the f'orm of' the Gaussian error curve, and as 

t increases, the scale factor 4Dt increases, causing the curve 

to decrease in height, (NxfN
0 

decreases), Fig. (5.34). It has been 

shown that the average displacement of any electron, considering 

~.:!.. 8Dt.:!.. 
the motion in one, two, or three dimensions is ( '1r )

2
, (-;-) 2 , or 

1"Dt 1 

(~)2 respectively. These relations are useful in estimating 1r __ _ 

the average dispersion of particles in ti~e, or the average distance 

a particle diffuses in a time t. 

If now the electron laye~ is considered to be drifting under 

the influence of a small electric field, the electron distributions 

are shown with respect to the same axes in ]'ig. (5.35). Although 

the field strengths employed in the present experiment are 

comparatively high, this diagram gives a good indication of the 

expansion of a primary electron swann in the absFence of ionization. 

It also indicates how the observed range of velocities for different 
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sections of the swarms occurs, and a comparison is maue in 

sec Lon 5. 6 be tween this simple the ore tical model and the swarm 

distributions measured in the experiment. 

5.5.2 The velocity of' the primary electron swarms 

The drift velocity of the primary swarm centres is higher 

than th~t recorded by other workers at this value of E/p. This 

is in agreement with the experimental work of Breare ( 20 ) in which 

electron drir·t velocities in hydrogen were measured over a range 

of' gas pressures. (p = 2, 20, 40, 80 and 90 mm Hgj. 1'he drift 

velocities of the electrons in his experiments were measured 

in two ways. At p = 2mm, the drift veloci tj" was calculated from 

the time taken for the centre of an electron swarm to drift 

between two points in an electrode gap some ems apart. At the 

higher pressures the drift ·•eloci ty of the front of the electron 

swarms was measured. 'rhe results obtained at 2 mm showed that the 

dri-r.:.t velocity of' the swar111 centres was higher- -than would -be expected 

at the reduced field applied. to the gap. 'rhe drift velocities of 

the front of the electron swarms were also higher than expected 

at 20, 40, and 80 mm Hg. However at p = 90 mm Hg, the values 

of the drift velocity agreed weJ.l with the generally accepted values 

published by Bradbury and Nielson(30). 

Breare concluded that the variation in velocity with 

pressure was caused by diffusion; and that there was a cornponen t 

of veloc i t,y in the field direction superimposed on the drift motion 
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resulting from diffusion of· electrons in the swarm. '!'his con-

elusion indicates that there was a net transfer of electrons in 

the field direction, or that there was an anisotropy in the number 

density distribution. As the gas pressure was increasea, 

diffusion became less pronounced, and the velocity of the front 

of the swarm slowly decreased. 'fhe veloaity measured at p = 90 mm, 

corresponded to the true drift velocity. 

The measurements of" swann drift velocities in the present 

experiment at a gas pressure of 60 mm Hg support this argument 

of a for-ward velocity component produced by electron d.i.f"f'usion. 

The factors causing this increased swarm velocity become more 

apparent by considering the one dimensional continuity e~uation 

governing the increase of the electron component of the discharge 

current: 

ot(x,t) J (x,t) e 

Here p e is the electron charge density, 

Pe = n e.. e 

(5.2) 

x is a. distance measured from the cathode of a gap, which increases 

to x=d at the anode. J is the cur·1·ent density, and is defined as 
e 

= (5 .3) 

~e is the electron mobility; D is the diffusion coefficient for 

free electrons, and .i!: is the electric field strength in the 

electrode gap. Je is considered positive for electrons moving 
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from cathode to anode. 

Substituting for J in equation (5.2) e 

~n 
e 

()t = + D 

2 
~ n 

e 
2 ox (5 .4) 

If ~ is assumed to be constant, i.e. tpere is no significant space 

charge distortion of' the applied field, ol. and D will also be 

constants. If now the second term on the right of equation (5 .4) 
~n 

is considered, at the leading edge of the electron swarm 
~n 

negati'.·e, and hence ~: at this point exceeds that which 

21 -: is 

would be 
11 ne 

the case if ~ were zero. 1'he converse is true at the trailing 

edge of' the swarm, so that in each case the edge of the swarm 

experiences an increase in velocity. The combined effect is to 

increase the velocity of the electrons in the centre of the swarm 

above that determined by- the electric field. 

Unfortunately, at high values of the applied field it is not 

-a valid appr-oximation to-consider the -drift velocity of the swa-rm 

as the sum of' two components; one caused by the action of' the 

electric field, and the other resulting from a particle concentra-

tion gradient. The average drift velocit,y may not be calculated 

in this way because the electrons have a mean energy or tempera-

ture which is much higher that that of' the gas molecules, and 

also in the present experiment, the drift velocity of the electrons 

is an appreciable fraction of the random electron velocity. 
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A quantitative analysis of the drift and diffusive motion of 

a high density- e1ec tron swarm would be extremely complex and. is 

beyond. the scope of this thesis. However some of the aspects of 

the problems errvolved have been treated by Huxley(3G), and by 

Crom1~ton and Smith(}?), who have discussed the dii'fusion of low 

energy electrons. Another treatment of the combined effects of 

drift and diffiision upon the motion of electron swarms has recently 

' bl' sh , b· \/·,· - t(3 7) -· ' . h 1 t oeen pu J.. ea. y • ~nven • 11ere n~g er energy e ec -rons are 

considered which were excited with a ·,uhf electric field. 

Swrunarising briefly, the experimental values obtained fo1:· 

the c:lr-if't velocities of' lovi density electron swarms at P"" 60 mm Hg, 

in which the particle concentration gradients are not abrupt, agree 

with the experimental values published by Breare, and are somewhat 

above those recorded by other workers. In general, it is found 

that f'orsvarms of high particle density., the drift velocity is 

further increased.. '.rhis e~fect is attributed. to the free diffusion 

of electrons within the swarm, which besides causing an enlargement 

of' the swarm as it drifts across the electrode gap, also changes 

the electron distribution within tbe swarm with time, making measw·e-

ment of the motion of' the centt·e of the swarm, as opposed_ to the 

point of' maximum electron density dif'f'icul t to carry out. 

The measurements of' the drift velocities of the secondars-

electrons were of' limited accura.c.)' because of' the lower intensity 

of the emitted radiation. However the velocitil:!s of' these electrons 

is seen from Table (j) to be appreciably lo·i,er than the velocities 
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of the parent, primary swarms. It should be mentioned here that 

in none of the examples lic:ted were the local field distortions 

sui'f'icient to inf'luence the drift velocity measurements. 
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5.6 Measurements of the electron diffusion coefficient 

5. 6.1 ..r\.x:ial d:i.f f'usion of' the:: electi·on swarms. 

The method used to calculate the electron drift velocities has 

been described in a previous section of this chapter. The 

distance-time plots used, also yield information as to the motion 

of' the electrons within the swarm, and in particular l~igs. (5.30-

5.33) besid.es showing the motion of' the peak of' a. primary electron 

swarm, also desc.ribe the motion of' the front of the swarm. The 

plots marked 505t;T refer to points in the tail of the swarm at 

which the electt·on number is 507o of the peak value. 

To investigate how the dimensions of the swarm :i.ncrease with 

time, graphs have been plotted of the motion of various sections 

of' the swarms, (l!'igs. (5 .23-5 .j1). .l!'rom these plots 1:1. distance 

xd has been measured., where X, 
(1 

is the distance between the peak 

of the swarm and the f'o position under conside:cation. (At a 

particular time t, xd is the dii'fez-:ence in ordinates of the xjo 

graph and the P graph). 
'I 

'l'his distance x. has been plotted. as a 
u 

f1mction of t-2 , where t is the swarm drift time. Several examples 

may be seen in F'ig. (5 .)6). ~·or these low number density electron 

swarms the plots are linear, and an approximate value for the 

electron diffusion coefficient may be obtained. by considering the 

slope of the graphs. 

X., = a. 

, - )2 1T 
D = \ sJ.ope 12 
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Other examples of this type of plot are sho·tm in li'ig. (5 .37) 

and i?ig. (5.j7a.), dlld values for the electron diffusion coefficient 

obtained are shovm in '!'able (4). In the cases where the plots 

are curved, thE: slope was measured at the bottom of the graphs. 

1'he vaj_ues obtained for the diffusion coefficient from the 

507~F and 50jdl' graphs in Fig. (5 .36) are similar. 'rhis agreement 

indicates that the rates of diffusion of electrons in either 

direction alone; tne central electrode axis are also similar. 

However it would appear that at the front edge of' thE: swarm 

( 15?oF position), the rate of' diffusion is appreciably higher. 1'his 

increased ri:ite of' diffusion is partly responsible for the curved 

plots shown in b'ig. (5 .37), which refer to the motion of' electrons 

in various sections of' the front of higher number density swarms. 

It is noted here tht~.t the uurvature of' the graphs becomes less 

marked. as sections of' the swarm located nearer to the swann centre 

are considered. 

A theoretical estimate of the diffusion coef'ficient may be 

obtained from the relation: 
'A c 

D = ..,!L_ 
3 

2.105 
').e .[T 

e 

Hel'e }. is the electron mean free p!;l.th between collisiomJ with gas 
e 

molecules; c is the average random velocity of the electrons, 

ass LUning a Maxwellian distr·ioution; and 1'e and V are the electron 
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I 

·- 2 I 
Measured D x1o5 001 /sec.' · 

.Fig(5 .317) from I 15faF ' 25tQJ!' 75faF 

Fig( ) 

(i) 5-27 1 .2 1~2 

(ii) 5.26 1 ·? '1 .5 1.4. 
' 

(iii) 5.28 1 .1 1 .1 1 .6 

(iv) 5.29 1.4.* 1 .1 1 .2 

• 12.57'aF 

·Measured D x105 2 
em /sec. 

Fig(5 .36) from 15%F 5ofaF 50',%T 

Fig( I 

(i) 5.24 4..8 0.85 

(ii) 5.8 Q.56 

(iii) 5.24. o. 71 

(iv) 0.65 

Table. (4.) Electron diffusion coefficients. 



temperatures in °K and eV respectively(j4 ). 1'aking T = 3.25 eV e 

b;/p 
-1 -1 

at = 2).5 v em nun 
' 

and )..e = 0.5 X 10-3 ern at p = 60 mm(39 ) 

1) = 4 2 
1.8 x 10 em /sec. 

(40) 
(of the value for D obtained. by Varnerin and Brown at .c:/p = 

-1 -1 
25 V em nun 

D = 4 2 
1.6 x 10 em /sec.) 

The values obtained for the diffusion coefficient in the present 

experiment the:c·efore, are up to an order of magnitude greater than 

that predicted by the simple expression. 

1'here are various reasons for this discrepancy; firstly, the 

present measurements were carrie<i out under strong electric f'ield 

conditions, whereas the relation is based upon an assumption of' 

weak field conditions. Secondly, the light signals originate f'rom 

collisions involving fast electrons, whose energy is well above the 

average. Such electrons, having lost most of' their energy in 

inelastic collisions, will move off' <'l.gain in the field direction, 

whereas eli!'stically scattered electrons will leave the point of 

collision in random directions. Hence electrons which have 

suffered exciting or ionizing collisions will have a higher velocity 

in the field direction. Fur·ther, as these electrons gain energy 

they will be presented with a steadily decreasing collision cross-

section, or an increasing mean free path (i.e. the,{ will be 

associated with a larger diffusion coefficient). Furthermore, as 

their energies increase, f'orwe.rd scattering of electrons emerging 
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from elastic collisions will become predominant, thus improving 

their chances of acquiring y.et more energy. ..l:!;lectrons which attain 

large energies in this manner a.re knmm as 11 run away electrons" ( 41 ) • 

' 
The upcm'ving of the xd-t2 plots for the electrons in the 

leading edge of a swarm is attributed partly to these so-called 

1 runaway 1 electrons, however this ef'fec t is caused to some extent 

by the method of measurement. The up-curving is only noticed in 

plots where the electron number density is hif91, and in these 

cases the electron multiplication has been mod.if'ied. Fig.(5.38) 

shows profiles of the electron number as a function of' distance 

at two times during the transit of' the electrode gap. 'fhe full 

line represents the probable profile at these times, while the 

dotted line indicates the profile if the ionization coefficient 

had remained constant during the transit time. It is known that 

the a!llplitude of' this profile is certainly reduced, and this by 

itself is sufficient to increase ~he mea~ured values of xd. However, 

it is also probable, as vtill be shown in a later chapter, that 

electrons in the front edge of the electron swarm vlill drift in 

an enhanced electric field, and will multiply at an over-exponential 

rate. 'fhus the measured values of xd will be further increased. 

~ig. (5.37a) shows f'our xd-t2 plots refering to 50~ 

positions in the tails of' electron swarms. The slopes of these 

graphs are high when compared to the previous ones and this is 

again attri'buted to the method of measurement of' the 50joT position. 

In the case of' the low number density swarms, the amplification is 
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such that only a few sec,mdary electrons are released from the 

cathode. It is therefore relatively easy to locate the 50;o position 

in the tail of' the profile. 'fhis has been done in several cases, 

two of which a:ce shown in .b'ig. (5 •. 3"6). The values of the diffusion 

coefficient obtained for electrons in the 50;1~1!' and 507~T sections 

of the swa.rm were similar. HoweV"er the measurements shown in 

l''ig. (5 .37a) were made f'rom high number density electron swarms, 

which produced large numbers of' secondary electrons. Some of' these 

are contained in the tail sections of the electron profiles, and 

as it was not possible to distinguish between primary and secondary 

electrons, a considerable error arose in determining the position 

of the 50tdr point. Therefore no definite conclusions as to the 

diffusion of electrons in the tail of. these swarms may be dr·awn. 

5.6.2 Radial diffusion 

To study the :C'ad.i.al distribution of electrons in the electrode 

gap, the length of' the slit -at the cathode of' the photomultiplier 

was reduced f'rom 2.) em to 2 mm. In ef'fec t this r-educed the field 

of view along the x-axis (that is perpendicular to the line of 

sight and to the central electrode axis) from 7 ems to 6 mm. This 

was necessary to obtain better spatial resolution of the electrons 

in the gap. E'urther reduction of the slit width reduced. the 

collected light intensity below a detectable level. 

Pig. (5 .)9) shows the radial distribution of electrons 

within a primar,y avalanche at various positions across the electrode 
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gap. 'rhe distribution was obtained ·oy scanning with the photo-

multiplier along the x-axis, (i.e. towards the electrode edges), 

at intervals across the gap. 

An estimate of the diffusion coefficient was made from 

B'ig. (5 .40) in which the width of the distribution 2xd' at ordinates 

which were 25, 50, 75/o of the maximum value, was plotted against 

25;;:i; 50io 75% 

D X 1o5 
).5 2.6 1 .5 2, 

em 1 sec. 

These resu.l ts inc.licate that within the experimental error, the 

rates of dif'fusion of' electrons, outwar(is from the point of 

maximum electron rlensity in the swarm, ar·e similar both radially 

anc.l along the central electrode axis. 

The radial distribution of electrons within a secondary 

avalanche is sh_ovm ~n .i•'ig. (5.J.+-1 ). It :Ls noted that while the 

electrons in the primary avalanches were contained within a. primary 

channel around the central electrode axis, the secundary- electrons 

a.r·e d.ist:.r::i.but~d. over most of' the flat portion of the electrodes. 

Some falling off' in the secondary electron density is to be 

expected as the photon path length increases towards the electrode 

0 

edges, and hence the number of' .JJf\tons incident on the cathode 

decreases. 
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5. 7 .i!;lectr·on distribution within a primary swarm 

'l'he oscillograms represent the var·iat:Lon in electron nwnber 

with time at a particular point in the electrode gap. As has 

been sho•un in the preceding section, it is possible to obtain 

from these oscillogram:> the radial distribution of electrons in 

the electrode gap • .B'ig. (5.33) shows a radial distribution at 

a certain time t 8 •0 after the source has firecl, at various distances 

from the cathode. 1'he su·oscript 8.0 refers to the position of the 

photomultiplier, and the time t 8 .o is that at which the l11ll!lber of' 

electrons at this position reaches a max:i.mum. Similar distribu-

tions may be plotted at times t
7

•
25

, t 6•
25

, t
5

•
25

, etc., (l?ig. 

(S'.42). Taking one example, say t
7

•
25

, points in the gap are 

found at which the electron number is 2, 4, 5, 8, etc., (arbitrary 

units). A reconstruction of the spat:Lal distribution of electrons 

in the gap may- then be made at a part;iculal'.' time, as opposed to 

a plot of the variation in number with time, at a given point. 

E'ig. (5 .43) shows the spatial distribution of a pr.imary swarm 

at times t 8.0 , t 7•
25

, and 

- Q ) ..... Comments 

t"'. ,. ,... • o.::::, 

E'rom the measurements of' the oscillograms it has -been found 

that the ef':i'ective value,$' of the diffusion coefficient in the 

swarms is above that predicteO. from classical theory. In particular 

it has been found that in the f' rant of the swarms where the 

electron number is about 15?o of the peak value, a spat:ial anisotropy 
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in the electron distributions occurs. After several ems of drift 

motion these electrons move in the field direction at a. velocity 

which. is above that predicted by simple drift and diffusion theory, 

and theJ have been associated v-.ith so-called •runaway• electrons. 
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CHAPl'ER 6 

A THEORETIC.AL S'l'UDY OF 'l'HE DE.'VELOf1.fEN1' O:F' 'l'HE 

PRllMHY ELECTRON SWARMS 

'l'he experimental measurements of' the primary ionization 

coefficient show that for the low number density electron swarms, 

the ionizc:~tion coefficient has a constant value across the 

electrode gap. This :i.s not the case when the number of starting 

electrons in a primary swarm is increased. Then an under­

exponential growth rate is observed. 

This chapter sets out to investigate theoretically the local 

field conditions which exist in the gap during the transit of 

a primary swarm, and to determine the subsequent effect on the 

ionization coeffj_cient and light emission from the gap. 

The development of the avalanche is simulated using an 

elec troni.Q_ computer; initially an Elliott 803 computer, but later 

an English Electric Iillli'9 computer was used. 'l'he program, coded 

in Algol language, is rep~oduced in full in Appendix I. 

6.1 ~eneral description of the program 

For the purpose of these calculations, the effects of 

electron diffusion are neglected so that the overall dimensions 

of a primary swann may be assumed to be constant during its transit 

of the electrode gap. As a first approximation therefore, the 

electrons in a swarra are assumed to drift from cathode to anode 

within a tube-shaped path, and the shape of the swarm itself 
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is assumed to be cylind.rical. Fig. ( 6. 1) shows such a swarm in 

the gap with the last of the electrons just leaving tlJe cathode 

surface. Positive ions formed in ionizing collisions are also 

a." sumed to be contained within this tube-shaped path, and as 

the mobility of these ions is two orders of magnitude less than 

that of the electrons, such ions are considered to be stationary 

during the swarm transit time. 

At the stage of' development shown in Fig. (6.1), the numbers 

of charged particles in the electrode gap are not sufficient to 

significantly alter the ionization rates within the swarm. 

Therefore the initial distribution of electrons and positive ions 

in the gap at this time, may be calculated using a value of the 

ionization coeff'icient determined by the applied field and the 

gas pressure. However, further motion of the electrons towards 

the anode must take into account the local field distortions 

produced by the c~centrat~pns of ions and electrons and the 

subsequent effect upon the ionization rates within the swarm. 

During the swarm transit time the electrons are assumed to drift 

in the fielO. direction with a constant velocity v _, so that in a 

time interval ~t, the swarm will move a distance dx towards the 

anode, where 
dx = v 

The current growth in the gap subject to modified ionization rates 

has been treated by considering the swarm to be made up of a 

number of~ discs also of width dx. The electron number density 
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in one such disc located x ern from the cathode is then 

ll fv) 
\" n 

0 

f~cX.. (x)dx 
e a 

where n is the initial e lee tron density at the ca b.ode, and 
0 

ot(x) is the value of tfl.e ionization coefficient determined in 

the drift path by the applied field nlus any field distortion 

pro.duced by the concentrations of ions and electrons. In the 

program the drift motion of' such a disc of electrons is there-

fore by steps of length dx towards the anode, and local field 

distortions are calculated to determine values of the ionization 

coefficient applicable dur:i.ng each step movement. The si tu~.tion 

becomes more complicated when a swann of' finite axial length is 

considered, then the local values of the ionization coefficient 

within the swarm have to be calculated from a summation of the 

field distortions produced by the other swarm elements. The 

method used to do this is d.escribed in detail in the f'ollowing 

sections, and is given in terms of the parameters used in the 

program. 

In the experiment the growth of the electron component of 

the current has been measured by monitoring the light emission 

from slices of the swarm path. So in order to make a direct 

comparison between theory and experiment, the photon emissions 

from these slices of the path are also calculated by the 

computer. 
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6.2 Local field distortions 

Many attempts have been made to estimate the effect of fields 

produced oy space charges on ionization rates. In these 

calculations two main methods of approach have been used. One 

method relates the field distortion E to the electron and ion 

densities n_(x,t) and ri (x,t), by means of the one-dimensional 
+ 

Poisson equation 

~ E(x t\ 
- ' I 
~X = - 4 1\ e (n (x,t) - n (x,t)). 

+ -

Here the •iflectric field strength is considered positive when 

directed from anode (x:d) to cathode, (x:O) (e.g. Ward and Jones(42 ), 

Ward ('li', 43), Lucas (4l~), Borscht-Supan and Oser(l~5 ). However the 

use of this method is only valid when the radius of the discharge 

is small compared with the electrode gap separation; at higher 

gas pressures (p I'IJ 60 mm Hg), this is not generally the case. In 

the present experiment for example, the radius of an avalanche 

is of' -the- order ~ em, compared with an-electrode separation of 7 ems. 

An alternative method used by Davies, l!.'vans and _Llewellyn 

Jones(46 ) in calculations of formative breakdown times, is more 

sui table when the discharge a pfl' oxima tes to a long thin cylinder 

It has therefore been assumed :La the present case that electrons 

in a primary swarm dr-ift from cathode to anode within a cylinder 

of' 1 ength d and radius r, l!'ig. ( 6. 1). Fig. ( 6. 2) shows the 

primary swarm from the last diagram with me of the disc-shaped 

elements previously described. If the charge density in this disc 

is defined as f (x) = e (n+ (x,t) - n (x,t)), 
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then the field at P produced by an annular element of such a 

disc at a distance x' from Pis 

21fr' dr' d.x' PCx+x...2 
( 

2 2-
r' + X 1 

) 

where r' is the radius of the ring, and dr 1 is the wiith of the 

ring. The f'ield at P, acting along the axis of· the cylinder is 

2 1T r 1 dr 1 dx 1 P ( X+X 1 
) 

2 2 (r' +X') 
cos g 

= 211"r' dr' dx 1 f)x-i.x 1
) x 1 

( ,2 ,2)3 2 r + x 

and the field produced by all these elements in the disc is 
t 

J 2r 1dr' 
"iT x' (.) (x+x')dx' 

\ ( ,2 ,2)3/2 
0 r +X 

= ( I) (- 2 ) r 1f X 1 fl X+X dx 1 

I ( 12 ,2)2 r +X o 

= 2 'Tf X I p (X ;.X I ) dx I ( _X1 I - 1 l ) 

( 2 ,2,2 
r +X ) 

= 
2 2 1 

21T ~ (x;.x 1 )dx' (1 - x'(r ~.x' )-'2) 

If x' < 0, the expression f'or the field becomes 

- 2ii p (x+x')dx' (-1 - x 1(i +X 12
) ~-). 

'rhe axial field at P produced by all the charges in the cylinder 

is thus 
0 1 SA-~ 1 

211'( J p(x.J-X 1)(-1-x'(x' 2 +r2 )-2)dx'+ r<x+x')(1-x 1 (x' 2 +r2 )~)d.x') 
--. . 

If the charge distribution (=> (x) is known then a direct integration 

of the above expression may be possible. However the contribution 

of all the discs to the field may be summed without going to the 
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limit d.x' ---?> O, if nu.merieal values of the charge density are 

known at a numoer of' points along the x-axis. 'l'he cylinder of 

charge shown in iig. (6.1) has therefore been divided into 

elements of width h, and the charge density is calculated in 

these elements, (see section 6.4). It is then convenient to 

evaluate quantities a. o' a1' a2, -' - a 
-1 ' 

a 
-2' 

which are ' 
coefficients of p (x), p (x+h), p (x+2h), --, p (x-h), 

p (x-2h), in the above integral. The field distortions at f:_iven 

points within the c.)'linder ma.y then be calculated by applying a 

formula for nwnerical integrat:i.on (e.g. Simpson's rule), to 

the list of numbers 

a_
2 

p (x-2h), a_1 p (x-h), a
0 

f (x), 

a 1 p (x+h), a
2 

p (x+2h), 

the swnma.t:i.on extenJing from the cathode to the i'ront of' the 

swarm. These field distortions are then used to determine the 

local values of the ionbation coef'f'icient within the swarm-,--and 

at this stage the step-by-step movement ot' the swarm towards the 

anode commences. 

6.j Parameters used in the program 

'l'he width of a elise element h used in the program was 

determined empirical_Ly by performing a set of' calculations, and 

then repeating them ·with the disc ~~idth halved. It was found 

that for h < 2 mm, halving the disc width produced only a slight 

change in the calculated. field distortions. '!'he overall axial 
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lengths of the swarms used in the calculations were taken :from 

observed values, for con•1enience hoi· .. ever, values of h were chosen 

so that when in mid-gap the swarm was made up of twenty discs 

of' width h, E'ig. (6.3). Ji. typical value of h was then 1.4 mm. 

I!'ig. (6.3) shows a swarm in mid-gap at a time t after ·the 

discharge of the source condenser. In this diagram various 

parameters are shown with vihich particular disc elements are 

identified. The cylindrical swarm path is itself' divided into 

disc elements which are labelled 1, 2, 3, -, -, i, - counting 

from the cathode, and the distance of' a particular disc :from the 

cathode is X(i) ems, where 

X(i) = i x h. 

The position af' the swarm in the gap is determined by a distance 

X( q), which is the distance of' the last electrons in the tail of 

the swarm from the cathode. '.rhe discs within the swarm which 

contain both elect_~ons a~d positive ions are numbered 1, 2, 3, -

-, j, -, -, 20, counting from the tail of the swarm~ Thus a 

particular disc element within a sv.arm is located Y(j) ems from the 

tail of the swarm, where 

{(j) : j X h, 

and the distance of this element from the cathode is 

X(i) = X(q) + 1(j). 

As has been mentioned, the computation begins with the tail of' the 

swarm touching the cathode, so initially both q and X(q) are zero. 
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6.J+ 'l'he initial charge distribution 

~rhe charge distribution in any cross-section of the cylindrical 

IJath ha.s ueen taken to be constant and is defined by 

N(i) = P(i) - ~(i) 

where P(i) and C:(i) are the ion and electron densities in a 

particular disc element of' the swarm path. 

6.4 .1 'rhe initial axial distribution of electrons 

In the absence of collision ionization the axial electron 

distribution within a swarm produced by the electron source is 

assumed to be tri£mgular. During the swarm transit time, the 

swarm mot ion is con side .red as that of' twenty disc elements, so 

that before the swarm enters the gap, it is convenient to express 

the distribution in the form of a histogram, B'ig. (6.4). 'l'he 

electron density in a disc j, counting from the tail of the swarm 

is 
...L 1 .c;( j) = B -100 C'-' 

or 

E(j) = (20-j) 
100 

u 1 
Ch 11 ..:s;: j ~ 20 

2 
·where C = 1T r , the cross-sectiona.l area of the cylinder, and .8 

is the total number of starting electrons in the swarm. 

Alternatively, 
E(j) = AY( j) 0 ~ j ~ 10 

or 
E(j) = 2AY( j ) - Ai( j ) 11 ~j ~20 

where 
B 

A = 
c h

2
) ( 100 
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and 
i.'(j) = j X h. 

1'herefore the first disc-shaped element in the swarm contains 

1/1 OOth of the total nwnber of electrons, the second 2/1 OOths, 

the third 3/100ths, etc. 1'he eleventh disc contains 9/100ths, 

the twelth 8/100ths, and there are no electrons in the 

twentieth disc, i.e. the front of' the swarm rises more steeply 

than the tail. 

The c amputation oegins with a swarm located in the gap and 

the tail of' the swarm touching the cathode surface, thus the f'ir.:;t 

nineteen disc elements of the swarm path will contain electrons, 

and positive ions formed in ionizing collisions. Ho"ever because 

o1· the comparatively low density of charged particles during this 

part of the transit time, the ionization coefficient may be 

considered to be constant across the gap. Therefore the electron 

densities in the first nineteen disc elements of the swarm path, 

numbered 1, 2, 3, -, -, i, -, -, 19, are given by 

E(i) = AY(j) exp(ot ;C(i)) 
0:::;: j ~10 

or 
~(i) = (2AY(10) - AY(j))exp(ot X(i)) 

11 ~ j ::::;20 

6.4.2 ~he productio.!!,_of positive ions 

When the tail of the swarm is just leaving the cathode, q 

and X( q) are equal to zero, Fig. ( 6.1). ;·ii th the swarm in this 

position the ion density in the first <..tisc of the swarm path 
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(i:1), produced by the drift of a disc j in the swarm will be 

p( 1 , j) = AY( j) ( exp( o<. X( 1 ) ) -1) 

= E( 1 ) - E( 0) • 

O~j~ 10 

The total ion density in this first disc, caused by the drift of 

all the electrons in the swarm will be 

P(1) = 
J"' 20 I.. p(1 ,j). 
J ... 

Similar\Y in the second disc (i=2~j the ion density produced by 

the drift of a disc j in the swarm is 

p(2, j) = AY( j )( exp(O{X(2) )-1 )- AY( j )( exp(o(. X( 'I) )-1) 

0~ j ~10 

= E(2) - E( 1). 

The total ion density in the second disc at this time will be 

P(2) = 

The total ion density in a disc i of the swarm path at this time 

is therefore 
J:. :lC. 

'P(i) = ~- p(i,j) (j ~ i). 
J=' 

where 

p(i; ,j) = AY( j )( exp(oe. X( i) -1) -AY( j )( exp( eX. X( i-1)) -1) 

O.:::j ~10 

= E(i) - E(i-1). 

At some later stage in the step-by-step motion towards the anode 

when q;ib, the total positive ion density in a disc i of the swarm 

path will be 
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P(i) = 
J"" \- ... ~~.. 
L p(i,j) 
.J"' ·~. 

where 

p(i,j) = E(i) - E(i-1 ). 

6.5 Development of' the avalanche 

Basically the program may be split into two sections. In 

the first section preliminary calculations of the field distortions 

within the swarm are made when q = 0, 10, 20, etc., i.e. when 

the tail of the swarm is located at the cathode surface, and 

X(10), X(20) ems from the cathode. In these calculations 0{ is 

determined by the applied field and the gas pressure. This 

process is continued until the space charge distortion of the 

applied field exceeds 5 volts/em, or about i~[. of the applied field. 

Further development of the avalanche must then take into account 

local field distortions and their effect upon the ionization rates 

within the swarm. 

If the field distortion exceeds5 volts/em when q = 10 say, 

then the second section of the program operates. Values of F(i) 

are calculated at i = 10, 11, 12, -, -, 31, together with the 

new values of the ionization coefficient at these points. The 

swarm is then advanced h ems towards the anode (X(q) becomes 

X(q+1)), and the new electron and ion distributions are calculated 

using the local values of the ionization coefficient. This second 

section of the program is then repeated until the whole of the 

swarm has passed into the anode. 

- 92 -



In order to correlate the measurements obtained experimentally 

with the computed growth of the electron avalanche, the second 

section also computes the total nwnber of photons emitted from 

each disc element in the path, by exciting collisions during the 

transit of the swarm. The number of photons emitted from a disc 

is proportional to the nwnber of electrons driftiing in that disc. 

So that the nu~ber of photons emitted from a disc i is 

L(i) = E(i-1) "c ,ch K E. (i-1) ,. h 

where C is the cross-sectional area of the swarm, and E. is the 

excitation coefficient. 'rhe computer counts the number of photons 

end. tted from each disc of the path as the swar-.n moves step-by-

step into the anode, and the total number of photons emitted per 

disc is output when X(q) ~d em, (the electrode separation). 

6.6 Field dependence of the ionization excitation coefficients 

The field dependence of' the 1'ownsend primary ioniza ti. on 

coefficient may be expressed empirically as 

A e-(Bp/E) 
o<./p = 

over a certain range of the parameter ~p. Generally accepted 

values for these coefficients in hydrogen are to be found in a 

paper by D. J. Rose<47 ). For 17 ~ E/p ~1 ,000 
0 

ol./p
0 

= 5.1 exp(-138.8)pjE 

where p is the pressure of hydrogen at 0°C. Rose's expression 
0 

becomes 

~p20 = 4.7 exp(-127.8)p2o/E 

if p20 is the gas pressure at 20°C. 
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In the present calculations a slight adjustment was made to 

the constant A, to fit values foro<.. from the above expression to 

values obtained in the experiment. An example of the relation 

used in the computation is 

~/p20 = 4.4 exp(-127.8)p2ofE 

Measurements of E:../p (the excitation coefficient) as a 

function of E/p (F/p""' 20), have been made by Legler( 22 ). 'rhe 

dependence of E,jp upon E/p was found to be similar to that 

between oi./p and F/p, although in general C:../p VIas an order of 

magnitude greater. (At JV'p20 = 25 V cm-1mm-1 , E.jp
20 

= 0.28 

I I -1 -1) quanta em mm electron, c1.. p20 = 0.018 em rnm • The following 

expression for t:/p was used in the calculations 

where D = 

E.a and .,.(a are taken from the published values at the appropriate 

value of E/ p20. 

It is noted that these values for the excitation coefficient 

take into account so-called 'quenching effects •. At hydrogen 

pressures greater than 5 mm Hg, it has been shown( 2 ~,( 22 ) that 

the value of f../p depends not only upon the reduced field, but also 

upon the gas pressure p; £/p decreasing with increasing gas 

pressure. Tvto possible causes of this quenching are: 

1) the absorption of quanta in the gas itself, followed by 

re-emission at some other point; 
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ii) the quenching of excited states by collisions with gas 

molecules. 

Fortunately the imprisonment of radiation is unlikely in molecular 

hydrogen, and at no time was radiation observed from regions in 

front of the electron swar·l'\s in the gap. Corrigan and Von Engel (2 ) 

have shown that imprisonment of radiation was absent at low gas 

pressures, and also the close agreement of Breare's drift velocity 

measurements at p:90 mm with those of Bradbu~ and Nielson, indicates 

that photon-absorption may be neglected at these gas pressures. 

However as the gas pressure increases, the number of collisions 

made by an excited molecule ~ during a mean lifetime, increases, 

and so correspondingly does the probability that the excited state 

will lose its potential energy by sor.te other process than by 

quantum emission. Possible deactivation processes( 21
) concerning 

3 
the 'f: state which gives rise to the hydrogen continuum are g 

and 
l.JE H 
'12 .,. l 2 4H + k. e. 

This effect howeve1·, will not effect the measured values of the 

ionization rate from a particular experimental run, as the measure-

ments were all made at the same gas pressure; further the va.lues 

of oc. were obtained f'rom relative measurements of the areas under 

the pulse oscillograms. 

6. 7 Order of' Computa.tion 

The sequence of operations performed by the computer is 
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shown in the f'lo·N char:t; at the end of this section. Various 

basic Algol structure statements are used in this chart, the 

significance of which will be explained here. (The symbol := 

used in the chart is pronounced n becomes" ) • In general the 

sequence. of operations followed oy the computer is indicated 

by the arrows in the flow chart, however sections of the program 

are identified by labels such as start, run, here, etc, and 

control may be transferred from one section to another (either 

back\vards or forwards), by the use of a go to sta. tement: 

e.g. A --;- goto labelled 
statement start; 

I 
Single conditional statements used take the form: 

!t statement A is ~ ~ perform instruction B. 

In this conditional statement, if statement A is false, then 

instruction B will not be carried out and control will pass 

to the next instruction in the program. 

Alternatively, a double conditional statement may be used: 

e.g. if statement A is true ~perform instruction B 

~ perform instruction C. 

Instructions B and C may themselves oe compound statements 

containing goto statemen~which transfer control to other sections 

of the program. 

A sequence of operations which is repeated many times is 

refered to as a cycle. These cycles are generally terminated in 

one of' the following ways: 

- 96 -



i) Count-terminated cycle; 

£2!: the given initial value I of a counter V, and 

subsequent values changed by a given step S until the given 

limiting value L is passed, do the given action A. 

i.e. !2!:_ V := I step 8 until L !!2_ A; 

ii) Condtion-terminated cycle; 

~ the given initial value of counter V, and subsequent 

values changed according to the given rule R !!!!lle the given 

condition C is true, ~ the given action A. 

i.e. £2!. V.:= I,R ~ C 2£. A; 

Cycles which are required many times during the running of 

the program may be taken from the main body of' the program and 

written out once under the declaration section. Such cycles 

are then ref'ered to as procedures, and each procedure has a name 

known as the procedure identifier. The use of the name in the 

·body of the program is the procedure call, and causes the 

instructions in the cycle to be carried out for particular 

parameters. 

Two such proced.ures are used. in the present program: one 

is a formula for the numerical integration of' a list of numbers 

(Simpson 1 s rule); the other· is to decide whether or not there is 

an even or odd number of elements in the list. (.lin odd number 

of elements is required for summa.tion using Simpson 1 s rule. If 

there happens to be an even number of elements, an additional term, 

equal to zero, ilj added. to the list). 
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Declarations 

I 

Procedures 

_I 

Y. = 0 j 

I 
start: Input data J 
run: I 

Compute electron number density E(i) at X(i) 

££!:. i:=q step 1 until q+20 j 

!f. q=O ~ compute positive ion density P(i) 

at X( 1) j 

I 
!!_ q>O ~ compute P(i) at X(i) 

!.2!:. i: =q-8 step 1 ~q+1 ; 

herea: I 
Compute P(i) at X(i) 

!2£. i·l=q+2 step 1 ~ q+20 ; 

I 
Compute cha-rge density N(i) at X(i) 

for i :=0 step 1 until q+20 j -
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sum: 

Compute field distortion .i!'(i) at X(i) 

Output F(i), P(i), E(i), 

~ i:=q step 4 ~ q+20 ; 

if f'(i)>~;{, of' the applied field e 

go to sum ( 1) ; 

t5£!:. o run ; 

sUI!l( 1 ) : sum(2): 

Compute ~·( i) at X(i) Compute F(i) at X(i) 

£2£ i:=q-1,q,q+1, --- q+21 !2!: i: :0, ·j , 2, 3' --- q+21 

~ X(i)<d ; ~ .r\(i)<d ; 

T 
r 

Compute ionization coefficient t(i) at X(i) 

!2!:. i:=q-1 ,q,q+1 --- q+21 

while X(i) < d; 

e xit: I 
,g_q is a multiple of' 4 

~output .F'(i), P(. ' ~;, .t!:(i \ ;, at X(i) 

f.£!: i: :0' 2 ,4, 6 ---- q+20 

while X(i)(d; -
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i 
I 

! 

~1. -----

(Used during the 

first run only) 

Compute L( i) at X( i) 

~ i::O, 1, 2, 3, --- q; l ------,------
----------------------·--·---------. 

Compute ~(i), P(i), L(i) at X(i) 

for i:=q-1, q, q+1 --- q+21 

~ X(i) <.d ; 

~ X(q) > ~ th~n out:t t(i~ and the 

I photon emission without distortion at X(i) 

1 !:£!:. q = =0, 4, a, q +20 ; 

q::O ; 

goto start 

~--·--·--·--
!£ q is a multiple of 4 

~&>tO SLUR (2) 

( 1 )
\ 

~ goto sum 
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CF..APrER 7 

A DISCUSSION Oli' 'rHE MEASUREMENTS OF 'l'HE 

IONIZATION C OEF]'IC IENT 

The experimental measurements have shown that under certain 

conditions, the growth of primary electron swarms occurs at an 

under-exponential rate. The previous chapter has outlined 

calculations performed to account for thj_s ef'f'ect, based on 

the assurnption that the decreased rate of ionization is caused 

by the build up of a space-charge electric field in the gap, 

produced by concentrations of charged particles. Before the 

results of these ailculations are discussed, other processes 

will be considered Vlhich might lead to similar experimental 

results, but which are discounted. 

7.1 Electron attachment 

A well knovm gas process which leads to reduced values of' 

the ionization coef'ficient is that of electron attach'llent. When 

electrons attach to gas molecules to form negative ions, the large 

mass and low drift velocity of the ions are such they cannot 

ionize other gas molecules by collision. 'l'he net result is that 

ioniz.:ition currents in electro-negative gases tend to rise at 

a rate which is under-exponential. Only a snall number of gases 

are ef'fective in attaching electrons, e. g. oxygen, atomic hydrogen, 

freon, halides, and various other organic molecules; molecular 

nycirogen hardly forms negative ions. 



In the present experiment it has been stated that the gas 

pressure in the discharge vessel rises over a period of four 

hours, from less than 10-6 
mm to 10-4 mm Hg with the pumps closed 

off. Therefore the ratio of the number of impurity molecules 

(e.g. o
2

, N
2

, oil vapour) to hydrogen molecules, per cc, will be 

of the order 1:10
6; the ratio being that of the residual gas 

pressure to the pressure of the working gas. Even assuming that 

the atomic cross-sec"cions for attachment and ionization are similar, 

any reduction in ec: caused by electron attachment to impurity 

molecules will be negligible because of the low concentration of 

these molecules in the working gas. 

If the electrons in a swar;n driftin_g across the electrode 

gap are assumed to be inequilibrium with the electric field, 

i.e. if the energy gained by an electron drifting through one 0111 

-:1 
of the gap is lost in collision processes, then at E/p = 20 v ern 

-1 
mm and a hydrogen pressure of 60 mm 

the energy supplied 

(per em of .path) = 20 )i 60 

to an electron = 1,200 eV. 

So that if 75% of the energy losses are assumed to be dissociation 

loss~s( 2 ) 

the energy lost by 

dissociation in one = 900 eV per electron. 

em of drift path 
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If the number of electrons per swann is 1cP;, then 

the energy lost 10 
== 9 x 10 eV. 

per swarm 

Dissociation losses follow from the cross-section for excitation 
3 

to the ~ u state, and according to the }~rank-Condon principle, 

transition to this state is likely to be associated with an 

energy loss of about 12 eV. Thus the maximum number of hydrogen 

atoms likely to be produced in 1 em of the electrode gap 

9x 1010 
= 2 X 12 

10 
== 1.5 x 10 atoms. 

If the only loss process considered for these atoms is diffusion 

from the gap, then the time taken for hydrogen atoms produced 

on tre central electrode axis to diffuse radially out of 

the drift section is approximately 

t == 

"-~ 3. 3 seconds. 

Where DH is the diffusion coefficient for atomic hydrogen, (3J.~) 

taken to ·oe ~2 cm2/ sec at p:=60 mm Hg, and r ~ 5 ems. After 

this time period, a state of equilibrium will be set up in 

which the rate of production of atoms will equal the loss from 

the electrode~.gap by diffusion. If the swarm repetition rate 

is maintained below 1,000 swarms per second, (a figure chosen 

so that ions produced by the passage of one swarm are lost to 
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the electrodes by drift motion before the appearance of' the next), 

then the number of' hydrogen atoms per cc, in the gap after 3. 3 

seconds will be 

1.5 X 1010 
X d X n 

Volume of the drift section 

10 
1.5 X 10 X 6 X 3,300 

= 
"T1' X 52 

X 6 

6 x 1011 atoms/co. 

However if this figure is compared with the number of hydrogen 
1 ., 

molecules per cc, ( ..... 2 x 10 ts), it is again apparent that the 

probability of electron attachment is extremely small when 

compared with that for collision ionization. 

It is, however, interesting to consider what effect electron 

attaclwent would have upon the shape of the multiplication graphs. 

A quantity a/p has been defined as the number of attachments of 

electrons to molecules, per em of path in the field direction, 

per mm. Hg. The increase in the number of electrons in an electron 

swarm produced in a distance d.x in the field direction, is 

therefore 
dne = ( oL- a) n dx. 

e 

If the number of electrons in the swarm ne is equal to n
0 

at 

X=O, then integrating between 0 and d, 

n In = e (01. -a) d. 
fl. 0 

(7.1) 

The increase in the number of negative ions produced in dx is 

dn = a n d.x, e 

which integrated between 0 and d, and substituting for n
9 

gives 
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n /n 
- 0 

The multiplication rate 

i/i 
0 

= 

= 

= 

a 
0(.-a 

n 
0 

.....L. 
~-o. 

(e(DC.-a)d -1). (7.2) 

(7.1 + 7.2) 

(oe. e(«-a)d -a) • (7. 3) 

A semi-logarithmic plot of this relation when a~o{ is a 

curve which is concave to the d-axis, rather than a straight 

line graph: 

( 7. 4) 

of equation 7.1, for the multiplication of' the electron component 

of the current 
n 

log ~ = (0(.- a) d. 
n 

0 

This predicted departure from linearity is in agreement vdth 

experimental work done by Harrison and Gabelle(4B) in freon, 

Fig. (7.1). It should be noted however, that the departure from 

linearity is obtained by measurement of the current caused by 

the drift of electrons ~ negative ions. Using the optical 

method, only the motion of the electron component of the current 

is observed, and plots of the current as a fw1ction of electrode 

separation in electro-negative gases will be straight lines whose 

slopes are (cL-a). 

Attachment processes therefore, are ~ responsible for 

the curvature of the current growth graphs in the present 

experiment. 
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7.1.2 Experimental factors 

It is also necessary at this stage to consider whether the 

curvature exhibited in the current growth plots may be 

attributed to the method of observation. 

Although the photomultipliers used in the experiments were 

all operated at the recommended voltages, it is possible that 

the output signals were not linear fUnctions of the incident 

light intensities over the range measured. It is also possible 

that the electron current in a tube was approaching a saturation 

level for the higher light intensities. 

The current from a photomultiplier may be calibrated directly 

using a suitable light source placed at various distances from 

the photo-cathode. However, an 'inverse-square law' calibration 

of this kind was not thought to be necessary for the following 

reasons. In the course of the experiments three different photo-

multipliers were used to record the multiplication of low density 

electron swarms in the gap. The overall voltage applied to the 

d;ynodes of these tubes was varied from 1-2 kV, and in each case 

the log n -d plots were linear. This linearity of the plots e 

indicates that the photomultiplier output is a true representa-

tion of the current growth in the electrode gap. 

The non-linear growth curves were obtained only vdth high-

number density electron swarms, and these were reproduci,ble 

despite the considerable variation in the overall ~ode voltage. 

In many cases it was found that the amplitudes of the output 
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pulses were greater in the cases of the low density swarms 

(Vdyhode-high), than when signals from high density swarms 

were detected (vdyn _ - low). Such results indicate that over oue 

the test range of d,ynode voltages, the incident light intensity 

was not sufficient to produce excessive electron currents in 

the tubes. 

It was concluded therefore that the curvature resulted 

from gas processes, and was not characteristic of the method 

of measurement, or of the geometry of the experimental system. 

7.2 Initial conditions 

An account of the method of calculating the effects of space 

charges on the ionization rates in a primacy swarm has already 

been given. Brief~ the electrons in a swarm of finite dimensions 

are considered drifting in an electrode gap in which a uniform 

electric field E is maintained. The electron swarm leaves 

behind positive ions which are considered to be stationary and 

these ions produce an electric f1eld in the gap which tends to 

retard the motion of the electrons towards the anode. In 

particular, this field tends to reduce the rate of ionization 

in the gas. 

The calculations do not take into account the diffUsion of 

the electrons within the swarm, but the values for the radii of 

the swann paths are taken from experimental measurements of 

this radius when the swarm is in the vicinity of the anode. The 
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overall lengths of the swarms in the three casas considered, 

range from 2.9 - 3.5 ems; the actual dimensions are shovm on 

the particle distribution diagrams. 

Secondary action at the cathode is not considered on the 

grounds that the spe.ce charge fields produced by secondary 

electrons will not significantly alter the ionization rates in 

the primary swarm. However the field conditions which secondary 

electrons will encounter during their transit of the gap are 

calculated. 

As indicated in Chapter 4, the number of electrons entering 

the drift section from the cathode has been measured in two ways. 

The electron number shown in the multiplication plots is the 

initial number n , measured using the galvanometer circuit at 
0 

low values of E/p. However measurements of the source emission 

made during the experimental ntns at the operating voltage, 

(Wp "' 23), have shown that the former values for n were too 
0 

low, It has been concluded therefore that the galvanometer 

measurements refer to the horizontal section of the emission 

characteristic in Fig. (4.5), whereas at the operating voltage 

the source emission lay on the upturn of' the characteristic 

and was field dependent. The values of n shovtn in the nlots 0 . 

in Chapter 5 therefore, may only be taken to indicate the 

relative numbers of electrons per swarm emerging from the cathode. The 

graphs have been labelled in this manner because of the inability 

- 108 -



of the oscilloscopic method to resolve accur·a tely values of n 
0 

within the narrow range over which space charge effects could 

be observed. The estimated deviation on the values of n shown 
0 

in Table (2) using the oscilloscopic method was about 25~6. 

It is realized that this field-dependence of the source 

emission is a serious failing in the use of a thermionic source 

in an experiment of this kind. However of the various source 

configurations tested, the present arrangement was the only one 

capable of producing the required electron densities. More 

accurate measurements of the electron starting number would be 

possible with higbez· density swarms, but it seems doubtful at 

this gas pressure, whether such an emission is possible with 

this type of source. 

A possible solution to this problem might be found by 

using a pulsed laser beam to generate electrons from the cathode 

photo-electrically. A more accurate determination of the initial 

electron density would then be possible. 

7. 3 A compa-rison of the- measured and computed growth curves 

The computer results for three sets of experimental data 

are shown in l<'igs. (7.2-7.12), the initial data consi:>ting of 

the experimental conditions for Figs. (5.12, 5.13, and 5.9). 

Figs. (7.2-7.6) show the electron and positive ion distributions 

in the electrode gap at various times, when the trailing edge 

of the swarm was X(12), X(20), X(24), etc., ems from the cathode, 

That is, when the electrons in the last disc shaped element in 
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the swarm were12h, 20h, 24h ems from the cathode. The dashed 

lines in these d-istributions indicate the numbers of' electrons 

calculated without the effects of space charge fields. Under­

neath each distribution is shown the disto1·tion .6-E of the 

applied. field E, at these times. 

:B'ig. ( 7. 7) shows the calculated value of oc. , as seen by 

electrons in a disc in the swarm. 'l'he electrons in this disc 

are located X(q+8) ems from the cathode and are subject to 

the maximum-negative field distortions. The subsequent 

multiplication rate of electron:: in this eighth disc in the 

swarm is shown in Fig. (7.8) for one of three cases considered. 

In Fig. (7.9) a comparison is made between the slopes~*, 

of the experimental and calculated photon-amission graphs. It 

will be remembered that when appreciahlE?. field distortions occur, 

the slope of these graphs may £21 be identified with the 

ionization coefficient o<., because of the field dependence of 

the excitation coefficient e. 
Finally the calculated photon emissions from 6 rnrn sections 

of the swarm paths ar·e shown in Figs. (7.10, 7.11, 7.12), 

together with the experimental growth curves. The dashed lines 

here indicate an exponential growth rate. 
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If the particle distributions in the electrode gap are 

considered first, it may be seen that the initial distribution 

of particles within a swarm changes as the swarm moves across 

the electrode gap, even though diffusive motion is not considered 

in the program. This change in the electron distribution occurs 

with and without the influence of space charges, although the 

effect is accentuated by space charge fields. The initial 

distribution of electrons as a swarm enters the drift section 

is such that the maximum number of electrons per disc occurs 

in the tenth disc, Fig. (6.4). However because of the exponential 

rate of multiplication, and because the swann emerges from the 

cathode over a finite time interval, electrons in the i'ront of 

the swann will have travelled further in the gap than those 

in the centre of the swann. Thus the position of maximum 

electron density will be shifted successively from the tenth 

disc to the eleventh, twelth, etc. This effect becomes more 

marked when the influence of space charges is considered, because 

the multiplication rate of electrons in the swarm centre is 

reduced. l'his forward motion is noticeable in Figs. (7. 2 and 

7.3), and the calculated values for the electron distrlbutions 

with and without space charge effects are shown in Table (5). 

Although this shift in the position of the peak shows in 

plots of the electron distribution in the electrode gap, the 

effect will not invalidate the measurements made of the electron 

drift velocity of low density sv:arms, (n < 10
6). This is so 

0 
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because the positions of the electron maxima were measured from 

oscillogra.ms whici·! showed the variation of' electron density at 

a fixed point in ti1e gap, as a function of time. Thus at this 

point, the electrons had all drifted through the same distance 

in the gap, and consequently had all suf'fered the same degree 

of' amplif'ica tion. In the case of the high density swarms, the 

forward shift of the peak results in a broadening of the oscillo­

gram pulse, making the location of the peak position more difficult 

to detect. 

The position of the disc containing the maximum number of 

positive ions occurs some distance behind the electron maxima, 

while the maximum negative field distortion at a particular time, 

occurs between these two positions. In general this is approxi­

mately X(q+B) em from the cathode, i.e. in the eighth disc 

element in the swarm, counting from the tail of the swarm, 

Figs. (7. 2-1. 6). It is noted that the field in the gap is 

increased behind the swarm, between the swarm and the cathode. 

'l'his enhanced field is caused by the accumulation of positive 

ions, which effectively screen the region from the primary 

electrons in the gap. Similarly ahead of the swarm, the field 

is also considerably enhanced and the electrons in the lead.ing 

edge of the swarm move in this enhanced field. It is seen that 

while the number of electrons produced by collision ionization 

in the centre of the swarm is reduced, there is a slight over-
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exponential growth in the leading edge of the swarm. 

Fig. (7.7) shows the calculated variation of the ionization 

coefficient -.as seen by electrons moving in the eighth disc 

in a svtarm. A steady decrease in ()(. occurs until the front of 

the electron swarm arrives at the anode. The subsequent loss 

of primary electrons from the front of the swarm into the anode, 

causes the ionization coefficient in this eighth _,.disc to 

decrease less rapidly. It appears therefore that the space charge 

fields produced by the electrons in the swarms form a significant 

fraction of' the total-negative field distortion within the 

swarms. The calculated multiplication rate of electrons in the 

eighth disc-element of a swar:n and subject to these negative 

field distortions, is shovm in ]~g. (7.8). 

It is interesting at this stage to compare the results of 

the present calculations in which a swarm of' finite dimensions 

is considered with a theoretical example considered by Francis(49). 

In this paper the motion of a ~-12!!-~ layer is treated. 

The field at the centre of this layer was laoelled Ec' and Et 

and E
1 

at the tailing and leading edges respectively, li'ig. (7.13). 

The number of electrons at x is 

s:dx n = n e • 
X 0 

and by Gauss' theorem, .... 

E E 2"1'in 
s~dx 

= - e • 
c 1 0 
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A simple relationship between at and E was assumed: 

E 
c' 

and the above relation was solved Ylith a constant applied 

field E1 = Ec at the elec trades. An expression for oc. was 

obtained: 

0(.: 
A 

Ax 
1 + Be 

where A = "' + 2 "TT n ec 1 and B = 
0 0 

The variation of the ionization coeff'icientOlwith position 

in the gap is shown in Fig. (7.13), and it is seen that for 

a 10 em gap ot ..,. 0, with the electrons moving through a steadily 

decr~asing local field. In the present experiment the swarm 

motion has been studied over a limited drift section, necessary 

to avoid breakdown of the gap. The particle densities reached 

in l<,rancis 1 theoretical example were not therefore attainable 

with the present apparatus. This limitation on the development 

of the swarm, together with the finite swarm dimensions, prevents 

further reduction of the ionization coefficient, l<~g. (7.7), and 

as would be expected, the use of a large electron swarm rather 

than a thin electron layer, results in a more gradual change 

in 1he ionization coefficient. Fr-c:~.ncis 1 example is therefore an 

idealized case w!dch may not be realized. experimentally. A 

further drawback is that the field distortions are calculated 

using C~uss 1 theorem and thus the method is limited to cases 

where the plane radius is comparable with the electrode radius. 
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When the swarm path approximates to a thin cylinder, too large 

values are obtained for the field. distortions using this method. 

In the present experiment the drift section may be split 

into three sections: the first, in which space charge fields 

have a negligible effect upon eX. , and in which the electron 

multiplication occurs at an exponential rate; the ~econd, in 

which field:distortions areproduced by electrons and positive 

ions causing a rapid decrease in the ionization coefficient 

within the swarm; and the third section, in which the increases 

in the field distortions in the centre of the swarms are 

determined by the positive ions in the gap rather than by the 

electrons, and in which the decrease in ~ is less rapid. These 

three sections are apparent in the calculated values of ~, 

Fig. (7. 7), and also in the calculated and observed slopesOl* 

of the photon emission graphs, Fig. (7.9). The variation of 

* this que.ntity oC... enables a direct comparison to be made between 

the calo.ulated and observed ionization rates across the gap. 

In both cases the ionization coefficient is constant over the 

first one or two ems of the drift section, but then a discon-

tinuity occurs at which both o<. and * oc.. are reduced. This is 

followed by a f'inal section in which the multiplication rate is 

also reduced, but in which the rate of change of ~ and 

less rapid. 

Figs. (7.10-7.12) show the observed and calculated photon 

emissions from 6mm sections of the swann paths. The dashed 

- 115 -



lines in these plots indicate an exponential growth rate. The 

experimental graphs are copies of those shown in Chapter 5, and 

the photon emission is shown·as a function of the photomultiplier 

position. 1'h13 cathode and anode surfaces are located at 1.30 

and 7.47 ems respectively, for the 6.17 em gap. 'rhe calculated 

photon emission curves are plotted between the planes containing 

the electrode surfaces, and the initial linear sections of the 

observed and calculated eurves are superimposed. 1'his a.llev:ia tes 

the nece:>sity of evaluating the quantum eff:bi.ency and gain of 

the photomultiplier, and also the gap geometry factor. These 

quantities are all constants of proportionality which relate 

the number of electrons drifting in a slice of the swarm path 

to the photon emission. 

The calculated curves show;; an under-exponential growth 

rate caused by distortions of the applied field, but this is 

less marked than that observed experimentally. As may be seen 

from Fig. (7.9), the calculated change in slope is not as abrupt 

as in the observed plots, however the three divisions of the 

drift section are·.apparent in both cases. In the simplified 

mOllel used to simulate the development of a primary swarm, it 

will be remembered that the initial axial electron distribution 

was taken to be approximately triangular, and also that the 

electron density in a cross-section of the cylindrical swarm 

path was made uniform. 'fhe rate of change of the ionization 

coefficient is strongly dependent upon the choice of these 
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initial distributions, and a closer fit between the calculated 

and observed curves can be obtained by trying more complicated 

initial distr-itlUtions. If for example, the program werf;l adjusted 

to take into account the radial distri-oution of' electrons within 

a swarm, then more particles would be concentrated around the 

centr·a.l electrode axis, and the discrepancy between the observed 

and calculated curves would be reduced. 

Direct comparison of' the present experimental findings 

with those of other workers is not possible. However some 

experiments have been perfonned to stud,y the ef'f'ec·;,s of space 

charges on single avalanches which developed in highly-stressed 

electrode gaps ( 50 ). Hov;ever to prevent sparking in these gaps 

it is necessary to work in either organic gases, or gas mixtures 

in which the secondary emission coefficients are very low. 'l'he 

experiments are necessarily of a statistical nature, but they 

do show that a reduction of the ionizing efficiency is to be 

expected when avalanches containing more than 5 x 106 electrons are 

considered. E'ig. (7 .14) shows this dependence of the ionization 

coefficient upon the electron number in ether. 

Most of' the theoretical treatments in the literature consider 

idealized cases in which the motion of thin planes of' charge is 

studied. However of particular interest is a series of papers 

(43 51 1~) 
by Ward ' ' , in which mid-gap breakdown is considered on the 

basis of a one-dimensional 'l'ownsend model. The calculations 

were made using a computer to sol-,:e nwnerically the one-dimensional 
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continuity e~uations governing the growth of ionization currents 

in an electrode gap. 1.'he papers are mainly concerned with the gap 

breakdown and possible avalanc:he-st1·eamer transitions, but it is 

noted that during the first stages of the avalanche growth, this 

model also predicts a reduction of the ionizing efficiency within 

the avalanche. However as has been mentioned earlier, field 

distortions calculated using Poisson 1 s equation will be too large 

when the avalanche radius is small compared with the electrode 

radius. Another serious criticism of 11ard 1 s work is that the 

electron energies required in his calcu.li:l.tions to obtain agreement 

with experj.men t, are one-two orders of magnitude above that which 

one would expect in most electron avalanches. 

7.4 Comments 

Summarising briefly, in an experiment in which a primary 

electron swar·m was initiated at the cathode of a plane - parallel 

gap, the calc:ulated rates of growth of electrorswithin the swarm, 

and of the photon emission from sections of' the swarm path, are 

seen to be of the same form as the observed growth curves. That 

is, the field distortions produced within a primary electron swarm 

by the electr·ons and positive ions, act in such a way as to reduce 

the multiplication of the electrons by collision ionization. 

'rhe calculated current growth curves show this under­

exponential growth, caused by field. distortions of 3-4/~ of the 

applied field within the swarm. In general the calculated 

departure from an exponential growth rate is less marked than has 
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been observed experimentally. However this is attributed. to the 

simple particle d.istr·ibution used in the computer program, and. 

also to experimental inaccuracies in determining the initial 

number of electrons in a SV/arm. It is noted that these findings 

refer to ~-steady state cona.i t;ions in which the discharge 

current is prod.uoed by the motion of a single electron avalanche. 

'rhus even though lX/p is below the point of inflexion on the 

cx/p - Ejp curve, a reduction of the total ionization occurs 

during this ~ avalanche transit ~· This resul·t is not 

a contrad.iction of the findings of other workers at these values 

of oe./p. Over a period of many transit times, an increase in 

the total ionization currents is to be expected, (see p .11). 

iihen the initial number of electrons per swarm leaving the 

6 
cathode was kept below a figure of' 10 electrons and the applied 

voltage to the gap was several percent below the gap br·eakdown 

·~roltage, the observed rate of' multiplication of the electrons 

in the swarms was always exponential; the number of electrons at 

a point x ems from the cathode being accurately determined by the 

equation 
eX X 

n = n .a 
X 0 

l'he mean ex1,e:cimental value for o<../p
0 

in hydrogen, corrected to 

-1 -1 
.c;,/p 

0 
= 2) .50 V em rom for electrons in primary swarms was f'o und 

-1 -1 
to be 0.011 em mm 'rhe values taken for o<. in cases where n

0 

>1o6
, .... er-e from the linear sections of' the plots. 'rhis mean 

value lies somewhat below that found by Rose( 47) at this value of 
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_1 -1 
~/p ( ot./p = 0.014 em ' rrun ). However the mean value of ot../p 

O' 0 0 

obtained from the motion of secondary electrons in the experiment 

-1 -1 
was found to be 0.014 em wn It is well lmown that at these 

values of the reduced field, the value of the ionization co-

efficient is strongl,Y de.pendent upon the gas purity in the system, 

anrl the close agreement of the present experimental values for ()(. 

to those given by Rose is a good indication of' the cleanliness 

of the present system, a.nd of' the suitabilit.>;- of the optical ruetho•i 

for measurements of the ioniZt!tion coefficient. 

iU though the growth curves for secondary electron:-;swarms 

produced in the electrode gap were found to be linear, the time 

and spatial resolution in the gap of' these secondary swarms was 

not as good as in the case of' the primary swarms. This was so 

chiefly because of the lower photon emission, and mor·e reliance 

must be placed on the value obtained for primary electrons. 

The field distortions in the electrode gap at times when 

the last of the primary electrons are entering the anode are 

shown in J!'ig. (7.15). It is apparent that secondary electrons 

moving down the central electrode axis, will move in an enhanced 

electric field, and suggests that an over-exponential rate of' 

growth should have been observed for these electrons. However, 

the calculated field distortions shown, refer only to points 

located on the central electrode axis, and the distortions will 

decrease towards the edges of the electrode gap. ~ihile the 

assumption that these distortions do not vary appreciably over 
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the cross-section of the cylindrical path followed by the primary 

swarm is acceptable, (r 
1

. d ~ 5 mm) this cannot be assumed cy J.n er 

to hold over the whole electrode surface (r drif"t section "" 3 ems) • 

Thus only secondary electrons moving along the central electrode 

axis will experience a.ppreciaol,y distorted fields. It has been 

shO\vn previously that secondary emission occurs over most of 

the cathode surface, ~mel hence a conside:cable distortion of the 

applied field would be required before a detectable change in the 

ionization rate :Cor secondary swarms could be observed. 
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CF..APTER 8 

SUGG-ESTIONS FOR FUTURE WORK 

In the experiments to determine the effects of space charge 

fields upon the development of an electron avalanche, one of 

the main difficulties has been the introduction of sufficient~ 

high density swarms into the gap. If more profitable experiments 

are t_o be carried out in hydrogen, with conventional cathodes, 

then the electron density within the diffusion radius of an 

avalanche must be increased by upto an order of magnitude. 

However, as has been indicated, it seems doubtful whether such 

an emission is possible with the present electron source. 

An alternative method by which electrons may be liberated 

from the cathode is that of photo-electric emission from the 

cathode surface. Until recently the number of starting electrons 

produced by this method has been limited by the low intensity 

of the available light sources. (It is noted that the wavelength 

of the incident radiation must be short enough (<3,500~), for 

the associated quantum energies to be greater than the work 

function of the cathode material). However recent research work 

has extended the range fbr coherent radiation emission for gas 

lasers in the spectral band 2,300-4,000~,( 52 ' 53 ) and it is 

anticipated that such light sources will be capable of generating 

the required numbers of starting electrons. This method of 

production has two further advantages: first the emission will 
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not be pressure dependent, and thus experiments may be carried 

out at pressures >90 mm Hg when the spreading of the avalanche 

head by diffusion is negligible; secondly, the energy of the 

swarm electrons may be determined from the work function of the 

cathocl.e material and the v..a.velength of the incident radiation. 

The use of the optical method. has so far been confined. to 

molecular gases in which the mean life-time of the relevant 

excited states is about 1o-8second. It would be interesting 

to experiment w:Lth aton1ic gases in which the higher ionization 

coefficient would accelerate the onset of space charge conditions; 

of particular interest then would be to see whether the already 

increased ionization rates in the front of a swarm are still 

further enhanced by the space charge fields. However it is 

noted here that the existence of long-lived excited states in 

atomic gases would reduce the spatial electron rezolution of 

the method of observation. In helium for ins-tance, be re-

absorption of resommce light, the mean lifetime of excited 

states is prolonged to 10-7 second. During this time period 

the original exciting electrons would have moved about a em 

from the point of the exciting collision. It is also noted that 

while an increase in the electron multiplication rate in the 

drift section would be obtained, a close approach to the break­

down voltage would be more difficult in these gases, because of 

the increaseo. secondary emission coefficients. 
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In order to avoid breakdown in the gap it was necessary in 

the experiments to limit the length of' the drift section and 

hence the ::unplification of the swarms. However the computer 

simulation of an a11llanche development is not subject to this 

practical limitation, and it would be of considerable interest 

to allow the avalanche motion to continue until the field 

distl)rtions became comparable with the applied field. To do 

this, the present program would need some revision to make more 

economical use of computer time, or alternatively, access to 

a faster computer syste!ll would be required= 

It has been shown that when the ionization rates in the 

gap are low, the method of observation can be used to stu~ 

directly the effects of drift and diffusion on the motion of 

electron swarms. Additional measurements are required hem to 

determine more completely the radial and axial rates of diffusion 

within the swarms, and of particular interest would be a study 

of these effects over a wide range of gas pressures, (1<p<100 mm Hg). 
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Appendix I 

The Computer Program 

Parameter changes 

n == B 
0 

0.005E == field 

o(. == T A . constA ·= 
o<.(i) == t(i) B 3-:..: constB 

E 
£a 

excite == e == o<.a 
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ESTABLISH D0737DMOOJPU; Avalanche Distortion; 0/PL 

begin libra~ AO,A6; 
integer i,j,c,m,n,z,u,v,w,x,b; 
real A,T,r,e,B,C,d,pres,constA,constB,excite, 
---- field; 
~ array X( 1 :1 OOl, Y( 0:20) ,E( 1:1 OO),p("l: 1 00,1 : 20), 

P( 0:100 ,N( 0:~ 00), Z( O:·J 00), a( 0:1 00) ,F( 0:1 00), 
t(0:100 ,1(0:100); 

Boolean procedure even(m); value m; integer m; 
begin even:; !f m-(m~2)*2=0 ~ ~ ~ false; 
~; 

~procedure simps(m,n); integer m,n; 
begin real O,Q,R; 

0: =N( m)':' a( m)+N( n)lll a( n); 
Q:=O; 
.![ n=3 ~ ~ ~ hered; 
.!2!: i:=m+2 step 2 u.!!!!1 n-2 .2£ 
Q:=Q+2'~N( i)*a i); 

hered: R: =0; 
if n=3 then 

begin R7=4*N(2)*a(2); 
goto heref; 

end· _, 
for i:=m+1 step 2 until n-1 do 
ii:'::R+4*N(i)*a i); 

heref: simps:=(O+Q+R)'~h/3; 
,!!!!!; 
open(20): open(30); 
start: q: =0; 
input h,B,T,r,e,d,pres,constA,constB,x,excite,field; 

begin 

end• _, 

for i: =0 step 1 
x( i): =i*h; 
for j:=O step 1 
Y(j):=j>:rh; 2 
C: =3, 14;1 6* r ; 
A:•O; 2 A: =B/( 1 oo=~c* h ) ; 
b:=O; 
for i: =q step 1 
L( i) :=0; 
E( i): =0; 

until 100 do -
until 20 .2£; 

until ·1 00 do -
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run: 
begin 

end· _, 

beginS 

end· _, 

shorta: 

begin 
begin 

end• _, 
end• _, 
here a: 
begin 
begin 

end• _, 
end· _, 
begin 
begin 

end· _, 
~; 

begin 
begin 

end· _, 
end· _, 
heree: 

~ i:=q step 1 until q+1 0 .£2 
j:=i-q; 
if X( i }<d then 
'Efi): =(A>liY"{JF'( exp( T'~X( i))); 

f2!: i: =q+11 step 1 until q+20 .£2 
j :=i-q; 
if X( i )<d then 
i[i):=(2*A*Y(10)-A*Y(j))*(exp(T*X(i))); 

g q)O ~ go to shorta; 
i:=1 ; 
for j: =1 stet 1 until 1 0 do 
p(i,j):=(A'~Y j))"'(exp(T*X"[i)-1 ); 
for j: =·11 step 1 until 20 do 
p( i, j): =( 2* A*Y( 1 0) -A"'Y( j) )*r exp( T*X( i ))-1 ) ; 
!! q=O then goto herea; 
!£!: i:=q-8 step 1 until q+1 ~ 
f2!: j: =1 step 1 until 1 0 .2£ 
if j~i then p(i,j):=O else 
p[i, j): =(A*Y( j) )*( exp(T'::X( i) )-1 )-(A*Y( j) )•l< 

( exp( T*X( i-1 ) )-1 ) ; 

!2.!: i:= q+2 step ·1 until q+1 0 .2,2 
f.2!: j: =1 step 1 until 1 0 ~ 
,!! j<i-q ~ p(i,j):=O ~ 
if X( i )>d then p( i, j) :-=0 else 
p[i, j): =(A*Y( j) )·~( exp( T~·xt'ITI-1 )-

(A*Y(j))*(exp(T*X(i.:..1 ))-1 ); 

g q=O ~ goto heree; 
!2!, i:=q+2 step 1 until q+1 0 ~ 
for j: =11 ster 1 until 20 do 
g j:li ~ p i,j):=O else-
if X(i)>d then p(i,j):=O else 
Pfi,j):=(2~(10)-A*Y(j))*texp(T*X(i))-1 )-

( 2':'A*Y( 1 0 )-A*Y( j) )* ( exp( T*X( i-1 ) )-1 ) ; 

!2.!: i:=q+·l1 step 1 until q+20 §a 
£.2!: j: =11 step ·J until 20 ~ 
.!£ j<i-q ~ p(i,j):=O ~ 
if X(i)>d then p(i,j):=O else 
Pfi, j) :=( 2*'i*Y(1 0)-A'~Y( j) )·~( exp(T*X( i) )-1 )­

( 2'l'A*Y(-1 0)-A*Y( j) )*( exp(T*X( i-1))-1); 

Soto hereg; 
f2!: i: =q+ 2 step 1 until q+ 20 ,2;2 
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begin 
begin 

end• _, 
end· _, 
he reg: 
begin 

shortb: 

begin 
begin 

end· _, 
end· _, 

sum: 
begin 
begin 

begin 

end· _, 
end· _, 

begin 

end· _, 

begin 
end· _, 
begin 

end· _, 
hereb: 

!2!: j:=11 step 1 ~ 20 ~ 
if j<i-q ~ p(i,j):=O ~ 
if X(i)>d ~ p(i,j):=O else 
'Pri, j): =( 2*A$Y( 1 0)-A~'Y( j) )*( exp( T*X( i) )-1 )-

( 2* A*Y( 1 0 )-A*Y( j) )* ( exp( T*X( i-1-1 ) )-1 ) ; 

.!2£ i: =q+11 step 1 until q+20 ~ 
for j: =·I step 1 until 1 0 ,2;2 
P'[i(j):=O; 
:P( OJ :=0; 
if q>O ~ got a shortb; 
for i: =q step 1 until 1 00 ~ 
P( i): =0; 
if q~20 then z:=q-8 else z:=1; 
f2r i: =z step ·1 until q+20 .2:.2, 
fo: j:=1. )tep 1. ~til 20 ~ 
P(~):=P(~ + p(~,J); 
p(i,j):=O; 

for i: =0 s Jep 1 until 1 00 .2:2, 
N(i):=(P(i -E(i); 
u:=O; 
v:=20; 
w:=h; 
!2£ c:=u step w until v ,2:2 
if w=4 th2.!! m: =q+c ~ 
m:=o; 
.£: q-(q+x)*#O ~ 
g m<q ~ goto distor; 
g m>q +20 ~ goto distor; 

if w=4 then n:=q+20 else n:=v; 
F\m):=O;- -
.!2!i: =m step 1 w1til n .2:,2 

Z(i):=X(i)-Xlf~i 2 2 
a( i): =1 .6*1 0 /17. 7~'( 1-Z( i)/sqrt(Z( i) +r ) ) ; 

if w=4 then 
g c=20 then goto hereb; 

if w=1 then 
.!.! X(c)>d then goto exit; 
if even(m) then n:=n-1; 
F[ m): =simps( m, n); 
F(m): =F(m)-2'l<N( m)•)a(m)*h/3; 
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begin 

end· _, 

hereo: 
begin 
end· _, 
begin 
begin 

end· _, 
end· _, 
begin 

end· _, 
dis tor: 
end· _, 

begin 
end· _, 

begin 

end· _, 

exit: 
begin 
begin 
end· _, 
begin 
end· _, 
end· _, 

,!! m ~3 ~ go to he reo; 
for i: =1 step 1 until m-1 do 
i{T):=X(m~~); - 2 2 
a( i): =1 .6*1 0 /17. 7'~( 1-Z( i)/sqrt(z( i) +r ) ) ; 

n:=m-1; 
if even (n) ~ F(m):=F(m)-simps(O,n) ~ 
F[m):=F(m)-simps(1,n); 

write F(m), X(m); 

if w=1 then 
If rnsq :;'20then 
If m~q then-
t( m): =oonstA*pres*exp( -constB')pres/( 1 o3·~( e+F(m)))); 
goto distor; 

if abs(F(m))>field then 
vt=50; -
u:=O; 
w:=1 ; 
goto sum 

g w=·l ~ goto exit; 
if q~20 then z:=q-8 else z:=O; 
Tor i: =z Jtep 2 until q+20 do 
Write X( i ,c~·h~·p( i) ,C"'h"~E( i}; 

q:=q+1 0; 
for i: =0 step 1 until q-1 do 
E(i):=O; 
if d<X(q+1) then 
-q·-0· -.- I 

goto start; 

goto run; 
if q-(q•x)*x=O then 
f2r i:=O,i+4- w~X(i)<d ~ 
write X(i),F(i); 

for i:=~, i+2 while i<q+20 do 
write X( i) ,C"'h*P( i) ,C*h101 E( i}; 

q: =q+1 ; 
b:=b+1; 

if b=1 ~ 
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begin 
begin 

end· _, 

begin 

end· _, 
end; 
begin 
begin 

end• -' else 
beiin 

end• _, 

end• _, 

begin 
begin 
-end-• _, 

end• _, 

end -

!2.!: i:=q+1 step 1 until q+1 0 ~ 
z:=O; 
~ j:=O step 1 until i-q ~ 
z:=Z+j; 
L(i):=B*(1-z/1 OO)*exp(T*X(i-1 )*T*excite~'h; 

!2£ i: =q+11 s•ep 1 until q+19 ~ 
z:=55; 
.!2:: j:=9 step -1 until 20-i+q !2 
z:=z+j; 
L( i) :=B*( 1-z/1 OO)*exp(T"'X( i-1 )*T"'excite*h; 

~ i:=q+20 step -1 until q+1 ~ 
if X(i)>d ~ 
Eri) :=0; 
L(i):=O; 

L(i):=L(i)+E(i-1 )*C*h*t(i-1)*excite*h; 
E(i):=E(i-1 )"'exp(t(i-1 )*h); 

j:=i-q; 
if.X~i)>d ~he~ p(itj):=O ~ 
Pfl.,J):=E(l.)-... (i-1 }i 
P(i):=P(i)+p(i,j); 

E( q) :=0; 
E( q-1) :=0; 
for i:=9--1 ster 1 until q+20 .2;2 
N(i):=Pli) - E i); 
if d<X(q) then 
fOr i:=2, ~while X(i) d do 
write X( i),L( i)B*exp(T*X( i-1}·~T*excite*h; 

q:=O; 
~start 

u:=O; 
write q; 
goto sum 
close {20); close (30); 
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Appendix II 

Ga.s Breakdown in U. H. F. Fields 

During the period Oct. 1963-Dec. 1964, the author and 

Mr. R. Kirkwood continued experiments which were begun in the 

University by Messrs. Rowbotham and Monk. These experiments 

were initially designed to measure the formative and statistical 

time lags.·· associated with gas breakdown at 187 !:11c/sec. Later 

work by Boyer and Earl increased the sensitivity of the apparatus 

and formative delays ranging from 0.2-400 ~sec were measured 

as a function of gap overvoltage in both molecular and atomic 

gases. 

The apparatus used to measure these time lags is described 

fully elsewhere, (Prowse, Rowbotham, and Monk( 54\ Boyer(55)), 

briefly however, the method is based on the use of an oscillator 

giving a long pulse, (400 ms.), at 187 Mc/s. This voltage pulse 

is applied across a plane-parallel gap by means of an open-ended, 

coaxial transmission line, which is approximately two wavelengths 

long, ( -165 ems). A time-zero is then set by the firing of an 

auxiliary spark gap which provides photo-electrons between the 

electrodes. The envelope of the uhf voltage pulse is displayed 

on an oscilloscope by means of a piston attenuator and rectifying 

circuit, and the delays may be measured from oscillograms of 

the collapse of the gap voltage. 

1'his collapse of' the gap voltage indicates three stages 

in the formation of a discharge: 
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i) pre-breakdown current growth; 

ii) the transition stage between a non-conducting and 

highly conducting states; 

iii) post-breakdown or maintenance conditions. The more 

recent measurements by Boyer have indicated that during the 

pr·e-breakdown current growth the controlling process in the 

discharge is electron diffusion. Whereas in all the gases 

considered, it was found thu.t the maintenance fields were 

consistent with electron losses by ambi-polar diffusion. 

During the period indicated, the author with Mr. R. Kirkwood 

continued the investigation in the transition stage, and attempted 

to measure directly the electron population in the gap from 

the occurrence of the initial ionization, until a maintained 

discharge was established. 'l'he method of approach to the proble:n 

was to employ a bridge circuit in the existing apparatus in 

order to separate the conduction current in the gap from the 

associated capacitative currents. However considerable difficulties 

were encountered using such circuits to measure these high­

frequency transient currents, and in particular it was found 

that cross-coupling occurred between the transmission line 

and the detector used in the bridge circuit. In adcli tion it was 

found that as1ymetrical leakage impedances were associated with 

the circuit, and these proved to be of sufficient mat;ni tude to 

swamp the effects of the variable bridge elements and also to 

introduce phase displacements between the voltages to be balanced. 
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.Although some preliminary results were obtained, it was 

concluded that the brid.ge circuits developed were more sui ted 

for measurements of steady currents in a maintained discharge. 

The transient current experiments were therefore discontinued 

at this juncture although a successful investigation into 

the variance of' maintenance potentials with conduction currents 

has since been carried out by Mr. Kirkwood. In his experiments 

particular attention bas been paid to the determination of the 

plmse angle between the displacement and conduction currents. 
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