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PREPACB 

iMs thosis describes experiments which have been performed at 
Durhaia investigate the behaviour of electron swarms moving i n a parallel 
plate gap under the influence of a unidirectional electric f i e l d on 
which io superimposed an tiltra-high-frequency f i e l d of 48 Mc/second. 

• HLeetrons are emitted into the gap through holes i n one of the 
plates and novo across the gap under the influence of the dc f i e l d . The 
uhf tleld. oorves to increase the energy of the electrons i n the gap, 
and i f this energy i s higli enough ionization occurs. 

IlOasuraflents have been made i n several gases on the amplification 
of the strote of electrons crossing the gap, and of the uhf f i e l d required 
to cause electrical breakdown. Other measurements have been made i n an 
attempt to determine the nature of electron flow through the holes i n 
the emiotinr; electrode. 

Frou theorietical ccaisiderations of d r i f t , diffusion and ionization, 
an expression i s derived for amplification i n the electron stream Miich 
i s alioT/n to be i n reasonable agreement with the experimental results for 

the gases tested. 
The l a t t e r half of this thesis deals with investigations into the 

effects of the generation of residixal voltages i n the gap by charging at 
the electrode surfaces under the influence of unidirectional current flow, 
A rigorous quantitative analysis of these effects has not yet been found, 
and tiiorefore i t has not been possible to take them into account i n the 



theoretical e:rpression for amplification. Hovrcvor i f the currents flotdng 
i n the ^ap ere kept small, i t i s concluded that the effects of residual 
volta^a arc ne^^ligible, and therefore does not invalidate the conpailson 
made botrrecn theoiy and experiments. • 
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CHAPTER 1 

INTRODUCTION 
A gas i n the normal state is almost a perfect insulator, but when 

a steadily increasing electrical stress i s applied, a stage i s reached 
when suddenly the gas becomes conducting. SEhe f i e l d strength at which 
this occurs, the breakdown stress, Ê , was observed by early workers to 
be a function of the nature of the gas and "the pressure. Later woikers 
discovered that other variables affecting were the electrode material, 
geometry, and the frequency of the applied f i e l d . Once the gas has be­
come conducting, visible radiation i s emitted, characteristic of the gas 
under stress. 

Since the early days of the work, many attempts, notably by Townsend 
and Ills school, have been made to e:q)lain the mechanisms which lead up 
to breakdown. I t was discovered that breakdown i s not a sudden change 
from the non-conducting to the conducting state, but one which occurs 
over a f i n i t e period of time, i.e. the formative time. I t i s now known 
that ionization of the gas by the collision of free electrons with gas 
atoms or molecules i s one of the chief factors contributing to breakdown, 
and this mechanism has been studied i n detail by many workers. This 
thesis, describing work v/hich is a continuation of that begun by Nlcholls^^^ 
(1960) and Long^^\l962), i s concerned primarily with those processes 
leading up to breakdown i n several common gases under the influence of 
combined unidirectional and ultra-high-frequency electric fields. I t i s 
hoped tliat the present study w i l l yield valuable information about the 
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nature of electron flow i n such a system. 

1. Processes leading to breakdown 

1.1 The generation of electrons 
Electrons moving i n a gas suffer many collisions with gas molecules, 

and as a result they acquire a certain distribution of energies. (The 
Maxwillian distribution i s a good approximation for the molecular gases, 
and the Druyvestyn distribution for the rare gases). I f some of the 
electrons have sufficient energy, inelastic collisions with gas molecules 
can occur. EsBitation occurs when some of the kinetic energy of the 
colliding electron i s converted into the p o t ^ t i a l energy required to 
l i f t one of t!:ie atomic electrons into a higher energy level. Ifediation 
i s emitted when this electron decays back to i t s i n i t i a l state. When the 
colliding electron lias higher energy, enough* may be transferred to ionize 
the atom or molecule. Thus a free electron i s generated, and this, to­
gether with the original electron may ionize other atoms or molecules, i n 
the same way, starting o f f the chain of events leading to an electron 
avalanche, and hence breakdown. (Townsend^^*^*^^). 

1.2 Losses of electrons 
In order to discuss breakdown, the electron loss processes must be 

taken into account. Electrons may be lost by d r i f t i n g to one of the 
electrodes under the influence of the applied electric f i e l d , or by d i f ­
fusion to the boiindary of the system. These two processes are discussed 
and compared i n detail i n a later chapter of this thesis. 

Electrons may be lost i n the volume of the gas by recocibining with 
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positive ions to form neutral atoms or molecules, or they may form 

negative ions with neutral atoms or molecules. However i n most of the 

common gases studied, at least under normal laboratory conditions, these 

two effects are negligible compared with d r i f t and diffusion. 

1.3 The criterion f o r breakdown 

The criterion f o r breakdown i s that for eveiy electron i n the gap 

which i s lost (one way or another), at least one new electron i s generated. 

Considv*' vlis balance between these processes for a given elementary 

volume of the discharge. The equation of continuity, describing the rate 

at which electrons enter or leave the volume by various processes i s 

given by ToTmsend̂ ^̂  as 

^ D 5t •••• 

where n i s the electron density, D is the coefficient of diff\ision (des­

cribed i n greater detail i n |2), i s the electron mobility, and the 

applied unidirectional electric f i e l d . 
The rate of loss of electrons from the volume by diffusion i s 

represented by the term y^(D.n), the rate of loss by d r i f t by - 5 — • ^ . 

The net rate at which electrons are generated within the volume is 
represeiited by y^n, where y i s the ionisation rate, taking into account 
i n this case a l l secondary electron generation processes, as well as 
collision ionisation. The rate at which electrons are supplied hy some 

external source is x. 
Finally, j-^ represents the rate at which the electron density within 

the volume changes with time. When the system i s i n a state of equilibrium, 
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this tends to zero. 
I f the overall loss rate exceeds ths overall generation rate, 

electrons must be supplied from an external source i n order to maintain 
the discharge, equilibrium being established between the current injected 
and that lost from the discharge. 

However i f the loss rate i s less than the overall generation rate, 
equilibrium can now be achieved by the internal generation and loss pro­
cesses, alonei so long as enough electrical energy i s supplied to the 
system. 

1.4 Breakdom i n unidirectional gields 
Electrons starting at the cathode are swept tov.ards the anode In 

the applied dc f i e l d . When the voltage is high enough for multiplication 
to occur, an electron avalanche is formed, which i s ranoved from the gas 
on reaching tiie anode. Losses of electrons by both diffusion and d r i f t 
are considerable, and collision ionization i n the gas i s not sufficient 
alone to maintain the discharge. However the balance between the genera­
tion and loss processes required to keep the tischarge running i s pre­
served by the action of secondary electron generation effects, as described 
i n §1 . 7. 

Thus the discharge can be maintained without the help of an external 

source of electrons. 

Important quantities used to describe breakdown i n unidirectional 

fields are Sd and pd, where d i s the electrode spacing, E the electric 

f i e l d , and p the pressure. 
-4 -
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1,5 Breakdown i n oscillatory fields 
In vmidirectlonal f i e l d s , as described above, the electron avalanche 

is swept s t r a i ^ t to the anode and lost (see Fig. 1.1a). I f the applied 

f i e l d i s oscillatory, but the frequency is low, electrons are swept 

alternatively to each electrode i n turn, with the same result (see Pig. 

1,1b).. At higher frequencies, however, the direction of motion of the 

i^lectron swarm i s reversed at the end of a half cycle before the swarm 

has reached l:!-o electrode, and 1; not lost as before (see Pig. I . l o ) . 

Instead, the electrons oscillate to and fro i n the gap, with no losses 

by d r i f t except i n the regions close to the electrodes (Schneider^^^^). 

\^en multiplication occurs i n the gasj the electron concentration bmlds 

up i n the gap due to the many successive avalanches which occur i n 

successive half cycles of the f i e l d . Breakdown i s produced with applied 

fields much lower than i n the unidirectional case, the ratio being about 

1:2, ( & i l l and Doneldson^^^; Gutton and Gutton^^^. This i s because 

losses of electrons are considerably reduced by the absence (almost) of 

d r i f t . The predominant removal mechanism i s now diffusion to the electrodes 

or to the walls of the vessel. Thus some high frequency discharges are 

known as •diffusion-controlled' discharges. The same criterion for break­

down applies as l a the unidirectional ease, but becomes simplified i n 

that diffusion is effectively the only active removal mechanism, except 

i n the attaching or recombining gases. 

The continuity equation now i s 
D.V^.n +y/.n = 0 . . . . 1.2 
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( 1 2 ) 
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•Fig l e 2 . - E A ,pA curves f o r HydrogenCBranches occur 
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than d i f f u s i o n s t a r t t o appear). 

A i r , , 

FiA-.lo3 . t y p i c a l curves of' i / i a gainst gap w i d t h , d, 



(Herlin and BroTOi^''^^). 

From the solution of t h i s , the breakdown condition i s given as 

If/ = I>//V^, where A , the d i f f u s i o n length of the gap i s a convenient 

quantity to define the gap geometry, and i s an indication of the mean 

distance an electron must diffuse before i t reaches a boundaiy. For a 

system where the electrodes consist of two p a m l l e l discs 

where d and a are the gap width and electrode radius respectively. !?he 

f i r s t t e r n represents electron losses a x i a l l y , and the second term losses 

i ^ d i a l l i ' . 

One of the results of t h i s diffusion theory i s that the breakdown 

stress w i l l be constant f o r a given gas and pressure f o r various gap 

geometries, provided that A i s constant also, Herlin and Brown^^^^ showed 
(12) 

t h i s to be true experimentally. Later, Prowse and Clark^ ' showed that 

since D i s a function of E^p, (where i s the rms value of the high 

frequency f i e l d ) , the curve of pA against E A f o r breakdown, (analogous 

to the lid vs. pd curves i n the unidirectional case) should be unique f o r 

any one gas, and they tested the theory successfully at a frequency of 

f 5 Mcs/second. 2hus the d i f f u s i o n theory f o r pure high frequency discharges 

was shown to bo v a l i d . (See Fig, 1.2). 
1.6 BreokdoTm incpabined unidirectional and uhf o s c i l l a t o r y f i e l d s 

Vamerin and Brown^^^^ have studied the case where a small lani-
a l 

d i r e c t i o j / f i e l d , E^^, i s superimposed on the uhf f i e l d (see Fig. I . l d ) . 
Providin; that 3, « E , i t was shown that the diffusion theory s t i l l 

^ , ox; u 
-6-



holds i f A i s modified to A where 
m 

= (1 /A )^ ^ (V ^ - ^ / f ^ ) ^ 1-4 
This was obtained f o r the case where the only source of electrons i s 

casual, hut i t may be extended to apply to case where the majority of 

electrons are concentrated at the centre of the gap, f o r example when the 

electron density d i s t r i b u t i o n across the gap i s approximately sinusoidal. 

The uhf voltage required to break the gap down increases unifonnly 

as the applL.;:- do f i e l d i s incre. sed owing to the increase i n electron 

losses by the introduction of d r i f t , 

1,7 Amplification of an injected stream of electrons 

Consider a system i n which electrons are emitted from a point on 

one electrode l i f a p a r a l l e l - p l a t e assembly i n t o a gas stressed by a 

ii n i d i r e c t i o n a l f i e l d tending to sweep them towards the opposite electrode. 

Let i ^ be the current emitted, and i the current collected a t the anode. 

Assuming that single-stage c o l l i s i o n ionization i s the only electron 

generation process occurring, Townsend^^*^*^^ derived the expression 

i / i = e » .... i.p 
^ o 

where i s Townsend's f i r s t ionization c o e f f i c i e n t , being the number of 

ion i z i n g c o l l i s i o n s made by each electron i n each centimetre that i t 

d r i f t s through the ̂ s , and depending on the electron energy d i s t r i b u t i o n , 

and hence on i/p. I f y/ i s the ionization rate, then (f'= Vrot , where 

W i s the velocity that the electron d r i f t s through the gas. 

I f c o l l i s i o n i onization were the only electron generation process 

occurring i n the gas, the curve of l o g i / i o against d would be a straight 
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l i n e . Tovaisend's experimental restilts show t h i s to be true f o r small 

gap widths, but f o r longer gaps, the curve departs upwards from l i n e a r i t y , 

amplification taking values larger than those predicted by the simple 

theory (see Fig. 1.3). Townsend f i r s t interpreted t h i s departure from 

the theory i n terms of a secondary process i n which positive ions generated 

by c o l l i s i o n i o n i z a t i o n , ( i . e . theo^-process), themselves c o l l i d e with 

gas molecules and produce ion pairs ( i . e . the(3-process). However i t was 

l a t e r established that c o l l i s i o n ionization of the gas by positive ions 

under normal breakdown conditions i s not energetically possible, A more 

l i k e l y theory of secondary electron generation was suggested, i n which 

positive ions and photons generated i n the gap by the oi and excitation 

processes s t r i k e the cathode and release electrons from the surface. 

The expression f o r i/i^ was modified to take t h i s i n t o aoootuat, thus 

./. oidi/f^ w ^(oid-l)N ^ (• y± = e / ( 1 - n • e )• 

where w i s the number of secondary electrons produced at the cathode 

per electron on the ^ p . 

The breakdown condition i s s a t i s f i e d when 

1 = 5 . e ^ ^ ^ ~ ^ ^ i ftom Eq. I.e. 

This i s Townsend's c r i t e r i o n f o r breakdown i n unidirectional 3lds. 

Townsend's theory does not take i n t o account the effects of diff\ision. 

I n recent work, Lucas^^^^, has calculated an expression f o r amplification 

i n the presence of diffusion. Later chapters i n t h i s thesis describe 

measurements of amplification when the injected electron stream i s sub­

jected t o combined high frequency and unidirectional f i e l d s . Here, 
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d i f f \ i s i o n may be expected to become even more important, and much 

of t h i s tliesis i s devoted to problems connected with t h i s p o s s i b i l i t y . 

1.8 Choice of suitable ionization coefficients f o r uhf conditions 

\7hen a unidirectional e l e c t r i c f i e l d i s applied to the gap, the 

electron flow i n the gap below breakdown i s predominantly d r i f t con­

t r o l l e d . Vihen ionization occurs, Townsend's f i r s t ionization co­

e f f i c i e n t , o( , i s commonly used, being the number of ionizing c o l l i s i o n s 

an electron nakes i n one centiin::tre that i t has d r i f t e d . I n the case 

where a uhf f i e l d i s applied, electron flow i s predominantly diff\ision 

controlled, and Herlin and Brown^^^^ suggested that i s a suitable 

i o n i i i a t i o n c o e f f i c i e n t , being proportional to the nuaber of ionizing 

c o l l i s i o n s an electron makes i n d i f f u s i n g a u n i t distance. 

At breakdovrti, Vf̂ /D may be easily obtained from the breakdown condi-

t i o n , /\ = D/ĝ  , but the task i s not so easy below breakdown. Attempts 
(1) 

to obtain ^ b y Hicholls^ ' from measurements of ionization currents 

flowing i n combined do and uhf f i e l d s were not e n t i r e l y successful because 

at that time the nature of electron flow i n the gap was not f u l l y under­

stood f o r these conditions. (See Chapter 2). 

2, Diffusion of electrons i n a gas 

I n view of the importance of electron d i f f u s i o n i n the present study, 

some of the important aspects are aiscussed here i n the introduction. 
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2,1 Basic d i f f u s i o n relations 

Electrons i n a gas are constantly c o l l i d i n g with molecules of the 

gas, and thus come i n t o thermal equilibrium with the gas. I n time, 

any concentration of electrons w i l l move such that, provided there are 

regions of weaker concentrations of them, the i n i t i a l concentration i s 

decreased. This motion tends to bring about a uiiiform density of electrons 

i n the hodi' of the gas. Once th i s haa been achieved, the diffusion 

process str'."'. continues, but no; with the net effect that the electron 

density d i s t r i b u t i o n i n the system does not a l t e r further, a steady state 

having been reached, 

Pick's Law describes the behaviour of such a qrstem when no external 

f i e l d s are applied. Consider a plane drawn i n a gas along a direction 

where the electron density i s constant. Let the electron density at 

t h i s point be n, and the concentration gradient at t h i s plane be i r / ^ x . 

Then Pick's Law states that the electron flow crossing unit area of the 

plane per second i s D, br/bjE> where D, the electron diffusion coefficient 

i s given by 

D = X c/3 ,,..1.7 

where A i s the mean free path between c o l l i s i o n s that an electron makes 

with gas molecviles, and o i s the average random velocity of electrons, 

assuming a lloxwellian d i s t r i b u t i o n . 

Now consider two such planes, A and B, (see Pig, 1.4), of un i t area, 

separated by a small distance 6 x. I f at time t , the electron concen­

t r a t i o n i s n at plane A, then at B, i t w i l l be n - {li)/hx)Sx. 
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From Pick's Law, the number of electrons flowing i n t o A i n a small 

time i n t e r v a l S t w i l l be D(^ x) St* '., and the outflow from B w i l l 

be 
D ( > . V i x ) 8 t - D( i V ^ x ^ ) S x . 6 t , 

Then the volume contained by A and B gains a net t o t a l of D( \^ti/'^x^)Sx 

electrons, per second. 

Thus the rate of change of electron concentration i s given by 

t = D. h^ii/hx^ .... 1.8 

I n three dinensions t h i s becomes, hn/^t = D.V^n. .... 1,9 

This i s the equation of continuily f o r electron flow i n and out of the 

region (d:-:,oly,dz) f o r the case when no external e l e c t r i c f i e l d i s applied. 

(V/hen an e l e c t r i c f i e l d i s applied terms must be added to t h i s expression 

to account f o r d r i f t , i o n i z a t i o n , and other effects which might affe c t 

the.flow of electrons, (see Eq. 1,1). 

I t i s of considerable in t e r e s t to compare the above re l a t i o n with 

the expression f o r h&at flow i n a conducting medium. 

i.e. k i ^ J ^ / d x ^ = h^/6tf i n the one dimensional case .... 1.10 

where h(t>/ht, the rate of change of temperature i n the element (dx,dy,dz), 

i s d i r e c t l y analogous to ̂  n/^t, the rate of change of electron density 

i n Bq. 1.8, and / i s s i m i l a r l y d i r e c t l y analogous to ^^ti/hx^ 

and where k = E/CT S, K being the coef f i c i e n t of thermal conductivity, cr 

the density of the material and s the specific heat of the material. 

Both D and k have i m i t s of cm /second, and k has come to be known as 

the 'temperature d i f f u s i v i t y ' . 
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I t i s sometimes very useful to be able to think of a di f f u s i o n 

problem i n terms of the d i r e c t l y analogous problem i n thermal conductivity. 

The solutions of Eqs. 1.8 and 1,10 are i d e n t i c a l i n form. 

2.2 P a r t i c l e d i s t r i b u t i o n i n space and time under diifUsion 

Einstein^^^'^^^ considered the spatial and temporal d i s t r i b u t i o n 

of p a r t i c l e s moving independently of each other with chaotic heat motions. 

Consider that when t=0 there are pa r t i c l e s a t the o r i g i n , x=0. 

The number that are located a t time, t , between x and x+dx i s given 

= (Ny(Z,jrDt)^/2).e"'^/^*,dx 1.11 

This expression has the form of the Gaussian error curve, from which i t 

has been shown that the displacement of the average p a r t i c l e i s 

(/a)t/7r)^/^ i n one dimension, {m^ir)^^^ i n two and (12Dt/7r)^/^ i n three. 

These forms have very useful applications i n making rough calculations 

of p a r t i c l e displacements i n diff\i3ion problems, and comes int o practice 

l a labor chapters of t h i s thesis. 
2.3 Batio of the d i f f u s i o n c o e f f i c i e n t and the mobility 

Prom Eq, 1.7, D =Xc/5, Similarly the mobility i s given by 

| i = X C/LIO 1.12 

Prom these two relations 
D/n = c V 3 e = ~ (m5V2) = 2u^^/3 .... 1.13 

litx^vQ u i s the average electron energy, and i s a function of Wv» 
ave 

The numerical quantity, 2/3, occurs when a Maxwellian d i s t r i b u t i o n i s 

assumed f o r the v e l o c i t y of the electrons. 
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2.4 Ambjpolur d i f f u s i o n 

I n many studies, the forces between charged particles can be ignored. 

However when there are s u f f i c i e n t amounts of charges of both sign present, 

and qne type i s d i f f u s i n g more rapidly than the other, the charge 

separation thus produced may set up a considerable space charge f i e l d 

l o c a l l y . Such a f i e l d can a l t e r the d i f f u s i o n coefficients of the carriers 

of both signs. The e f f e c t of t h i s e l e c t r i c f i e l d i s to retard the 

d i f f u s i v e -r *;:".oiis of the eleotrcas, and to enhance that of the positive 

ions, such that the flow rates of both types of c a r r i e r tend, to become 

equal. I n the present experiment, however, where the studies are con­

fi n e d to the region below breakdown, densities of electrons and positive 

ions are so small that arabipolar d i f f u s i o n may be neglected. 

2.5 Back diff u s i o n 

Back d i f f u s i o n i s an important process occurring when electrons or 

ions are emitted from a source on the surface of an electrode i n t o a 

region containing a gas. The emitted carriers suffer co l l i s i o n s with gas 

molecules, the res u l t being that some may return to the emitting electrode. 

The e f f e c t was f i r s t observed during early experiments i n which electrons 

were released from a cathode by shining GC u l t r a - v i o l e t l i g h t . I f i ^ i s 

the current collected at the anode when the system i s evacuated (thus 

making i t possible to assume that i ^ i s the current actually emitted from 

the emittinc electrode surface), and i i s the current reaching the anode 

i n the presence of a gas, i t was observed f o r a given voltage on the gap, 

and i n the absence of ionization, that VIQ leas than unity, decreas-
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ing f u r t h e r as tho pressure was increased. This pressure dependence 

suggested that the e f f e c t may be due to d i f f u s i o n and theories based on 

the concept of beck d i f f u s i o n were forwarded i n an attempt to explain 

the results. 

One of these theories was that of J.J. Thomson̂ ^̂ '̂ "̂ ^ i n which he 

suggested tlmt the process i s one i n which the electrons are e f f e c t i v e l y 

'reflected' back to the emitting electrode by the gas, and depends on 

the electr, ' hnving f i n i t e i n i i a l energy as they com© i n t o the gap. 

His theoretical expression f o r d / i ^ gives reasonable agreement with 

the experiaental results i n hydr-ogen and nitixjgen, but f a i l s i n the case 
(18) 

of the atomic gases. (Theobald^ ' ) . 
A sophisticated theory f o r the di f f u s i o n of electrons moving out 

i n t o t l i e gap from a point on the cathode under the influence of a u n i -
("19) 

d i r e c t i o n a l f i e l d was developed by L.G.H. Huxley*" i n which an 

expression f o r the electron density d i s t r i b u t i o n i n the gap was obtained 

, from the solution of the steady state continuity equation f o r electrons 

moving i n the gas by a mixture of d r i f t and fiifflision. The theory was 

applied successfully over the surface of the anode to explain Townsend's 

measurements on the spread of a stream of electrons crossing the gap. 

Long^^^ has attempted t o extend the theory i n t o the region close to the 

emitting electrode, f o r the calculation of back diffusion currents i n 

the special case of combined dc and uhf f i e l d s i n the gap, (See Chapter 2). 

The a p p l i c a b i l i t y to the present experiiaent of Thomson's theory of 

back d i f f u s i o n , and Long's extension of the Huxley theory are discussed 

-14-



at length i n Chapter of t h i s thesis. 

2..6 Diffusion l i m i t e d l i f e t i u e i n uhf discharges 

I n pure uhf discharges, the diff u s i o n l i m i t e d l i f e t i m e , given by 

t ^ = A ^/H,^^^^ represents the average time during which an electron 

w i l l remain i n the gap before i t i s l o s t by diffusion. 

1/hen a small dc f i e l d i s superimposed on the uhf f i e l d , and E^Q«^^* 
2 2 f l 3 ) A i n the above expression i s replaced byÂ ^ ^ '(see Sq. 1.4), to take 

account o f the decrease i n the l i f e t i m e of the electron by the introduc­

t i o n of d r i f t . 

2.7 D r i f t and d i f f u s i o n 

I n the absence of an e l e c t r i c f i e l d electrons i n a gas diffuse 

f r e e l y as described i n §2.1, and there i s no d r i f t . Electrons traverse 

s t r a i g h t paths between successive c o l l i s i o n s with gas molecules (Towsen^^^ 

(see Fig. 1.5a). I n the presence of a f i e l d , d r i f t and di f f u s i o n occur 

simultaneously. The motion of the electrons between c o l l i s i o n s i s now 

perturbed so that they t r y to move i n the f i e l d direction instead of the 

d i r e c t i o n with which they i n i t i a l l y move away from the c o l l i s i o n . The 

resultant e f f e c t i s that the paths between c o l l i s i o n s become curved towards 

the direction of the applied f i e l d , and there i s a net advance i n the 

f i e l d direction. (See Fig. 1.5b). 

The r e l a t i v e importances of di f f u s i o n and d r i f t , p a r t i c u l a r l y i n 

combined dc and uhf f i e l d s , are discussed i n d e t a i l i n a l a t e r chapter 

of t h i s thesis. 
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3<i- Phenomena associated with tho electrode surfaces 

Since the e a r l i e s t days of gas discharge p i t i e s , problems have been 

encountered associated with the state of cleanliness o f the electrode 

surfaces, 

J.J. ihomson^^*^^ i n his experiments i n which he passed a beam of 

cathode rays at r i g h t angles through an e l e c t r i c f i e l d placed between 

two p a r a l l e l plates, observed that the deflection of the beam by the 

f i e l d dccrcnnnd steadily with t.'jae as the beam was continuously applied. 

He concluded that ions and electrons from the beam diffused to the plates, 

causing charging, and thus reducing the effective f i e l d between the plates. 

I n unidirectional discharges, there has been observed a laariced 

difference in breakdown potential f o r clean and d i r t y electrodes, 

(Llewellyn-Jones and Davies^^^^). But i n uhf discharges, where the 

electrodes play a f a r less important part i n the discharge, there i s no 
(22) 

marked differ^ence. (Llewellyn-Jones and Morgan^ ' ) . 

I n tho case of combined dc and \ihf f i e l d s , the surfaces become 

important again, iisperiments by Long^ ' have lead t o the conclusion that 

diiring a discharge i n combined f i e l d s , the plates become charged up such 

that the effective unidirectional voltage on the gap i s reduced. I t 

was suggested that t h i s charging process was made possible by the presence 

of insulating layers on the electrodes and that such layers could be the 

res u l t of the action of discharges on molecules of grease present i n the 

system during the experiment. 
Detailed work has been performed on tho nature of the contamination 
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experienced i n ultra-high vacuum plant. (Holland, Laurenson and Priest-

land^^^^; Christy^^^^). I t was shown that certain silicone o i l s commonly 

used i n dif f u s i o n pumps produced vapours, which under electron bombard­

ment, polymerize to form permanent insulating deposits. Of the two 

common silicone o i l s used i n d i f f u s i o n pumps, grade 705 was observed to 

produce less than h a l f the contamination than was produced by grade 704 

under similar conditions. 

Oxidation of the electrode urfaces i s another possible source of 
(21) 

the fomation of in s u l a t i n g surface layers. However, Llewellyn-Jones^ ' 

showed that i n the case of aluminium electrodes, the oxide could be 

e f f e c t i v e l y removed by bombarding the surface with hydrogen ions. 

i n t h i s thesis,, more studies i n t o surface phenomena and t h e i r 

associated effects ( w i t h regard to the present experiment) are described, 

f i r s t l y by studying the time dependence of the current flowing across 

the gap i n the absence o f the uhf f i e l d , and then by measuring the 
(25) 

residual voltage produced i n the gap, using the e l l i p s o i d voltmeter^ 
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CHAPTBR 2 

THE PROBLEM 

1. Basic practical aspects 

The aim of the experiment i s to provide i n f o r m t i o n about the 

behaviour of a swana of electrons introduced into a gas stressed by 

known p a r a l l e l unidirectional and ultra-high-frequency e l e c t r i c f i e l d s . 

This i s done using an apparatus similar t o that used by Townsend i n his 

e^qjeriments f o r the measurement of the ionization c o e f f i c i e n t , . (See 

Chapter 1, §1.7). Electrons generated thermionically are admitted i n t o 

the gap of a p a r a l l e l plate electrode assembly through holes i n one of 

the plates, P̂ . (See Pig. 2.1), Once the electrons are i n the gap t h e i r 

energy i s oihanced by the uhf f i e l d , E^, while they are caused to d r i f t 

across the gap to the opposite electrode, Pg, by the unidirectional 

f i e l d , B̂ .̂ The chief measurable quantity i s the flu>: of electrons to 

the c o l l e c t i n g electrode, and t h i s i s affected by the processes of d r i f t , 

d i f f u s i o n and ionization whicl. occur i n the ga;: u;, functions of the 

natiire of the gas, i t s pressure, the dimensions of the gap ani. the 

magnitudes of the applied e l e c t r i c f i e l d s . 

The voltages applied are 

a) V^, the dc voltage between the filament and required to sweep 

electrons from the filament towards the back of the holes through which 

the electrons emerge int o the gap. 
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b) Vg, (S^q), the do voltage applied across the gap to sweep the electrons 

from to Pg" 

c) Ê , the uhf f i e l d applied to the gap to increase the energy of electrons 

i n the gap. 

The currents meastired are 

a) The Ciirrent, i^, from the filament which reaches the back of the 

emitting electrode, P̂ , Of this only a small fraction of the electrons 

arriving stand a chance of getting through the holes and into the gap. 

The actual current which i s introduced into the gap this way depends on 

the gas pressure', the temperature of the filament, cr:cl 0:1 V^. 

b) i g , the current collected by the collecting electrode, Pg. 

2. Definition of amplification 
Amplification i s defined i n the present experiment as the ratio of 

the current Collected by the collecting electrode, Pg, with the uhf f i e l d 

on, ( i g ) , to that collected with the uhf f i e l d off, (igo)* ^ ^i®^^ 

being kept constant. 
Amplification, A = i g / i , •20 2.1 

Throughout this thesis, the curves relating A with the applied uhf f i e l d , 

Ê , for a given value of gas pressure and applied dc f i e l d , E^, are 

referred to as ;a,!PLrPICATlON CURVES. 

3. Previous woife 
Investigations using the -type of apparatus just described have 
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previously been made at Durham by Nicholls^^^ and later by Long^^\ 

Measurements of amplification were obtained and ciirves plotted of A 

against the uhf f i e l d , Ê , keeping Ê ^ and pressure constant for a 

given curve. I t was originally expected that tho curve would start at 

A = 1 when wae zero, then increase with Ê , getting gradually steeper 

and eventually approaching i n f i n i t y as ionization by collision increases 

the current flowajig to the collecting electrode. (See Fig. 2.2a). I t 

was hoped fron such a curve to oalc\ilate values for the pre-breakdown 

high-frequency ionization coefficient i n the manner similar to Townsend 

for avalanches i n do fields only, (Ch,1, §1.7). However i t i s not 

possible to d6 this satisfactorily because the experimental amplification 

curves do not follow the simple form described above. Instead, the 

curves show an i n i t i a l decrease in amplification at lower values of Ê , 

eventiially increasing and rising above unity only when ionization gets 

well established at higher values of Ê  (see i l g . 2.2b). For higher 

values of Ŝ ^ this dip i s reduced i n size, and vice-versa for smaller 
values of . Before accurate values of the ionization coefficient can dc 
be obtained from these curves, the dip must be accounted for. I t has 

been at least p a r t i a l l y explained i n terms of electrons diffusing back 

to the emitting electrode. The possibility t k i t electrons are swept back 

to the emitting electrode by d r i f t i n the appropriate cycles of the uhf 

f i e l d Tjas considered by Nicholls, but no satisfactory conclusions could 

be dravTn. 'Ihere follows a brief summaiy of the early theoretical work 

performed i n attempts to explain the shape of the amplification curves. 

-20-



3.1 The work of Nicholls^''*^^^h96o) 

Consider the case of one-dimensional electron flov; in the gap 
under the influence of the combined dc and uhf electric fields when no 
ionization occurs. 

The equation for the current density vector i n electrons per second 
flowing through unit area i s given by 

r = n {i - D^r/^z .... 2.2 
where n i s the number of electrons per cc. at a distance z from the 
emitting electrode. (See Fig. 2.3). The f i r s t term i n this expression 
i s the contribution due to the electron mobility, and the second term 
i s due to the concentration gradient of electrons i n the gap. 

iThen there i s no ionization, and no electrons are lost by diffusing 
radially out of the gap, i P / ^ z = 0. Therefore, f = C, a constant. 
Then Eq. 2.2 becomes n ji - D ̂  n/h z = C and the solution for n i s 

n = n ^ ( e ^ ^ / ^ - e ' ^ ^ ^ ) / ( l - e^^^^) .... 2.3 
inserting the boundary conditions that z = 0 when n = n^ and z = d when 
n = 0. (Putting Ê ^ = 0 i n this equation gives n = n ^ ( l - i / d ) , the 
equation when diffusion i s the only loss proceaj couarring). 

Substituting for n in Eq. 2.2 gives 

^ a E,̂  n .... 2.4 

dc 0 

because e"'^*^^^ i s negligible under the conditions of the experiment. 
I f r i s the current density across the gas to electrode boundary, i t 
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must be proportional to the current flowing through the galvanometer, 

Gg. ( i , e. i g ) . Then l e t be the current density flowing to the 

collected electrode when the uhf f i e l d is applied, but with no ioniza­

tion. 

Then, i n the absence of radial diffusion, amplification 

^ = v ^ 2 o = ^ y r , = v % •••• 2.5 
where the subscripts for ii apply to the same conditions that were defined 

for r . . 

Values for the mobility (i i n hydrogen were obtained ft*om Crompton 

and Sutton^^'^^, and Nicholls plotted theoretical curves relating ig^igo 

to the ulidT f i e l d when no ionization occurs, Tlieoretical and experimental 

curves for a -typical set of conditions ere compared in i l g , 2.4. Agree­

ment between the two i s f a i r . 

This theoiy suggests that the dip observed i n the amplification 

curves i s e:,sociated with the drop i n mobility of the electrons as their 

random energy i s enhanced by the uhf f i e l d . The theoiy does not take 

into account the behaviour of the electrons as thoyenerge into the gap, 

nor of diffusion of electrons -jradially. 

3,1.2 Calculation of the ionization coefficient, , henceo(. 

The l i f e t i n e of the electron i n the gap i n the comoined fields i s 

controlled by d r i f t as well as diffusion, instead of by diffusion alone 

as i n the pure xihf case. The new diffusion and d r i f t l i m t e d lifetime 

i s given by t ^ =A2/D, where l / A ^ = VA ^ + (i : ^ 2 ( D / ; i ) ) ^ (Vanierin and 

Brown^''^^). 
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Kicholls developed a theory to take account of the fact that i n 
the presence of the dc f i e l d the electron may be in the gap for a time 
shorter than the time during which, on the average, i t w i l l generate 
one new electron, 

Let be the electron lifetime i n a pure uhf discharge. Then one 
new electron w i l l be generated by an electron i n that time. 

Then, t ^ = 1, .... 2.6 
The l i f e t i i i i u ox' the electron i n the gap i s now reduced to t ^ by applying 
a small dc f i e l d , keeping Ê , (and hence (f^ , provided that the dc f i e l d 
i s small enough), constant. 

A number of electrons, N, entering the gap at time t = 0 w i l l on 
the average leave at time t ^ . Since each electron w i l l produce on 
average one new one i n time t^^, the number produced by N i n i t i a l electrons 
i n time t ^ is M^t^, 

Then the total progeny of one electron i n i t i a l l y entering the gap i s 

1 + ( V * b ^ + ( V * b ^ ^ + •••• 
Let electrons enter the gap at the start of every time interval 

of length t ^ . Then at any instant there w i l l be = ^^i'^+i^^^)* •••) 

electrons i n the gap. 
i.e. = (1 - V V ^ - •••• 

I f a l l thece are swept to the collecting electrode, (ignoring losses 

by back diffusion) 
N = A, amplification. 

From Sq, 2.6, , ^, 
= (A-1)/A .... 2.8 
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Frem the theoretical curves for amplification (Fig. 2.4) i t i s 
seen that the effective current i n the absence of collision ionization 
levels off to a steady value at about the minimum i n the dip of -the 
experimental curves. Thus i t i s possible to effectively remove the 
back diffusion component from the experimental curve .to give a curve i n 
which amplification i s always greater than, unity. These modified values 
of A were used i n the calculation of from the above expression. 

IJjrpioal cxirves of (A-1)/A against t ^ are shown i n Fig. 2.5. The 
method of Vamerin and Brown^^^^ was used to calculate t ^ . (Prowse and 
Nicholls^^^) also deduced values of t ^ from their own measurements of 
breakdown stress i n the combined fields, and these were foimd to be i n 
good agreement with those of Vamerin and Brown). 

These curves are straight lines of slope {fj . Prom = Wot, where 
W i s the electron d r i f t velocity corresponding to the mean value of the 
uhf f i e l d , values of <=Vp were calculated, giving moderate agreement 
with those obtained by Brown^^^\ Perfect agreement could not be expected, 
because Hiq theory does not take into account those electrons, generated 
i n the gap by collision ionization,which diffuse back to the Knitting 
electrode. 

3.2 The woric of Lonai'^'^^^'iSGz) 

Consider a gas i n which a steady state has been attained between 

ionization and electron d r i f t . 

The equation of continuity for a bounded region v;ithin the gas 

may be written as 
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V ^ n - 2 e W 6 z .^1? =0 2.9 D 
where 2 $ = 
Any variation of the uhf f i e l d w i l l alter /D, and also \i i n this 
equation. !Zhe eirperimentally measureable quantily i s the current flow­
ing to the collecting electrode, and the current density, , i s related 
to the electron density, n, by the equation 

r = n fi Ê ^ - D.7 n .... 2.10 

which i s tho acaae as Eq. 2.2, except that now diffusion is considered 
i n threo dimensions. The holes i n the surface of the emitting electrode 
are essentially point sources of electrons. Long assvuned that the case 
where the eaitting electrode contains many holes (about 50 i n his erperi-
raental case) i s i n fact the same problem as the case where there i s only 
one hole, and conducted his theoretical analysis accordingly. The problem 
of a single point soxxrce on an i n f i n i t e conducting plane emitting electrons 

(19) 
out into a gas iias been treated by huxley^ 

-6z 
The substitution U = n e reduces Eq. 2.9 to 

+ ( V'/D - 5^).U = 0 .... 2,11 

Let the point source be at the origin of coordinates, and l e t a typical 
point i n the inter-electrode space be defined by (x,y,z), where z i s 
directed along the direction of the applied f i e l d , and also by r and^ , 
where r i s the distance from the origin, and ̂  i s the projection of r 
on the emitting electrode. Then the electron density, n, al; such a 
point i s given by 
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n . B e ^ ^ f i J . (£^) , ( ^ ) ^ ( ^ ) L r dr ^ r * ^ r, ' dr, r^ 
- t r ̂2 (£±2d) ^ f e _ l v 7 

•2 *^2 ^2 
where r^ = ,̂ 2. ̂ 2 ̂  ^^(^z~2df; = e^+(z+2d)2; etc. 

e^-.^^-y^. Also e 2 _ _ ( ^ 2 . ^ j 

The constant li is proportional to the strength of the source. Solutions 

of this fora can only be obtained i f ( ̂ /"b ~ B^) is negative. I f 

positive the solution i s of the sinusoidal form. 

long found i t convenient to subdivide the various electron currents 

flowing i n the gap, thusj 

a) i , i}he total current emitted from the souree, which i n this case 
e 

i s the hole i n the emitting electrode, P̂ . 

b) i g , the current flowing to P̂  by back diffusion. 

c) i g , the current flowing to the collecting electrode, Pg. 

d) the current due to electrons generated i n the gap by collision ioniza­

tion. 

e) the current due to the radial flow of electrons out of the gap, which 

i s negligible here. 

. . ^here i s no ionization, i2 ^ " ̂ e* ionization 

occurs, i g + i s greater than i ^ because ig and i ^ both contain electrons 

which are created by ionization i n the gap. Then, ig+ig = i g + f^Jy"*^"^* 

where dV is an elementary volume i n the gap, and V is the whole effective 

voliime of the ĝ P̂. 
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The gap transmission coefficient, T , is a convenient quantity to 

describe the current reaching i n tenns of the current emitted, 

T̂  = ig/ig = i 2 / ( i 2 ^ B - n,dV). .... 2.13 

Over the conducting surfaces, n = 0 (Herlin and Brown^^*^^), and the 

current density i s given by r=: The expression for n (Eq. 2.1?) 

i s inserted into this relation and the current density flowing to each 

electrode, F i s calculated by insertirgthe appropriate boundary 

conditions, i. o. z = 0 at P̂ , and z = d at The currents ig and i g 

are obtained by integrating the current density over the surface of 

the corresponding electrode. 

For i g , r 2 is integrated between the limits a and zero, and for i^, V g 

is integrated between the limits a and b, where a i s the overall electrode 

radius, and b i s the radius of the hole in the emitting electrode. 

I t can be shown that 

n.dV = ^ e ( ^ - ^ ) ^ - 1 .... 2.14 

Now substitutinc for i g , i g , and U^^^^ cLV we get 

T - ^ = 1 . f ( 9 . « ) ( - 1 . e - f - ^ ) * ) . ^ e-«^a-(9-£)^... 2.15 

This expreasion is nomalised to become unity when the uhf f i e l d i s 

zero. Then 6 ^ = \(/^^^^^^dxt "^^^ ^̂ /̂ ^̂ dc °o^esponds to the energy 
supplied to the electrons by the dc f i e l d alone. 

- d b 
Hence, ^ = ( 1 + 4 e • •••• 2.l6 

Now, T̂, = i / i ^ , thus T^ = 
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I f i t i s assumed that the number of electrons emerging into the gap 
does not denend on the uhf f i e l d , 1 = 1 . 

' e eo 

Then, T̂^̂  = i g / i g ^ = Amplification, A. .... 2.17 
In order to make theoretical calculations of A from Eqs. 2.15, 2,16 and 
2.17, values of iv̂ D were used based on the measurements of Vamerin and 

(13) 
Brown'' in hydrogen. Values of y/D for hydrogen were obtained from 
measurements of the ionizing efficiency by Leiby^^^^ and Clark^^^)^ 

I t i s oi'- interest to consider the case where ionization i s neglijgible. 

Then Q = ̂  . 
-b(0.-0) 

Then, T^ -> 8 ' 2.18 
gn 

under the experimental conditions chosen. 

Agreement between theory and experiment for the amplification 

curves was good over the limited range of conditions tested. (See Fig., 2.6). 

4. Influence of the previous work on the present study 

In his theoiy for the shape of the amplification curves, Nicholls 

does not ta!:e into account the size of the holes through which the 

electrons enorge into the gap. G?he radius of the hole does appear i n 

the ex ̂ D^fiion derived by Long, but features unexpectedly predominantly. 

This can be seen most clearly by inspecting the expression for amplifica­

tion i n the absence of ionization. (Eq. 2.18). 

Both theories agree moderately well with experiment, with Long's 

theory based on Huxley's work comparing slightly better than Nicholls! 

i n the limited ranges of ejcperimental conditions tested. However, neither 

agreement i s sufficiently close to render the theories conclusive. The -28-



present experiment sets out i n the f i r s t place to test both theories 

over a wider range of conditions i n the gap, and for other gases as 

well as hydrogen. 

Despite the agreement obtained by Long with experiment, the import­

ance of b i s s l i g h t l y surprising. Eq. 2.18 indicates that as b i s 

decreased, the fraction of electrons which are lost by back diffusion 

also decreases. On the other hand, i t might be expeco^u that back d i f ­

fusion would increase as b i s decreased, i n view of the greater area now 

exposed to the back diffusing electrons. Experiments where b is varied 

are described i n Chapter 6,, to show whether, i n fact, there i s any 

dependence of the amplification curves on the hole size. 

Nicholls' calculation of the ionization coefficient were not alto­

gether satisfactory because the dip i n the amplification curves was not 

f u l l y e35)lained. An attempt i s made later i n this thesis to produce a 

more px'cci^re theory for the dip. In studies such as this, i t i s important 

to know Tf/Iiich are the controlling mechanisms for the loss of electrons 

from the gap, and a theoretical study is carried out on the relative 

predominances of d r i f t and dif-rusion under various sets of conditions i n 

a later chapter, 
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CHAPTER 3 

THE APPARATUS 

The apparatus used i n the present experiment is essentially the 
same as that used f i r s t l y by Nicholls, and then by Long. Certain 
modifications have been made, however, in order to improve the 
v e r s a t i l i t y of measurement, i f required. 

Preliainary calculations on the relative importances of d r i f t and 
diffusion (see Chapter 7 ) indicate that at long gap widths, for given 
values of Ê  and Ê ,̂ d r i f t i s more prominent tlian at short gap widths. 
(During the early planning of the present experiment, i t was thought 
that conditions i n the gap for which d r i f t v/as the contrt)lling electron 
loss mechanism would considerably reduce the effects of back diffusion, 
and thus make i t easier to explain the shape of the amplification curves. 
Later i n this thesis i t w i l l be shown that this view i s , i n fact, an 
over-simplification of what actually happens.) The requirement that we 
should be able to work with longer gap widths meant that larger electrodes 
had to be designed, which i n turn involved modifications i n the uhf 
power supply. 

Also, bearing i n mind the problems of surface phenomena encountered 

by the previous workers, a grease-free vacuum system was designed in an 

attempt to remove at least some of the causes of these. 

-30-



( a ) Rogowski p r o f i l e 

I n f i n i t e l y long 
c y l i n d e r , 

. Charge,Q per 
(15) u n i t 

length, 

C i r c u l a r 
p r o f i l e 

Fig.3.1. a). Electrode p r o f i l e . / . 
b^),Diagrajn for the c a l c u l a t i o n 

of the f i e l d near an i n f i n i t e l y 
long conducting cylindero •' 

Earthed 
conductx)r 

Brass 
back 
plate 

\ s S S S - ^ V N 
^ Twin bore 
quartz I 
tubing' 

Spring-
loaded! 
Support in ^ i 
screw. 

Aluminium 

Perforated 
electrode-
face 

Filament 

Emitting 
electrode 
only/ 

Fig: 3.2. Electrode assembly.(Approximately to s c a l e ) . 
\ 



1. The electrodes 
1.1 The desig?! of the electrodes 

In the design of a new electrode system, the necessary experimental 
requirements must be satisfied. The f i e l d i n the gap must be uniform, 
and i t must be greater there than at any other point around either 
electrode. This ensures that breakdown, when i t occurs, i s at the 
region v/here the f i e l d i s uniform (i.e. along the axis of the gap), and 
not at the edges of the electrodes. A useful criterion for obtaining 
a reasonably good uniform f i e l d i n the gap is that the electrode radius, 
a, should be equal to or greater than the electrode spacing, i.e. a >̂  d. 
To prevent brealcdown at the edges of the electrodes, the electrodes 
must bo preperly profiled. Bearing this i n mind, the design was based 
on the 120° Sogowski pro f i l e ^ ^ ^ ) ^ corresponding to a maximum gap width 
of 3 cms, (which i s the largest value decided on for the present experi­
ment), with a f l a t face of radius a = 3 cm. Frem the point of view 
of the design of the new test c e l l , i t was found necessary to round off 
the back of each electrode more sharply than given by the Eogowski profile. 
For t h i s , a circular section of radius R was chosen. (See Fig. 3.1a). 
The problem now i s to calculate the maximum f i e l d around the edge of the 
electrode and to ensure i n the f i n a l design that this i s always less 
than the f i e l d i n the uniform f i e l d region of the gap. The following 
i s a very crudo calciilation, but serves as a useful appreximate guide 
to the determination of a suitable value for R. 
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I t can be assumed that the f i e l d near the Hogowski part of the 

p r o f i l e w i l l not give r i s e to any problems of unwanted sparicing, but 

at t h i s stage no such assumption can be nade about the f i e l d near the 

back edge of the electrode. Precise calculation of t h i s f i e l d presents 

a very complicated problem i n electrostatics. However some idea of the 

magnitude of the f i e l d i n t h i s region may be obtained from considering 

the f i e l d near an i n f i n i t e conducting cylinder of radius R. (See Slg. 

3.1b). 

Por t h i s cylinder, the f i e l d strength at a point P, distance s from 

the axis of t t e cylinder i s given by 

S = (ys .... 3.1 
P 

where Q i s a constant depending on the charge per u n i t length of the 

cylinder. 
And a t the surface of the cylinder where the f i e l d i s a maximum, 

E = Q/R .... 3.2 
max ^ 

Now consider that there i s an earthed conductor a distance B from 

the axis of the cylinder. Then the potential difference between the 

cylinder and the earthed conductor i s given by 

v., - V„ = ^ . ds .... 3.3 
B s 

= 1n(B/R) 

where V̂ ^ i s the potential at the surface of the cylinder, and 

i s the potential on the earthed conductor. (V^ = 0) . 

Tiien i n Eg. 3.3, substituting from Eq. 3.2 for:. Q, 
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^max = H.1n(B/E) .... 3.4 

This calculation i s performed f o r an i n f i n i t e l y long cylinder. I f 

anything, the f i e l d near the back of the actual electrode w i l l be 

greater than t h i s owing to the additional curvature involved. There­

fore 7/e may crudely deduce that f o r the electrode 

> vyR.1n(VR) . . . . 3.5 
max H 

Now consider the ga^ system, with the opposite electrode earthed 

( p o t e n t i a l Vg). 
Then with a uniform f i e l d i n the gap, Ê ^̂  = Vj^-V^/d .... 3.6 

For breakdoTvn to occur only at the gap centre, along the axis 

common to both electrodes 

Then, 

E > E gap max 

d ^ R.1n(B/R; 

Thus, 1n(B/R). > d/B. 

Or, B > R e ^ ^ .... 3.7 

The niaridLmua gap width envisaged i n the present experiment i s 3 cm. 

Then, i n Eq. 3.7 t r y d = d ^ ^ = 3 cm, and R = ̂ mJ"^ = 1.5 cm. There­

for e , from 2q. 3.7 B > 11 cm. This iSiBQuality holds f o r a l l values 

of d less than 3 cm, provided that the value of H = ^^^^2 = 1.5 cm. i s 

used. 

Using th i s value of R, sparking w i l l not occur at the edge of 

either electrode provided that a l l earthed conductors are further away 
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than 9,5 cm. from the edge. 

Dummy electrodes, made of wood and covered with aluminium f o i l , 

were used i n e l e c t r o l y t i c tank tests to check the v a l i d i t y of the results 

obtained from the above calculations. The results of these tests did 

not go so f a r as to verier the theory because the tank tests were not 

s u f f i c i e n t l y accurate, but they did not show any sharp deviation from 

the conclusions d̂ â 7n from the theory. 

I t v/as concluded t l i a t the proposed design with R = 1.5 cm i s a 

suitable one provided that gap widths above 3 cm are not used, and 

that a l l external earthed conductors are placed more than 9»5 cm away 

from the edge of either electrode. 

1,2 Construction of the electrodes 

I n the previous work of Nicholls^^^ and Long^^^ the electrodes 

used were made of brass. The new electrodes were constructed of 99.9;--

pure alviminium, hollow as shown i n Pig. 3 .2 , vdth brass back plates. 

The electrodes wei^ turned roughly to the required shape i n the lathe 

and the f i n a l accurate p r o f i l e s were obtained by projecting the shadow 

of each electrode onto a master curve, f i l i n g and polishing the electrode 

u n t i l the shadow and the master curve coincided. The inside faces of 

the electrodes were milled i m t i l the thickness over the plane region 

was about .1 cm. Holes of diameter .03W- cm were d r i l l e d i n the f l a t 

face of the emitting electrode, countersunlc on the inside so that each 

hole i s e f f e c t i v e l y a tube of length equal to diameter. To reduce the 

li k e l i h o o d of positive ions from the gap passing through these holes 
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and s t r i k i n g the filament, causing unwanted secondary emission of 

electrons, as well as damage to the filament i t s e l f , no holes were 

d r i l l e d at the centre of the face i n a region of radius about .2 cm. 

The electrode shells are attached to the back plates by four screv/s 

which are spring loaded to enable fi n e adjustment of the orientation 

of the faces. 

The int e r n a l electrodes ( i . e . the filament and the cathode plate 

inside the emitting electrode) are supported by .4 cm diameter twin 

bore quartz tubing through which the various connections are fed. 

(A f t e r preliminaiy measurements of amplification had been obtained 

using these electrodes, the faces were gold-plated (by evapoistion) i n 

order to eliminate the p o s s i b i l i t y of effects due to oxide layers. 

Unless otherwise stated, a l l the results quoted i n t h i s thesis were 

obtained using the gold-plated electrodes). 

2. The piap assembly and test c e l l 

The test c e l l was designed with the following requirements i n 

mind:-

a) The c e l l must be large enough to house the electrodes i n such 

a way that no earthed conductors are closer than 9.5 era from the edges 

of.them. 

b) The electrodes must be easily demountable, many times i f 

necessary. 
c) The system as a whole must have high vacuum properties and be 
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grease-free. 

d) The inter-eleotrode spacing must be easily variable. 

e) Access must be mad© f o r the elements of the transmission l i n e 

carrying the uhf power to the gap, and also f o r the leads to the various 

current measuring c i r c u i t s and the filament power supply. 

f ) The voltage i n the gap i s measured using a metal bead suspended^^^^ 

i n the gap by a quartz f i b r e , so the axis of ohe gap must be i n the 

horizontal plane. Provision must be made f o r raisin g or lowering the 

bead out of or i n t o the gap as required. Tliis instrument i s discussed 

i n d e t a i l i n §5.1 of t h i s chapter. 

The lyrex glass t e s t c e l l was b u i l t to the required specifications 

by Quick-fit V i s i b l e How Ltd, A l l the demountable vacuiim seals make 

use of 'viton' 0-rings, compressed between the ground glass ends of the 

c e l l and the steel end plates, (See Fig. 3 .3) . Viton was chosen i n 

preference to more conventional rubbers on account of i t s better vacuum 

and outgassing properties over a wider range of temperatures. I t i s 

possible to bake such seals up to temperatures of 200°C i f required. 

The electrodes are insulated from the earthed end plates of the 

c e l l by PTFE insulating plugs, and are situated at the open end of a 

X / 4 p a r a l l e l wire t i ^ s m i s s i o n l i n e , each electrode stem being connected 

to i t s appropriate branch of the l i n e by means of s l i d i n g T-junction, 

which enables gap width v a r i a t i o n to be made. (See Fig. 3 .3) . The gap 

width i s variable by means of adjustable bellows i n each end plate, and 

can thus be controlled from outside. 
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. The steel end plates are mounted on adjustable steel r a i l s which 

enable the electrodes to be li n e d up along a common horizontal axis. 

3. The vactaum system 
(2) 

Long^ ' concluded that many of the d i f f i c u l t i e s experienced i n 

measuring the gap current were due to the formation of insulating films 

on the electrode surfaces, and that such films d i r e c t l y resulted from 

running a discharge i n the presence of vapours given o f f by silicone 

greases and o i l s . The experiments of Laurensen, Holland and Priestland^ ' 

confirm t h i s view. 
I n the present experiment, i t i s desirable to eliminate silicone 

vapours as f a r as possible. As a f i r s t step, the silicone grade 704 o i l 
(23) 

i n the d i f f u s i o n pump was replaced by dLicone grade 705 . Immediately 

on top of the. d i f f u s i o n pump was placed a glass cold trap packed with 

copper f o i l . (See Fig. 3 .4) . Silicone molecules or a^y other organic 

impurities back streaming from the pump and strilcing the copper surface 

are absorbed, thus not reaching the test region of the system. Efficiency 

of t h i s t i ^ p increases with the area of copper exposed to the vacuum. 

A s i m i l a r trap was placed close to the bellows pressure gauge. 

The pipeline was constructed of 2 cm diameter lyrex tubing, and 

grease-free metal stop-cocks (Mullard V1,IT-18P) were incorporated, keeping 

the distances of the various parts of the system from the pumps as small 

as possible to keep the overall pumping efficiency of the system high. 
Pressure i s measured i n three ranges as follows :-
a). I n the range 0,5 t o r r to atmospheric pressure, pressure i s measured 
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using the d i f f e r e n t i a l bellows g a u g e ^ " " ( S e e Pig. 3.4), The 

pressure i n . the test system i s compared with that i n an a u x i l i a r y 

system (in vrhich the pressure i s measured accurately using an o i l mano­

meter) by measuring the deflection of the bellows. The deflection of 

the bellows i s amplified by an optical lever system, and i s easily 

calibrated as indicated above. From the c a l i b m t i o n , a senisffiivity was 

obtained of 0,0525 torr/mm. on the scale of the optical lever. 

I t can be shown that the bellows gauge s e n s i t i v i t y i s independent 

of the i n i t i a l tension of the bellows when i n the n u l l position ( i . e , 

equal pressures i n both test and a u x i l i a r y systems), and also that the 

pressxxre i n the t e s t system, as measiared by the gauge, i s a l i n e a r 

function of bellows displacement from the n u l l position. (See Appendix 

1). 

b) I n the range 10 to 1 t o r r , pressure i s measured by an Edwards 

Pir a n i gauge, 

c) I n the range 10~^ to lO"^ t o r r , pressure i s measured using an 

Edwards Penning gauge. 

The glass i s outgassed by heating tape, with which the pipeline i s 

lagged, and the metal taps by b u i l t - i n 240 v o l t mains heaters. Thus 

temperatures up to 200°C are easily obtained. I t i s not possible to 

eutgas the t e s t c e l l a t t h i s temperature because of the soft-soldered 

e l e c t r i c a l connections present inside the electrodes. However the c e l l 

can be safely outgassed at 100°C, and t h i s was done by the application 

of steam jackets. 
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Spectroscopically pure (See Appendix 2) gas samples contained 

i n 1 l i t r e glass flasks are obtained from Brj olsh Oxygen Co. Ltd. Gas 

can be admitted to the system as slowly as required through a single 

metal stop-cock. Before an ejcperiment i s performed, the test system 

i s pumped out and outgassed u n t i l a pressure (with the pumps s t i l l 

running) approaching 10"^ t o r r i s obtained. A rate of r i s e i n pressure 

of not greater than 5 x 10"^ torr/second i s tolerable f o r the purposes 

of the present experiment. 

The system i s flushed several times with gas before the actiial 

sample to be tested i s admitted. 

4. The ultra-h-iKh-frequenoy apparatus 

2̂ .1 Klectron ambit considerations 

Previous s i m i l a r experiments by Nicholls, and by Long were performed 

using high frequency apparatus that resonated at 106 Mc/second. The 

electrode assembly i s e f f e c t i v e l y a terminating capacitance at the open 

end of a quarter-wave parallel-wire transmission l i n e , and tuning to 

the frequency of the o s c i l l a t o r supplying the power i s achieved by 

another variable condenser i n p a r a l l e l with the main gap. With the 

design of the larger electrodes to cope with the longer gap widths 

envisaged i n the present experiment, tuning to a resonant frequency of 

106 Ho/sec becomes impracticable as a resu l t of the increased load on 

the end of the l i n e . By decreasing the resonant frequency of the system, 

i t i s possible to design a new l i n e which w i l l carry the electrodes and 

-39-



.20 

..16 4 

;o8 

0 

E l e c t r o n amlDit. i n h a l f c y c l e of f i e l d , 
(cms) 

HYDROGJiN 

50Mc/sec 

sec 

F i g -^.6. V a r i a t i o n of e l e c t r o n ambit w i t h V P • 
( C a l c u l a t e d from Townsend d r i f t v e l o c i t y d a t a 

60 

50 J 

40 

\ ^ c 
P i g 3 . 7 . Resonant frequency of the t e s t assembly as 

a f u n c t i o n of the sf^par'atton r>f the t u n i n g P l a t e s . 



a suitably large tuning condenser, yet leave a conveniently long loop 

at the closed end f o r the reception of uhf power fro'n the o s c i l l a t o r . 

Consider the p o s s i b i l i t y of operating at a new frequency of about 50 Mc/ 

second. 

At t h i s stage i t i s necessary to consider the electron ambit i n the 

gap a t t h i s new frequency ( i . e . the distance moved i n one half cycle 

of the applied uhf f i e l d ) , Hg. 3.6 shows roughly how the electron 

ambit (calculated from Townsend^^^ d r i f t velocity data) varies with J/p 

at frequencies of 50 and 100 Mc/second i n Iqrdrogen. I t can be seen f o r 

both frequencies that below ^ p = 50 v/cm.torr, and f o r gaps longer than 

0.5 cm, the electron ambit can be regarded as small compared to the 

gap width. Therefore at a frequency of 50 Mc/sec, as at 100 Mc/sec, 

electron removal i s mainly by d i f f u s i o n and so tlie d i f f u s i o n theory of 

breakdown applies f o r pure o s c i l l a t o r y f i e l d s . The l i m i t s f o r such 

conditions are when a) the frequency i£ so low that the electron ambit 

i s comparable wi t h the inter-electrode spacing and b) when the frequency 

i a so high as to be comparable wi t h the c o l l i s i o n frequency of electrons 

wi t h gas molecules. Between these l i m i t s there i s l i t t l e v a r i a t i o n i n 

the breakdown f i e l d w i t h frequency^^*^^\ Therefore i t i s reasonable 

to assume that the results obtained at about 50 Mo/sec can be d i r e c t l y 

compared with the corresponding resxats of Nicholls and Long woifcLng at 

106 Mc/sec, and t h a t l i t t l e difference w i l l be expected, 

4*2 Design and_ construction of the tuned gan assembly 

I n order to keep the resonant frequency of the gap assembly constant 

when the electrode spacing i s varied, a tuning condenser i n p a r a l l e l 
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with the gap i s adjusted to keep the t o t a l capacitance on the end of 

the l i n e constant. 

Let the capacitance of the t e s t gap be C , and of the tuning 
6 

condenser, 0̂ . 
Let the respective gap widths be d and d , and plate r a d i i a 

s ^ o 
and a . c 

The p e r o i t t i v i t y of free space i s approximately equal to that of 

a i r . Then c = e . , approximately, o a i r 
The t o t a l capaeitance at the end of the l i n e , 0 = 0^+0^, There­

fore, C = e^.2^(r^d + a ^ d ^ ) . 
And i f a^ = a^, 

l / d + l / d = &, a constant .... 3.8 
S ° 

The tuning of t h i s system gets increasingly sensitive as d^ i s decreased. 
c 

At small values of d > very small deflections of d from the resonance 
c c 

position may cause very large fluctuations i n the voltage across the 

t e s t gap. The smallest comfortable value of d„ i s t y p i c a l l y about ,5 cn, 
c 

belOT which tuning i s too c r i t i c a l to be satisfactory. Impose the 

conditions that when d = 5 cm, make d . = .5 cm. Then when 
g.max * c.mxn 

d . = 0.5 cm, d =3 cm. Therefore f o r the resonant frequency g.min ' cmax 
corresponding to the constant t o t a l capacitance, C, tuning may be 

comfortably achieved over the whole range of d required, 

A l i n e was b v i i l t consisting of two limbs of 0.95 cm diameter copper 

tubing, 15 cm apart, the closed end s p l i t by a mica condenser to insulate 

the electrodes from one another during tiie application of the do f i e l d . 
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and overall length about 40 cms. (See Fig. 3.3). 

I n an experiment to investigate the resonance properties of the 

system, a signal from a variable frequency generator was fed in t o the 

l i n e f r o a a loop loosely coupled to the closed end of the l i n e . The 

voltage between the electrodes (which i s a maximum f o r the l i n e ) was 

indicated by means of a r e c t i f y i n g bridge, capadtatively coupled to the 

branches of the l i n e close t o that end. The resonant frequency of the 

system was thus measured f o r various conditions of d and d , The 
g c 

family of curves i n which the resonant frequency of the system i s plotted 

against d f o r various values of d (See Fig, 3.7) i s an indication of 

the timing capabilities of the t e s t system. From these curves, i t i s 

clear that the l i n e constructed to the above specifications can be 

conveniently tuned over a l l the required experimental conditions at 

frequencies around 50 Mc/second, 

4.3 The uhf o s c i l l a t o r 

An e:dsting free-running, tuned anode-tuned g r i d o s c i l l a t o r was 

r e b u i l t to o s c i l l a t e at the new required frequency. Two power tetrodes, 

(Mullard QY3-65) are employed, and the anode voltage i s supplied from 

a 1000 v o l t power pack, being smoothly variable by means of a Variac 

transformer at the in-put of the power pack. 

The lengths of the tuned elements (tuned quarter-wave, p a r a l l e l -

wiro transmission l i n e s , constructed from copper tubing 0,95 cm i n 

diameter and v±th limbs 7.5 cm apart) were adjusted u n t i l the device 

o s c i l l a t e d at a frequency close to 50 Mc/second. Once t h i s was achieved, 
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subsequent fine tuning was obtained by f i n e control of the length of 

the g r i d l i n e , using a 'trombone'-type slide. 

The complete o s c i l l a t o r c i r c u i t i s shown i n Fig. 3.8a. I t i s 

housed i n a s l i d i n g rack so that the whole assembly may be raised or 

lowered i n order to vary the coupling between the o s c i l l a t o r and the t e s t 

load. The o s c i l l a t o r i s screened by aluminium sheeting, and the two 

power tetrodes are a i r cooled by an e l e c t r i c fan. 

Over-coupling between the tuned elements occurs i f they are placed 

too close together resulting i n 'double-humping' or frequency jumping. 

To avoid t h i s , the lines are set up at r i g h t angles to each other. 

(See Fig. 3.8b). 

The frequency of the o s c i l l a t o r was measured using a set of Lecher 

wires to ^-^dch the o s c i l l a t o r i s loosely coupled, and found to be 

48 Mc/second, 

5. Voltage measurement at ultra-hi^-frequencies 

I n p r i n c i p l e , the method of measuring the voltage i n the gap 

i s the same as that developed by N i c h o l l s ^ ^ ^ but certain modifications 

have been made i n which the apparatus has been simplified to some extent. 

I t i s not possible t o connect a direct reading voltmeter between the 

electrodes because the current flowing through the voltmeter would de­

tune the t e s t assembly. Therefore i t i s not possible to measure the 

voltage between the electrodes d i r e c t l y . To overcome t h i s , an indicat­

ing meter loo3e:<y coupled to the open end of the l i n e i s calibrated i n 
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terms of the gap voltage ty means of a suitable step-over instrument. 
5.1 The ellipsoid voltmeter 

The ellipsoid voltmeter was developed by Thornton and Thompson̂ ^̂ ^ 
for the absolute measurement of high electric fields. A small metallic 
ellipsoid suspended i n the gap between two plane electrodes by a near-
torsion-free instiiating fibre oscillates about i t s £ixia of suspension 
with a frequency which i s a function of the electric f i e l d in the gap 
(having i n i t i a l l y been set into oscillation by extemal means). 

The woiJiing formula for the instrument is 

= k(n^ - n^) .... 3.9 

where n i s the frequency of torsional oscill-. tions of the ellipsoid 
i n the presence of an electric f i e l d , E, and n^ i s the frequency i n the 
absence of the f i e l d . The constant, k, depends on the mass and dimensions 
of the ellipsoid. 

Thoroton and Thompson showed that the torque acting on the ellipsoid 
i s proportional to the square of the applied f i e l d , and that the 
instrument therefore gives true root mean square values. Measurements 
are independent of frequency of applied fields, and therefore the device 
may be calibrated for the application of known dc fields (i.e. k 
measured), and then used i n turn to calibrate a suitable indicating meter 
for the measurement of uhf fields. The ellipsoid voltmeter used thus 
is a 'step-ovor' instrument between the Icnown dc f i e l d , and the unknown 
uhf f i e l d , the working quantity being the frequency of oscillation of 
the ellipsoid. 



Modification of Eq. 3.9 gives 
= k(n + n^)(n - n^) 
= 2kn^(n - n^) approximately for small applied 

voltages. 
Let (n - n^) = Jl , say. 
Then, = 2kn^Sl. 
Differentiating this, we get the sensitivity 

aSl/dE = (l/kn^).E. .... 3.10 

The ellipsoid voltmeter i s veiy sensitive i f small changes i n f i e l d 
produce large changes in the difference (n - n^). Thus i t i s seen 
from liq. 3.10 that the system for a given k and n^ gets increasingly 
sensitive as the level of E i s increased. Alternatively, for a given 
f i e l d and ellipsoid dimensions, the system may be made more sensitive 
by decreasing the product kn^, either by using a fibre of smaller s t i f f ­
ness, anc/or b3'- using a less dense metal for the construction of the 
ellipsoid. 

In the present experiment the ellipsoid takes the form of a 
Woodsmetal disc of diameter about 0,5 cm, and i s suspended from a fine 
quartz fibre. At some point on the fibre i s attached a small piece of 
fine iron wire about 0,2 cm lon^. The disc i s set into oscillation 
i n i t i a l l y by deflecting this wire with a weak magnet. 

I t was nocossaiy to design a grease-free apparatus for moving the 
ellipsoid i n as u out of the gap. For this purpose the fibre i s suspended 
from a brasyiron plug which i s capable of sliding vertically i n the 
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glass tube immediately above the gap. Thus the whole assembly may 
be moved i n the vertical plane (for raising c ;- lowering the bead), or 
may bo rotated i n the horizontal plane (for vaiying the orientation of 
the ellipsoid i n the gap) by means of an external magnet. (See Slg.3.9). 

The ellipsoid voltmeter ma originally incorporated into this 
apparatus as an aid to the measurement of the uhf f i e l d . However, 
another important application has been devised for the measurement of 
small residual voltages l e f t i n the gap after running a discharge. This 
application i s described i n greater detail later i n this thesis. 

5.2 The uhf indicating c i r c u i t 
The indicating meter takes the form of a full-wave diode r e c t i f i e r 

whose tenainals are loosely coupled oapacitatively across the test line 
as close the gap as possible. (See Pig, 3.10). 

The circuitjry makes use of 0A81 silicon diodes, and is designed 
such that the current flowing througli the re o i t i f e r is small, and the 
resistance of the c i r c u i t high, thus keeping the additional load on the 
line to a minimum, as well as protecting the diodes. The current flowing 
through the r e c t i f i e r i s measured using a sensitive Scalamp galvanometer, 
suitably screened and earthed. High-frequency 'pick-up' i s further 
reduced by a system of radio-frequency chokes. 
5.3 Calibration of the uhf indicating meter 

The curves relating (calibration) ^ deflection of the 
lihf indicating meter when the uhf f i e l d i s applied) vdth (n^ - ̂ ^̂ '̂ ^ 
are straight lines, 
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^ S, i> constant.. 

Then assuming that the ellipsoid voltmeter i s not frequency dependent, 
\c(oalibr^tion) equivalent to the rms uhf f i e l d , Ê , f o r a given 
value of n. 

Then, 3^ = (Vs). 0 .... 3.11 
5.4 Accuracy of uhf measurements 

The accuracy with which the uhf indicating meter may be calibrated 
i n teiTOS of the uhf voltage i n the gap depends on the accuracy with 
which the frequency of oscillation of the ellipsoid can be determined. 
The following standard experimental procedure i s adopted. 

The ellipsoid i s set oscillating i n the gap. The cloc.'c: i s started 
when the ellipsoid passes through the equilibrium position (obseaJvod 
from above as i t passes the cross-wire of the viewing telescope). The 
clock i s stopped when the bead passes through the same point a certain 
whole number of swings later, and n i s calculated from the total time 
and the t o t a l number of swings completed. The readings were standardised 
as far as possible during a given calibration by always timing over the 
same number of swings. Also, care was taken to ensure that the 
amplitude of the swings was the same at the start of each timing opera­
tion. 

Due to the errors introduced mainly i n the starting and the stopping 
of the clocit, i v i s not possible with the ellipsoid to detect changes in 
voltage of Iocs than about 20 volts. However, a satisfactory calibration 
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of the \ihf indicating meter may be obtained by plotting many points 

on the curves of E^cCcalibration) ^ ^̂ ^̂ ^̂  " ' 
using a suitable s t a t i s t i c a l analysis to calculate the best straight 
lines. From the calibrations obtained, i t i s possible to measure the 
gap voltage to within an accuracy of j; 2/J over the range required. 

6, The current supply and measurement system 
The current suppifey and the measurement system is described i n 

(2) 
detail by Long^ Certain slight modifications only have been made. 

I t i s necessary, i n order to obtain satisfactory values of the 
gap current, to stabilize the current emitted into the gap, and i t i s 
assumed for the present that this can be done by stabilizing the 
current, i^, flowing from the filament to the inside of the emitting 
electrode. A transistorized bi-stable circ u i t of the type designed by 
Wolfendale^^^^ was modified by Long^^\ employing photoferansistors to 
make i t sensitive to impinging l i g h t , (See Elg. 3.11). The system 
i s arranged so that when i^ reaches the required value, the spot of 
galvanometer impinges on two balanced phototransistors placed close 
together on the scale. These feed currents into a difference amplifier 
which depend on the exact position of the spot, and hence on i . j . The 
amplified difference signal i s applied to the base of a high power 
transistor placed i n series with the filament supplying the electrons, 
and causes the current flowing through the filament, hence i t s tempera­
ture, to be varied automatically according to the position of the spot. 
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Thus by suitable arrangement of the circuit the spot can be 'locked' 
onto the phototransistors, and a high degree of stabilization of i^ can 
be obtained below about 10**̂  amperes. Above this;, small fluctuations 
i n i^ begin to occur as the filament i s now running at a higher level 
but these are not large enough to become superimposed on the gap 
current, i ^ . 

The galvanometer, Ĝ * used to measure the gap current, i^, is 
protected froK the high current flowing at breaJ:down by a similar type 
of cirotdt. (See Fig. 3.12). T̂ hen the galvanometer deflection reaches 
a certain value the spot energizes the base of a phototransistor which 
triggers a ci r c u i t operating a relay, which i n turn short circuits the 
galvanometer. 

The current measurement and dc voltage supply system are shown 
in Fig. 5.12. Voltages and are. supplied by diy batteries, and 
varied by means of potentiometers. Currents i^ and ±̂  are measured by 

—8 
galvanometers G-̂  and Ĝ , has a maximum sensitivity of 7.5 x 10~ 
amps/cm, and Ĝ  ̂  maxiraum sensitivity of 5 x 10 amps/cm. 

Careful screening of a l l leads i s arranged to reduce high-frequency 

'pick-up' to a minimum. 
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CHAPTER 4 
HiPUimianCAL MEL̂ SURiaiENTS OP AljiPLISlClTlOH 

Curves showing the variation of amplification with the applied 
uhf f i e l d hp.d. previously been obtained i n hydrogen by Nicholls^^^ and 

(2) 
Long^ both i n non-grease-free vacuum systems. The folluwing paragraphs 
describe new measurements of amplification made in a grease-free vacuum 
system, usin^ larger electrodes and larger ̂ p widths, and covering 
a comprehensive range of Ê ^ and pressures i n hydrogen, nitrogen, helium 
and neon. 

1. Method of measuring amplifications 
Gas was admitted slowly into the test c e l l and the pressure measured 

using the bellovrs gauge. The filament temperature was monitored auto­
matically so that the current, i . j , flowing to the back of the emitting 
electr^jde rfhen the voltage, V̂ , was applied was kept constant. (See 
Chapter 3). 53ie stabilization process was assumed to be operatii:g satis­
f a c t o r i l y when the current, i^Q* flowing to the collecting electrode i n 
the presence of Ê ^ and with Ê  zero, maintained a steady value. When 
i^Q had stabilized sufficiently, the uhf f i e l d was applied, and i^ 
measured. Stepwise incr-ements of Ê  were applied, and ig measured at 
each step, u n t i l the system was close to breaking down. As a check on 
the reproducability of the results, the readings were repeated with 
decreased again steps. Actual breakdown was avoided after i t was 
observed i n the early sets of measurements that a given amplification 
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curve could not always be exactly reproduced iasGdicitely after a break­

down had occurred. This may be explained i n ter;nc of charging at the 

electrode surfaces, and i s discussed in (greater detail in a later chapter. 

As ah e33:,aplc of the effects of passing a high current in the gap. 

Pig. 4.1 coaprxres two families of amplification curves obtained i n 

nitrogen, one i n which breakdown Was allov;sd to occur at the end of each 

run, and the other i n which breakdown was carefully avoided. The systema­

t i c behaviour of the curves, as the pressure i s varied .is aarkod v.-hen 

high currents are avoided i n the gap, but becomes considerably disrupted 

when breakdoT.'n i s allowed to occur. 

I t has not been possible during the present v.orh to obtain a value 

for igQ v;idch ic absolutely steady. (See Chapter 9 ). To account for 

the d r i f t s , i n i ^ j ^ , a check on i t s value was made for every two or throe 

readings of ig , the frequency depending on the magnitude of the d r i f t s . 

(See Preface). 

Nicholls^^^ showed that the shape of the amplification curves does 

not depend appreciably on the voltage, V̂ , betv/een the filament and 

the emittihG el:!Ctrode. A value i s chosen, therefore, which i s low enough 

to avoid breakdown between the filament and the emitting electrode, (such 

a breakdorai rould render tiie stabilization of i^ impossible), yet high 

enough to provide a sufficient flux of electrons into the gap through 

the holes i n the emitting electrode. 

A i i p l i f i c a t i n, A = i^^igo* plotted as a function of for 

various values oi' and pressure. 
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2. Limitations on the ran^e of experimental conditions 
Restrictions on the range of experimental conditions that can be 

tested are imposed by the limited capabilities of the apparatus used. 
For Instance, at pressures higher than about 8 torr (varying sl i g h t l j ' 
from gas to gas) insufficient flux of electrons is given off from the 
filament to provide a measurable current in the gap. At higher pressures, 
the flux of electrons can be increased sufficiently by increasing the 
filament temperature, but this has the effect of reducing the sensitivity 
of the stabilisation of i . j . The maximum stable voltage that can be 
generated at the gap using the present oscillator i s about 400 volts, 
so at gaps around 3 cm, the highest available f i e l d strength i s of the 
order of 130 v/cm. 

With these limitations i n mind, the measurements were confined to 
the pressure range 0 to 8 torr i n a l l the gases tested. 

3, Notes on the quantities to be measured 
In the, calculation of A, i t i s not necessary to obtain ig or 1^^ i n 

absolute units, since A i s the ratio of these two quantities. However, 
the galvanometers and Gg were calibrated so that the currents i^, ig 
and igQ can be obtained i n amperes i f required. 

Currents ig and i^^ are measured in the units of cm of galvanometer 
deflection, and may be measured accurately to the nearest Q£d cm. I f the 
current flowing i n the gap is such that i t gives a fr^ deflection of 1 cm, 
accuracy to witkla 5yj can be obtained i n the reading of ig. For most of 
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the experimental results quoted below, accuracy is considerably greater 
than this. 

!l>jrpically i n the pressure range used, i ^ i s of the order 2 x 
7 >g 10 amps, and i^^ i s of the order of 10 amps. 

The accuracy of the uhf f i e l d measurements varies from about jt5;J 
at 10 v/cM to about j.V/o at 100 v/cm. The accuracy of measurement of 
the applied f i e l d , E^^,varies from about j^^^ at 2 v/cm to about j-IJi 

at 20 v/cm. 

4. Escperimental measurements of amplification 
During the following measurements of amplification, breakdown 

was cajTefully avoided, for reasons already discussed. Therefore no 
measurements of the breakdown f i e l d are given. However, since the 
breakdovm conditions are of importance i n interpreting the amplification 
curves, measurements of breakdown stress were made independently of the 
amplification ciit^es, and are presented i n Chapter 3-
4.1 Amplification i n hydrogen 

Preliminary measurements of amplification in hydrogen enabled the 
dip i n the amplification curves observed by the previous workers to be 
quickly re-established. 

Extensive sots of amplification curves were obtained for hydrogen 

i n the pressure range 0.5 to 8 torr, with values of Ê ^ ranging from 

0.7 to 70 v/cm. The experiments were performed at gap widths around 5 cm. 

(See SlGG. ./)..2j 4-3, 4;4, 4j5 and k^6). 
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The Qonoral shape of the curves i s described i n Chapter 2, g3. 
The cmset of ionization at higher values of i s olearly defined by 
the corresponding increase i n amplification. Hiis rise, which i s 
continuouo up m t i l breakdowi, i s steep at low values of Ê ,̂ but becomes 
less steep for larger values of 3̂ .̂ The size of the dip decreases 
with increasinc D̂ ,̂ and eventually Ê ^ may be increased to the stage 
where the dip i s removed altogether. At s t i l l higher values of Ê ^ and 
low Ê , anplification i s not so strongly dependent on E^, and the 
curves for successive high values of Ê ^ become indistinguishable. (See 
Figs. 4.2 and 4.3). 

Families of aplification curves, plotted with Ê ^ fixed, and varying 
the pressure from curve to curve, (See Figs, l^k) 4.5 and 4.6), show 
that below the onset of ionization amplification exhibits only a slow 
pressure dependence, and such that for a given value of Ê , an increase 
i n pressure produces a small corresponding increase in amplification. 

4.2 Amplification i n nitrogen 
Amplification curves were obtained for nitrogen i n the same way as 

for hydrogen, for pressures ranging from 0,5 to 4 torr, for Ê ^ = 6.89 
and 10,34 v/ca and for gap widths around 5 cm, (See Figs. 4.7 and 4.8). 
The curves exhibit the same general characteristics as for hydrogen. 
4.3 Amplification i n helium 

Amplification curves were obtained for helium i n the pressure range 
1 to 8 t o r r , Td.th Ê ^ ranging from 1.89 to 18.9 v/cm, and gap widths 
around 5 cm. (See Figs. 4.9, 4.10 and 4.11). The curves exhibit similar 

-54-



NEON 

d =2.64 cm 
E, =1.89 v/cra dc 

p = 1 t o r j 

0̂ 8 10 12 

F i g 4.12. A m p l i f i c a t i o n m N'eon.(E^^ f i x e d ) 
\ 

14 
v/cm 



A* 
NEON 

d =2.64 cm 
E^^= 7.56 v/cra 

p= 8 t o r r 

E„ v/cm 

F i g 4 . 1 3 . A m p l i f i c a t i o n i n Neon.(B^^ f i x e d ) 

\ 



NEON 
d = 2.64 era 
E^^= 18.9 v/cm 

p = 1 to: 

F i g 4.14; A m p l i f i c a t i o n i n Neon.(E^^ f i x e d ) 
E^ v/cra 

\ 



characteristics to those for hydrogen and nitrogen, except that the scale 
of i s very much reduced. 
4.4 Amplification i n neon 

Amplification curves were obtained for neon i n the pressure range 
1 to 8 t o r r , i d t h Ê ^ ranging from I.89 to 18.9 v/cm, and gap widths 
aroiuid 3 cn. (Gee Figs. 4.12, 4.13, and 4.14). The dip i n the amplifi­
cation curve i s only apparent at very low values of Ê ,̂ and i s removed 
completely tiiroughout the above pressure range when values of Ê ^ 
greater than about 7 v/cm are applied. The pressure dependence of 
amplification i s considerably more marked than i n the cases of hordrogen, 
nitrogen and helium. 

5. General Discussion 
Tiic shape of the amplification curves at low values of Ê  i s 

affected aainl;;,' by the relative, importances of d r i f t and diffusion of 
electrons i n the gap. At higher uhf fields, the electron flow considera­
tions become complicated by the introduction of ionizatiwi, A later 
chapter of this thesis sets out to examine theoretically the relationship 
betwaen d r i f t and diffusion for various conditions i n the gap. At this 
3tE.g3 i t suffices to describe br i e f l y the main factors influencing the 
shape of the amplification curves. 

-.hca a pure uhf f i e l d is applied, the main electron loss i s by 
diffusion. Ac 2- i s then superimposed, and gradually increased, the uc 
rate of loss of electrons by d r i f t increases, and diffusion becomes less 
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important DJI relation to d r i f t . As d r i f t becomes more and more effective, 
the dip i n the amplification curve becomes smaller. At some stage, 
as Ê ^ is increased, d r i f t may be expected to take over from diffusion 
as the dominant electron removal mechanism* Eventually, Ê ^ may be 
increased to a value high enough to completely remove the dip. 

(1 2) 

I t has been suggested^ * ' that the dip may be caused by the loss 
of electrons by back diffusion, which increases as the energy of the 
electrons i s increased. (See Chapter 2). I t i s tempting to state there­
fore that the removal of the dip indicates the elimination of back 
diffusion as an effective loss process. However, this may not be the case. 
For instance, i f Ê ^ is high enough on i t s own to produce multiplication 
i n the injected electron stream, then as Ê  i s increased from zero, the 
ionization rate w i l l start to increase immediately. I f the ionization 
rate i n i t i a l l y increases faster with Ê  than the rate of electron loss 
by back diffusion, the dip w i l l be removed while back diffusion i s s t i l l 
goin^, on. 

I t i s of interest to compare the amplification curves obtained for 
the various gases. For elastic collisions between electrons and gas 
atoms or molecules, the fraction of the electron energy which i s lost 
per collision is inversely proportional to the mass of the atom or 
molecule struck; Therefore we would expect for a ;;iven ̂ p that the 
random energy of the electrons is less i n a l i j ^ h t gas than i n a heavy gas 
and hence the diffusion coefficient to be less. This is an oversimpli­
fication, hov/evjr, and i s complicated by the occurrence of inelastic 
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collisions, i l t low ^ p , the fractional energy loss of an electron per 
fx 5) 

collision, taldjig inelastic collisions into account, has been shown̂  * ' 
to increase far gases i n the order Ne, He, Ng, Ilg. Therefore the 
diffusion coefficient should increase i n the opposite sense, and i f the 
dip i n the amplification curve is due to back diffusion, i t might be 
expected to be greater i n the order i^, N̂ , He, Ne. This crude picture 
does not agree with the experimental results, and i t i s not possible 
to conclude with any certainty at this stage that back diffusion i s the 
mechanism causing the dip. 

Later i n this thesis more rigorous attempts are made to find a 
theory which satisfactorily explains the shape of the amplification 
curves. 
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CHAPTER 5 

Ei:>i::CgHIC:j: 3?£AKD0'.'.N OF GASES AT ULTHA-EIO-n-FitEî Uî CIES 

In thin study of the events leading up •feo breakdown in a gas under 

the influence of combined uhf and dc electric fields, i t is desirable, 

for completion of the picture, to obtain measurements of the uhf break­

down f i e l d corresjranding to the conditions of gap width, gas pressure 

and Ŝ ^ encountered i n the amplification curves. (See Chapter 4). 

From those neaoureenents at breakdown, the aim i s to obtain values of 

the ulif ioniz tion coefficient for gases i n the same experimental environ­

ment i n which the amplification curves were obtained. These values w i l l 

be employed later i n this thesis i n the interpretation of the shape 

of the amplification curves. (See Chapter 8 ) . 

1. Method of measuring the breakdown f i e l d 

A l l the measurements to be described i n this chapter were performed 
with no a r t i f i c i a l source of electrons. The i n i t i a t i o n of the discharge 
thus depends on the appearance i n the gap of a casual electron. V/ith 
this i n mind, the following procedure was adopted. 

Gas v;as acmitted into the system to the required pressure, and 
E, and the gap vridth were set to the required values. The tihf f i e l d 
dc u 

was increased slowly i n small increments u n t i l an instantaneous break­

down occurred. Tlie uhf f i e l d was removed, and the system l e f t to recover 

for a few minutes. The uhf f i e l d waa again applied, and raised to a 

value just holo\; that at which the f i r s t breakdown occurred. This f i e l d 
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was maiiitained for a few minutes to allow enough time for a casual 
electron to appear, and i f no breakdown occuri^d during this time, the 
f i e l d was fux'ther increased to that which caused the instantaneous break­
down previously. I f breakdown again occurs instantaneously, the value 
just below this vas taken for the breakdown f i e l d . 

Heasureraents of the breakdown f i e l d were performed i n hydrogen, 
nitrogen, heliun and neon. 

2. Variation of the uhf breakdown f i e l d with a superimposed dc f i e l d 
^irpioal 3?esult3 showing the variation of the uhf breakdown f i e l d , 
(r.m,s. v/cm), with a superimposed dc f i e l d , Ê ,̂ are presented i n 

l i g . 5.1. general shape of the curves is the same for a l l the gases 
tested. At low values of IS, , E increases slowly at f i r s t , then more 

etc us 
rapidly as i s increased further, becoming an almost linear function 
of E^, of which the slope, for a given gas, appears to be independent 
of pressure. This increase i n the uhf breakdown stress may be explained 
qualitatively as follows. As i s increased, losses of electrons by 
d r i f t are enhanced, and the lifetime of the average electron i n the gap 
i s decreased. In order to preserve the balsuico between the loss and 
generation processes, required for breakdown, the ionization rate, hence 
the uhf f i e l d , aust be increased. 

In this particular set of measurements, the resiilts must be treated 
with caution. Bach time a discharge i s struck i n the gap the. presence 
of the applied dc f i e l d causes a large unidirectional current to flow 
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i n the gap, thus producing considerable charging at the electrode 

surfaces. (See Chapter 9 )» Tbus the effective value of i n the 
do 

gap at any time i s strongly dependent on the discharge that occurred 
while the previous point on the curve was being obtained. In view of 
the uncei*tainty thus introduced, these measurements were not pursued 
i n detail. 

3. Measurements of breakdown f i e l d at pure uhf 
Keasuresaents of breakdown stress were performed for gases stressed 

by pure uhf fields, and curves were plotted showing the variation of 
E A with pA , Hhere A i s the diffusion length of the gap. Experiments us 
of this type have already been performed i n detail at Durham by Clark^^^*^'^. 
Here that work i s extended to cover the range of experimental conditions 
relevant to the present amplification raeasurements. For a given curve 
the procedure adopted was to keep A constant, and to measure the 
breakdown f i e l d f o r a range of pressures. 

(Hote:- A later chapter describes meas\ireraents which show that 
there i s no net charging i n the gap during a pure uhf 
discharge. Therefore the measurements of breakdown 
stress at pure uhf a i ^ l i k e l y to be considerable 
more reliable than those made in the presence of a do 
field.) 

3.1 Breakdown i n hydrogen 
Measurements of breakdown stress were obtained in hydrogen i n the 

pressure range 0 to 8 t o r r , with gap widths of 2.64 and 2.90 cm. 

(See Fig. 5.2). 
I t i s seen that for the whole range of pressure used, the curve 
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against pA i s unique for both gap widths. At the high pressure 
end of the curve, Ê ^ decreases uniformly with pressure, agreeing 
extremely well with Clark's measurements over this region. In the low 
pressure region, Clark's curves, obtained for smaller gap widths and 
a frequency of 9.5 Mc/sec, branch upwards, while the present curve 
continues. the downward trend. The reasons for this discrepanoy between 
Clark's and the present measurements are discussed i n §3.5 of this 
chapter. 

3.2 BreakdoTO i n nitrofi,en 
Measuranents of breakdown stress were obtained i n nitrogen i n the 

pressure range 0 to 4 torr, with a gap width of 2.90 cm. (See Fig, 5.3). 

Over the f u l l range of pressure used, E decreases unifonaly with 
US 

pressure, Clark's measurements i n nitrogen were obtained for conditions 

of pressure and gap width that d i f f e r so greatly from these that no 

f a i r comparison can be drawn with the present results, 

3.3 Breakdown i n helium 
Measurements of breakdown stress were obtained i n helium i n the 

pressure range 0 to 8 torr, with ^ p widths of 2,64 and 2.90 cm. (See 
Fig, 5.4), The breakdown f i e l d decreases uniformly with pressxire down 
to p about 1 torr. cm, below which i t rises sharply again. Over the 
whole of the above pressure range as far as can be ascertained from the 
very limited range of gap widths used, the curve appears to be dependent 
on the gap width, Clark performed no breakdown measurements i n helium. 
However, compared with the results of Brown^^^^ i t is seen that the 
present values of the breakdown f i e l d are considerably lower. 
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5.4 Breakdown i n neon 
rieasurenents of breakdown stress were obtained i n neon in the 

pressure range 0 to 15 t o r r , with gap widths of 2.64 and 2.90 cm. (See 
Hg. 5.5). At the higher end of this pressure range, E decreases 

us 
unifonaly with pressure, but as the pressure i s decreased, goes through 
a minimum at pA about 6 torr. cm, then rising a ^ i n slightly before 
dropping sharply to reveal another minimum at pA about 0.2 torr. cm, 
after which i t rises sharply again. As in helium, the curve appears to 
be quite strongly dependent on the gap width. 

Clark's measxirements i n neon do not extsid to such low values of 
p , so, again, no f a i r comparison can be made with the present results. 
3.5 The diffusion theory of breakdown 

The shano of the E , p curves has been studied i n detail by us 
(12^ 

many worfcers. Prowse and Clark^ ' showed that provided the only electron 
removal meclianicm i s diffusion, and the only electron generation process 
i s single-sta^je collision ionization (o<), the curve should be unique 
for a given gas, independent of the dimensions of the gap. Therefore 
the diffusion theory of breakdown at viltra-high-frequencies^^*^^ sho\ild 
apply. 

At breakdown, V/D = l/A^ 5.1 

I t i s convenient to consider the ionization coefficient ̂  , the nuaber 

of ionizing collisions that an electron makes i n f a l l i n g through a 

potential of one volt. 

Then, = o( / E 
-IE 1 
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= D H • ^ .... 5.2 

And at breakdown i n uhf fields, naldng use of Eq. 5.1 i n Eq. 5.2 

^ = A2 E2 it 5.3 
us 

Then previdlng that diffusion i s the controlling electron removal 
mechanism, nay be obtained as a function of ̂ p from the B^^A, pA 
curves, using established data of other workers for D/n. . 

The diffusion theory of uhf breakdown holds provided that 
a) the electron ambit i n the ̂ p i n one half cycle of the uhf f i e l d 

i s small compared to the gap width, 

b) the electron raean-free-path i s small compared to the diff\ision 

length,A , of the gap, 

o) the collision frequency for impacts between electrons and gas 

molecules i s large compared to the frequency of the applied uhf f i e l d , 

and 

d) the wavelength of the applied uhf f i e l d i s large compared to 

the diffusion length of the gap. 
I f any of these conditions are not satisfied, the breakdown curve 

w i l l deviate from the uniqueness postulated by Prowse and Clark. The 
value of p A at which this deviation occurs i s strongly dependent on 
the gap dimensions, and the frequency and magnitude of the applied f i e l d . 
This i s illus t r a t e d in Fig. 5.2 for hydrogen where Clark's curves are 
seen to deviate from the unique curve at higher values of p A than in 
the present experiment. 
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•S&SL'B Smima TSE RAHGE OF CONDITIONS OVER VaiCH THE DIFFUSION THEOEf 

OF BREAKDOM SH0I3LD APH.Y 

t • ..Gas hydrogen , Nitrogen Helium Neon 

ElQctjTon /iiibit I i i a i t I^p < 50 ly'p < 50 ^p < 20 

Meanr-freerpath l i m i t p < 0,020 p < 0.050 p < 0.060 p <0.12 

Collision fj^equencgr 
l i m i t - • • • • p < 0.052 p < 0.052 p < 0.104 p < 0.074 

Itoiform' f i e l d l i m i t Wavelength of oscillation of f i e l d , 625 cms, 
i s f ^ r greater than , so diffusion theory 
applies. 

Electron ambits calculated from Townsend d r i f t velocity data (5) 

Co^JLision frequency data from Brode^ 
Eandom velocity data from Townsend data (5) 



The Conditions i n the present experiments over which the diffusion 

theory of breakdown shoiad apply are set out for hydrogen, nitrogen, 

helium and neon i n Table 5.1, 

3.6 Application of the diffusion theory of breakdown i n hvdregen and 
nitrop^ea 
For the limited range of gap widths tested i n bydrogen and nitrogen 

K.g3. 5.2 and 5.3 indicate quite clearly that the E _A, pA curves 
l i s 

are xinique for each gas, and not dependent on the gap width. Therefore 

the diffusion theory should apply safely over most of the conditions 

tested, and t h i s i s confirmed by the conditions stated i n Table 5.1, 

Therefore using Eq. 5.3> the ionization coefficient i s calculated 

as a function of J^p from the measurements of breakdown stress. (See 

Fig. 5.6). Values of D/fJi for hydrogen are obtained from the data of 

Vamerln and BrowS^^\ and for nitrogen from the data oflfeas and Qneleus^^l 

The values of "̂^ thus obtained f o r tydrogen agree satisfactorily 

with those obtained by Leiby^^^^, Prowse and Clark^^^^ and Vamerin and 

Brown^'^^ and the values for nitrogen agree similarly with those obtained 

by Harrison^^^^ 

3.7 Application of the diffusion theory of breakdown to helium and neon 
The minimum i n the breakdown cuarve for helium, and that i n the 

neon curve at the higher value of pA , do not appear to coincide with 
any of the li m i t s to the diffusion theory mentioned so far. However 
the minimum i n the neon curve at the lower value of pA i s very close 
to both the mean-free-path and the collision frequency l i m i t . 
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From the limited amount of data obtained for breakdown in helium 
and neon, i t i s clear that the breakdovm curve is not imique, but is 
dependent on the gap width, although we see from Table 5.1 that diffusion 
o u ^ t to be the controlling electron removal mechanism over a l l the 
conditions tested except at veiy low pressures. This leads to the con­
clusion that over the range of the present measurements, the diff\ision 
theory postulated by Prowse and Clark apparently f a i l s . This suggested 
departure from the breakdown theoiy appears only vinder the present 
conditions of lonjgap widths and low pressures. The theory was tested 
successflilly by Prowse and Clark for shorter gap widths and hi^jher 
pressures. A possible mechanism that would invalidate the theory woiild 
be the emergence of an electron generation ̂ irocess other than single-
stage collision ionization, dependent on the dimensions of the gap. 
One possible mechanism may be closely linked with the abundance of 
metastable atoms foztned i n helium and neon. At high pressures, a 
metastable atom has a high probability of colliding with an atom of 
impurity i n the gas, and may, i f the raetastable energy of the impinging 
atom i s slightly higher than the ionization potential of the struck im­
purity, give up i t s metastable energy to ionize the impurity atom. (Pen­
ning effect). In this case, the net effect i s simply to enhance the value 
of the sixigle-^stage collision ionization coefficient, and does not 
basically alter the theoretical argument of Prowse and Clark. But at lower 
pressures, the probability that the metastable atom w i l l collide with 
a suitable impurity i s reduced, and i t may instead diffuse to the 
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electredes where i t might readily give up i t s energy to assist the 
release of electrons from the surface of the metal. This effect w i l l 
be dependent on the gap dimensions, as well as the pressure and the 
impurity content of the gas under test. 

I f i t i s an additional electron generation process which i s causing 

the departure from the theory i n the present experiments, then so long 
as diffusion is s t i l l the controlling electren loss process, the diffusion 
theory of brealzdown may be applied. The ionization coefficient, 7̂  , i s 

then calculated for helium and neon frem Eq. 5.3, and plotted as a 
function of i^/p. (See Fig. 5.7). Values of D/|i for helium are obtained 

( 4 2 ) 

from the .data of Reder and Brown^ and for neon from the data of 
Mierdel^^'^^. I t i s seen that the calculated values of ^̂ '̂ ^ 
an order of magnitude greater than any of the standard data published 
for pure helium and neon, (Helium^^*^^). Neon^^'^^^), and this i s con­
sistent with the view that an additional electron generation process i s 
occurring as well as single-stage collision ionization. >j i s then a 
measure of the t o t a l multiplication of electrons i n the gap, taking into 
account a l l generation precesses. 

I f , on the other hand there i s a Iocs precedure occurring other than 

diffusion, the diffusion theory of breakdown does not apply. In this 

case, the ionization coefficients calculated i n the manner described 

above are f i c t i t i o u s , and may not be used with confidence later. 

3.8 Cginments 

•The values of the ionization coefficient i n hydrogen and nitrogen 

obtained by the above method are reasonably satisfactory, and there is -66-



no apparent reason wliy these should not oe used l a t e r i n helping; to 

explain the shape of the araplification curves i n those gases. 

The values obtained f o r helium and neon must, however, be viewed 

u i t h caution since i t i s not certain that the application of the ddLffusion 

theory of brealrdoTm i s v a l i d i n the range of conditions tested. This 

needs to be investigated further. Breakdown measurements are required 

over a vrid.c rtm^e of ^ p widJbhs and gas pressxires, (and taJcing special 

care t o obtain high gas p u r i t y ) , embracing a l l the conditions ranging 

from those used by Clark to those used i n the present experiments, i n 

order to establish f i r m l y the f a i l u r e of the theoiy of Prowse and Clark, 

and, ( i f successful), under what conditions t h i s occurs. A possible 

mechanism has been suggested to account f o r the departure from the theoiy, 

but i n view of the l i m i t e d amount of data obtained, t h i s cannot be 

supported quantitatively a t t h i s stage. 
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CEilPTBR 6 

SXPBKIMiJ^TS go E^TSSTI&ATE THS NATURE OF ELECJR(gJ ELOT/ WITHIN IHii H0L3S 

IN THE BMITIIN& S,ECTRODE 

I t i s oeon from Chapter 2 that the theory developed by Long^ ' 

to account f o r the shape of the amplification curves i s heavily depend­

ent on the raclius of the holes i n the emitting electrode through which 

the elcctraac; oacrge i n t o the gap. This chapter describes expeilaents 

which \7ore porformed to toot t h i s p a r t i c u l a r aspect of the theory, and 

also t o investigate the nature of the flow of electrons down these holes. 

A l l the neasurements were porforaed i n l\7drogen. 

1, Modifications to the apparatus 

A now e o l t t i n g electrode was constructed of pure aluminium, as 

close as possible to the dimensions of the one used f o r the other experi­

ments described i n t h i s thesis. (See Fig. 6.1). A large central hole 

of diameter about 2.5 cm was d r i l l e d i n the f l a t face, and a number of 

short brass plugs were constructed to slide i n t o t h i s hole, and f i t f l ush 

with the face of the electrode. Each plug consists of a short brass 

cylinder, closed a t one end. The closed end i s pierced c e n t r a l l y with 

a small c i r c u l a r hole, which, with the plug i n position, constitutes 

a single emitting hole i n the electrode face. 

2. Measurements^ o f amplification f o r holes of various sizes 

The diameter and length of the emitting hole were measured using 
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a t r a v e l l i n g ciicroscope and micrometer gauge respectively. With t h i s 

pl\ig i n position, amplification curves were obtained i n the usual way. 

(See Chapter 4). The measurements i n t h i s instance were confined to 

hydrogen i n the region below the onset of c o l l i s i o n ionization. \*hen 

s u f f i c i e n t curves had thus been obtained, the emitting electrode was 

removed from the system, the emitting hole was enlarged and the dimensions 

of the hole were re-measured. The experiment j u s t described was re­

peated f o r t i l l s new hole size. Measurements were performed f o r hole 

r a d i i b, rc^ncine from ,0l7 to ,104 cm. 

This whole procedure was repeated f o r hole lengths, L, ranging 

from .025 to .104 cm. Care ms taken to ensure that from experiment to 

experiment, the only quantities that were allowed to vaiy were the 

dimensions of the hole. A l l other quantities were maintained the same 

throughout a l l the runs. i.e. d = 2,59 cm, E^= 7.72 v/om, p = 1 and 

> 2 t o r r , = 75 v o l t s , and i^ =4.10 amps. 

The results of t h i s investigation are presented i n Pig. 6.2, Prom 

these, i t i s not possible to detect a systematic variation i n the shape 

of the amplification curve with variations i n the hole dimensions. Vi/hat 

small variations are observed may well be accoimted f o r i n terms of the 

error introduced by the charging up of the electrode surfaces under the 

influence of the gap current. (See Chapter 9 )• Although these results 

were obtained with only one hole i n the emitting electrode, there i s 

no apparent reason why the same effect should not be observed when there 

i s more than one, as i n the main bulk of the amplification measurements 
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described i n Chapter 4. 

il i o results of t h i s experiment therefore lead to the firm conclusion 
(2 

that Long's theoiy f o r the shape of the amplification curves i n hydrogen^ ' 
29) 

considerablj,'- overestimates the importance of the size of the emit­

t i n g holes. 

3. The effect of the hole dimensions on the magnitude of the current 
entering the gap 

The curr-ent flowing to the c o l l e c t i n g electrode i n the absence of 

a \ihf f i e l d , 1̂ ,̂ i s p l o t t e d as a function of the hole radius, b, f o r 

a range of values of the hole length, L, keeping Ê ,̂ i^, V^, d and the 

gas pressure constant. (See Fig. 6.3), The quantity that we would 

l i k e to knoTi as a function of the hole dimensions i s the actual current 

emerging from the emitting electrode, i ^ , but i t i s reasonable to assume 

under the above conditions that i ^ i s proportional to ±^q. 

i . e . i g = igo 

where i s oons-tant i n t h i s case, depending only on d, Ê ,̂ the gas 

pressure, and the nature of the gas. 
I t i s seen from the curves that i ^ ^ , hence i ^ , increases approximately 

'̂ as the square of the hole radius, b, although the accuracy of "Hie 

r e s u l t s , owing to the slow d r i f t s observed i n i^^ (See Chapter 9 )» i s 

not s u f f i c i e n t to allow t h i s to be determined exactly. 

I t i s reasonable to expect th a t , i f electrons are l o s t to the wall 

of the hole, the current emerging in t o the gap should decrease as the 
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length of the hole i s increased. However, the curves show that the 

current flowing to the c o l l e c t i n g electrode, hence i , does not vary 

appreciably r d t h L over any of the range of b and L used. Therefore i t 

must be concluded that electrons are not l o s t to the hole wall on t h e i r 

passage through the hole. This unexpected resu l t has prompted the follow­

ing discussion i n t o the nature of electron flow through a hole i n the 

emitting electrode. 

3.1 Dril't and d i f f u s i o n of electrons within the emitting hole 

Sloctronc from the filament move towards the back of the emitting 

electrode by drift and d i f f u s i o n , controlled by the voltage V̂ . Those 

electrons entering the hole may s t i l l be under the influence of , owing 

to the penetration of i n t o the hole. This effect i s steadily reduced 

as the electrons move fu r t h e r i n t o the hole. For a very short hole the 

electrons are s t i l l influenced by when they emerge out of the f a r side, 

by which time they are also under the influence of the do f i e l d i n the 

gap, and although some may be l o s t by r a d i a l diffusion to the wall of 

the hole, the majority w i l l be swept out i n t o the gap. However f o r longer 

holes, the f i e l d penetration from either side may not be as great i n com­

parison, and there may be a region w i t h i n the hole which i s f i e l d free. 

I n t h i s region, the electrons are influenced by diffusion alone. The 

chances novr t l i a t an eleo^-ron w i l l cross t h i s f i e l d - f r e e region now depends 

on the r e l a t i o n between the length and the radius of the region. 

Duo to the f i e l d penetration into the hole, a r a d i a l component of 

f i e l d nay be expected vdthin the hole, but t h i s e f f e c t i v e l y disappears 
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with the ajd^?. f i e l d . Therefore the radius of the f i e l d - f r e e region i s 

approiiimately equal to the physical radius of the hole, 

Within t i l l s f i e l d - f r e e region, we may estimate the r e l a t i v e probab­

i l i t i e s t l i a t 2.) the electrons v d l l diffuse to the wall of the hole, or 

that b) the electrons w i l l diffuse to the ends of the region. Those 

that diffuse to the f a r end of the hole, w i l l come under the influence 

of the f i e l d i n the gap, and t h i s i s the component that we a i ^ interested 

i n here, since these are the electrons which actually get i n t o the gap. 

• Diffusion i n a c y l i n d r i c a l cavity i s described by the diffusion 

length, A , given by 

= (7r/d)2 + (2..405/r)^ .... 6.1 

?^ere the f i r s t tern on the r i g h t hand side corresponds to diff u s i o n 

l a t e r a l l y , and the second term to diff u s i o n r a d i a l l y out of a c y l i n d r i c a l 

container^ 

I n t h i s case we*rare conceraed with a container of radius b and 

length L, vihere i s the length of the f i e l d - f r e e region inside the 

hole. The chance that an electron w i l l be l o s t by di f f u s i o n to the wall 

of the hole, compared to the chance that i t w i l l diffuse to the f a r end 

of the hole i s given by c, whore 

{V2Kn/Lf 

The factor I /2 appears i n the denominator because we are not interested 

i n those electrons which diffuse back to the same end of the hole from 

which t h ^ entered i n i t i a l l y . 
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5?hen, <r= 1.172 (Lyb)2 ..... 6.2 

From t h i s vre may conclude that r a d i a l d i f f u s i o n i s negligible only 

f o r short holes where i s negligible.- But as soon as the hole 

dimensions bocomo such that there is.a f i e l d - f r e e (or near f i e l d - f r e e ) 

region v i l t i i l n the hole, ( i ^ e ^ f i n i t e ) , diffusion losses to the walls 

of the hole can no longer be neglected, and may be expected to Increase 

w i t h the loneth o f the hole. 

i s a function of L and b, and probably and Ê ,̂ but, so f a r 

attempts t o determine t h i s function rigorously have not been successful. 

The follovang crude theory provides an approximate condition f o r there 

to be a f i e l d - f r e e region inside the hole. 

At a given point, P, on the axis inside the hole, the e l e c t r i c f i e l d 

due to f i e l d penetration i s a function of the s o l i d angle subtended at 

P by the mouth of the hole. (See Fig.- 6.4). Assume that i f the s o l i d 

angle subtended i s less than TT, then the f i e l d at P i s negligible. 

The s o l i d angle subtended at the mouth of the hole i s 

= (Area of mouth of hole)/x^ 

= 27rb^(b^ + 5 ^ ) , where S i s the distance of P from 

the end of the hole, measured along the axis. For the f i e l d at P to be 

neg l i g i b l e 
TT > 0 

> 27rbV(b2 + $ ̂ ) 

Then, <J ̂  > b^ 

Therefore f o r there to be a f i n i t e f i e l d - f r e e region within the hole, 

and hence f o r electron losses inside the hole to be appreciable 
-75-



^ > 2S > 2b .... 6.3 

(the f a c t o r 2 comes from considering the f i e l d penetration at both ends 

of the hole). 

Prom t i i i s rough c r i t e r i o n , i t i s f a i r l y clear that, with at least 

some 0? the hole configurations employed experimentally, electrons \ , i l l 

be l o s t to the walls o f the hole. But the experimental results (See slg. 

6,3) do n o t confirm t h i s view. Therefore we must consider ihe possib­

i l i t y t i i i i t thGVO i s some other mechanism occxirring which i s helping to 

prevent electron losses inside the hole. 
3.2 The, effects o f charging at the wall o f the emitting hole on the 

current eijorging i n t o the gap 

Ignoring the effects of f i e l d penetration, i t i s of interest to 

consider the effects o f cliarging a t the w a l l of the hole on the current 

emerging i n t o the gap at the f a r end. Electrons flowing i n t o the hole 

may, as has already been shown, reach the w a l l , and under the r i g h t 

surface conditions may become deposited there. Thus the walls may charge 

up to a p o t e n t i a l high enough to produce electrostatic focussing of the 

electron stream with i n the hole. This becomes analogous to the operation 

of the Uehnelt cylinder, which i s employed to concentrate the electron 

beam o f a cathode ray tube as i t leaves the filament^^^\ To operate 

e f f e c t i v e l y , the wall of the hole must be raised to a negative potential 

higher than t h c t of the electrons as they enter the hole. Fig. 6.5 

shows aoprosinQtely the expected potential d i s t r i b u t i o n along the axis 

o f a charged hollow cylinder ( i n t h i s case the hole). The potential 

reaches i t s highest negative value at the centre, dropping to zero on 
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both sides. ..his d i s t r i b u t i o n acts as a 'potential pass', having two 

effects, i l r o t l y , the effect i s to concentrate electrons towards the 

a:cLs tj e l e c t r o s t a t i c focussing, being strongest at the centre of the 

hole. Secondly, electrons a r r i v i n g i n t o the hole meet an unfavourable 

po t e n t i a l gradient which slows them down, more so the nearer to the 

centre of the hole that they get. Near the centre of the hole they are 

moving i n near f i e l d - f r e e space, and w i l l reach thermal energies. This 

has the effect of decreasing the diff u s i o n c o e f f i c i e n t , assisting the 

prevention of electron loss by diff\islon to the wall. But the f i e l d - f r e e 

region i s r e l a t i v e l y short, and once the electrons have diffused across 

t h i s , they f i n d themselves i n a favourable potential gradient, equal and 

opposite ( i n the absence of f i e l d penetration in t o the hole by the ex­

t e r n a l l y applied f i e l d s ) to the gradient which caused them to slow down 

i n i t i a l l y . 'iSio electrons now gain energy as they are driven down t h i s 

p o t e n t i a l gredient, and the net effec t when they arrive i n the ̂ p i s 

that t l i G l r enerQT i s about the same as i t was when they entered the hole. 

Therefore the random vel o c i t y of electrons on entering the gap should 

be close to that corresponding to V̂ . 

These effects r e l y on the presence of an Insulating layer over the 

walls of the hole, thus enabling the charging process to take place. 

Later experinonts do point strongly to the presence of insulating layers 

on the eloctrot^o surfaces i n the gap. Some of those measurements are 

also consistent with the suggestion that charging i s occurring inside 

the emitting holes and acting so as to aid the i n j e c t i o n of electrons into 

the gap, (See Chapter 9 )• 
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CHAPTER 7 

A iHEORanCAL GIUDY 01 TSE RELATIVS IMPORTANCES OF DRIFT ASP DiyFUSIOilf. 
m) OF IHE ELECTRON DMSrry DISTRIBUTICm IN TH£ GAP 

The experimental aaiplification curves show that the dip i n the 

curve a t low values of E^ i s controlled strongly by the value of the 

superimposed dc f i e l d . I t appears that as Ê ^ i s increased f o r a given 

gas at a given pressure, the dip i s decreased i n size by the growing 

effectiveness o f electron d r i f t , Ttda chapter sets out to investigate 

t h e o r e t i c a l l y the conditions under vshich d r i f t takes over froa d i f f u s i o n 

as the predorninant electron reaoval mechanism, and how th i s manifests 

i t s e l f i n the experimental results f o r hydrogen. A coaparison i s made 

with the conditions imder which the electron density d i s t r i b u t i o n i n the 

gap changes from the exponential to the sinusoidal form, 

1. D r i f t and d i f f i i g i p n 

Electrone moving i n a gas i n the absence of an el e c t r i c f i e l d des­

cribe motions o f random walk, moving i n st r a i g h t paths between successive 

c o l l i s i o n s with gas molecules. There i s a resultant net flow of electrons 

towards regions where the concentration of these particles i s lower. 

(See Chapter 1). The rate of d i f f u s i o n increases with th« energy of the 

electrons. 

I n the presence of a uhf e l e c t r i c f i e l d , assuming that the distance 

moved by the electrons i n one ha l f cycle of the f i e l d i s small compared 
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to the electrode spacing, the electrons gain energy as they o s c i l l a t e 

to and faro i n the f i e l d . The paths between co l l i s i o n s now become curved 

tovards the direction of the el e c t r i c force. (Townsend^^^). There i s 

no net displacement of electrons p r e f e r e n t i a l l y to either electrode. 

The only electrons which can be l o s t by d r i f t i n the uhf f i e l d are those 

vdilch are closer to the electrode than the distance they would move i n 

the f i e l d i n one h a l f cycle. ̂ -̂ ^̂  

I n tIjD presence of a pure unidirectional f i e l d , the paths between 

c o l l i s i o n c c::̂  cgaln curved, but t h i s time such that there i s a net 

advance of electrons towards the anode. 

i n con'oined unidirectional and tihf f i e l d s , the electrons experi­

ence d i f f u s i o n , d r i f t i n the uhf f i e l d and d r i f t i n the dc f i e l d , ( i n 

general throughout t h i s thesis, the tern ' d r i f t ' , unless otheiTflse 

stated, refers t o the unidirectional component). D r i f t and diffusion 

may be ti^eated independently provided that the d r i f t velocity i s small 

compared to tlie random velocity. Then the system may be treated as one 

i n which sinjilo d i f f u s i o n occurs, with the d r i f t motion superimposed. 

I n the present experiment, the main removal processes f o r electrons'! 

are d i f f u s i o n to the electrodes ( p a r t i c u l a r l y back diffusion to the 

emitting electrode), and d r i f t to the collecting electrode in the dc 

f i e l d , D r i f t to. the c o l l e c t i n g electrode in the uhf f i e l d i s another 

l i k e l y p o s s i b i l i t y , but at t h i s stage i t i s neglected in comparison Tdth 

the other t r o processes. 
fco d i f f e r e n t approaches have been used in order to better under-
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stand the relationship between d r i f t and di f f u s i o n f o r di f f e r e n t sets 

of conditions i n the gap, and these are described below. 

1.1 Kctorg.al representation of an electron swam di f f u s i n g and d r i f t ­
ing i n combined dc and uhf f i e l d s , ' 

To study the r e l a t i v e importances of d r i f t and dif f u s i o n , a graphical 

approach has boen devised to describe the fate of a swarm of electrons 

s t a r t i n g from a single point on the emitting electrode, and moving out 

in t o a p a r a l l e l plate gap under the influence of combined dc and uhf 

e l e c t r i c f i e l d s . I n a l l of the gases tested experimentally and i n the 

range of i/p considered, the random electron velociiy i s at least one 

order of magnitude greater than the d r i f t velocity, thus allowing 

d i f f u s i o n and d r i f t to be considered separately. 

Under tlie action of di f f u s i o n alone, the average electron w i l l move 

so t l i a t a f t e r a time, t , i t w i l l l i e on the circumference of a sphere 

of radius (iZDt/jr)^''^^. This sphere i s frequently referred to i n this 

thesis as the DIi?FUSICW SHiEHE. 

(Note:- I t should be mentioned here that f o r electrons emitted 
fi-offl a single point source, dif f u s i o n i s regarded as 
three-dimensional, hence the use of the above formula 
i n the present context. But f o r electrons emitted into 
the gap t h r o u ^ a s l i t , d i f f u s i o n nay now be regarded 
as essentially two-dimensional, and af t e r a time, t , .> 
the average electron w i l l be displaced a distance (BDVV) ' . 
This i s now the radius of a •diffusion cylinder'. Going 
a stage furt h e r , i f electrons are emitted fToo a large 
f i n i t e area of the emitting electrode, or a dense d i s t r i - t 
bution of point sources, d i f f u s i o n may now be regarded 
as one-dimensional, and the average displacement of an 
electron a f t e r a time, t , w i l l be 2^ t / i r ) V f i . I t may 
be argued that t h i s should apply to the present experi­
ments, where f o r most of the measuranents there are a 
large number of emitting holes i n the emitting electrode. 
However, i t may be equally argued that the present d i s t r i ­
bution of holes i s not dmse enough f o r t h i s to be the 
case, and that each point has independent emitting 
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behaviour. Therefore such a system of discrete point 
sources may be expected to behave essentially in the 
saae my as a single point source and the three-dimen­
sional expression f o r diffusion of electrons leaving 
the eaitting electrode should be the most applicable to 
the present case), 

TSfhen a unidirectional f i e l d i s applied, the centre of the diffusion sphere 
progresses in the f i e l d direction^at the unidirectional d r i f t veloci-ty, 
v^, so that after a time, t , i t has moved a distance v^t into the gap. 
I t i s assumed for the present that the electrons attain this d r i f t 
velocity icraediately on entering the gap. In the next chapter of this 
thesis, the processes by which they reach this steady velocity during 
the f i r s t few instances of their lifetime i n the gap are discussed i n 
greater detail. 

For a given set of conditions (E^, Ê ^ and p) circles are drawn for 

successive suitable time intervals to represent graphically the diffusion 

sphere moving, through the gap i n hydrogen, and increasing i n radius 

with time. (See Pig, 7.1). 
The d r i f t velocity i s calculated from = \q where | i i s the 

electron mobility i n the combined dc and uhf fields. (See Appendix 3). 
The diffusion coefficient, D, i s calciaated from D = 0.92X0/3, 

(Townsend^^^), where 0 i s the electron random velocity, and A i s the 
me'an-free-path between collisions of electrons with gas molecules i n 
the combined fields. The quantities D and v^ are calculated using 
Townsend's data^^^ for hydrogen. Since the aim here is to obtain only 
an approximate picture of the electron behaviour i n the ^ p , these data, 
although obtained i n slightly impure gas, are considered accurate enough 
for this purpose. 
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A boundary may be drawn at a distance x from the a d t t i n g €leetrode 

such that electrons which have crossed this can no longer retura to 

the emitting electrode by back diffusion, but become influenced iMiinl^r 

be d r i f t . 

'.Then the centre of ihe sphere reaches this boundary, the sjiiere 

just ceases to intersect the electrode surface. I f this occurs at time 

t = T, 
^ = V = ̂ dc^- •••• 7.1 

and 
X = (l2Da/7r)^/2 .... 7.2 

Prom Sqs. 7.1 and 7.2, eliminating T, 
X = 12D/(7r {i E^^) 7.3 

i . e. X = 3 . 8 D/fiE^Q' 

I t i s postulated that for d r i f t to be the overall controlling electron 
loss proce.ss, J: i s very much less than the gap width, d. 

Then, d » 3.8 VtJ^^o 7.4 
This criterion iiolds provided that when the diffusion sphere has moved 
clear of the emitting electrode, an electron on i t s surface w i l l no 
longer have a velooily i n the direction that would return i t to the emit­
ting electrode. In other words, the velocity of the rear boundaiy of 
the sphere with respect to the centre must be at least balanced by the 
velocity with which the centre i s advancing through the gap. 

The velocity of the rear boundaiy of the sphere z*elative to the 

centre of the sphere i s dr/dt, where 
r = (l2Dt/7r)"^/2 
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ThQn, dr/dt = O^M^)^^^ 

which decreases continuously as t i s increased. 
An electron on the boundary of the sphere f i n a l l y ceases to move 

towards .the emitting electrode when 
v^ >. dr/dt 

or, |aE^^^(3I)/jrt)^/2 
t 

or, t ^ 3V»riî l̂ ^ .... 7.5 
Therefore vdicn the centre of the sphere has advanced into the gap 
further than the distance 3D/7niE^^, electrons on the boundary can no 
longer liave a component of velocity towards the emitting electrode. This 
is smaller than the distance at which the sphere just ceases to inter­
sect the electrode. Therefore the over-riding criterion for which 
electrons on the average can no longer be lost by back diffusion i s 
given by Eq. 7.4. 

4 

1.2 ELectron lifetimes i n the as limited by d r i f t and diffusion 
I t is of interest to discuss the relative importances of diffusion 

and d r i f t ±n. tems of the electron lifetime i n the gap. The problem 
of the electron lifetime i n a gap subjected to the combined dc and uhf 
fielda has already been treated by Vainerin and Brown^^^^ However i n 
the present attmpt to obtain a simple comparison between the two pro­
cesses, v:o choose to consider d r i f t and diffusion separately. 

Let tho tiae for an electron to be removed from the gap by pure 

diffusion be t j ^ . 

Kxon, 
r.n,„v. t j j = A^/^ ^'^ 
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irtiere I / A " {^/^) + (2 .405/a) . from Berlin and Brown^ and where 
a i s the electrode mdius. 

Let the tine for an electron to be removed from the gap by pure 
d r i f t be t ^ . 

Then, t ^ = where = l i E ^ , .... 7.7 

\<hett d i l f t i s the predominant removal meehanism^ t^^ > t ^ . 

^̂ 'hen diffusion i s the predominant removal mechanism, t ^ > t ^ . 
In the c r i t i c a l case where d r i f t and diffusion are equally important, 

tj j = v 
Then, from Esq. 7.6 and 7.7, AVI> = Vt^, dc 

2 
do' or, dV^^ = Vt^^dc* = jr^ + (2.405c/a) 

•••• 

wheare d^^^'is the c r i t i c a l gap width, for a given E^, and gas 

pressure, at which d r i f t takes over from diffusion as the controlling 

electron reiaoval process, and vice-versa. 
and 10.5 1 ^ < 15.7 for the range of gap widths a/3 < d < a. 

Therefore for d r i f t to be the controlling electron removal mechanism, 

d > (|) CD/H)(I/E^^) .... 7.9 

Values of D/n for l^drogen are obtained from the data of Vamerin and 

^ c r i t estimated as a function of E ^ P J where 8^=:^^^, and a 
family of curves i s plotted for a range of E^^. (See Hg. 7.2). D r i f t 
i s expected to be the predominant electron removal mechanism within the 
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shaded area of the graph. 

1.3 Summary of the conditions for which d r i f t i s the oontrollinfi electron 
removal mechanism in the ^ap 

Summarising the findings of the previous two paragraphs, i t i s seen 

that d r i f t i s the controlling electron loss process when 

a) d » 3.8 (D/{a)(l/E^^) from the diffusion spheres approach, 

and, b) d ><^(D/M)(1/E^^), where 10̂ 5 < ^ < 15.7 for a/3 < d < a, 

from the electron lifetimes approach. 

The assumptions i n both cases are that 

i ) Diffusion and d r i f t may be treated independently provided that 

the random velocity i s considerably greater than the electron d r i f t 

velocity, 

i i ) A l l electrons start out from a point on the surface of the 

canitting electrode, 

i i i ) There is no ionization i n the gas, 
and i v ) The electron ambit i n a half cycle of the uhf f i e l d i s small 
compared to the gap width. 
The two expressions a) and b) are seen to be similar i n form, and of the 
same order of magnitude within the limits of the i n i t i a l assumptions. I t 
must be emphasised that they are intended to give only a pictore of the 
way i n which the character of the electron flow changes with the various 
gap ccaiditions, and are not expected to be more than approxinate. 

The expressions obtained may be related to actual experimental gap 
conditions. The curves relating d^^.^ with E^p for hydrogen (See Fig. 
7.2) are used to decide, for a given set of d, Ê ,̂ and E^p, whether 
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diffusion or d r i f t shoxild predominate. 

%. (1); d = 3 cm, Ê ^ = 20 v/cm. 
D r i f t predominates for E < 45 v/cn/torr. 

Eg. (2); d = 2 cm, Ê ^ = 20 v/cra. 
D r i f t predominates for E^p < 25 v/cn/torr. 

(3)i d = 2 cm, Ê ^ = 5 v/cm. 
D r i f t predominates for E^p < 3 v/cn/torr. 

1,4 Application of d r i f t and diffusion theory to the experimental measure­
ments 
In the amplification curves described i n Chapter 4> i t i s seen that 

d r i f t shoxild be the predominant electron loss process at low valuesof 
Ê  and that diffusion should take over at higher values, depending on 
B^^, the £,ap mdth, and the gas pressure. The change-over points are 

shown on some typical amplification curves i n Fig. 7.3s. I t i s seen for 
veiy low values of that d r i f t i s not at ar̂ y time predominant, even 
for zero 2 . This is sensible since there i s a minimum value of E,̂  u » dc 
below which even the thermal ener®r of the electrons i s sufficient to 
make diiTusion the controlling loss process, iJventually, however, at 
quite moderate values of Ê ,̂ a d r i f t controlled region i n the curve does 
not appear. There appears to be no change i n the shape of the curve near 
the change-over point between the two loss processes. For a given 
pressure, as i s increased, the point at wliich diffusion takes over 
is pushed steadily nearer to breakdown. I t i s of interest to examine 
the aondSions of diffusion and d r i f t at breakdotm. 
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Topical experimental curves are plotted showing the variation 
of the uhf breaEdown f i e l d as a function of i n hydrogen. (Prom Hg. 
5.1). On the same graph is plotted the uhf f i e l d at which diffusion 
should take over from d r i f t as the predominant electron removal mechanism, 
also as a function of Ê ,̂ for the same gap width and gas pressures. 
(See Fig. 7.ifa). I t is seen that at low values of Ê ,̂ diffusion i s 
the controlling loss process at brealcdown. But, rather surprisingly, 
( i n view of the fact that the breakdown is controlled by the uhf f i e l d ) , 
d r i f t onerges as the controlling loss process at higher values of Ŝ .̂ 
Despite the uncertainty involved in these particular experimental break­
down measuroaents (See Chapter 5* § Z ) this trend is very clear. 

I t must be remembered that the condition for which d r i f t and diffusion 
are equally important i s calculated only for electrons which start out 
from the emitting electrode, and d r i f t across the whole gap. But at 
higher values of Eg/p» where multiplication i s occurring i n the electron 
stream, many electrons which are lost by d r i f t do not have to travel 
the f u l l gap width. In fact at low amplifications, from Townsend's 
picture of the electron avalanche, most of tiae new electrons are created 
i n a region close to the collecting electrode. In this case, these 
electrons are even more strongly influenced by d r i f t than those which 
start off i n i t i a l l y . At very high values of amplification, where the 
electron density distribution is almost sinusoidal i n foim, the centre 
of tho gap oay now be regarded as the source. This being so, most of 
the electrons which d r i f t to the collecting electrode only need to travel 
appro:;djnatoly half the gap width. The net effect of these considerations 
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i s to increase the overall effect of d r i f t to greater than that pre­

dicted by the simple theoiy given i n g1.,1, 1.,2 and 1.3. This effect 

is indicated i n I l g . 7.4a. (See dotted curve). 

2. The electron density distribution i n the gap 

Closely related to what has gone before i s the consideration of 
(2) 

the electron density distribution i n the gap Long^ ' has discussed 

the conditions under which the electron density distribution i n combined 

dc and uhf fields changes from exponential at low ionization to sinusoidal 

at higher ionization. I f electrons start off from a point on the emit­

ting electrode, and ionization i n the gap is small, there i s an exponen­

t i a l ^ s e i n electron densiiy across the ^ p (from the simple picture of 

the electron avalanche given by Townsend), This i s the case provided 

that the emitting electrode remains the main source of electrons. But 

at higher levels of ionization, when the rate of ionization i n the gap 

is considerably greater than the rate of supply from the emitting electrode, 

the gap i t s e l f now becomes the predominant source of electrons. The 

denaiiy distribution now takes a sinusoidal fonn, defomed exponentially 

as a result of d r i f t . 

For breakdown i n a cylindrical gap and with no injected electrons, 

Vamerin and Brown^^^^ showed that the electron density distribution is 

given by 

n = B. e^^sin((7r/d)z). J^(k^p ) .... 7.10 

T7here 2 i s the axial and p the radial Coordinate i n space, k̂  is a 

function of tiie electrode radius, Ĵ ^ i s the zero order Bessel function -86-



resulting fro^n tho consideration of radial diff\ision, andd=E^2(D/;.i). 

Hierefore i n tiie present experiments where the rise to breakdown i s 

controlled by the uhf f i e l d , i t i s concluded that the electron density 

distribution i n the gap should become sinusoidal at breakdown. The 

conditions undor which the distribution changes from exponential to 

sinusoidal are now discussed. 

In tlie simple case, neglecting attachment, recombination and 

secondary electron generation effects, the scalar electron density i s 
( 2 ) 

written as a function of d r i f t , diffusion and ionization^ thus:-

V^" - 2 6 . ^ V^z + (y/D).n = 0 7 . 1 1 

D r i f t , being controlled mainly be Ê ,̂ i s thus asymmetrical i n space, 

being a function only of z. In order to transfora this term into a 

symmetrical space function, the transform n = U e i s applied. 

Thus Bq. 7 . 1 1 becomes 2 
^^U - ^ • U = 0 . . . . 7 . 1 2 

where 1 ^ , - V/D. 

The solution of this equation gives the electron density i n the gap i n 
•U-spaco', v/hich essentially w i l l be of the same form i n i ^ a l space, 
i.hen V VD > 0 , the electron density distribution i n the gap i n U-space, 
and also i n x'eal space, is exponential, becoming sinusoidal when V /D < 0 . 

Thus, when ̂  /t) = 0 , a c r i t i c a l condition i s reached at which the 
electron density distribution changes from one form to the other. 

Then, 0 ^ = W/D .... 7 . 1 3 

also we have, V = ^'^^ .... 7 . 1 4 
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where ̂  i s the ionization rate, and \/ is the effective electron d r i f t ' 
velocity i n the combined fields. 

^Uso, W = | i Eg 7.15 

wheieji i s the electron mobility i n the combined fields, and Ê  i s the 
effective f i e l d given by lif = + ^ . (See Appendix 4). 

3 U. CIO 
Then, from Eqs. 7.13, 7.14 and 7.15, 

f % y • = ? • z ' ^ •••• 7.16 

\ p / p H p 
Therefore for a given value of E^p, the corresponding value of 

E^p may be calculated at which the change-over i n the form of the 
electron density distribution should occur. This i s illustrated for 
hydrogen i n Pig. 7.5. Values of D/n are obtained from the data of 
Vamerin and Brown^^^^ and values of «̂ /p from the data obtained from 
the breakdoTOi measurements described i n Chapter 5 of this thesis. The 
curve thus obtained relating E^^p and E^p divides the graph into two 
regions, one i n v/hich the electron density distribution i s exponential 
(shaded portion), and the other i n which i t i s sinusoidal. 
2.1 Application of the electron density distribution considerations to 

the experimental measurements 
As in the case of diffusion and d r i f t , the amplification curve may 

be again divided into two regions, one i n which the electron density 
distribution i n the gap is exponential, and the other i n which i t i s 
sinusoidal. The change-over points are ma3±cd on some typical experi­
mental amplification curves i n Fig. 7.3b. For a l l values of E^, the 
distribution i s exponential at low Ê , becoming sinusoidal at higher 

-88-



values. Tlic chance-over point moves steadily closer to breakdown as 

\o increaoGd. Once again i t i s of interest to examine the conditions 
at breakdown. 

On the same graph as the typical curves relating the uhf breakdown 
f i e l d with (See Fig. 7.2fb) i s plotted the variation of the uhf f i e l d 
for Which the distribution changes from exponential to sinusoidal. 
The indications are clear that although the change-over point moves 
closer and closer to breakdown as i s increased, the distribution 
always becoaes gjiusoidal at or before breakdown. This confirms the view 
taken by Vamerin and Brown^^^\ (See Eq. 7.10) and does not f a i l within 
the range of exaained. 

3. Comnents 
Kiere does not appear to be a direct simple relationship between 

the change-over from d r i f t to diffusion controlled electron loss and the 
change-over from the exponential to the sinusoidal electron density 
distribution i n the gap. A more rigorous mathematical treatment than 
has been perfoitoed here i s required i f such a relationship is to be 
found. 

This stucly, although i t has not gone very far towards helping to 
explain the shape of the amplification curves, has yielded some 
interesting general infonnation about the behaviour of electron swarms 
subjected to the combined uhf and dc fields. 
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CHAPTER 8 

gHEOaETICAL PRSDICTI0IT3 FOE THE SHAPE OF THE AMPLIPICATIOH CUWE 

1« Inspection of LonR^s expreasion for Amplification 
Of the theories so far produced to explain the shape of the ampli­

fication c u r v e s ^ ' ' n e i t h e r was tested sufficiently to enable 
any definite conclusions to be dravm as to their validity. The theory 
put forward by Long^^*^^^ based on the Huxley theory for lateral diffusion 
of carriers i n a gas subjected to an electric f i e l d ^ i s the more 
rigorous and agreement with the experimental results i n the limited range 
of conditions that he examined was encouraging. As described i n Chapter 
4, experimental amplification curves have since been obtained for a 
comprehensive range of gap conditions and these form the basis of a 
thorough inspection of this theory. 

Long's expression for amplification when ionization occurs i n the 
gap i s given by (See Chapter 2, Eqs. 2.15, 2.16 and 2.17) 

A= ( ̂  ̂  2b ̂  ) .... 8.1 
( l . f ( e . e ) ( l . e - ^ ^ - ^ ^ ^ ) . f e-^^e-^^-^^^) 

E {Ji 
where ( = ( 0 ^ - ^ )''/^, 2$ = -g^- , d i s the electrode spacing, and 

b is the radius of the emitting holes. 
Clearly the calcvilation of a large number of theoretical amplifica­

tion curves from this expression woiild be an extremely laborious process, 
and a computer programme was devised to enable the calculations to be 
more conveniently performed. Once the programme had been compiled, the 
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operation was very quick, and f i f t y - f o u r theoretical curves for }^drogen 
vdth over ten points on each curve were obtained within the space of one 
hour. Thus a comparison with the present experimental results over a 
wide range of conditions i s possible (See Fig. 8.1). Values of D/ji were 
obtained from the data of Vamerin and Brown^^^^ and values of l j from 
the data of Leiby^^°^ 

The theory shows clearly the dip i n the curve at low values of Ê ,̂ 
and the eventual disappearance of the dip at higher values of E^. However 
the magnitude of the dip is not predicted accurately, the experimental 
dip being always considerably larger than the theoretical dip. The agree­
ment i s worst at low values of Ê ,̂ improving slightly at higher values 
of Ê ,̂ Also the rise to breakdown i s l e s s rapid in the experimental case. 

I t i s therefore clear that the theory put forward by Long, although 
promising i n many aspects, does not f u l l y describe the processes occurring 
i n the electron stream. I t is therefore necessary to discuss the possible 
weaknesses i n the theory. To do th i s , i t suffices to consider Long's 
expression for amplification when no ionization occurs. 

_b(©,-0) „ . i.e. A = e ^ ' ' .... 8.2 
I t can be seen from this that Miplification contains a very strong 
dependence on -the hole radius, b. I t was this strong dependence that 
prxanpted the experiments i n which amplification curves were obtained for 
different sets of hole dimensions. (See Chapter 6). These experiments 
show clearly that amplification i s not strongly dependent on the hole 
dimensions, and, i n fact, show that there i s no systematic variation i n 
the shape of the curves with b. Therefore i t appears that the presence 

-91-



B cm I' 
•5k-

•SI 

1 

•IX 

I t -

•II • 

•08-

ft 
a 
I 

A 

1 
V 

\ 

4 \ 

P P 
f-orr 

3 0 5 
t-«rp 

1 10 

P 
f-orr 

3 
ft z •1 

X «i 3 1 

A i i i f 6 M 

t 
• 10 t «< 3 

0 2 /3 •1 4 

HYDROGEN • 

d= 2.64 cm 

6 
a 

f-

t . •• s 

•a. Ht- 16 
S dc r/ cm. 

FIk 8 o 2 . Values f o r t h e ' r a d i u s o f the e m i t t i n g 
• hole which would b r i n g Long.''s expression 
into- agreement, w i t h experiment;, 
(No i o n i z a t i o n ),o . . 



of b i n Long's expression for amplification i s much overestimated. 
I t i s of interest to examine the way i n which b would need to vary 

i n order to bring the theoretical and experimental amplification curves 
into agreement. The following test was performed for hydrogen. Using 
the present experimental results and values of D/|i obtained from Vamerin 

(13) 
and Brown^ the value of b required to make theory and experiment agree, 
say B, was calculated as a function of Ê ^ for various values of E^p 
belov^ the onset of collision ionization. (See Fig. 8.2). The disagree­
ment between the theoretical and the experimental results i s clearly 
illustzuted by these curves. At low values of Ê ,̂ B is over an order of 
magnitude greater than the actual physical radius of the hole, decreasing 
steep];7 as Ê ^ i s increased, tending to converge on the actual hole 
radius, b, at high values of Ê .̂ I t is i n this region that Long's expres­
sion gives the closest agreement with the experimental results. The cal­
culations were performed for E^p = 5, 10 and 12,5 v/cm,torr, and for 
pressiires, p = 1, 2, 3 and k t o r r , and i t i s seen that there is no system­
atic variation of B with E^p or p. Agreement between experiment and theory 
below the onset of ionization i s therefore expected i f we use liie expres-

>B( 5, - e) o , 
A = e ^ ' .... o. 3 

where B may be re^rded as a 'virtual hole radius' which i s a function of 

3^, but not of E^p or p. 

' This assumes that the rest of Long's argument is valid. However, 

attaapts to derive a physical explanation for the quantity B have not been 

successful* -92-



The hole mdius i s introduced Into the expression for amplification 
(See Eq. 8,1) during the calculation of the current flowing back to the 
surface of the emitting electrode (See Chapter 2, p27). Huxley's original 
theory, on wiiioh Long's work was based, was derived partly to explain 
ToTOTsend's measurements on the s p i ^ d of a stream of electrons by the 
time they have reached the collecting electrode. At a l l times he considers 
conditions i n which electrons are i n equilibrium with the f i e l d i n the 
gap, and that a steady state exists. This is a reasonable assumption 
close to the collecting electrode, provided that the gas pressure and gap 
tddth are large enough to enable electrons to suffer a sufficient number 
of collisions with gas molecules i n the gap. This is not so obviously 
true close to the enitting electrode, and Long's extension of Huxley's 
theory for the calciilation of the current flowing back to the emitting 
electrode doea not take into account the possibility that many of the elec­
trons i n the region close to the emitting electrode may not be in equil-
ibilum with the f i e l d . 

I t would appear that there i s no obvious simple modification that can 
be made to Long's expression for amplification i n order to bring theory 
and experiment into agreement, and i t might be advantageous to consider 
the possibility of another approach to find an explanation for the shape 
of the amplification curves. 
2. A theoretical study of electron, flow i n the gap i n the presence of 

diffusion, d r i f t and ionization 
Electrons entering the gap through the holes i n the emitting electrode 

have a mean random energy which probably does not correspond to the 
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equilibrium value i n the gap. These electrons come into equilibrium 
with the combined dc and uhf fields after suffering a number of collisions 
with gaa molecules. By this time they w i l l have advanced a certain f i n i t e 
distance into the gap under the influence of E^, while some, by virtue 
of their i n i t i a l energy, may be 'reflected' (or 'back-scattered') back 
to the emitting electrode, and lost. Once the remaining electrons have 
come into equilibrium, they move and behave according to the steady state 
conditions i n the ^p. Some may s t i l l be lost by returning to the emit­
ting electrode by diffusion i n the steady state, but the rest w i l l reach 
the collecting electrode (ignoring losses by radial diffusion) and so 
contribute to the unidirectional current flowing i n the external gap 
circuit. I f the effective f i e l d i n the gap i s high enough, collisions 
between electrons and gas molecules may produce ionization. Some of the 
new electrons generated hear the emitting electrode may be lost by back 
diffusion, but the majority which are generated well out into the gap 
w i l l flow to the collecting electrode, and so contribute to the unidirec­
tional gap current, ig. 

So far we have considered a simple picture, i n which the d r i f t motion 
of the electrons i s unidirectional, while the uhf f i e l d serves only to 
increase their random energy above that corresponding to just the pure dc 
fi e l d . However, electrons have superimposed on "ttieir random and dc d r i f t 
motions a xihf component of d r i f t . The main effect of this i s to introduce 
into the loss processes at the emitting electrode a time dependence which 
periodically enhances and reduces these losses. 
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Consider the electron density distribution i n coordinates of space 
and time, i n one dimension this i s given by the function f ( x , t ) , where 
this i s an error function of the "type derived for diffusion by Einstein^ 
(See Fxe. 8.4a). 

The probability that an electron starting off at x = 0 at time t = 0 
vriXl have a position between x = X and x = -oo at time, t , i s given, 
provided that f ( x , t ) i s continuous i n x and t , by 

\ f ( x , t ) dx 

J_ J ( x , t ) dx 
where the deaominator of this expression serves to normalise -tiie expression 
to unity. This means that i f X = +oo, the electron w i l l have unit prob­
a b i l i t y of being within the region considered. The position x = X may be 
considered as a boundary such that a l l electrons vMch enter the range X 
to -e© are lost to that boundary. 

Then Eq. 8.5 expresses the instantaneous probability that an electron 

w i l l be lost at time t . 

Now l e t the position of the boundary x = X also be varying continuously 

with time and consider a small change i n X, dX. 

I f the probability of an electron being i n the region x = Xtox=-<» , 

given by Eq. 8,5 does not vary appreciably as X changes by dX, then the 

prob$.bility that an electron w i l l be removed during the interval i n which 

X i s clmnglng is given by 
( f f ( x , t ) dx) dX 

8.6 
( \ f ( x , t ) dx) dX 
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where once again the denominator serves to normalise the expression to 
unity, this time taking into accoxmt a l l possible positions of the 
boxindary x = X. Then the to t a l probability that an electron w i l l be re­
moved while X changes from 0 to is given by 

,t) dx dX 
-f«D.4.co .... 8,7 

,t) dx dX 
-00 ^ - 0 0 

And i f we substitute X = v^t, assuming that the boundary i s moving with 
a velocity v^ i n the direction of x negative, Eq. 8.7 becomes 

,t) dx dt 
0 r. r. 

8.8 
t f * f f ( x , t ) dx dt 

This represents IJie probability i n the one-dimensional case that an electron 
starting off from a point x = 0 w i l l be lost to the boundaiy which i s 
receding from x = 0 at a velocity v^. In the present experimental case 
we must consider the three-dimensional spacial distribution of electrons, 
but using the above rigorous approach, this presents severe mathematical 
problems. However, these may be simplified considerably by considering 
the fate of the average electron. To do this we refer back to the spheres 
of diffusion, (See Chapter 7). In form the approach is the same as that 
just described, except that i t i s now more convenient to consider the 
boundaiy as fixed, and the centre of the electron density distribution 
function moving through the gas with a velocity v^ i n the direction of x 
positive. 

ITie average electron after a tirae, t , w i l l l i e on the surface of a 
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sphere of radius {^2WW^^t the centre of which i s moving through the 
gas with a velocity v^. I t i s seen that the sphere is continuously i n 
contact with the electrode u n t i l a time T given by 

T = l2D/7rv^ . . . . 8,9 

after which i t does not intersect with the emitting electrode again. 

At a time, t , using analogy with the previous argument, the instan­

taneous probabilily that an electron w i l l be removed by back diffusion is 

the rati o between the surface area of the sphere intersected by the emit­

ting electrode to the to t a l surface area of the sphere. (See Fig, 8.4b and 

8.4c) 

i.e. p(t) = a^a^ 

I t may be shown that this i s 

p(t) = ( r - x)/2r 8.10 

v̂ here x i s the distance now that the centre of the sphere has advanced 

t h r o u ^ the gap after a time, t , 

(aq. 8.10 i s directly analogous to Eq. 8.5). 
More precisely, this should be written as p('t^'^''^^^t) "^^^^ denom­
inator normalises the expression to unity over a l l possible conditions, 
and q(t) i s the instantaneous probability at time, t , that the electron 
T?ill survive i n the gap. 

T r i v i a l l y , p(t) + q(t) = 1 

By analogy with Eq. 8,6, the probability that an electron w i l l be removed 

by back diffusion i n a time interval dt, provided that dt i s small enough, 

i^gi v a n b y ^ ^ j , , ____ ^̂ ^̂  
f (p(t) + a{t)) at 
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TJhere T i s the t o t a l time during which the sphere is i n contact \i±th the 
emtting electrode. I t i s noted that this f i n i t e time replaces the 
i n f i n i t e time over vdiioh the integral must be performed in the more rigorous 
cas^, but this i s a result of considering only the average electron. Once 
again, by analogy with the more rigorous case, the total overall prob­
a b i l i t y that an electron w i l l be removed from the gap by back diffusion 
is given by 

^ r 
dt 

Jo(p(*) + q(t))dt 
. Lp(t) dt 

8.12 
?rora Eq, 8.10, p(t) = ( r - x)/2r 

4 - f V^(V12D)V2 ,V2 

Therefore, = i - 1 ^^(^/igD)^/^ 1̂/2 

And substituting for T from Eq. 8,9, 
p. = .... 8.13 r 

In the absence of a dc f i e l d , the diffusion sphere does not advance 
through the gap, and a l l of the electrons i n the swarm starting off from 
the emitting electrode w i l l be lost the emitting electrode except for the 
few that might diffuse to the collecting electrode. This possibility does 
not appear i n the above solution because when Ê ^ i s zero, T becomes i n ­
f i n i t e , and the analysis i s meaningless. Therefore the condition must be 

added that E, must take f i n i t e values, dc 
The discovery that the probability of back diffusion loss i s constant, 
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independent of the fields i n the ^p, i s at f i r s t surprising, since, for 
a given Ê ,̂ we might expect the loss to increase as the random energy 
of the electrons i s increased. However i t is f a i r to say that as the 
random energy, hence the diffusion coefficient, i s increased, the increased 
chance of loss by back diffusion is balanced by the increased chance of 
escape, and the net result, given by Eq. 8.13, that back diffusion loss 
is independent of the electron energy is not outrageous. 

Now referring back to the elementary slice of gas considered 
i n i t i a l l y (See Hg. 8.3), for N electrons entering, the number lost by 
back diffusion i s 

dITg = I ^ ^ p(t) dt / T .... 8.14 

Then from Sqs. 8.4 and 8.14, the net electron gain i s 

dK = dM̂  - dNg 

= N^( y dt .£^4^) • .... 8.15 

©le t o t a l g&in over the whole gap i s obtained by integrating the ioniza­
tion term over the average lifetime of the electrons in the gap ( X ) and 
the back diffusion term over the time during which the diffusion sphere i s 
i n contact with the emitting electrode (T). ^ 

Then, F = ^ 51^*" i o ^ ^ ^ provided that 
» T • ** 

Y?h6nce, H = e(^''^ - ^) .... 8.16 

where i s the number of electrons which start off into the gap ( i n this 
case representing those which survive i n the gap long enough to come into 
equilibrixim) and H i s the number arriving at the collecting electrode. This 

leads to, i ^ V ^ " ' ' ^ -'/̂ ^ •••• S'-l^ 
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i includes the current due to electrons flowing to the collecting electrode 
and also that due to positive ions flovdng to the emitting electrode. 
Diffusion of positive iona i s neglected i n comparison to electron diffusion. 
Provided that d r i f t i s the controlling electron removal mechanism (See 
Chapter 7) 

X' » T 

and the electron lifetime may be most satisfactorily calculated from 

T = ĉ /v̂ , where d i s the gap width. 

2.2 Losses of electrons "by back scatter to the emittin/g electrode before 
they have come into equilibritun with the f i e l d 
I t i s now of interest to calculate i^, the current due to electrtms 

which survive i n the gap long enough to reach the equilibrium energy. 

She following discussion i s based on the theoiy of J.J. Kiomson^^^^ for 

the back scatter of electrons to the emitting electrode by virtue of their 

i n i t i a l random energy on emerging into the gap. (See Fig. 8,5,also see 

Chapter 1 §2.5). 

The back scatter process occurs i n a thin slice of gas close to the 
surf&.ce of the emitting electrode, and outside this slice electrons may be 
regarded as i n equilibrium with the combined fields in the gap. Let n 
be the density of electrons at the point rihere they are just i n equili­
brium with the f i e l d . Then the current density at that point is given by 

i = nev, •••• 8.18 •̂ o ci 
Consider a sotuoe of electrons on the surface of the emitting electrode, 

2 
which ^ t s electrons at a rate of n^ per second per cm . Then the 
current density of electrons starting out into the gap i s given by 

J = n e / < V " F * ^ .... 8.19 
o 
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IThe current density' of electrons returning to the emitting electrode by 
back scatter is calculated from kinetic theory a& nevJk-t assuming that 
the electrons emerge into the gap '«?ith a distribution of energies which 
is approximate]^ Maxwellian. 

i s the random velocity with which the electrons emerge i n i t i a l l y 
i i i t o the gap. Then the current density of escaping electrons i s given by 

= J - nevy'4 = nev^ .... 8.20 

And eliminating n from Eq. 8.20 

^ ^ - « i _ - . . . . 8.21 

~ ^ , assuming the absence of radial diffusion within 
e 

the slice, where i i s the t o t a l current leaving the emitting electrode. 

Then, 4 i ^ v 
K = 71^-^Tr•^ •••• 8-22 

Therefore i n Eq. 8.17, the current flowing to the collecting electrode i s 

given by 

i e^'*'^ - 8 2^ 

2.3 Calculation of the f i n i t e distance travelled by the electrons before 
they come into equilibrium with the f i e l d 

So f a r we have considered that electrons have been in equilibrium 

with the f i e l d during their whole lifetime i n the gap. This, i n fact, i s 

not tiMe since electrons entering the gap with energy which is not the 

equilibrium value i n the gap must travel a f i n i t e distance before coming 

into equilibrium. Then the point i n the gap beyond wliich we liave so far 

Considered steady s t a t e diffusion, d r i f t and ionization to be applicable 
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must now be moved out into the gap a distance s, where s is the thick­

ness of the slice of gas within which electrons come into equilibrium 

?/ith the f i e l d (See Fig. 8.5). The effect of this on the ionization part 

of '£q. 6.16, assuming that there i s no appreciable ionization within the 

slice i t s e l f , i s to make i t integrable not over the wholer gap but over 

the distance d-s, which w i l l not make much difference provided that d»s. 

I f i t i s assumed that within the slice, the only loss process occur­

ring i s back scatter, and that there i s no radial difflision, the diffusion 

sphere referred to i n §2.1 may be approximately regarded as starting from 

the point x = s at time t = 0. 

Then, at time t , x = v^t + s 

and, r = (12D1A)^'^^. 

iind t^en the sphere just cuts the emitting electrode, 

v^ t ^ + (2V3 - H)t + s^ = 0 . . . . 8.24 

where H = 12D/7r 

Clearly Eq. 8.24 has two roots, t ^ and t ^ , one at which the sphere f i r s t 

cuts the emitting electrode, and the second at which i t ceases to out i t . 

In the simple case (See §2.1) where the sphere starts off with i t s centre 

at X = 0 at t = 0, l e t the distance moved lay the centre of the sphere 

before the sphere has moved clear of the emitting electrode be Y. 

Then i f s « Y, i t can be shown that tg » t ^ and that ~ T. The 

probability that an electron w i l l be lost by steady state back diffusion 

during i t s lifetime i n the gap given by Eq. 8.10 must now be modified to 

include s. 
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L p ' ( t ) dt 
Then, p; = ^ .... 8.25 

J^^p'(t) . q ' ( t ) ) dt 

where p ' ( t ) = (r-v^t-s)/2r and p*^) + q*(t) = 1 

I f a « Y, p; = ( J^p(t) - J ^ ^ dt)/T 
1 s 

= ? Y 
-"^ = P̂ , (See Sq. 8.15) .... 8.26 

laierefore the f i n i t e thickness of the slice of gas within which the 
electrons come into equilibrium with the f i e l d does not appreciably affect 
the t o t a l probability of loss by back diffusion provided that s « Y. 

i t remains to perfonn an order of magnitude calculation of s, and 
t o compare i t with typical values of Y. Consider -the simple case i n 
which the effective f i e l d on the gap i s unidirectional. !i3ien the value 
thus obtained for the value of s w i l l be an upper l i m i t on the value that 
should be obtained when the effective f i e l d has an oscillating component. 
Tlae rate of change of electron energy by elastic collisions i n the gas 
is given by Compton^^^^ and Gravath^^^ as 

^ 2 2 
l i = E - ^ .... 8.27 
dx E 

assuming that the energy of the gas molecule i s negligible i n comparison 
to the electron energy u, where u Is the electron energy after travelling 
a distance x from the electrode, E is the f i e l d on the gap, and a i s given 
by 

a2 = 5.32 .... 3.28 
where the fractional electiMn energy lost per elastic collision i s 2.66 DI/M, 

and where \ i s the electron mean-free-path, and D/H is the ratio of the -104-



masses of the electrons and gas molecules. At equilibrium, ̂  = 0, and 
2 2 

L' = a \i^E, where u^ i s the terminal electron energy at equilibrium. 
.Therefore, u^. = .... 8.29 

2 
TIaerefore, i n Eq. 8.27, § = I " •**• '̂̂ ^ 

Then integrating to obtain the distance -tiie electrons must travel before 

reaching a certain energy u. 

X = 
. f U .̂ U;p u - u^ 1 

r . l < r r ^ ) ( ^ ) } • • • • 8.31 

where u^ i s the energy with which the electrons start into the gap. 
The results of Chapter 6 lead to the conclusion that u^ is probably 

greater than u^. 
Then, u = ̂  u^ 
aad, u^ = ^ u^, where and fi are both greater than unity. 

Therefore, X = ̂  In ( ^ ) ( f ^ ) .... 3.32 
'„hen, u i s nearly equal to u^, say 0 = 1.1, then electrons may be regarded 
as aLuost i n equilibrium with the f i e l d . 

Then, X = s = ̂  In ( 2 l ( | - ~ ) ) 

and s < ~- 1n 21 .... 8.33 2a 
depending on the magnitude of fi» 

Putting i n typical values for hydrogen at a pressure of 1 torr, 
i.e. m/n ~ 1/4000, - 10*^ cm. 

s < 0.40eta 
Go far we have only considered elastic collisions between electrons 
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and gas molecules, with the result that s is too large to ignore i n com­
parison to d and Y. 

However, electrons are emerging into the gap with energiejs correjspond-
ins to V̂ , and at 1 t o r r , this corresponds to ̂ p of the order of 100 v/cm. 
torr. Heotrons entering the gap are therefore certain to stiffer inelastic 
collisions while coming into equilibrium. The value of a given by Eq. 8.28 

i s related to the fractional energy lost per collision, G, by 

a^ = ZQ/\^ . . . . 8.34 

For inelastic collisions, at reduced fields approaching 100 v/cm.torr, 

& may be estimated ffom Tovmsend's data^^'^^ to be of the order of 10"^ 

for hydrogen. 

Then, a ~ 44 

How, we deduce that, s < 0.030 cm 
For the range of conditions examined experimentally, the distance, Y, 
moved by the centre of the sphere before tiie sphere ceases to out the 
emitting electrode, ranges fran about 0.30 to 7.60 cm. I t i s therefore 
reasonable to assume for l^drogen that s « Y, and that s « d, and that 
the f i n i t e width of the region i n which the electrons come into equilibrium 
with the f i e l d does not seriously affect the arguments made previously 
based on the assumption that the. electrons come into equilibrium within 
an infinitesimally thin slice of gas near the emitting electrode. 

Similar conclusions hold for nitrogen, helium and neon. 
2.4 The effects of uhf d r i f t of electrons 

So far a simplified picture has been presented, i n which electrons 
d r i f t steadily across the gap with a uniform d r i f t velocity iiE^^, where 

-106-



E m i t t i n g 
e l e c t r o d e 

DIFFUSION SPHERE 

^a.=^^'^dc. ̂  ^uo "̂ ^̂  

p.'- ' ( t ) 

P " ( t ) 

5? 
11 

Fie- 8.6. The e f f e d t s o f uhf d r i f t . o f e l e c t r o n s 



H i s the electron mobility i n the combined dc and uhf fields. The 
presence of the uhf f i e l d serves only to increase the random electron 
energy. 

Nora i t i s of interest to consider the effect of the uhf motion of 
electrons. F i r s t l y consider the effects at points i n the gap away from 
the surface of the emitting electrode where electrons are in" equilibrium 
with the combined fields. The d r i f t velocity of electrons i n the gap 
i n the combined fields shoxild be written as 

^d = (̂ dc + \o •••• '̂̂ 5 
where w i s the angvilar frequency of the applied uhf f i e l d and Ê ^ i s the 
peak value of this f i e l d . When the applied uhf i s such that i t tends to 
sweep electrons back to the emitting electrode, back difflision i s enhanced. 
Similarly i n the opposite cycle of the f i e l d , back diffVision i s reduced. 

The instantaneous probability that an electron w i l l be removed from 
the gap by baok diffusion must again be modified from that given by Eq. 8,10 

to give 
p " ( t ) = 1 - § (E^^ + Ê ^ cos wt) t^/2(Vl2D)^/2 36 

= p(t) - ̂  t^ / 2 ^ (vr/l2D)^/2 

(See Fig, 8.6) 

Clearly p " ( t ) should not take values greater than unity, althotigh for 

certain values of t and Ê ^ the above expression does take such values. 

At low values of t and high values of Ê ,̂ for instance, i t may be seen 

that f o r f i n i t e periods when the uhf fUeld i s sweeping electrons towards 
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the emitting electrode, the diffusion sphere lies completely within the 
houndaiy of the emitting electrode. Therefore i t must be concluded that 
p " ( t ) i s not a continuous function of t , and therefore the analysis for 
the calculation of the t o t a l removal probability as used in §2.1 cannot 
be used again here, emd some crude assumptions must be made. The curve 
of p(t) i s the envelope of p " ( t ) , and provided that the frequency of the 
applied f i e l d i s high enough so that many cycles of the f i e l d occur before 
the diffusion sphere has moved out of range of the emitting electrode, we 
may deduce that y -r 

J ^ p ( t ) dt - J / " ^ * ^ .... 8.37 

and that the to t a l probability that an electron starting out from the 
emitting electrode w i l l be lost by back diffusion w i l l s t i l l be veiy close 
to l / 6 as derived from the simple approach. Rough calculations of T 
indicate that over the range of experimental conditions examined i n the 
present study, T, contains between about 10 and 600 oscillations of the 
uhf f i e l d . 

Therefore Eq. 8.37 is a reasonable approximation. 
Now consider the effects of vihf motion of electrons close to the 

surface of the emitting electivade before t h ^ have come into equilibrium 
;7ith the f i e l d on the gap. Electrons are i n i t i a l l y squirted out into 
the gap with energy which appears to be almost invariably greater than 
the equilibrium energy i n the gap for the present range of conditions 
considered. Therefore the effect of the uhf f i e l d while the electrons s t i l l 
have this high energy (and the d r i f t velocity away from the emitting 
electrode associated with i t ) i s not likeljr to cause appreciable electron 
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loss back to the omitting electrode. The sweeping of electrons i n the uhf 
f i e l d i s only l i k e l y to become appreciable when the electrons have reached 
eqiaiihrixira with the f i e l d , and we have already deduced that this is not 
sufficient to greatly affect the electron loss baok to the emitting 
elec^Xfde. 

Attempts to derive a more rigorous solution for the effect of the 
uhf tteXd. have not been successful, but i t appears to be a reasonable 
conclusion that such effects are negligible compared with the processes of 
back scatter and back diffusion already f u l l y described, 
2,5 AsiPlifica-aon 

I t has been shown above that the effects of the f i n i t e distance 
travelled by the electron before coming into equilibrium with the f i e l d , 
and the effects of the tihf motion of the electrons do not have an appreciable 
effect on the current flowing to the collecting electrode. 
This current is therefore given by Eq, 8,23. 
when there i s no uhf f i e l d present, this current i s 

, , 1 . ^ '^20 "20 %o e ( " ^ 2 0 ^ 2 0 - . . . . 8.38 

and similarly for the current flowing to the collecting electrode when 

thore i s a uhf f i e l d present, replacing the suffices with ̂ . 

Then, Amplification, A = ̂ ^^20 

8.39 ie20^^20^K^2^2^dc^ 

v;hore i i s the current of electrons emerging i n i t i a l l y into the gap \fith 

-109-



1 -1 
.8 

.6 

.4 

.2 

^dc" •'-•̂ ^ ̂ ^^'^ 

(See P i g 4.4) 

HYDROGEN 

Experimental 

0 

=7.56 v/cm 

(bee Fi§ 4.5) 

80 

Experimental 

> 1 

E^^= 18o9 v/cm 

Experimental 

(See P i g 4.6) 

0 
0 20 40 60 80 E^ v/cm 

Pig_8o7.Calculated and experimental a m p l i f i c a t i o n 
curves comparedoHyDROGEI^(d = 2.64cm) 



o 

o 



NITROGEN 
E^ = 6.89 v/cm dc 

49 t o r r 

(See P i g 4.7) 

Experimental 

.8 J 
3.77 

— I 
100 
E v/cm u ' 

0 50 

1'2J 

0 

E^^=10.34 v/cm Experimental 

p= 1.14 t 

(See Pig-4.8). 
50̂  100 

E.-v/cm u 
Pig' 8.8. Ca l c u l a t e d and experimental a m p l i f i c a t i o n 

curves compared.NITROGEN(d = 2.9 cm). . 



o 

S\9 

o 



A 
E^^ = 1.89 v/cm 

HELIUIVI 

Experimental 

(See F i g 4.9) 
10 

1.8-

1'4 

.8 

\ c = '7-56 v/cra 

(See F i g 4.10 

E^ v/cm 

Experimental 

0 T T 8 10 

1.4J 

•^dc ^ ^ ^ ' ^ ^^^^ 

(See'.Fig 4.11) 

\ Experimental 

£^ v/cra 

8 ' 10._ E^ v/cm 

F i g 8.9. C a l c u l a t e d and experimental a m p l i f i c a t i o n 
curves compared.HELIUM (d = 2.64 cm). 



1.4 

1 

.8 

p- 4 t o r NEON 

•̂ dc = 1*^9 v/cm 
(See P i g 4.12) 

Experimental 

0 8 10 E.̂  v/cm 

1.8J 

1.4J 
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i a i t i a l randon velocity v^. 
Assuning that the current emerging and the randon velocity i n i t i a l l y 

dx) not deppnd on the fields i n the gap, and that the i n i t i a l randon 

velocity is large conpared to the equilibrium electron d r i f t velocity i n || 

tlio gap, Eq. 8.39 reduces to 

A=j^ . e^^2^2 "^2^ 20^ . . . . 8.24) 

I f d r i f t i a the controlling electron removal process, the electron l i f e ­

time i n the gap may be given by 

X = c/̂ Ê Q •••• 3.41 

illso, we may write, =̂ 1̂̂ © **** 

^dc 
Eherefor© Eq. 8.W becomes 

A = ̂  e ( V A c - ^ 2 0 > ^ . . . . 8.i»4 
•̂ 20 

( I t i s of interest to note that this expression i n the absence of ioniza­

tion i s identical to that derived by W i c h o l l s ^ ^ a l t h o u g h the two 

theories are quite different). 

CLheoretical amplification curves obtained from Eq. 8.it4 are compared with 

iypical experimental curves for hydrogen, nitrogen, helium and neon i n 

Elgs. 8.7, 8,8, 8.9 and 8.10. Ihe electron mobilities are obtained from 

the d r i f t velocity data of Bradbury and Neilsen^^^»^°*^^\ and the 

ioniaation coefficients from the measurements made using the present 

apparatus. (See Chapter 5). General comparisons between thODiy and 
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and experiment are made i n Table 8.1. 
Ttie general agreement between theory and experiment i s veiy 

encoiu^ging, the theoretical curves exhibiting most of the trends observed 
ejsperimentally. The poorest agreement i s i n neon where the predicted rise 
to breakdown is considerably faster than i n the e^erimental case. The 
most l i k e l y soarce of error i n a l l the gases i s i n the calculation of 
the lifetime of the electrons i n the gap, where we have assumed that the 
electron flow across the gap i s d r i f t controlled. 

\Jhen d r i f t i s the controlling loss process, the lifetime of electrons 
aa controlled by d r i f t , t ^ , i s less than that for electrons controlled 

•ay diffusion, t ^ . (See Chapter 7 ) . 

Bien, '^'^S = *D 
But i n cases where diffusion i s the more important electron removal 

process we should instead use the relation 
"C ~ t j j < <3/v̂  .... 8.45 

Using the expression X = d/v^ when diffusion is beginning to become 
important i s l i k e l y tiierefore to give values of amplification which are 
too large. This may be one of the major sources of error at high i n 
cases where the predicted amplification i s higher than the experimental 
values, particularly i n neon where diffusion i s more prominent than i n the 

other gases examined, 
"Another source of error particularly below ionization may be i n the 

calculation of the current, i^, which escapes i n i t i a l loss by !niomson--type 

back scatter, Thomson's theory^''^^ has been shown only to work well when 
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the jwidoo m*Tgy of tfe« eleetsrens OR w r g i B g i s not much 4ttff»r«it fiiom 

fcho oguUlbriwt vftlw* ^ t&« «*p, Oth^ error» are l i k e l y te be inttw* 

du©e4 efc«»u»ing tl»t .tbe eurreat eseergflng Into tl» gap •»& ̂  i n i t i i i l 

wmaoa v«loai<$y are isA^paodent of the f i e l d i n the gap. Mewythelees, 

the eagHitiaifiBital results give considerable atuppert to the ̂ ie$«y jai^sented 

bore. 
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TABLE 8.1 
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Low £ u High Ê  
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.ilgreement 
I ^ i r -

. < 1 
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Agreement 
Good 

Agreement 
Sdr 

Nitrogen. 
.jigreement 

Pair 
Agreement 

Eskir 
Agreement 

Hair 
Agreement 

Fair • 

Heiium ' 

Agreement 
Fair 

Agreement 
Hair 

Agremeoat 
Good 

^ ~ . 

Agreement 
Fair 

Neon 
Agreement 

Poor 

3 ' ' 

ligreemeat 
Poor 

Agreement 
Good 

Agreement 
E^ir 

Predioted Theoretical Amplification 
Experimental Amplification 

See IPiaa, 8.7> 8.8, 8.9 and 8,10. 



CHAPT3R ̂  

THS GgUBY or LOHG TIME CONf-amT H Q L ^ O E I A AgSOCnTrD VfTTH ELECTfiOn PLOT.' 

TO giE GAP 

I t xias noticed during preliminaiy measurements of amplification 
that i^Q, the current flowing to the collecting electrode i n the 
absence of the uhf f i e l d , does not remain constsnt, despite the st a b i l ­
ization of the current to the back of the emitting electrode. Hie 

variations observed were not of the nature of random fluctuations, but 

appeared to be a function of time, long time constants being involved, 
(2) 

Long^ ', having observed similar effects, concluded that these variations 
resulted from the charging up of insulating layers present on the electrode 
surfaces. I t was suggested that such insulating films could occur as 
the result of the decomposition of organic grease molecules under electron 

(23) 
bombardaent. This has been shown by Laurenson, Holland and Priestland^ 
and by Christy^^^^ to be a possible mechanism. However i n the present 
experiment, a great deal of trouble has been taken to avoid the presence 
of grease or. o i l vapours i n the system, and yet the d r i f t s i n i^^ 
persist. In a further attempt to remove these d r i f t s , the aluminium 
electrode surfaces were gold-plated (by evaporation), and although there 
was a nadced improvement, the situation was by no mesuis remedied. 

Further experiments have since been performed i n order to investigate 
the causes of the present d r i f t s i n i^Q, and are described i n this 
chapter. (Constant reference i s made to Fig. 2.1 throughout this chapter). 
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Variation of i ^ ^ with time. V„ fixed 
The current flowing to the collecting electrode, i^Q was measured 

as a function of time, with a unidirectional voltage, Vg, applied to 
the gap such that P̂  i s positive with respect to P̂ . This was done 
for various sets of conditions, and typical results are shown in Pig. 
9.1. I t i s seen that the results do not di f f e r greatly i n form from 

(2) 

those obtained by Long^ Time zero was taken when i ^ f i r s t became 
stabilized. The trends exhibited by the curves were f a i r l y consistent ' 
from one curve to another. 

As t increases from zero, I^Q starts from a low value, rising quite 
shaiply to a peak value (of the order of twice the magnitude of the 
i n i t i a l current) after a time of about 5 to 10 minutes, after which i t 
decreases steadily, showing no signs of levelling out, even after 2 hours. 

Consider f i r s t l y the condition i n which we assume that the stabil­
isation of i . i s a "true indication that the cuirent, i ^ , emerging into 
the gap i s constant. Of the current emerging, a fraction, i g , w i l l 
return to the emitting electrode, P̂ , by back diffusion, and in the 
presence of an insulating film w i l l form a negatively charged layer there. 
The remaining fraction, i^Q, flows to the collecting electrode, Pg, and 
i n the presence of an insulating film, w i l l form a ne^tively charged 
layer there. I t i s assumed for the present that the charging rates for 
a given current are equal at both electrode surfaces. 

I f i g i s I n i t i a l l y greater than i^Q, P̂  may charge up more negatively 
than Pg. Then there is generated i n the gap a net residual voltage in 
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raqulrea. 2h Chapter 6, i t iiB related hov i t ira» dlaooTtred that the 

ourront flsjcinc out of the hole In the eaittlAg eleotrode does not 

depend on the length of the hole. A ofobanlaiD Is suggeeteA I n whioh 

ohaiTcliig up of the w i l l of the hole by the ottrreBt flowlag Into i t 

bzl&f.'- abocw a situation i n whioh the eleatvoa flov iM •OBMntrated 

eleotrostatlot&rily near the axis of the heltw IMe i a ciMlogvaa to tiio 

W ^ e l t q j r l i j^r e f f ^ t ^ ^ ^ es osea to oooeactnite the tUmitm team 

as i t loaves the filaaMttt i n the Mth«Se nty tube, Boo^ •eleulatioas 

(See Clx^tor 6) show ^ t i n the &Dsenoe of auoh en o f f N t , f o r hole 

dls^sior.. ar used i n tiie above eocperiaflety the o«rr«t iMMrtae the 

hole I r l . t bo expeoted to t>e low oonpered to that entering the hole. 

Theroloi^ at the time ot etebilislng i^, (tq>0), on3y a aaaai ftnietiaa of 

the ou- or.t altering the hole actually eoM^es into the gkp» ThLa fraotion 

aay bo oxiyeoimd to rise as tfae walls of t ^ hole beOMO sttadily o h a r ^ 

negativfOv y me t>« ooDOttitiatlng effeot begins to eeovr witliln the hole. 

ThQ curixzit ecorginc into the gap, i ^ , v U l rteeh e —TliHUBi when the 

as»unt of Gbssxce residing on the wells of the hole has boeeas h i ^ 

onougii^ to to t a l l y prevent losses to the walls. 

As risas during the ohtjnglng up periad, sheuU slso rise 

prwided that i ^ does not tnorease as qjAielk^ as 1^, Qnoe oonditioas 

insld£ ihG hale have reached the steady state oonditioa, the t i t e 

depandenoo of igQ »«• dapaoAs aa oondltlena la the ^ And provided 

that i. ̂  at this stage i s greater than 1^, i t should daoreaee under tl» 

meoba.'iiaa uoccilbed earlier i n tfds seotloo u n t i l the f i n a l steady state 
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oaadltien has been MWlfftad. 

"mo ej^anmt •MKnmti for the sfaftp* «r enrvtt, wtdah support 

th0 dWRaaption that i a i i i f t l l y I^Q I B grmim ttea l a lOX the 

e x p o r i i a ^ ncxrfozMd. !Ihl« o i ^ not iCtpigri b« tto OM«, tad w i l l depend 

an tho voltr^ee 7̂  sad t ^ . JIBT i n e t U M i f ClMtfoos a r t lajeeted Into 

tite gi|p fAth a h l ^ laadoe «atxisy» a laHBM^ ptt^orUee a i ^ «cpaot to 

retunx to tlie anittittg •Xettfvda lay Thftimin tjjxi teak than 

for e lee tz t^ Injattad a i t h a saall randoa werar* 

Shore ibHows a t«xy approximate aaloalation of t h t fspwtad n l a t l v t 

orderr. of r:^S{rdt\til»» of tho tima oonstaate for tha tao affMts just 

aaoticnod* oo Slg. 9»3). 

Tho amaa& port of tha eurra of i^Q HPtlaat t i n t baa a tlaa ooaataat 

^2* ^ l^i^tmr tha ourraat daudty fUalae to P^t ^ eiaatar 

tho rata of oliaYsiaiKy and so tfaa staady stata aituatioa ia aohftarad 

sore (iulxacli', 

Ttxm, * 2 " ' ' V ^ ^ 2 0 " V •••• 

taldne iixto occoint tibarsiJi^ at both alootzadaa, wbart i a the area 

of tlM9 «tleatxt>de aurfaoea^ and ? i s a oonataat dapaidiog on the nature 

of tba caoo-tode aur&aes, asauadng that i t i a aoaa Hr both 

elattrcdcs, 
Ilotv cdfir^idcr elaatrooa entering the hole the baak of the emittiae 

elaotjXKliO* ffiim the earrant anterlag the bale ia i^abV^g* ^ 

i s tho artja of ti» baok of the elootroda on ibioh i^ iiqtingea and tha 

hole r-diua. Therefore from this , the ourrant denaity floaing to the 
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walls of tho hole, assuming that a l l electrons entering the hole reach 

the wall, i s of the order of i^Trb /A^2i*hL, where L i s the length of the 

hole; The f l o ^ of electrons out of the hole into the gap is controlled 

by the amount of charge residing on the wall ofthe hole. !Ilien i f 

the tine constant of the increase of the current coming into the gap 

is T̂ , then 

~ Ik^Zirbl/i^irb^ .... 9.2 

where I" i s a constant depending on the nature of the inside surface of 

the hole, assiming that this is the same as for the electrode ajirfaces 

i n the gap; 
2A L(i - i ^ ) Then. T /T ~ ....'T̂  q i 

°' ^r^2 Â b i^ .... 9.3 
1 1 

Putting figures into this rough expression, we are required to estimate 

Â , and (igo-ig). 

Topically, t i y = 25 cm̂ , Â  = 5 om̂ , {±2Q-^) = lO"^ amps. Also 
i^ = 6.10"^ amps; b = 0.02, L = 0,04 era. 
G-iving, Ty'Tg " ''Ẑ .̂ The values of T^T^ estimated from the experi­
mental igQ, t curves indicate reasonable agj^eement with this value, 
affording support to the theoiy. 
2. Variation of i^g with applied f^y volta/^e. 

I t was hoped that measurements on the variation of igQ with the 

applied unidirectional voltage, V̂ , would enable the residual voltage 

generated in the gap to be estimated with a reasonable degree of accuracy. 

The experiments were performed at low pressure, with the systea con­

tinuously pumped, thus reducing Ihe effects of back diffusion which are 
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not of interest i n this particular s t u ^ . Curves showing the variation 
of igQ with are given i n Pig. 9.4. I t was shown experimentally that 
the values of X^Q for which was taken increasing stepwise from zero 
agreed quite well with those i n which Vg was started from a higher value, 
and was decreased i n steps, thus tracing back down the curve. This is 
a satisfactory check on the reproducibility of the results. Results were 
obtained at low pressures (backing pressxire aromd 10"^ to 10"^torr) and 
fpP (̂ 'p ;:Tl«:'"j'â- of 0.5 and 3.2 cm. 

At high a l l the electrons emitted are swept to the collecting 
electrode, neglecting the few which, at this low pressure, return to 
the emitting electrode by Thomson-type back scatter. ̂ ^̂ ^ Neglecting 
collisions with gas molecules, provided that the f i e l d i s tending to 
sweep electrons towards Pg, igg shoxild be constant independent of Vg. As 
Vg i s reduced, a point is eventually reached ^ere the f i e l d i n the gap, 
given by V = ̂ 0""^^ i s zero. (Experiments described i n the previous 
paragraph show that the electrodes charge up with the passage of igQ such 
that the residual voltage i s opposite to V^). Now there is no f i e l d 
tending to sweep the electrons to the collecting electrode, so the only 
transport mechanisms to that electrode are diffusion, and the d r i f t 
velocily with which the electrons are injected into the gap. The electrons 
are emitted into the gap with a distribution of energies, so when i s 
just less than V̂ , some of the lower energy electrons w i l l be retiimed to 
the emitting electrode i n the now unfavourable f i e l d , and a reduction i n 
igQ w i l l result. As i s reduded further, some of the liigher energy 
e l e c t i ^ s w i l l be returned to P̂ , causing a further reduction i n igQ. 
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Eventually, i f i s high enough, may be reduced to the point vriiere a l l 
the emitted electrons are returned, to P̂ . These returning electrons are 
not registered i n the current measuring c i r c u i t , since they are cancelled 
out by merging electrons. The applied voltage should equal the residual 
voltage v^en electrons gtart to be returned to P̂  by the f i e l d . That i s 
at the point where igQ starts to darop appreciably from the steady value 
observed at higher values of Vg, 

In the experiments at the shorter gap width of 0,5 cm, (Pig, 9.4a), 
the curve does follow this patterA, exhibiting a steady value of igQ above 
a certain value of V̂ , and dropping off near the c r i t i c a l point i n quite 
a marked fashion. From these results, bearing i n mind what has gone 
before, i t i s possible to estimate with some degree of confidence the 
magnitude of V̂ . The values of obtained from the curves range from 8 
to 18 volts. Great reproducability i s not expected i n these results, 
since so much depends on the previous histoiy of the system. 

In the e25)eriments using the longer ̂ p widths, the curves are not 
so satisfying. The value of igQ does not reach a steady value at higher 
Vg, but continues a slight upward trend as is increased. As before 
the curve drops o f f quite sharply as i s decreased below the value of 
V̂ , but owing to the upward trend of i^Q at higher V̂ , i t i s d i f f i c u l t 
to estimate the exact point at which electrons start to be swept back 
to the emitting electrode. Attempts to do so give values of i n the 
range l6 to 24 volts, but we cannot expect accuracy to be as good as i n 
the case of the shorter gap width. The variation i n i^^ at higher values 
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of may be explained In terns of collisions irtiiah are aoir tore l i k e l y 

to occur between electrons and gas moleculee at thia longer gap. In ftkct 

the probability of collision i s increased 6-#bld. Th«re i s elMaige 

now of cooe ionizing collisions and of back diffusies, iMchever of 

these i s Hw Case, increaaiag w i l l cause m increase i s i^^. 

At the longer gap Wfidth, and low Vg, the curve drepa sueh that i^^ 

takes necative values., Biis i s not the ease at the shert gap width, 

30 i t i n f a i r l y clear that this effect also ia the result of eollisions 

between electrons and gas aolecules. ^Hiis affect i s dii9<iased i n greater 

detail i n a letter pai«graph. (See § 3 . 3 ) . 

Kxis metJbod of estissating the residual polarizing voltag* i n the gap 

after the electrode surfaces have been chasged up i s ©pen ."fr© follow­

ing criticisms. 

a) During a given run i t is npt possible to account for the variation 

i n caused "by the continual passage of a cawent across the gap, I t 

would be laore satisfactory to devise a method of measuring $feB»e vqlt«g«s 

in which no current ia passe'd i n the gap., 

b) I t i s d i f f i c u l t to estiaate the exact point at whiefe the effective 
f i e l d i n the gap should be zero, (i.e. V^sV^)*, owing to the f i n i t e energy 
distribution of electrons cosing into the gap, and to the effects of 
collisions i n the gap between electrons and gas mbleculea, gi r t i c u l a r l y 
at longer gap tJidths. 

The results are therefore only approximate, and need verification 

by another method. One such method i s described i n the next chapter of 

this thesis. 
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3, Variation of i^^ with time, with zero applied voltage 
V;hen the applied voltage i s zero, the only voltage remaining i n the 

gap i s tlie residual voltage on the electrode sxirfaoes, Measurements 
of the current to the collecting electrode, i^Q, were perforaed as a 
function of time i n i^drogen for contrasting sets of conditions i n the 
gap. S^rpical results are shown i n Hg, 9.5. Zero time was taken at the 
mcMaent that i ^ became stabilised. 
3,1. The results 

a) Plates charged i n i t i a l l y with a pure vihf di3Charg;e 
The plates are charged by the uhf discharge such that there is no 

net residual voltage generated i n the gap. i,e. = 0. At a pressure 
of 0.37 t o r r , and for a small value of i^, i^Q takes a positive value, 
increasing i n i t i a l l y with time as the vjalls of the emitting holes become 
negatively charged, and the holes become more efficient emitters of 
electrons, \7hen the holes reach their peak transmission efficiency, i^^ 
levels o f f , and begins to decrease, indicating that i^^ i s charging up 
the f i l m on more rapidly than ig i s charging up the film on P̂ . The 
curve levels out as the steady state condition i s approached. At the 
same pressure, but with a higher the holes reach their peak e f f i c ­
iency more rapidly owing to the increased rate of charging within tlie 
holes. At low pressures, there i s no i n i t i a l rise i n i g ^ , indicating that 
the holes reach their highest transmission efficiency almost immediately. 
This suggests that at this low pressure, there i s vi r t u a l l y no electron 
loss within' the holes even without the Wehnelt cylinder effect, which i s 
reasonable i n view of the low prebability of collisions between electrons 
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and gas molocules within the holes. 

b) Elates oharged with a do voltage superimposed on the vihf discharge 
such that becomes ch&rp;ed neptatively with respect to 

The plates are now charged up so that there i s a residual voltage 
In the gap tending to sweep electrons to the collecting electrode, P̂ . 
The results have the same form as those just described, except that X^Q 

now takes higher values, 

c) Plates charged ?dth a dc voltage superimposed on the uhf discharge such 
;that becomes charged negatively with respect to P̂  
The plates are now charged up so that there is a residual voltage 

i n the gap tending to sweep the electrons back to the emitting electrode. 
For a pressure of 0.37 t o r r , and a low value of i^, I^Q takes 

i n i t i a l l y a small negative value, dropping to a larger negative value 
as the holes i n the anitting electrode become more efficient transmitters 
of electrons. Then i^Q increases, tending to level out to a smaller 
negative value after about 20 minutes. For a higher value of i^, the 
holes reach their maximum transmitting efficiency more quickly. igQ, 
starting off negatively, increases steadily, becoming positive after 
about 6 minutes, and tending to level off at a small, positive value 
after about 20 minutes. At lower pressiires, I^Q i n i t i a l l y takes a high 
negative value but rises to a smaller steady negative value after about 
20 minutes. 

The implications of these negative values of I^Q are discussed i n 

detail later i n this section. (See §3.3). 
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3.2 %'o Qomnre the charging rates at the two electrode sxirfaces 
V/hen a pure uhf discharge i s run in the gap (See §3.1a) there 

should he no net residual voltage i n the gap afteirords. V<hen the 
cmrent i s then switched on, those electrons which get to the collecting 
electTOde can only get there by diffusion. A considerably larger pro­
portion shoxad he lost by diffusion back to the emitting electrode, 
particularly at the long gaps discussed in this experiment. This cer­
tainly applies to the higher pressure examined, and would be expected to 
apply i n the lower pressure cases, provided the mean free path i s short 
enough for electrons to make a number of collisions during their l i f e ­
time i n the gap. 

But the results (See §3.1a) show that the system behaves as though 
i s charging up under the influence of ±^Q more rapidly than i s 

charging up under the influence of ig (See §l) despite the fact tJiat i ^ 
must surely be greater tiian i^Q ^ case, \7e must consider therefore 
the possibility that the surfaces at and charge up at different 
rates for t^e same current reaching them. I t is convenient to define 
the quanti-ty 'efficiency of charging. • Let the efficiency of charging 
at P̂  be e^, and the efficiency of charging at Pg by such that the 
charging rate at P̂  under the influence of i g i s given by i^e^, and t M t 
at under the influence of i^Q i s 120̂ 2* 

In a l l the eacperiments, except those i n which P̂  was i n i t i a l l y charged 
up positively with respect to Pg (where electrons which get back to P̂  
get there by d r i f t ) , the experimental evidence shows that charges up 
more lupidly than P̂ . (From §1). 
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^5"> 2̂0̂ 2 ^ V l •••• 
and, when eqviilibrium is eventually reached, 

^20^2 ~ ^ ^ 1 .... 9.5 

In tlie case where = e^, I^Q = Ig, at equilibrium (as assumed i n §1 
earlier). Before equilibrium i s reached, i ^ < ^20^^^V ^® fraction 
of the electrons which reach P̂  is given by, 

= ^ ^ ^ 2 0 + V > V ^ ^ l + 2̂̂  •••• 

from Bq, 9.4. 
ri7) 

Thomson's expression^ ' for the fraction of the electrons leaving the 

cathode which arrive at the anode gives 
W \ = ^ V ^ ^ - ^ ^ V •••• -̂"̂  

where v^ i s the d r i f t velocity of electrons i n the gap, under the influence 

of V^, and v^ i s the random velocity of the electrons as t h ^ emerge into 

the gap. 

Then from Eqs. 9.6 and 9,7, ignoring ionization occurring as a result of 

the i n i t i a l electron random energy. 

4v/(v^ + ̂ ^d^ > ̂ /C^i +̂ 2̂  

T3hence, v^ < ̂ "^^^^^ •••• ^'^ 

And at equilibrium, v^ = Wv^c^e^ .... 9.9 

I f i t vTere possible to estimate and e^, and the equilibrium value of 
V̂ , i t would be possible to calculate the velocity with which the electrons 
emerge into tiie gap. So f a r insufficient infoiraation about the nature of 
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the surface films involved has been obtained to enable such a calculation 
to be performed. I t has, however, already been suggested that the random 
energy with vMch electrons emerge into the gap i s approximately that 
corresponding to V̂ . (See Chapter 6). i s of the order of 75 volts, 
resulting i n a f i e l d inside the emitting electrode of about 100 v/cm, 
so at the sort of pleasures used i n these experiments, i t can be seen that 
the mndom velocity of emerging electrons i s high. In comparison, 
rougli measurements of indicate that i t i s of the order of 10 volts, 
resulting In- a f i e l d i n the gap of about 3 v/cm. The d r i f t velocity 
corresponding to this is clearly veiy small i n comparison with v^. There­
fore we may crudely deduce from Eq. 9.9 that 

3.3 Investigation of the variation of i Q when P̂  i s i n i t i a l l y charged 
UP positively wj^th respect to P̂  
Tf/hen the i n i t i a l charging up operation i s perfomed such that P̂  i s 

made positive, wi.th respect to Pg (See §3.1o) electrons which emerge into 
the gap enter a residual f i e l d which tends to sweep them back to the 
CTiitting electrode. Under these conditions, veiy few electrons are 
expected to reach P̂ . Electrons which enter the gap with very low energies 
are almost immediately controlled by d i l f t , returning them quickly to 
P̂ . Those entering with higher energies may reach P̂  i f the pressure i s 
so low that there are veiy few collisions with gas molecules, and the 
adverse i s small. But i n general, particularly at the pressures the 
present experiments have been concerned with, increased i n i t i a l energy 
increases the efficiency of the back scatter process, according to the 
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Thomson theoiy^ ' and thus reinforces the electron flow back to P̂ . 
Therefore v?e conclude that electrons have veiy l i t t l e chance of reaching 
the coliocting electrode. 

SLectroas returning to P̂  do not contribute to the net cvirrent 
flowing i n the gap since their current vectors are cancelled out. 
I t has been shown that electrons probably emerge into the gap with high 
random energy, so some ionization i n the region close to the emitting 
hole i s l i k e l y , and new electrons thus generated are swept back to P̂  do 
contribute to a negative current (-igg) ̂  exteiiial gap circuit. As 
P̂  thus becones steadily charged up imder the influence of this ioniza­
tion current, i s reduced, and hence so i s the current flowing back to 
P̂ . Eventually, i s reduceid to the point where elections start to 
reach by diffusion. Positive values of i^Q are registered i n the 
external gap c i : ^ u i t when the current flowing to Pg becomes greater than 
that due to the electrons generated i n the gap by ionization which flow 
back to f,^* The charging process continues u n t i l P̂  becomes negative 
enoxigh with respect to P̂  to satisfy the equilibrium condition, i^c^ = 

^20^2* 
The rate of rise of when i t i s s t i l l negative i s controlled by 

the charging efficiency at P̂ , ê . Once electrons start to reach Pg, this 
rate of rise now depends on and eg. As shown i n the previous para­
graph, i s almost cejrtainly a l o t smaller than tg* ^^^^ ̂ 20 
negative, so few electrons get to Pg that charging at P̂  i s not having 
to coapeto with the charging at Pg, so the change i n V̂ , and hence i^^ 
might be quite rapid, as i s shown to be the case ^perimentally, 
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3.4 Comparison of the results 

I t i s expected from the above arguments that the steady state 
condition for the gap should be the same for a given gas and pressure, 
regardless of the i n i t i a l electrical state of the electrodes, and that 
a l l the curves should eventually converge on the condition, i^e^ = ̂ 20̂ 2* 

The rates at which the curves converge w i l l not be expected to be the 
same, since in the different experiments, equilibrium is not necessarily 
brou^t about the charging at Hie same electrode. For instance, the 
curves referred to i n §3.1a and 3.1b are controlled by charging mainly 
at the surface of Pg* But i n the curves referred to i n §3.1o and i n 
§3* 1.3 J the early part of the curve i s controlled by charging at the sur­
face of P̂ . 

Only when there is a f a i r l y high current flowing i n the gap do 
the experimental results support the theory that the curves should 
approach a common equilibrium condition, regardless of the state of charg­
ing i n the- gap i n i t i a l l y . At the lower currents, the charging processes 
are slower, so the curves would be expected to converge on the equilibrium 
condition more slowly, which may account for the fact that the equili­
b r i a i s not reached i n the duration of these particular runs. I t may 
be concluded that the experimental results afford reasonable support to 
the qualitative arguments forwarded. 

4. Conclusions to Chapter 9 

A l l of these results oonfiim the view that charging occurs at the 
surfaces of the electrodes during the passage of a current i n the gap. 
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sUggostinG that insulating films are present. In the present experiments, 
the formc:tion of films due to the presence of grease i s eliminated by 
the use of a grease-free vacuum system, and the effects of oxidation at 
the electrode surfaces are eliminated by the use of gold-plated electrodes. 
The most l i k e l y remaining possibility to produce the effedts observed is" 
the ibmation of layers of gas at tiie surfaces of the electrodes. The 
e:cperiiaontel evidence suggests that the charging rate i s not the same at 
the two electrodes, and that the collecting electrode charges up more 
efficien^fly than the emitting electrode. One reason that the surfaces 
of fhe two electrodes are not electrically similar is that during the 
running of the filament, the emitting electrode, P̂ , is at a higher 
temperature than the collecting electrode, Pg. (On occasiana .when the 
emitting electrode was removed from the test c e l l i n order to replace 
the filament, i t was observed that i f the filament had been running just 
previously, the electrode was quite warn). Thus we expect the efficiency 
of outgassing at the emitting electrode to be greater than that at 
the collecting electrode, and hence the adsorbed gas layer at the emit­
ting electrode surface to be thinner, resulting i n a smaller degree of 
ihsulation. Therefore the effect of heat at the emitting electrode w i l l 
result, i n a smaller charging efficiency there compared to the collecting 
electrode, which, i n general, is not subjected to such effects. 

Ueasurements of the residual gap voltage by plotting the variation 
of ^ t ; h the externally applied voltage, V̂ , are not very accurate. 
During a particular run, i s l i k e l y to change under the influence of 
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igo which i s passing continuously. The next chapter describes a method 

of measuring the residual voltage i n the gap without needing to pass 

a cxzrrent i n the gap. 

In a l l of the arguments put forward i n this chapter, we have been 

concerned only with the variation of when there ia a cuirent flowing 

i n the gap and have not considered the possibility that the voltage across 

the surface IHJQ might decay by the passage of a current through the film 

i t s e l f . Iiater measurements however, (See Chapter 10) indicate that i n 

the abs^ce of a current flowing i n the gap i t s e l f , there is l i t t l e varia­

tion, i n the residual voltage i n the gap. Hiis suggests that the voltages 

genei^ted across the films decay with time constants which are large 

compared to the other time constants discussed i n this chapter. 

I f more .were known about the nature of the films on the eleetrode 

surfaces, and at equilibriuia could be measured accurately, i t has been 

shown that i t might be possible to calculate the random velocity with 

which the electrons emerge into the ^p* aaking use of the equilibrium 

condition bet>7oen igQ and i^ (See Eq. 9.9). This could be done, for 

instance, i f the films at the two electrodes were known to be eleotrioally 

s i m l a r i.e. = eg. • 
USaea at eguilibriiim, = 4 v^, v^ being calculable from and 

the jjas pressure. 

As seen from the Chapter 8, the measuranent of v^ would assist 

greatly the understanding of back diffusion processes and of electron 

flow througla holes. 
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' CH/Ĵ ER 10 

THE DEyHiOBinCT OF THE ELLIPSOID VOLTMETER FOR THE MSASUKaCMT OP SMALL 
RESIDUAL VOLTASES IN THE GAP 

1. Introduction 
(See Chapter 3, §5.1). The ellipsoid voltmeter, originally developed 

by Tiiomton and Thompson^^^^ for the absolute measuranent of high volt­
ages between parallel plate electrodes, i s not sensitive enough in i t s 
original foTsi f o r the measurement of small voltages. I t has not been 
possible during the present work to develop a systm which w i l l accurately 
measure fields less than about 20 v/cm, using the instrumait i n the 
orthodox fashion. 

This chapter describes attempts that were made to extend the range 

of the worlcing of the instrument to the measurement of the small residual 

voltages generated i n the gap, 

2. Adaption of the ellipsoid voltmeter for the measurement of small 
residual voltages 
Consider the presence of a small residxial voltage on the gap, V̂ , 

too small to measure with the ellipsoid voltmeter used i n the orthodox 
fashion. Also consider a unidirectional voltage, V̂,, applied externally 
to the gap. I n i t i a l l y l e t the two voltages reinforce one another, 

53ien, (Vg + = K(n^-n^) .... 10.1 

where n^ i s the frequency of oscillation of the ellipsoid i n the two 
fields and n^ is the frequency M the absence of a fie l d . 
Now Vg i s reversed ,to that i t i s i n the opposite direction to 

-151-



iiliminatin^' n^ between Eqs. 10.1 and 10.2 gives 

4Vj,V^ = K(n2 -n^) ' , 

Therefore, K , 2 2n 

Mien, 7^ i s proportional to (n^ - ng) for a given K and Vg. 
i s plotted as a function of n^ (assuming that is made zero by run­

ning a pui^ uhf discharge i n the gap) and K i s obtained from the slope 
of. the st r a i ^ i i t l i n e thus obtained. The fact that the curve tuxns out 

to be a straiglit line i s confimation that i s i n fact aero. I f required, 
2 

n^ may be obtained from the intercept on the n axis. 
I t i s seen from the above expression that fiira given residual volt­

age on the gap, the greater the value of Vg, the greater the difference 
i n the ellipsoid frequency when i s reversed. Therefore, high 
sensitivi ty i n the measuronent of i s obtained vdien a high value of Vg 
i s used. 
3. Sbqjoriaenta,:^ considerations 

The basic experimental system for the ellipsoid voltmeter, and the 

method of measwing the frequency of the torsional oscillations are 

described i n Chapter 3. 

J^y^gen was admitted into the system at a pressure of about 5 to r r , 
and the electrodes were charged up by running a discharge i n the gap. 
The external voltage, V̂ , was applied to the gap, and the time for 
10 swings was measured. Using a L^b(Sd clock, and carefully observing 
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tho osci^l.vtions as the ellipsoid passed through i t s equilibrium 
position, the time for 10 swings could be measured to better than l /5th 

second. C?ho oxteznal voltage was then reversed, and the reading repeated. 
Thus n^ and n^, hence (n^ - n|) wore found, and hence from 2q. 10.3. 

I t talvos about three minutes to obtain a single value of V̂ . Thus, i t is. 
possible to plot as a function.of time. 

I t i s ©adjected that the error i n for a single reading is quite 
large. So nuch depends on the accuracy with which the time for the 
10 sTTings can be measured, errors being introduced at the starting and 
tlie stopping of the clock. However i f many values of are obtained over 
a period of time, much of this error can be accounted for. 

Cei'tain modifications were made to the original ellipsoid voltmeter 
syston, i n on attempt to reduce some of the sources of systematic error, 

Tho mtpet supporting' the ellipsoid assembly exerts a force on the 
ciaall piece of iron wire placed on the fibre between the ellipsoid and the 
support (Goe page ̂ 5 ) constraining the motion of the wire, and hence of 
the ellipsoid. This does not seriously affect the calibration of the uhf 
indicating meters (See Chapter 3), since, provided that the position of 
the magnet does not alter between the dc and the uhf parts of tho c a l i ­
bration, Oiiy such effects cancel. However, when the instrument io used 
for absolute voltage measurements, as i n the present case, this perturba­
tion my well affect the readings obtained. A non-magaetic foim of 

(2) 

support was therefore b u i l t , similar to that used by Long^ . This 
introduced the use of greased connections into the vacuvm system in 
order to provide for the raising and lowering of the ellipsoid into and 
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out of the cap. However, by this time, the main measurements of amplifi­
cation and breakdown voltages had been completed, so the introduction of 
grease into the system was not considered to bo a serious objection at 
this sta^re i n the work. 

Tlie possibility was not ruled out that the motion of the small 
piece of iron" wire placed on the fibre could pertuib the motion of the 
ellipsoid by the double pendulum effect, but i t was acsumed that such an 
effect vfould be negligible provided that the moment of inertia of the 
ellipsoid i s large compared to that of the piece of wire. Later measure­
ments of with the iron wire placed actually on the ellipsoid i t s e l f 
(thus eliminating the double pendultun effect) showed no improvement con-
finaing that the above assumption i s a reasonable one. 

4. The results 

Ueasurements of were made as a function of time after the plates 
had previously been charged up by 
a) A pure uhf discharge such that the plates shoxild charge up equally, with 
the gap electiilcally neutral, 
b) A uhf diecliarge with a do f i e l d superimposed to sweep electrons to Pg, 
thus charging Pg up negatively with respect to P̂ , 
and o) A uhf discharge with a dc f i e l d superimposed to sweep eleotrens 
to P̂ , thus cliarging P̂  up negatively with respect to Pg. 

Sero time was taken at the mcment that the charging discharge was 

switcliod off. 
Graphs slio^Ting the variation of with time for these three cases 
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are given i n Pig. 10.1. i s taken to be positive when Pg i s positive 

with respect to P̂ . 

The values of d® Sfot l i e on a saooth curve owing to the vmaroid-
able error involved i n individual readings, but i t i s possible to talpe 
a general view of the bfehaviour of I t i s clear froa ̂ e resvilts that 
the platet charge up as eaqjected for the three types of charging process. 
I t i s alsK) confirmed that the pure uhf discharge produces no net residual 
voltage i n the gap. 

The acttusd values of obtained are smaller than obtained froa 

th^,, earlier experiments ($ee Chapter 9), ranging from about +6 volts 

when i s charged up negatively with respect to Pg, to about -6 volts 

when Pg i s charged up negatively with respect to P̂ . 

U^rpical ejaeiple of calculation of V̂ :-
Time for 10 swings, t ^ = 49.36 sees, tg = 5O.I6 sees. 

""1 —1 
n^ = .2026 sec , ng = .1994 sec . 

Then, (n^ - n|) = .00129 
V„ = 500 volts, and k = 7.75.10^ volts^.seo^. 
Then, = 5 volts. 

• Despite the spread i n the points $h the graph, i t i s clear tr<m 
. these results that does not vaiy appreciably with time when there is 
no current flowing i n the gap. From this i t i s concluded that the time 
constants for the decay of the voltages across the surface films are 
long compared to the duration of the experiments. I f i t i s therefore 
assumed that does not alter during a course of measurments, the mai^ 
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readings taken during that time may be averaged to obtain a more accurate 
value for V̂ , The accuracy of the measurement of does not depend so 

greatly now on the accuracy of a single reading. 

ilius, the following values for were obtained for the three sets 

of conditions examined, 
a) Platea chariged with uhf discharge -

1) = -0.26 ^1.69 volts. 

2) 7^ = 4O.17 ;t1.07 volts. 

t>) Flates chargedwith uhf discharge with de f i e l d sweeping electrons to 

1) = -4,54 42.01 volts. 

2) = -3.96 J. 1.64 volts. 
c) Pla.t@a„.0li8,riged with uhf discharge with dc f i e l d sweeping e^ectroys, tq 

1) = +2.38 i 1.49 volts. 

2) e 42.93 41.69 volts. . 

These voli^ges refer to the net residual voltage i n the gap after the 
plates have been charged up with a discharge. So ftir i t has not been 
possible to measure the voltage across the films at the individual 
electrode surfaces, but these results indicate that Pg charges up more 
effici e n t l y under electron bombardment tha$ P̂ , thus supporting the con­
clusions drawn from the experiments descilbed i n the previous chapter. 

5. Discussion 
Here i s a method of measuring quite small residual voltages i n a 
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parallel plate £*p, i n which the electrodes, covered with iasulfttlng 

films, have become charged up by the passage of a current in the giap. 

The polarity of the residual voltage ia given, and the aegnitude bats 

beon obtainOi. to within volts. Greater accuracy aay be obtalasd with 

the introduction of more sophisticated methods of timing the swings of 

the ellipsoid i n the gap. !!%roughout this study, the besic assumption 

i s ando that the preseaice of the external voltage, Vg, dees not i t a e l f 

disturb oho vc-Iue of V̂ . 

Slicce nee rurements show that even after a heavy current has been 

passed in t i c £:ap the residual voltage g«ierated i s quite sMftll i n 

relatio:: to most values of the applied unidirectional gup voltages used 

during tuo anplification experiinsnts. (See. Chapter 4). Thus i t may be 

concludod tliat when high currents are avoided i n the gap the re s i d i ^ l 

volte-ce -eicrcited may be neglected i n comparison to Ê .̂ 

The p r e l i .Inary measurements of using this methofd are quite 

proifldsliir:, and i t i s hoped that the method might have u^ef\il applications 

elsewhere. 
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CHAPTER 11 

Bmym of PRO&RESS AND SUGGBSIIONS FOR mum WOHK 

Ttie main body of the work described i n t h i s thesis i s aimed at 

fur t h e r i n g the understanding of the movement and behaviour of electrons 

i n gases under the influence of combined unidirectional and ultra-high-

frequency e l e c t i l c f i e l d s . Prom considerations of d r i f t , d i f f u s i o n and 

ioniaation, an expression has been derived f o r the amplification of a 

stream of electrons crossing the gap which gives very encouraging agree­

ment with the experimental results i n a l l of the gases tested. (See 

Chapter 8 ) , The picture presented considers the p o s s i b i l i t y of two types 

of back dif f u s i o n . F i r s t l y back scatter under the influence of the i n i t i a l 

random energy with which the electrons emerge i n t o the gap, and secondly 

steady state back d i f f \ i s i o n , and assiunes that these two processes may be 

treated independently. The size of the hole i n the emitting electrode 

does not appear at any stage i n the discussion. The theoretical pre­

dictions f o r the shape of the amplification curves make use of the values 

f o r the ionisation c o e f f i c i e n t obtained from the breakdown measurements 

made wit h the present apparatus, using the same gas samples as used f o r 

the experimental amplification oxirves. The values obtained f o r hydrogen 

and nitrogen give reasonable agreement with the results of other workers. 

The values f o r helium and neon are less satisfactory, being over an order 

of magnitude greater than the data published by other workers f o r pure gas 
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samples. However, since these values were obtained i n the present 

apparatus i t i s reasonable to apply them i n making theoretical predic­

tions f o r the shape of the amplification curves. An interesting feature 

of the brealcdorai measurements made i n helium and neon i s the apparent 

departure from the d i f f u s i o n theoiy of breakdovm suggested by Prowse and 
(12) 

Claik^ but more extensive measurements are required before t h i s i s 

established. 

Cttie of the major d i f f i c u l t i e s encountered i n the interpretation of 

the amplification curves has been the uncertain nature of electron flow 

through the holes i n the emitting electrode. Although much has been 

leazned about t h i s (See Chapter 6 ) , assumptions that the current anerging 

i n t o the gap and the i n i t i a l eiectron random energy are not dependent 

on the f i e l d i n the gap were necessazy i n order to arrive at a f i n a l 

expression f o r amplification from which theoretical values of amplifica­

t i o n can be obtained. (See Eq. 8 . 44 ) . Eiqierimental amplification curves 

were obtained f o r a wide range of Ê ,̂ and gas pressure i n hydrogen, 

nitrogen, helium and neon, but only a narrow range of gap widths were 

employed. More measurements are required to extend t h i s range and so 

make the picture more complete. I t would also be interesting to perform 

experiments where electrons are released i n t o the gap by a method other 

than the one used at present, f o r example photoelectric emission from 

the surface of the emitting electrode. This has two advantages. F i r s t l y 

the emitting holes, and the associated problems (See Chapter 6 ) , are 

eliminated, and electrons are now introduced into the gap with a random 
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energy which can be calculated from the wavelength of the impinging l i g h t 

and from the woric function of the metal from which they are released. 

Secondly, the system does not now contain the impurities associated with 

the oxide coated cathode as a t present. 

She theoretical treatment given i n t h i s thesis looks very promising. 

However, considerable improvement between theoiy and experiment would be 

ejqpected i f the electron l i f e t i m e i n the gap, at present calculated from 

X= ^^g^i can be detennined with greater certainty, Nicholls^^^ has 

suggested a method f o r measuring the t r a n s i t time of a swarm of electrons 

crossing the gap i n combined dc and uhf f i e l d s , based on the method used 

by Bradbtny and Neilsen^^^*^^*^^^ f o r the measurement of electron d r i f t 

v e l o c i t i e s , and t h i s might be employed to advantage f o r the determination 

of X i n the present case. 

Investigation i n t o the d r i f t s i n 1^^ (See Chapter 9) have established 

that residual voltages are generated i n the gap by the passage of a vini-

d i r e o t i o n a l current, assisted by the presence of insulating films on the 

electrode surfaces. A method has been suggested f o r the measurement of 

such voltages (See Chapter 10) making use of the e l l i p s o i d voltmeter. 

Measuraaents with t h i s instrument enabled the conclusion to be drawn that 

i f high currents are avoided i n the gap, the residual f i e l d generated i s 

small i n comparison to the values of Ê ^ used i n the amplification curves. 

Therefore the presence of residual voltages i n the gap experienced during 

the present experiments may be neglected. 

F i n a l l y , i t i s of in t e r e s t to suggest a mechanical model which 

might be constructed and used to assist the understanding of electron 
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I t may be po B s i b l e to automate the machine so. t h a t 
each time an^ ' e l e c t r o n ' i s l o s t , i t . i s counted a t the 
poin t a-t which i t - l e a v e s the t a l 5 l e , t h e n returned, to 
the s t a r t and f i r e d again.The p o i n t of f i r i n g i n " 
the plane of the e m i t t i n g end of the t a b l e should 
be made random,in order to s i m u l a t e , p a r t l y at 
les , s t , t h e rajidom movement of the gas m o l e c u l e s . 
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mUm olose to tlie «ajitting elootj?od9» (See Jig* 11.1). Ball be«rlns», 

TtpvinmM^ ^ .̂eotroea, »re shot horisscaitaiay oato ft table oonBisting 
of ft *f*t3U?̂ ieaile86 • surface on wMoh ar© silhiatod a large iwaber of pins, 
roprdiSigj^i^^ ^ i»3leeule&, with iridoh ths balls wake 'elastio' oolllsioiie. 

I t shoald fes j^Bslble to aeasura '^e in i t ia l veloeity with iMoh fee balla 
are si:»t <mto fe^ table* Tba table aay be tilted moh that th© balls 
ex^etim^0 a I*&ro0 oorrespottdlog to m& tha table ae^ be made to 

oaoiUate tlnmt this poaition with a eartaia amplitude and frsqueni^ 

Qtrx'QspmMjtis to l£h« neoesaazy oonditioas are feat the frequettey 

of O&oillatioa of fee table sboald ba saaall ©oiSpared to the frequencijf of 

col l is ims bal««e» balls and pins, and high enough BO feat fee balls do 

not d r i ^ to fee ftor end of th© table in (me half eyclo. 

A bai^. dtajpting off at the origin wil l collia© wife pins and aay 

as a msvOLt of fesse oollisiona ©ventually reaoh a tejtninal •drift* 

velooily i^mi^ the f&r end of fee table, or^ alteniatively, i«y retum 

to the a^tijing 6nd. Ety counting fee ^portieo of those starting ^jieh 

retuxw to the starting end of th© table, as a fisnotion of •B^* 

im& *v̂ t̂ i t 1 ^ be possible to ©bfein results ftimilay to the theoretical 

back 0£tiMxm relations deseribed in Chapter 8.. 
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APPIiMDn 1 

TO SH0\7 gixT THB BELLqVS SEI-JSITIVITY IS INDEPiMDMT OF THE PHTIAL TMSICN 

ON THE BSLLOV-S IN BiE ZERO POSITION. AM) ALSO THAT THE PRESSURE /iS MEASUBH) 

mm mis &AUG-E IS A LINEAR FDUCTION OF BELLOUS DISELACEMMT ONLY 

•Hie d i f f e r e n t i a l bellows gauge e f f e c t i v e l y measures the difference 

i n pressures between two gas systems. (See Fig. 3.4). The zero position 

occujrs whm both systems are a t the same pressure. \/hen the pressure on 

one side becomes greater than on the other, the resultant displacement of 

a pointer fi x e d between the two bellows i s a function of the pressure 

difference. 

The bellows system may be compared with two springs i n tension against 

one another. The pressure change may be related to a change i n tension 

on one side of the system. 

Lot and be the i n i t i a l 

tmsions on the wrings, and ' ^ 4̂  ^ 

the extensions x^ and x^ from I ^ /̂  4- - ^ 

t h e i r natural lengths. 

^ / / ^ / 

I n i t i a l l y l e t the press\ires i n 1 , . , 

the two systems be equal, and 

so l e t the forces on each side 

be A^p and A^p, where Â  and A^ are constants depending on the bellows 

dimen^iens. I n i t i a l the pointer f i x e d between the two bellows i s at zero. 

I n the i n i t i a l position, resolving forces. 
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^1 - ^p = 2̂ - V 

or, K^x^ - A^p = V 2 " V •••• 

(From Hooke's, law where and are the elastic constants of the two 

springs). 

When the pressure on one side changes by Ap, the pointer moves to a new 

equilibrium position, a displacement $ x from the zero position. 

Resolving forces again 

K^(x + S x ) - A^(p + 6p) = K 2 ( x - S x ) - A 2 p I I 

And from I and I I 

A 
S x = TT • AP .... n i 

1 2 

ThQi i t i s seen that Sx i s a l i n e a r function of pressure change and 

does not depend on the i n i t i a l tension on the system. 

-143-



HYDSOGM 

IMPimm CONTENT OP SHE GAS SAHELES USED 

99.995^^ Pure 
Impurities 

CO, 
CO 

5 parts per m i l l i o n 
1 " 

0.5 " 

0.5 

99.999f^ Pure 
Impurities A 

0 

H 
He 
No 

5 parts per m i l l i o n 
1 • 

1 » 

1 " 

1 • 

mm 99.95^ Pure 
Impurities He 500 parts per m i l l i o n 

^2 
^2 
Hs 

1 

1 

0.5 

HELIUM 99.995^ Pure 
Impurities Ne 

^2 
^2 
A 
H 
CO. 

3 parts per m i l l i o n 

0.5 

Gas sajaples supplied i n 1 l i t r e flasks from: 

The Kare Gas Department, 
B r i t i s h Oxygen Company. 

m 

It 
• 



APPENDIX 3 

ELSCTRON MOBILm IN THE COMBINED DC AND I3HF FISLDS 

v^ i s the ve l o c i t y with which the electron swam travels across the gap 

i n the do f i e l d direction. 

= Electron d r i f t v e l o c i t y i n the pure dc f i e l d , Ê .̂ 

= Electron d r i f t v e l o c i t y i n the effective f i e l d , E^, corresponding 

to the combined dc and uhf f i e l d s . 

V = Electron iBndom velooily i n the effective f i e l d . 
® \{^\ 
The unidirectional swarm veloci-ty, v^ = ••• y .... I 

e 

The d r i f t velocity i n the pure dc f i e l d , 

^a = 0 - 9 2 ^ ^ .... I I 
. d ra p 

where L^ I s the electron mean free-path. (Townsend^^^) 

The d r i f t v e l o c i t y i n the ef f e c t i v e f i e l d . 

V e = 0 - 3 2 f i •••• ™ 
e Dividing I I and I I I , 

W a i d 

Approximately, f o r a given pressure, L^ = L^. 

fd!d f e ^ 
e e 

Then from I and V, v^ = 

The electron m o b i l i t y i n the combined f i e l d s , = 

And so. 
^d = ̂ ê ^dc 

IV 
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APFEfOK L 

gIB EFFECTIVE yiSLD W CC?,ffiINED DC AND UHP FIELDS 

The effective f i e l d i n combined unidirectional and o s c i l l a t o r y 

f i e l d s i 3 given by Vamerin and Brown^^^^ as 

where 9 „ i s the frequency of c o l l i s i o n s between electrons and ^ s mole-

cules. 

I n fee present experiment, w ~ lo'' radians per second. 

The c o l l i s i o n frequency i s given by 

where i s the c o l l i s i o n p r o b a b i l i t y and V th© electron random velocity. 

TPrm Tov3iisend*3 data^ ' on random ve l o c i t i e s and from Erode's data^ on 

c o l l i s i o n p r o b a b i l i t i e s , i t i s clear that f o r the gases examined i n the 

present esperlment, ŵ . , 

Therefore, \ = ^^c ^^^^^ 
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