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This t h e s i s describes experiments which have been performed a t 

Durhau t o i n v e s t i g a t e the behaviour o f e l e c t r o n swarms moving i n a p a r a l l e l 

p l a t o gap under the i n f l u e n c e o f a u n i d i r e c t i o n a l e l e c t r i c f i e l d on 

which i s superimposed an ultra-high-frequency f i e l d o f 43 lie/second. 

Electrons are emitted i n t o the f-ap through holes i n one of the 

pla t e s and move across the gap under the i n f l u e n c e o f the dc f i e l d . The 

uhf f i e l d serves t o increase the energy of the e l e c t r o n s i n the gap, 

and i f t h i s eneugy i s high enough i o n i z a t i o n occurs. 

Measurements have been made i n several gases on the a m p l i f i c a t i o n 

of the stream o f el e c t r o n s crossing the gap, and o f the uhf f i e l d r e q u i r e d 

t o cause e l e c t r i c a l breakdown. Other measurements have been made i n an 

attempt t o determine the nature o f e l e c t r o n flow through the holes i n 

the e m i t t i n g electrode. 

From t h e o r e t i c a l considerations of d r i f t , d i f f u s i o n and i o n i z a t i o n , 

an expression i s d e r i v e d f o r a m p l i f i c a t i o n i n the e l e c t r o n stream which 

i s shoT/n t o be i n reasonable agreement w i t h the experimental r e s u l t s f o r 

the gases t e s t e d . 

The l a t t e r h a l f o f t h i s t hesis deals w i t h i n v e s t i g a t i o n s i n t o the 

e f f e c t s o f t h e generation of r e s i d u a l voltages i n the gap by charging a t 

the electrode surfaces under the i n f l u e n c e of u n i d i r e c t i o n a l c u r r e n t flow. 

A rigorous q u a n t i t a t i v e a n a l y s i s of these e f f e c t s has not y e t been found, 

and t h e r e f o r e i t has not been possible t o take them i n t o account i n the 



t h e o r e t i c a l expression f o r a m p l i f i c a t i o n , l-owever i f the c u r r e n t s f l o w i n g 

i n t::e gap are kept small, i t i s concluded t h a t the e f f e c t s o f r e s i d u a l 

voltages arc n e g l i g i b l e , and t h e r e f o r e does not i n v a l i d a t e the comparison 

made between theory and experiments. 
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CHAPTER 1 

INTRODUCTION 

A gas i n the norriial s t a t e i s almost a p e r f e c t i n s u l a t o r , b u t when 

a s t e a d i l y i n c r e a s i n g e l e c t r i c a l s tress i s a p p l i e d , a stage i s reached 

when suddenly the gas becomes conducting. The f i e l d s t r e n g t h a t which 

t h i s occurs, the breakdown s t r e s s , B , was observed by e a r l y workers t o 

be a f u n c t i o n o f the nature o f the gas and the pressure. L a t e r workers 

discovered t h a t other v a r i a b l e s a f f e c t i n g E were the e l e c t r o d e m a t e r i a l , 
s 

geometry, and the frequency o f the a p p l i e d f i e l d . Once the gas has be­

come conducting, v i s i b l e r a d i a t i o n i s e m i t t e d , c h a r a c t e r i s t i c o f the gas 

under s t r e s s . 

Since the e a r l y days o f the work, many attempts, n o t a b l y by Townsend 

and h i s school, have been made t o e x p l a i n the mechanisms which le a d up 

to breakdown. I t was discovered t h a t breakdown i s not a sudden cte-jnge 

from the non-conducting t o the conducting s t a t e , but one which occurs 

over a f i n i t e p e r i o d o f time, i . e . the f o r m a t i v e time. I t i s now known 

t h a t i o n i z a t i o n of the gas by the c o l l i s i o n o f f r e e e l e c t r o n s w i t h gas 

atoms o r aolecules i s one o f the c h i e f f a c t o r s c o n t r i b u t i n g t o breakdown, 

and t h i s mechanism lias been st u d i e d i n d e t a i l by many workers. This 
t h e s i s , d e s c r i b i n g work which i s a c o n t i n u a t i o n of t h a t begun by N i c h o l l s 

(o) 

(1960) and Long (1962), i s concerned p r i m a r i l y w i t h those processus 

l e a d i n g up t o breakdown i n several common gases under the i n f l u e n c e o f 

combined u n i d i r e c t i o n a l and u l t r a - h i g h - f r e q u e n c y e l e c t r i c f i e l d s . I t i s 

hoped t h a t the present study w i l l y i e l d valuable i n f o r m a t i o n about the 
1 

HAR3 L I J 



nature o f e l e c t r o n flow i n such a system. 

1. Processes l e a d i n g t o breakdown 

1.1 The generation o f e l e c t r o n s 

Electrons moving i n a gas s u f f e r many c o l l i s i o n s w i t h gas molecules, 

and as a r e s u l t they acquire a c e r t a i n d i s t r i b u t i o n o f energies. (The 

Ma x w i l l i a n d i s t r i o u t i o n i s a good approximation f o r the molecular gases, 

and the Dmyvestyn d i s t r i b u t i o n f o r the r a r e gases). I f some o f the 

elect r o n s have s u f f i c i e n t energy, i n e l a s t i c c o l l i s i o n s w i t h gas molecules 

can occur. E x c i t a t i o n occurs when some o f the k i n e t i c energy o f the 

c o l l i d i n g e l e c t r o n i s converted i n t o the p o t e n t i a l energy r e q u i r e d t o 

l i f t one of the atomic e l e c t r o n s i n t o a higher energy l e v e l . Radiation 

i s e m i t t e d when t h i s e l e c t r o n decays back t o i t s i n i t i a l s t a t e . When the 

c o l l i d i n g e l e c t r o n has higher energy, enough' may be t r a n s f e r r e d t o i o n i z e 

the atom or molecule. Thus a f r e e e l e c t r o n i s generated, and t h i s , t o ­

gether w i t h the o r i g i n a l e l e c t r o n may i o n i z e other atoms o r molecules, i n 

the same my, s t a r t i n g o f f t h e chain o f events le a d i n g t o an e l e c t r o n 

avalanche, and hence breakdown. (Townsend^ l"' C ,^). 

1.2 Losses o f el e c t r o n s 

I n order t o discuss breakdown, the e l e c t r o n loss processes must be 

taken i n t o account. Electrons may be l o s t by d r i f t i n g t o one of the 

electrodes under the i n f l u e n c e of the a p p l i e d e l e c t r i c f i e l d , or by d i f ­

f u s i o n t o the boundary o f the system. These two processes are discussed 

and compared i n d e t a i l i n a l a t e r chapter o f t h i s t h e s i s . 

Electrons may be l o s t i n the volume o f the gas by recombining w i t h 
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p o s i t i v e ions t o form n e u t r a l atoms or molecules, or they may form 

negative ions w i t h n e u t r a l atoms or molecules. However i n most o f the 

common gases s t u d i e d , a t l e a s t under normal l a b o r a t o r y c o n d i t i o n s , these 

two e f f e c t s are n e g l i g i b l e compared w i t h d r i f t and d i f f u s i o n . 

1.3 The c r i t e r i o n f o r breakdown 

The c r i t e r i o n f o r breakdown i s t h a t f o r every e l e c t r o n i n the gap 

which i s l o s t (one way or an o t h e r ) , a t l e a s t one new e l e c t r o n i s generated. 

Consider the balance between these processes f o r a given elementary 

volume o f the discharge. The equation of c o n t i n u i t y , d e s c r i b i n g the r a t e 

a t which electrons enter or leave the volume by various processes i s 
(3) 

given by Townsendx ' as 
2 nE v ^ (D.n) - ' dc .On + ̂ /n + x =\n ^ 1 

D S"z i t 

where n i s the e l e c t r o n d e n s i t y , D i s the c o e f f i c i e n t of d i f f u s i o n (des­

c r i b e d i n g r e a t e r d e t a i l i n §2), | i i s the e l e c t r o n m o b i l i t y , and the 

ap p l i e d u n i d i r e c t i o n a l e l e c t r i c f i e l d . 

The r a t e o f lo s s o f elec t r o n s from the volume by d i f f u s i o n i s 
2 . , A Edc * n represented by the term ^ (D.n), the r a t e o f loss by d r i f t by - g — • ̂  . 

The net r a t e a t which electrons are generated w i t h i n the volume i s 

represented by I f / n , where If/ i s the i o n i s a t i o n r a t e , t a k i n g i n t o account 

i n t h i s case a l l secondary e l e c t r o n generation processes, as w e l l as 

c o l l i s i o n i o n i s a t i o n . The r a t e a t which ele c t r o n s are supplied by some 

e x t e r n a l source i s x. 

F i n a l l y , j " - represents the r a t e a t which the e l e c t r o n d e n s i t y w i t h i n 

the volune changes w i t h time. Ymen the system i s i n a s t a t e o f e q u i l i b r i u m , 



t h i s tends to zero. 

I f the o v e r a l l loss rate exceeds the o v e r a l l generation rate, 

electrons mus- be supplied from an external source i n order to maintain 

the discharge, equilibrium oeing established between the current injected 

and that l o s t from the discharge. 

However i f the loss rate i s l e s s than the overall generation rate, 

equilibrium can now be achieved by the i n t e r n a l generation and l o s s pro­

cesses, alone, so long as enough e l e c t r i c a l energy i s supplied to the 

system. 

1.4 Breakdown i n unidirectional f i e l d s 

Electrons s t a r t i n g at the cathode are swept towards the anode i n 

the applied dc f i e l d . When the voltage i s high enough for multiplication 

to occur, an electron avalanche i s formed, which i s removed from the gas 

on reaching the anode. Losses of electrons by both diffusion and d r i f t 

are considerable, and c o l l i s i o n ionization i n the gas i s not s u f f i c i e n t 

alone to maintain the discharge. However the balance between the genera­

tion and loss processes required to keep the discharge running i s pre­

served by the action of secondary electron generation e f f e c t s , 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 

f i e l d s are iSd and pd, where d i s the electrode spacing, E the e l e c t r i c 

f i e l d , and p the pressure. 
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1.5 Breakdown i n oscillatory- f i e l d s 

In unidirectional f i e l d s , as described above, the electron avalanche 

i s swept straight to the anode and l o s t (see Fig. 1.1a). I f the applied 

f i e l d i s o s c i l l a t o r y , but the frequency i s low, electrons are swept 

al t e r n a t i v e l y to each electrode i n turn, witu the same r e s u l t (see I'ig. 

1.1b). At higher frequencies, however, the direction of motion of the 

electron swarm i s reversed at the end of a h a l f cycle before the swarm 

has reached the electrode, and i s not l o s t as before (see Fig. 1.1c). 

Instead, the electrons o s c i l l a t e to and fro i n the gap, v/ith no losses 
(31) 

by d r i f t e::cept i n the regions close to the electrodes (Schneider* ' ) . 

When multiplication occurs i n the gas, the electron concentration builds 

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

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

f i e l d s much lower than i n trie unidirectional case, the r a t i o being about 

1:2, ( G i l l and Donaldson^; Gutton and G u t t o n ^ ) . 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 c r i t e r i o n for break­

down applies as i n the unidirectional case, but becomes simplified i n 

that diffusion i s e f f e c t i v e l y the only active removal mechanism, except 

i n the attaching or recombining gases. 

The continuity equation now i s 

D.y2.n + y.n = 0 .... 1.2 
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U n i d i r e c t i o n a l 

f i e l d . 

Low frequency 

a l t e r n a t i n g f i e l d , 

High frequency 

a l t e r n a t i n g f i e l d . 

High frequency 

a l t e r n a t i n g f i e l d 

w i t h d o - f i e l d 
superimposed• 

f i g 1.1. The f a t e of e l e c t r o n s moving i n a p a r a l l e l 

p l a t e gap under- the i n f l u e n c e of e l e c t r i c 

f i e l d s . 
% denotes the appearance of an e l e c t r o n i n the gap.. 



( K e r l i n and Brown^ ' ' ) . 

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

V = D / A J w l l@re A , the diffusion 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 boundary, Por a 

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

1 . (Kf + ( 2*B>' . . . . 1 - 3 

where d and a are the gap width and electrode radius respectively. The 

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

r a d i a l l y . 

One of the r e s u l t s of t h i s diffusion theory i s that the breakdown 

stress w i l l be constant for a given ga3 and pressure for 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 y p , (where i s the nns value of the high 

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

to the Ed vs. pd curves in the unidirectional case) should be unique for 

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

9-5 Mcs/second. i'hus the diffusion theory for pure high frequency discharges 

was shown to be v a l i d . (See Pig. 1.2). 

1.6 Breakdown i n combined unidirectional and uhf o s c i l l a t o r y f i e l d s 
( 47.) 

Vamerin and Brownv ' have studied the case where a small uni-
a l 

d i r e c t i o n ^ f i e l d , E- , i s superimposed on the uhf f i e l d (see Pig. 1.1d). 

Providing that E, <<E , i t v/as shown that the diffusion theory s t i l l 
CLC U 
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holds i f A i s modified to A where m 

( V A n > 2 = ( 1 / A ) 2

 + (V2'D/^2 
• • • • 1.4 

This was obtained f o r the case where the only source of electrons i s 

casual, but 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 uniformly 

as the applied dc f i e l d i s increased 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 elsctrons 

Consider a system in whicn electrons are emitted from a point on 

one electrode of a p a r a l l e l - p l a t e assembly into a gas stressed by a 

unidirectional f i e l d tending to sweep them towards the opposite electrode. 

Let i be the current emitted, and i the cur-rent collected a t the anode, o 
Assuming that single-stage c o l l i s i o n ionization i s the only electron 

generation process occurring, Towns end^'^'"^ derived the expression 

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

ionising c o l l i s i o n s made by each electron i n each centimetre that i t 

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

vV 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 ionization were tne only electron generation process 

U . dx V i e • t • • 1.5 

and hence on i^'p. I f i s the ionization rate, then V - > where 

occurring in the gas, the curve of logd/i against d would be a straight 
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l i n e . Townsend'5 experimental r e s u l t s 3how t h i s to be true for small 

gap widths, but for 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 J i g . 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 ionization, ( i . e . the o(-process), themselves c o l l i d e with 

gas molecules and produce ion pairs ( i . e . the £-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 in the gap by the o< and excitation 

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

The expression f o r V ' i 0
 w a s modified to take t h i s into account, thus 

./. *d//. w (o<d-l)\ /• aA 0 = e A 1"*' e )• 1 , 6 

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

per electron on the gap. 

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

•i = £ . e ( * a - 1 ) f f r o m Bj. L 6 . 

This i s Townsend's c r i t e r i o n for breakdown i n unidirectional f i e l d s . 

Townsend's theory does not take into account the e f f e c t s of diffusion. 

I n recent wor::, Lucas v , has calculated an expression for 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 to combined high frequency and unidirectional f i e l d s . Here, 
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diffusion may be expected to become even more important, and much 

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

1.8 Choice of suitable ionization c o e f f i c i e n t s for uhf conditions 

when 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 tae gap below brealcdov.ii i s predominantly d r i f t con­

tro l l e d , "when ionization occurs, Townsend's f i r s t ionization co­

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

an electron makes i n one centimetre that i t has drifted. In the case 

where a uhf f i e l d i s applied, electron flow i s predominantly diffusion 

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

ioni.-at.ion c o e f f i c i e n t , being proportional to the number of ionizing 

c o l l i s i o n s an electron makes in diffusing a unit distance. 

At breakdown, ^ /D may be e a s i l y obtained from the breakdown condi-

tion, ̂  = D/y , but the task i s not so easy below breakdown. Attempts 
(1) 

to obtain \f) by N i c h o l l s v ' from measurements of ionization currents 

flowing i n combined dc 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 for these conditions. (See Chapter 2 ) . 

2. Diffusion of electrons in a gas 

In view of the importance of electron diffusion i n the present study, 

some of the important aspects aro discussed here i n the introduction. 

-9-
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2.1 Basic diffusion 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 into thermal equilibrium with the gas. In 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 tend3 to bring about a uniform density of electrons 

i n the body of the gas. Once th i s has been achieved, the diffusion 

process s t i l l continues, but now 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. 

kick's Law describes the behaviour of such a system when no external 

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

v.'here 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 bn/h x. 

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

plane per second i s D. d n / ^ x , where D, the electron diffusion c o e f f i c i e n t 

i s given by 

D = Xc/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 molecules, and c i s the average random velocity of electrons, 

assuming a Llaxwellian distribution. 

Now consider two such planes, A and 3, (see Fig. 1.4), of unit area, 

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

tr a t i o n i s n at plane A, then at B, i t w i l l be n - ( 6 r / i x ) 5 x . 



Prom Ficj;'s Law, the number of electrons flowing into A i n a small 

time i n t e r v a l S t w i l l be D ( i n / i x ) S t . 1, and the outflow from D w i l l 

be 
D ( i n / i x ) S t - D( i 2 n / i x 2 ) 6 x . i t . 

o p _ 

Then tho volume contained by A and B gains a net t o t a l of D( i n/bx ) 6 x 

electrons per second. 
Thus the rate of change of electron concentration i s given by 

i n / i t = D. i 2 n / i x 2 1.8 

In three dimensions t h i s becomes, i n / ' i t = D.^ 2n. .... 1.9 

This i s the equation of continuity for electron flow i n and out of the 

region (cb:,dy,dz) for 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 ^ s applied terms must be added to t h i s expression 

to account for d r i f t , ionization, ana other effects which might a f f e c t 

the flow of electrons, (see Eq. 1.1). 

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

the expression for heat flow i n a conducting medium. 
P Q 

i . e . k b~0/dx = i 0 f / i t , i n the one dimensional case .... 1.10 

where & 0 / i t , the rate of change of temperature i n the element (dx,dy,ds), 

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

i n Eq. 1.8, and i 2 g f / i x 2 i s s i m i l a r l y d i r e c t l y analogous to i 2 n / i x 2 

and where k = l y V s, K being the c o e f f i c i e n t of thermal conductivity, o" 

the density of the material and s the s p e c i f i c heat of the material. 
p 

Both D and k have units of cm /second, and k lias come to be known as 

the 'temperature d i f f u s i v i t y ' . -11-
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I t i s sometimes very useful to be able to think of a diffusion 

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.<3 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 diffusion 
C15 16') 

ULnstejjv ' ' considered the s p a t i a l 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 N q p a r t i c l e s at the origin, x=0. 

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

by ° • 
N x = ( N c A ^ t ) V 2 ) . e" X' 7 i , I ) t. dx .... 1.11 

This expression has the form of the Gaussian error curve, from which i t 
iias been shown that the displacement of the average p a r t i c l e i s 

(Z (J}t/n") 1 /' 2 i n one dimension, (eDVVr)1^2 i n two and ( l 2 D t / n ) 1 / r 2 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 diffusion problems, and comes into practice 

in. l a t e r chapters of t h i s thesis. 
2*2 P-atio of the diffusion c o e f f i c i e n t and the mobility 

i'rom lie. 1.7, D = Ac/3. Simi l a r l y the mobility i s given by 

u = Xe/mc .... 1.12 

Prom these two relations 

D/u = c2m/3e = T | (mc 2/2) = 2u a y (/3 .... 1.13 

where u i s tiie average electron energy, and i s a function of ^/o. 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 velocity of the electrons. 

-12-



2.4 Ambipolar diffusion 

I n many studies, the forces between charged p a r t i c l e s 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 one type i s diffusing 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 diffusion c o e f f i c i e n t s of the c a r r i e r s 

of both signs. The ef 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 

dif f u s i v e motions of the electrons, 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

fined to the region below breakdown, densities of electrons and positive 

ions are so small that ambipolar diffusion may be neglected. 

2.5 Back diffusion 

3ack diffusion i s an important process occurring when electrons or 

ions are emitted from a source on the surface of an electrode into a 

region containing a gas. The emitted c a r r i e r s suffer c o l l i s i o n s with gas 

molecules, the re s 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 on 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 a c t u a l l y emitted from 

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

i n the presence of a gas, i t was observed for a given voltage on the gap, 

and i n the absence of ionization, that i / i 0
 v / a s l e s s than unity, decreas-
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-ing further as the pressure was increased. This pressure dependence 

suggested that the effect may be due to diffusion and theories based on 

the concept of back diffusion were for.varded i n an attempt to explain 

the r e s u l t s . 
(16 17} 

One of these theories was that of J . J . Thomson* ' ' i n which he 

suggested that the process i s one in 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 electrons having f i n i t e i n i t i a l energy as they come into the gap. 

His theoretical expression for i / i Q g i v e s reasonable agreement with 

the experimental r e s u l t s i n hydrogen and nitrogen, but f a i l s i n the case 

of the atomic gases. (Theobald^ ' ^ ) . 

A sophisticated theory f o r the diffusion of electrons moving out 

into the gap from a point on the cathode under the influence of a uni-
(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 for 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 for electrons 

moving i n the gas by a mixture of d r i f t and diffusion. 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. 

(2) 

Long* ' has attempted to extend the theory into the region close to the 

emitting electrode, for the calculation of back diffusion currents i n 

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

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

back diffusion, 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 limited l i f e t i m e i n uhf discharges 

In pure uhf discharges, the diffusion limited l i f e t i m e , given by 

t ^ = A'V'D,̂ '̂' 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. 

'.iTien a small dc f i e l d i s superimposed on the uhf f i e l d , and E ^ « E , 
2 2 ( 1 3 } A i n the above expression i s replaced ~DyAm (see Eq. 1.4), to take 

account of the decrease i n the lifetime of the electron by the introduc­

tion of d r i f t . 

2.7 D r i f t and diffusion 

In 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 

straight paths between successive c o l l i s i o n s with gas molecules (TovAeend^') 

(see Pig. 1.5&). I n the presence of a f i e l d , d r i f t and diffusion 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 

direction 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 effect 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 Pig. i.5h). 

The r e l a t i v e importances of diffusion 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. 



3. Phenomena associated with the electrode surfaces 

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

encountered associated with the state of cleanliness of the electrode 

surfaces. 

J.J. Thomson^20^ i n his experiments i n which he passed a beam of 

cathode rays at right 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 decreased s t e a d i l y with time 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 plate 

In unidirectional discharges, there has been observed a marked 

difference i n breakdown potential for clean and d i r t y electrodes, 
(21) 

(Llewellyn-Jones and Davies^ ' ) . But in uhf discharges, where the 
electrodes play a f a r l e s s important part i n the discharge, there i s no 

(22) 
marked difference. (Llewellyn-Jones and Morgan^" ' ) . 

I n the case of combined dc and uhf f i e l d s , the surfaces become 
(2) 

important again. Experiments by Long* have lead to the conclusion that 

during 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 presenc 

of insulating l a y e r s on the electrodes and that such layers could be the 

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

system during the experiment. 

Detailed work lias been performed on the nature of the contamination 



experienced in ultra-high vacuum plant. (Holland, Laurenson and P r i e s t -
(?3) (2U) 

land v'" ' \ Christy* ' ) . I t was shown that certain s i l i c o n e o i l s commonly 

used i n diffusion pumps produced vapours, which under electron bombard­

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

common si l i c o n e o i l s used i n diffusion pumps, grade 705 was observed to 

produce l e s s than half the contamination than was produced by grade 704 

under s i m i l a r conditions. 

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

the formation of insulating surface layers. However, Llewellyn-Jones* 

showed that in 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. 

In t h i s t h e s i s , more studies into surface phenomena and t h e i r 

associated effects (with 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 of the uhf f i e l d , and then by measuring the 

residual voltage produced i n the gap, using the e l l i p s o i d v o l t m e t e r ^ 2 ^ . 
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CHAPTER 2 

THE PROBLEM 

1. Basic prac t i c a l aspects 

The ain of the experiment i s to provide information about the 

behaviour of a swarm of electrons introduced i n t o a gas stressed by 

known p a r a l l e l u n i d i r e c t i o n a l 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 to that used by Townsend i n his 

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

Chapter \, §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, p^. (See Fig. 2.1). Once the electrons are i n the gap t h e i r 

energy i s enhanced 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, P̂ , by the un i d i r e c t i o n a l 

f i e l d , E^c> 'ihe chief measurable quantity i s the f l u x 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- which occur i n the gas as functions of the 

nature of the gas, i t s pressure, the dimensions of the gap and 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 1, 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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°) v
2 ' ^ 3dc'' t l i e d c V o l t a S e applied across the gap to aveep the electrons 

from ? 1 to Pg. 

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

i n the gap. 

The currents measured are 

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

emitting electrode, p . Of t h i s only a small f r a c t i o n of the electrons 

a r r i v i n g stand a chance of getting through the holes and i n t o the gap. 

The actual current which i s introduced i n t o the gap t h i s way depends on 

the gas pressure, the temperature of the filament, and on V̂ . 

b) i 9 , the current collected by the c o l l e c t i n g electrode, P„. 

2. D e f i n i t i o n of amplification 

Amplification i s defined i n the present experiment as the r a t i o of 

the current collected by the c o l l e c t i n g electrode, Pg, with the uhf f i e l d 

on, (i2)» to that collected with the uhf f i e l d o f f , ( i g o ^ t h e d c f i e l d 

being kept constant. 

Amplification, A = l^i^ 2.1 

Throughout t h i s thesis, the curves r e l a t i n g A with the applied uhf f i e l d , 

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

referred to as Ai.iFLISTC.fiTIOH CURVES. 

Previous work 
Investigations using the type of apparatus just described have 
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previously been made at Durham by Nicholls^ ' and l a t e r "by Long^ . 

Measurements of amplification were obtained and curves plot t e d of A 

against the uhf f i e l d , E , keeping E.. and pressure constant f o r a 
U Q.C 

given curve. I t was o r i g i n a l l y expected that the curve would s t a r t at 

A = 1 when E y was zero, then increase with E u > getting gradually steeper 

and eventually approaching i n f i n i t y as ionization by c o l l i s i o n increases 

the current flowing to the c o l l e c t i n g electrode. (See Fig. 2.2a). I t 

was hoped from such a curve to calculate values f o r the pre-breakdown 

high-frequency ionization c o e f f i c i e n t i n the manner similar to Townsend 

f o r avalanches i n dc f i e l d s only. (Ch. 1, §1.7). However i t i s not 

possible to do t h i s s a t i s f a c t o r i l y 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 i n amplification at lower values of E u, 

eventually increasing and r i s i n g above uni t y only when ionization gets 

well established at higher values of &u (see l | lig. 2.2D). For higher 

values of E^c t h i s dip i s reduced i n size, and vice-versa f o r smaller 
values of J3n . Before accurate values of the ionization c o e f f i c i e n t can dc 
be obtained from these curves, the dip must be accounted fo r . I t has 

been at least p a r t i a l l y explained i n terms of electrons d i f f u s i n g back 

to the emitting electrode. The p o s s i b i l i t y t h i 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 was considered by Nicholls, but no satisfactory conclusions could 

be drawn. Jhere follows a b r i e f summary of the early th e o r e t i c a l work 

performed i n attempts to explain the shape of the amplification curves. 
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3.1 The work of Ni c h o l l s ^ 1 , 2 6 ^ ( 1 9 6 0 ) 

Consider the case of one-dimensional electron flow i n the gap 

under the influence of the combined dc and uhf e l e c t r i c f i e l d s when no 

ionization occurs. 

The equation f o r the current density vector i n electrons per second 

flowing through u n i t area i s given by 

|~ = n u E d c - D hn/h 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 t h i s expression 

i s the contribution due to the electron mobility, u, and the second term 

i s due to the concentration gradient of electrons i n the gap. 

iihen there i s no ionization, and no electrons are l o s t by d i f f u s i n g 

r a d i a l l y out of the gap, i f " / d z = 0. Therefore, V = C, a constant. 

Then Eq. 2.2 becomes n u E, - D dn/& z = C and the solution f o r n i s 
dc 

n . n o ( e ^ z / D - • ^ ^ / ( l - e ^ c d / D ) .... 2.3 

ins e r t i n g the boundary conditions that z = 0 when n = n Q and z = d when 

n = 0. (Putting E 1 = 0 i n t h i s equation gives n .- n (1-z/d), the 
CJ.C -O 

equation when di f f u s i o n i s the only loss, process occurring). 

Substituting f o r n i n Eq. 2.2 gives 

•» L I E, n 2.4 
f dc o 

because e"' 1^^ 3 3 j . s negligible under the conditions of the experiment. 

I f P 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, 

&2- ( i . e . i ? ) . Then l e t l ~ o be the current density flowing to the 

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

t i o n . 

Then, i n the absence of r a d i a l d i f f u s i o n , amplification 

A = ±r/±20 = rjr0 = i v ^ o 2-5 

where the subscripts f o r u apply to the same conditions that were defined 

f o r r . 

Values f o r the mobility (.1 i n hydrogen were obtained from Crompton 
(27^ 

and Sutton^ f ' and Nicholls plotted theoretical curves r e l a t i n g i^/i^Q 

to the uhf f i e l d when no ionization occurs. Theoretical and experimental 

curves f o r a t y p i c a l set of conditions are compared i n Pig. 2.A-. Agree­

ment between the two i s f a i r . 

This theory suggests that the dip observed i n the amplification 

curve's i s associated with the drop i n mobility of the electrons as t h e i r 

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

in t o account the behaviour of the electrons as theyanerge in t o the gap, 

nor of di f f u s i o n of electrons r a d i a l l y . 

3.1.2 Calculation of the ionization c o e f f i c i e n t . ^ , hencepC. 

The l i f e t i m e of the electron i n the gap i n the combined f i e l d s i s 

controlled by d r i f t as well as d i f f u s i o n , instead of by di f f u s i o n alone 

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

i s given by t d = A2/D, where 1/A^ = VA 2 + (E d c/2(D/!i) ) 2 (Vamerin and 

Brownv ). -22-



Nicholls developed a theory to take account of the f a c t that i n 

the presence of the dc f i e l d the electron may be i n the gap f o r a time 

shorter than the time during which, on the average, i t w i l l generate 

one new electron. 

Let t ^ be the electron l i f e t i m e i n a pure uhf discharge. Then one 

new electron w i l l be generated by an electron i n that time. 

Then, ^ ^ = 1. .... 2.6 

The l i f e t i m e of the electron i n the gap i s now reduced to t ^ by applying 

a small dc f i e l d , keeping E^, (and hence {^J , 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 , Q , the number produced by N i n i t i a l electrons 

i n time t , i s Nt-/t. . 
a a o 

Then the t o t a l progeny of one electron i n i t i a l l y entering the gap i s 
2 

1 + + ("^/V + e t c -
Let N electrons enter the gap at the s t a r t of every time i n t e r v a l o 

of length t ^ . Then at any instant there w i l l be K = N Q(1 +{t^/t^) + ...) 

electrons i n the gap. 
i.e. K g = N Q (1 - V ^ ) - 1 . .... 2.7 

I f a l l these are swept to the c o l l e c t i n g electrode, (ignoring losses 

by back diffusion) 
N̂ /Nq = A, amplification. 

From Sq. 2.6, 
[jj t d = (A-1)/A 2.8 
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Prom the theoretical curves f o r amplification (Fig. 2.k) i t i s 

seen that the eff e c t i v e current i n the aosence of c o l l i s i o n ionization 

levels o f f to a steady value at about the minimum i n the dip of the 

experimental curves. Thus i t i s possible to e f f e c t i v e l y remove the 

back d i f f u s i o n 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 o f ^ / ^ f r o m the above expression. 

Typical curves of (A-1)/A against t ^ are shown i n Fig. 2.5. The 
(13) method of Varnerin and Brown^ ' was used to calculate t , . (Prowse and a 

fticholls^2^ also deduced values of t n from t h e i r own measurements of 
u 

breakdown stress i n the combined f i e l d s , and these were found to be i n 

good agreement with those of Varnerin and Brown). 

These curves are s t r a i g h t lines of slope ^ . Prom {fj = ¥/o<, where 

'7 i s the electron d r i f t v e l o c i t y corresponding to the mean value of the 

uhf f i e l d , values of e*/p were calculated, giving moderate agreement 

with those obtained by Brown^ 2^. Perfect agreement could not be expected, 

because the theory does not take i n t o account those electrons,.generated 

i n the gap by c o l l i s i o n ionization,which diffuse back t o the.emitting 

electrode. 

3.2 The work of Long^ 2 a 2 9^1962) 

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

ioni z a t i o n and electron d r i f t . 

The equation of continuity f o r a bounded region w i t h i n the gas 

may be w r i t t e n as 
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V 2 n - 2 0 » + ^ = 0 .... 2.9 
where 28= iiE^'D. 

Any v a r i a t i o n of the uhf f i e l d w i l l a l t e r tfl/D, and also u i n t h i s 

equation. The experimentally measureable quantity i s the current flow­

ing to the c o l l e c t i n g electrode, and the current density, V , i s related 

to the electron density, n, by the equation 

P = n u E d c - D. V n 2.10 

which i s the same as Eq. 2.2, except that now dif f u s i o n i s considered 

i n three dimensions. The holes i n the surface of the emitting electrode 

are essentially point sources of electrons. Long assumed that the case 

where the emitting electrode contains many holes (about 50 i n his experi­

mental case) i s i n f a c t 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 source on an i n f i n i t e conducting plane emitting electrons 
(19) 

out i n t o a gas :ias been treated by huxley^ . 
-9z 

The substitution U = n e reduces Eq. 2.9 to 

V2U + ( V/D - 0 2).U = 0 2.11 

Let the point source be at the o r i g i n of coordinates, and l e t a t y p i c a l 

point i n the inter-electrode space be defined by (x,y,z), where z i s 

directed along the dir e c t i o n of the applied f i e l d , and also by r and p , 

where r i s the distance from the o r i g i n , and p i s the projection of r 

on the emitting electrode. Then the electron density, n, at such a 

point i s given by 
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2 2 2 
where r 2 = f 2

+ z , 2 ; r 2 = ^ 2
+ ( a - 2 d ) 2 j r 2 = gP +(z H2d) 2; etc.... 

e
2 = x 2

+ y 2 . Also * 2
 = (0 2-£) 

The constant 3 i s proportional to the strength of the source. Solutions 

of t h i s form can only be obtained i f ( ̂ /D - Q 2 ) i s 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, thus; 

a) i , the t o t a l current emitted from the source, which i n t h i s case 

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

b) iri> the current flowing to P. by back di f f u s i o n . 

c) i g , the current flowing to the c o l l e c t i n g electrode, P̂ . 

d) the current due to electrons generated i n the gap by c o l l i s i o n ioniza­

t i o n . 

e) the current due to the r a d i a l flow of electrons out of the gap, which 

i s n e g ligible here. 

V/hen there i s no ionization, i„ + i T . = i , but when ionization 
2 si e 

occurs, i 2 + i g i s greater than i Q because 1^ and i ^ both contain electron 

which are created by ionization i n the gap. Then, i-p+ig = i g + ^ v
n ,^" v» 

where dV i s an elementary volume i n the gap, and V i s the whole ef f e c t i v e 

volume of the gap. 
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The gay transmission c o e f f i c i e n t , T , i s a convenient quantity to 

describe the current reaching P,, i n terms of the current emitted. 

T e = i V i e = i / ( i 2 + i D -V C n.dV). .... 2.13 
(10 N 

Over the conducting surfaces, n = 0 (Herlin and Brown*1 and the 

current density i s given by = -D^n/i z. The expression f o r n (Eq. 2.12) 

i s inserted into t h i s r e l a t i o n and the current density flowing to each 

e l e c t r o d e , a n d V ^, i s calculated by inserting the appropriate boundary 

conditions, i.e. z = 0 at P̂ , and z = d at P̂ . The currents ig and i . f i 

are obtained by integrating the current density over the surface of 

the corresponding electrode. 

For i g , r ? i s integrated between the l i m i t s a and zero, and f o r i ^ , l ~ ^ 

i s integrated between the l i m i t s a and b, where a i s the overall electrode 

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

I t can be shown that 

n . d v ' = |Jg { y S - e > d - l } .... 2.14 

Now substituting f o r i g , i g , and V^n. dV we get 

- i ' - 1 . 1 • § (8 + e . K - i + ' . - » - « > « I . - < k . - " - i ) i . . . . 2.U 

This expression i s normalised to become unity when the uhf f i e l d is 

zero. Then 0 = S^ = i3 d c/2(D/|-0 d c where ( V i O d o corresponds to the energy 
supplied to the electrons by the dc H e l d alone. 

-0,b 
Hence, T = ( 1 + JL B

 1 ) T . .... 2.16 
Now, T_ - i / i , , thus V = ^ | 

gn - 2b 
i 
n2C 
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I f i t i s assumed that the number of electrons emerging into the gap 

does not deyend on the uhf f i e l d , i - i . 
e eo 

Then, T g n = i / i ^ = Amplification, A. 2.17 

In order to make theoretical calculations of A from Eqs. 2.15, 2.16 and 

2.17, values of u/D were used based on the measurements of Varnerin and 
(13) 

Browne' i n hydrogen. Values of fJ/D f o r hydrogen were obtained from 

measurements of the ionizing efficiency by L e i b y ^ 0 ^ and Clark^ i 2^. 

I t i s of in t o r e s t to consider the case where ionization i s negligible. 

Then $ = t . 
-b(0 r0) 

Then, T -> a 2.13 
gn 

under the experimental conditions chosen. 

Agreement between theory and experiment f o r the amplification 

curves was good over the l i m i t e d range of conditions tested. (See Pig,. 2.6). 

U.. Influence of the previous work on the present study 

I n his theory f o r the shape of the amplification curves, Kicholls 

does not take i n t o account the size of the holes through which the 

electrons emerge i n t o the gap. The radius of the hole does appear i n 

the expression derived by Long, but features unexpectedly predominantly. 

This can be seen most cl e a r l y by inspecting the expression f o r amplifica­

t i o n i n the absence of ionization. (Eq. 2.18). 

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

theory based on Huxley's ?fork comparing s l i g h t l y better than Nicholls' 

i n the l i m i t e d ranges of experimental conditions tested. However, neither 

agreement i s s u f f i c i e n t l y close to render the theories conclusive. The -28-



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

over a wider range of conditions i n the gap, and f o r 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 f r a c t i o n of electrons which are l o s t by back d i f f u s i o n 

also decreases. On the other hand, i t might be expected 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 d i f f u s i n g electrons. Experiments where b i s varied 

are described i n Chapter 6, to show whether, i n f a c t , there i s any 

dependence of the amplification curves on the hole size. 

N i c h o l l s 1 calculation of the ionization c o e f f i c i e n t were not a l t o ­

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

f u l l y explained. An attempt i s made l a t e r i n t h i s thesis to produce a 

more precise theory f o r the dip. I n studies such as t h i s , i t i s important 

to know which are the c o n t r o l l i n g mechanisms f o r the loss of electrons 

from the gap, and a theoretical study i s carried out on the r e l a t i v e 

predominances of d r i f t and d i f f u s i o n under various sets of conditions i n 

a l a t e r chapter. 
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CHAPTER 3 

THE APPARATUS 

The apparatus used i n the present experiment i s essentially the 

same as that used f i r s t l y by Nicholls, and then by Long. Certain 

modifications iiave been made, however, i n order to improve the 

v e r s a t i l i t y of measurement, i f required. 

Preliminary calculations on the r e l a t i v e importances of d r i f t and 

dif f u s i o n (see Chapter7 ) indicate that at long gap widths, f o r given 

values of E u and , d r i f t i s more prominent than at short gap widths. 

(During the early planning of' the present experiment, i t was thought 

that conditions i n the gap f o r which d r i f t was the c o n t r o l l i n g electron 

loss mechanism would considerably reduce the effects of back d i f f u s i o n , 

and thus make i t easier to explain the shape of the amplification curves. 

Later i n t h i s thesis i t w i l l be shown that t h i s view i s , i n f a c t , an 

over-simplification of what actually happens.) The requirement that we 

should be able t o 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 v/as designed i n an 

attempt to remove at least some of the causes of these. 
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1. The electrodes 

1.1 The design of the electrodes 

I n the design of a new electrode system, the necessary experimental 

requirements must be s a t i s f i e d . 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 where 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 c r i t e r i o n f o r obtaining 

a reasonably good uniform f i e l d i n the gap i s that the electrode radius, 

a, should be equal to or greater than the electrode spacing, i.e. a j> d. 

To prevent breakdown at the edges of the electrodes, the electrodes 

must be properly p r o f i l e d . Bearing t h i s i n mind, the design was based 

on the 120° ftogowski p r o f i l e ^ ^ , corresponding to a maximum gap width 

of 3 cms. (which i s the largest value decided on f o r the present experi­

ment), with a f l a t face of radius a = 3 cm. IVom the point of view 

of the design of the new t e s t c e l l , i t was found necessary to round o f f 

the back of eacn electrode more sharply than given by the Hogowski p r o f i l e . 

For t h i s , a c i r c u l a r section of radius H 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 t h i s 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 calculation, but serves as a useful approximate guide 

to the deteraination of a suitable value f o r U. 
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I t can be assumed that -one f i e l d near the Rogowski part of the 

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

at t h i s stage no such assumption can be made 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 so:ne 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 i'lg. 

3.1b). 

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

the axis of the cylinder i s given by 

E = w/s .... 3.1 
P 

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

cylinder. 

And at 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 a::is of the cylinder. Then the p o t e n t i a l difference between the 

cylinder and the earthed conductor i s given by 
V. - V-, = \ ^ . ds .... 3.3 
14 B s 

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

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

Then i n Ito. j5.3, substituting from Eq. 3.2 f o r Q, 
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V -V 
i i R B .. 
max ~ K1n(B/R) 

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 n i s owing to the additional curvature involved. There­

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

Emax > V^lnCB/R) .... 3. 5 
Nov.* consider the gap system, with the opposite electrode earthed 
(p o t e n t i a l V^). 

Then with a uniform f i e l d i n the gap, E^&^ = ^^^^ • • • • 3-6 

?or breakdown to occur only a t the gap centre, along th© axis 

common to both electrodes 

Then, 

E > gap max 

V -V V -V 
R B R B I T " > H.jCn(£/R) 

Thus, in(B/R) > d/R 

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

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

Then, i n Eq. 3.7 t r y d = d = 3 c/n, and R = = 1.5 cm. There­

fore, fro::i iiq. 3.7 3 > 11 cm. This inequality holds f o r a l l values 

of d leas -ban 3 cm, provided that the value of R = ^^'^ = 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 cn. fro;:i the edge. 

Dui/jny 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 fro..i the above calculations. The results of these tests did 

not go so f a r as to v e r i f y 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 drawn from the theoiy. 

I t was concluded that the proposed design with A = 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 
( O (2) 

In the previous work of Nicholls^ ' and Long. ' the electrodes 

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

pure aluminium, hollow as shown i n Fig. 3 .2 , with brass back plates. 

The electrodes were 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 mil l e d u n t i l t;ie thickness over the plane region 

was about .1 cm. Holes of diameter .03Zt4 cm were d r i l l e d i n the f l a t 

face of the emitting electrode, countersunk on the inside so thnt 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 
-34-



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 hack plates by four screws 

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

of the faces. 

The i n t 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 quarts tubing through which the various connections are fed. 

(After preliminary measurements of amplification had been obtained 

using these electrodes, the facea were gold-platud (by evaporation) 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 ffip 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 cm 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-froe. 

d) The inter-electrode spacing nust be easily variable. 

e) Access must be made 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-••-he gap must be i n the 

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

bead out of or in t o the gap as required. This instrument i s discussed 

i n d e t a i l i n jtj5.1 of t h i s chapter. 

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

by ^ u i c k - f i t V i s i b l e Flow Ltd. A l l the demountable vacuum seals make 

use of 'viton 1 O-rings, compressed bet-ween the ground glass ends of the 

c e l l and the steel end plates. (See Pig. 3.3)• Viton was chosen i n 

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

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 Fi'FE insulating plugs, and are situated at the open end of a 

A/z,. p a r a l l e l wire transmission 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 1enables 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. 



I 

V 

3$ HQ-Q 

> 1C< CO 

tH Pi 
O no P-i \\ 

e 
CD +» (0 >: 
CO 

I 
O 
t> 
CD 

.EH 

•H 
?4 



The steel end plates are mounted on adjustable steel r a i l s which 

enable the electrodes to be l i n e d up along a common horizontal a::is. 

!>• 1'he vacuum 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 fro:'i 

running a discharge i n the presence of vapours given o f f by silicone 
123) 

greases and o i l s . Tne 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 diffusion pump was replaced by siLicone grade 705 . immediately 

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

copper f o i l . (See Fig. 5.t)« Silicone molecules or any other organic 

impurities back streaming from the pump and s t r i k i n g the copper surface 

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

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

A similar trap was placed close to the bellows pressure gauge. 

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

grease-free metal stop-cocks (Mullard V1.1T-10P) 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 -37-



using the d i f f e r e n t i a l bellows gaugev '^'U*m (s ee Jig. 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 which 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 r a t i o n , a sensitivity was 

obtained of 0.0525 torr/mm. on the scale of the o p t i c a l 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 

pressure i n the test system, as measured 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) In tiie range 10 to 1 t o r r , pressure i s measured by an Edwards 

Pirani gauge. 

c) In the range 10" to 10 *~ 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 

outga3 the test c e l l at 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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tfpectroscopically pure (See Appendix 2) gas samples contained 

i n 1 l i t r e glass flasks are obtained from B r i t i s h Oxygen Co. Ltd. Gas 

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

metal stop-cock. Before an experiment 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 actual 

sample to be tested i s admitted. 

4. The ultra-hifih-freouency apparatus 

4.1 Electron 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 v/idths 

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

106 Uc/sec becomes impracticable as a r e s u l t of the increased load on 

the end of tho 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 
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a suitably large tuning condenser, yet leave a conveniently long loop 

at the closed end f o r trie reception of uhf power from 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 Lie/ 

second. 

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

gap at 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 ) . Fig. 3.6 shows roughly how the electron 
(5) 

ambit (calculated from Tovmsend d r i f t v e l o c i t y data) varies with E/p 

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

both frequencies that below E/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 Mcy&sec, as at 100 Mc/sec, 

electron removal i s mainly by d i f f u s i o n and so the 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 s so low that the electron ambit 

i s comparable with the inter-electrode spacing and b) when the frequency 

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

with 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 with f r e q u e n c y ^ T h e r e f o r e i t i s reasonable 

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

compared with the corresponding results of Nicholls and Long working at 

106 Mc/sec, and that l i t t l e difference w i l l be expected. 

4.2 Design and construction of the tuned gap assembly 

In 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 test gap be C , and of the tuning 

condenser, C . 
' c 

Let the respective gap widths be d and d , and plate r a d i i a 
g C * g 

and a . 
c 
The p e r m i t t i v i t y of free space i s approximately equal to that of 

a i r . Then SQ = f
a ^ r J approximately. 

The t o t a l capacitance a t the end of the l i n e , C = C + C . There-
g c 

fore, C = e . Z,?r( r^/d + a 2/d ). ' ° g g c o And i f a = a , g c» 
1/d + 1/d = &, a constant .... 3.8 g c 

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

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

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

tes t gap. The smallest comfortable value of d i s t y p i c a l l y about .5 cm, 

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

conditions that when d = 3 cm, make d . = .5 cm. Then when 
g.max ' c.mm d . = 0 . 5 cm. d = 3 cm. Therefore f o r the resonant frequency g. mm c.max 

corresponding t o 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 u 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 the application of the dc 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 i,he resonance properties of the 

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

l i n e from 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 to 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 tuning c a p a b i l i t i e s of the te 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 existing 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 tjY5-65) 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 -

wire transmission l i n e s , constructed from copper tubing 0.95 cm i n 

diameter and with 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. 3.3a. 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 test 

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-co*upling 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 which 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-high-frequencies 

I n p r i n c i p l e , the method of measuring the voltage i n the gap 
(1) 

i s the same as that developed by Wicholls^ , but certain modifications 

have been made i n which the apparatus has been si m p l i f i e d to some extent. 

I t i s nut possible to connect a direct reading voltmeter between the 

electrodes because the current flowing through the voltmeter would de­

tune the test 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 in d i c a t ­

ing meter loosely 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 by means of a suitable step-over instrument. 

5.1 The e l l i p s o i d voltmeter 

The e l l i p s o i d voltmeter was developed by Thornton and Thompson^2^ 

f o r the absolute measurement of high e l e c t r i c f i e l d s . A small metallic 

e l l i p s o i d suspended i n the gap between two plane electrodes by a near-

torsion-free insulating f i b r e o s c i l l a t e s about i t s axis of suspension 

with a frequency which i s a function of the e l e c t r i c f i e l d i n the gap 

(having i n i t i a l l y been set in t o o s c i l l a t i o n by external means). 

The working formula f o r the instrument i s 

E 2 = k ^ - n 2) 3.9 

where n i s the frequency of torsional o s c i l l a t i o n s of the e l l i p s o i d 

in the presence of an e l e c t r i c f i e l d , E, and n Q i s the frequency i n the 

absence of the f i e l d . The constant, lc, depends on the mats and dimensions 

of the e l l i p s o i d . 

Thornton and Thompson showed that the torque acting on the e l l i p s o i d 

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 f i e l d s , and therefore the device 

may be calibrated f o r the application of known dc f i e l d s ( i . e . k 

measured), and then used i n turn to calibrate a suitable i n d i c a t i n g meter 

fo r the measurement of uhf f i e l d s . The e l l i p s o i d voltmeter used thus 

i s a 'step-over' instrument between the known dc f i e l d , and the unknown 

uhf f i e l d , the working quantity being the frequency of o s c i l l a t i o n of 

the e l l i p s o i d . 



Modification of Eq. 3.9 gives 

E 2 = k(n + n )(n - n ) o N o 
= 2kn Q(n - r i Q ) approximately f o r small applied 

voltage;! 

Let (n Si , say. 

Then, 2kn SI. 

D i f f e r e n t i a t i n . g t h i s , we get the s e n s i t i v i t y 

dft/dE = (1/kn ).E. 3.10 

The e l l i p s o i d voltmeter i s very sensitive i f small changes i n f i e l d 

produce large changes i n the difference (n - n Q ) . Thus i t i s seen 

from Eq. 3.10 that the system f o r a given k and n Q gets increasingly 

sensitive as the l e v e l of E i s increased. A l t e r n a t i v e l y , f o r a given 

f i e l d and e l l i p s o i d dimensions, the system may be made more sensitive 

by decreasing the product kn Q, either by using a f i b r e of smaller s t i f f ­

ness, and/or by using a less dense metal f o r the construction of the 

e l l i p s o i d . 

I n Lhe present experiment the e l l i p s o i d takes the form of a 

Yfoodsmetal disc of diameter about 0.5 cm, and i s suspended from a fin e 

quartz f i b r e . At some point on the f i b r e i s attached a small piece of 

fine i r o n wire about 0.2 cm long. The disc i s set i n t o o s c i l l a t i o n 

i n i t i a l l y by deflecting t h i s wire v/ith a weak magnet. 

I t was necessary to design a grease-free apparatus f o r moving the 

e l l i p s o i d i n and out of the gap. For t h i s purpose the f i b r e i s suspended 

from a brass/iron plug whicn i s capable of s l i d i n g v e r t i c a l l y i n the 
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glass tube immediately auove the gap. Thus the v/hole assembly may 

be moved i n the v e r t i c a l plane ( f o r raisin g or lowering the bead), or 

may be rotated i n the horizontal plane ( f o r varying the orientation of 

the e l l i p s o i d i n the gap) by means of an external magnet. (See Fig.3.9). 

The e l l i p s o i d voltmeter was o r i g i n a l l y incorporated i n t o t h i s 

apparatus as an a i d to the measurement of the uhf f i e l d . However, 

another important application has been devised f o r the measurement of 

small residual voltages l e f t i n the gap a f t e r running a discharge. This 

application i s described i n greater d e t a i l l a t e r i n t h i s 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 terminals are loosely coupled capacitatively across the te s t l i n e 

as close the gap as possible. (See Fig. 3.10). 

The c i r c u i t r y makes use of 0A81 s i l i c o n diodes, and i s designed 

such that the current flowing through the r e c i t i f e r i s small, and the 

resistance of the c i r c u i t high, thus keeping the additional load on the 

l i n e t o 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 1 i s fu r t h e r 

reduced by a system of radio-frequency chokes. 

5.3 Calibration of the uhf ind i c a t i n g meter 

The curves r e l a t i n g s a c f o a l i D r . a t i o n ) 3 1 1 ( 1 ^ ^ t h e d e f l e c t i o n o f t h e 

^ 2 2- 1/2 uhf in d i c a t i n g meter when the uhf f i e l d i s applied) with ( n Q - T>Q) 

are s t r a i g h t l i n e s . 



i , e " "'ttc(calibration) ~ ~ no^ 
2 2 1/2 " e' n c o n s " t a n t s ' 

P = g(n -n Q) J 

Then assuming that the e l l i p s o i d voltmeter i s not frequency dependent, 

Sdo(oalibn.tion) i s e Q - u i v a l e n t t o t h c ™ s " h f' f^-^, \> f o r a given 
value of n. 

Tlien, E u = ( h / g ) . / t f .... 3.11 

5.4 Accuracy of uhf measurements 

The accuracy with which the uhf indicating meter may be calibrated 

i n terms of the uhf voltage i n the gap depends on the accuracy with 

which the frequency of o s c i l l a t i o n of the e l l i p s o i d can be deteimined. 

The following standard experimental procedure i s adopted. 

The e l l i p s o i d i s set o s c i l l a t i n g i n the gap. The clock i s started 

when the e l l i p s o i d passes through the equilibrium position (observed 

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 l a t e r , and n i s calculated from the t o t a l time 

and the t o t a l number of swings completed. The readings were standardised 

as f a r as possible during a given c a l i b r a t i o n 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 s t a r t of each timing opera­

t i o n . 

Due to the errors introduced mainly i n the s t a r t i n g and the stopping 

of the clock, i t i s not possible with the e l l i p s o i d to detect changes i n 

voltage of less than about 20 v o l t s . However, a satisfactory c a l i b r a t i o n 
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of the uhf indicating meter may be obtained by p l o t t i n g many points 

on the curves of tfdc(calibration) and ̂  versus ( n 2 - n 2 ) l / 2 , and 

using a suitable s t a t i s t i c a l analysis to calculate the best straight 

lines. Prom the calibrations obtained, i t i s possible to measure the 

gap voltage to within an accuracy of + 2;̂  over the range required. 

6. The current supply and measurement system. 

The current supply and the measurement system i s described i n 
(2) 

d e t a i l by Long* . Certain s l i g h t modifications only have been made. 

I t i s necessary, i n order to obtain satisfactory values of the 

gap current, to s t a b i l i z e the current emitted i n t o the gap, and i t i s 

assumed f o r the present that t h i s can be done by s t a b i l i z i n g the 

current, i ^ , flowing from the filament to the inside of the emitting 

electrode. A transistorized bi-stable c i r c u i t of the type designed by (35) (2) 'v/o'ifendale* ' was modified by Longv , employing phototransistors to 
make i t sensitive to impinging l i g h t . (See Fig. 3.11). The system 

i s arranged so that when i ^ reaches the required value, the spot of 

galvanometer G-̂  impinges on two balanced phototransistors placed close 

together on the scale. These feed currents i n t o a difference amplifier 

which depend on the exact position of the spot, and hence on i ^ . The 

amplified difference signal i s apjjlied to the base of a high power 

t r a n s i s t o r 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 c i r c u i t the spot can be 'locked' 

onto une phototransistors, and a high degree of s t a b i l i z a t i o n of i ^ can 

be obtained below about 10 ̂  amperes. Above t h i s , small fluctuations 

i n i ^ begin to occur as the filament i s now running at a higher l e v e l 

but these are not large enough to become superimposed on the gap 

current, 

The galvanometer, G^j used to measure the gap current, i ^ , i s 

protected from the high current flowing at breakdown by a similar type 

of c i r c u i t . (See Pig. 3.12). When the galvanometer deflection reaches 

a certain value the spot energises the base of a phototransistor which 

triggers a c i r c u i t operating a relay, which i n turn short c i r c u i t s the 

galvanometer. 

The current measurement and dc voltage supply system are shown 

i n Fig. 3.13. Voltages and V are supplied by dry batteries, and 

varied by means of' potentiometers. Currents i 1 and 1^ are measured by 
-8 

galvanometers Ĝ  and Ĝ . Ĝ  has a maximum s e n s i t i v i t y of 7.5 x 10 
-10 

amps/cm, and (i a maximum s e n s i t i v i t y of 5 x 10 amps/cm. 

Careful screening of a l l leads i s arranged to reduce high-frequency 
1pick-up' to a minimum. 
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CHAPTER 4 

KffiKHBTMTAL MBASu'HjaiE^'i'a OF AMPLIFICATION 

Guides showing- the v a r i a t i o n of amplification with the applied 
(1') 

uhf f i e l d had previously been obtained i n hydrogen by Nicholls^ ' and 

LongN ', both i n non-grease-free vacuum systems. The following paragraphs 

describe new measurements of amplification made i n a grease-free vacuum 

system, using larger electrodes and larger gap widths, and covering 

a comprehensive range of E^c 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 bellows gauge. The filament temperature was monitored auto­

matically so that the current, i ^ , flowing to the back of the emitting 

electrode when the voltage, , was applied was kept constant. (See 

Chapter ;>)• The s t a b i l i z a t i o n process was assumed to be operating s a t i s ­

f a c t o r i l y when the current, ±^Q, flowing to the c o l l e c t i n g electrode i n 

the presence of E. and with 2 zero, maintained a steady value. When 
* O.C u ' 

i ^ had s t a b i l i s e d s u f f i c i e n t l y , the uhf f i e l d was applied, and i g 

measured. Stepwise increments of E y were applied, and 1^ 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 E^ 

decreased again i n steps. Actual breakdown was avoided a f t e r i t was 

observed i n the early sets of measurements that a given amplification 
-50-



p= 1 t o r r 

a) 
NITROGEN 
d= 2.Q cm 

lo89 v/cm £ da 

0 
JE.. v/cm 50 100 u 

NITROGEN 

2.9 cm 
I089 v/cm dc 

100 50\ E v/cm 

Fig; 4.1« The e f f e c t s oir- the amplification curves of 
charging at. the electrode surfaces 0. 

- (a) Breakdown allowed 1 o 
l b ) Breakdown avoided^ 



curve could not always be exactly reproduced immediately a f t e r a break­

down had occurred. This may be explained i n teims of charging at the 

electrode surfaces, and i s discussed i n greater d e t a i l i n a l a t e r chapter. 

As an example of the effects of passing a high current i n the gap, 

Fig. 4.1 compares two families of amplification curves obtained i n 

nitrogen, one i n which breakdown was allowed to occur a t the end of each 

run, and the other i n which oreakdown was ca r e f u l l y avoided. The systema­

t i c behaviour of the curves,as the pressure i s varied,is marked when 

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

when breakdown i s allowed to occur. 

I t has not been possible during the present work to obtain a value 

f o r ig^. which i s absolutely steady. (See Chapter 9 ). To account f o r 

the d r i f t s i n i y i , , a check on i t s value was made f o r every two or three 

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

(See Preface). 

Ni c h o l l s v showed that the shape of the amplification curves does 

not depend appreciably on the voltage, V 1, between the filament and 

the emitting electrode. A value i s chosen, therefore, which i s low enough 

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

a breakdown would render the s t a b i l i z a t i o n of i ^ impossible), yet high 

enough to provide a s u f f i c i e n t f l u x of electrons in t o the gap through 

the holes i n the emitting electrode. 

Amplification, A = ig/i 2o» i s plotted as a function of E u f o r 

various values of and pressure. 
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2. Limitations cn the range of experimental conditions 

Restrictions on the range of experimental conditions that can be 

tested are imposed by the l i m i t e d c a p a b i l i t i e s of" the apparatus used. 

For instance, at pressures higher than about 8 t o r r (vaiying s l i g h t l y 

from gas to gas) i n s u f f i c i e n t f l u x of electrons i s given o f f from the 

filament to provide a measurable current i n the gap. At higher pressures, 

the f l u x of electrons can be increased s u f f i c i e n t l y by increasing the 

filament temperature, but t h i s has the effect of reducing the s e n s i t i v i t y 

of the s t a b i l i z a t i o n of i ^ . The maximum stable voltage that can be 

generated at the gap using the present o s c i l l a t o r i s about 400 v o l t s , 

so at gaps around jj cm, the highest available f i e l d strength i s of the 

order of 1j50 v/cm. 

with those l i m i t a t i o n s i n mind, the measurements were confined to 

the pressure range 0 to 8 t o r r 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 1^ or 1^ i n 

absolute u n i t s , since A i s the r a t i o of these two quantities. However, 

the salvanoneters G„ and Ĝ  were calibrated so that the currents i H , i 0 0 1 2 \ £ 
and igQ can be obtained i n amperes i f required. 

Currents 1^ and 1^ are measured i n the units of cm of galvanometer 

deflection, and may be measured accurately to the nearest CID5 cm. I f the 

current flowing i n the gap i s such that i t gives a &2 deflection of 1 cm, 

accuracy to with i n 5;-_ can be obtained i n the reading of i„. For most of 
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the experimental results quoted oelow, accuracy i s considerably greater 
tlian t h i s . 

Typically i n tne pressui-e range used, i . | i s of the order 2 x 
7 -9 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 A. 5;.„ 

at 10 v/cm to about ±\» at 100 v/cm. Tne accuracy of measurement of 

the applied f i e l d , E, .varies from about +5:- at 2 v/cm to about + 1^ 
CLC """" ~~ 

at 20 v/cm. 

4. Experimental measurements of amplification 

During the following measurements of amplification, breakdown 

was car e f u l l y avoided, f o r reasons already discussed. Therefore no 

measurements of the breakdown f i e l d are given. However, since the 

breakdown conditions are of importance i n i n t e r p r e t i n g the amplification 

curves, measurements of breakdown stress were made independently of the 

amplification curves, and are presented i n Chapter 5» 

L. 1 Amplification i n hydrogen 

Preliminary measurements of amplification i n hydrogen enabled the 

dip i n the amplification curves observed by the previous workers to be 

quickly re-established. 

iSxtensive sets of ampli f i c a t i o n curves were obtained f o r hydrogen 

i n the pressure range 0.5 to 8 t o r r , witn values of 1&^c ranging from 

0.7 to 70 v/cn. The experiments were performed at gap widths around 3 cm. 

(See 'i''iES. .'|.. 2, k- 3, k-k, *i--5 and /i-.6). 
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The general shape of the curves i s described i n Chapter 2, g3. 

The onset of ionization at higher values of E^ i s c l e a r l y defined by 

the corresponding increase i n amplification. This r i s e , which i 3 

continuous up u n t i l breakdown, i s steep at low values of E. , but becomes 

less steet) f o r larger values of E, . The size of the din decreases 
dc 

with increasing E^, and eventually E^c may be increased to the stage 

where the dip i s removed altogether. At s t i l l higher values of E^c and 

low E^, amplification i s not so strongly dependent on E^, and the 

curves f o r successive high values of E^ become indistinguishable. (See 

Pigs, 4.2 and 4.3). 

Families of a p l i f i c a t i o n curves, plot t e d with E d c f i x e d , and varying 

the pressure from curve to curve, (See ib'igs. 4.4> 4-5 and 4.6), snow 

that below the onset of ionization amplification exhibits only a slow 

pressure dependence, and such thut f o r a given value of Ê , an increase 

i n pressure produces a small corresponding increase i n amplification. 

4.2 Amplification i n nitrogen 

Amplification curves were obtained f o r nitrogen i n the same way as 

fo r hydrogen, f o r pressures ranging from 0.5 to 4 t o r r , f o r E^c = 6.89 

and 10.34 v/cm and f o r gap widths around 3 cm, (See f i g s . 4.7 and 4.8). 

The curves e:chibit the same general characteristics as f o r hydrogen. 
4.3 Amplification i n helium 

Amplification curves were obtained f o r helium i n the pressure range 

1 to 8 t o r r , with E d Q ranging from 1.89 to 18.9 v/cm, and gap widths 

around 3 cm. (iiee i-lgs. 4-9» 4.10 and 4.11). The curves exhibit similar 
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characteristics to those f o r hydrogen and nitrogen, e.-.cept that the scale 

of E i s very much reduced. 

4.4 Amplification i n neon 

Amplification curves -were obtained f o r neon i n the pressure range 

1 to 3 ton-, with E^ ranging from 1.39 to 18.9 v/cm, and gap widths 

around 5 cm. (See li'igs. 4.12, 4.13, and 4.14). The dip i n the a m p l i f i ­

cation curve i s only apparent at very low values of E^c, and i s removed 

completely throughout the above pressure range when values of E^n 

greater than about 7 v/cm are applied. The pressure dependence of 

amplification i s considerably more marked than i n the cases of hydrogen, 

nitrogen and helium. 

5. General Discussion 
:±'he.' siiaue of the amplification curves at low values of E i s 

u 
affected mainly by the r e l a t i v e importances of d r i f t and diffusion of 

electrons i n the gap. At higher uhf f i e l d s , the electron flow considera­

tions become complicated by the introduction of ionization. A l a t e r 

chapter of t h i s thesis sets out to examine t h e o r e t i c a l l y the relationship 

between d r i f t and d i f f u s i o n f o r various conditions i n the gap. At t h i s 

stage i t uuffiues to describe b r i e f l y the main factors influencing the 

shape of the amplification curves. 

V.hen a pure uhf f i e l d i s applied, the main electron loss i s by 

dif f u s i o n . An E., i s then superimposed, and gradually increased, the 

rats of lo.:;s of electrons by d r i f t increases, and d i f f u s i o n becomes less 
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important i n r e l a t i o n to d r i f t , AS d r i f t becomes more and more ef f e c t i v e , 

the dip i n the amplification curve becomes smaller. At some stage, 

as iS. i s increased, d r i f t may be expected to take over from d i f f u s i o n 

as the dominant electron removal mechanism. Eventually, 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 d i f f u s i o n , 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 

di f f u s i o n as an ef f e c t i v e loss process. However, t h i s may not be the case. 

For instance, i f i s high enough on i t s own to produce m u l t i p l i c a t i o n 

i n the injected electron stream, then as l ! u i s increased from aero, the 

ionization rate w i l l s t a r t to increase immediately. I f the ionization 
rate i n i t i a l l y increases faster with Ti than the rate of electron loss J u 
by back d i f f u s i o n , the dip Y d . l l be removed while back d i f f u s i o n i s s t i l l 

going on. 

I t i s of interest to compare the amplification curves obtained f o r 

the various gases. For elastic c o l l i s i o n s between electrons and gas 

atoms or molecules, the f r a c t i o n of the electron energy which i s l o s t 

per c o l l i s i o n i s inversely proportional to tiie mass of the atom or 

molecule struck. Therefore we would expect f o r a given l/p that the 

random energy of the electrons i s less i n a l i f . h t gas than i n a heavy gas 

and hence the dif f u s i o n c o e f f i c i e n t to be less. This i s an oversimpli­

f i c a t i o n , however, and i s complicated by the occurrence of i n e l a s t i c 
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c o l l i s i o n s . At low Ji/p, the f r a c t i o n a l energy loss of an electron per 
(3 5 

c o l l i s i o n , taking i n e l a s t i c c o l l i s i o n s into account, has been shown* ' 

to increase for gases i n the order lie, He, N^, Vi^. Therefore the 

diffusion c o e f f i c i e n t should increase i n the opposite sense, and i f the 

dip i n the amplification curve i s due to back diffusion, i t might be 

expected to be greater i n the order Ĥ , N^, He, Ne. This crude picture 

does not agree with the experimental r e s u l t s , and i t i s not possible 

to conclude with any certainty at this stage that back diffusion _is the 

mechanism causing the dip. 

Later i n t h i s thesis more rigorous attempts are made to find a 

theory which s a t i s f a c t o r i l y explains the shape of the amplification 

curves. 



CHAPTER 5 

KLiiC'JHICiu. 3i<£AKD0'..K OF GAStib .iT ULi'pj.-HIG-li-lj'RE^UfflTCIES 

In thi.s study of the events leading up to breakdown i n a gas under 

the influence of combined uhf and dc e l e c t r i c f i e l d s , i t i s desirable, 

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

down f i e l d corresponding to the conditions of gap widtn, gas pressure 

and i3^ c encountered i n the amplification curves. (See Chapter 4) . 

From these measurements at breakdown, the aim in to obtain values of 

the uhf ionization c o e f f i c i e n t 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 l a t e r i n th i s 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 t h i s 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 in the gap of a casual electron. "With 

thi s i n mind, the following procedure was adopted. 

Gas was admitted into the system to the required pressure, and 

iS, and the cap width were set to the reauired values. The uhf f i e l d ac c' * 
was increased slowly i n small increments u n t i l an instantaneous break­

down occurred, The 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 wau again applied, and raised to a 

value j u s t below that at which the f i r s t breakdown occurred. This f i e l d 

-58-



E a us 
IT/cm J 

P= 2.34 t o r r 

HYDROGEN 
2.64 1.70. 

E v/cm 

p = 4 torir HELIUM 

E d c v / c m 

,p =3 uonr d = 2.64 cm 

12 16 20* ! E d c ' v/cm .0 • 4\ 8 
Plff'5.1.- Hhfl- breakdown s t r e s s as a function of E ^ r . 



was maintained for a few minutes to allow enough time for a casual 

electron to appear, and i f no breakdown occurred during t h i s time, the 

f i e l d was further increased to that which caused the instantaneous break­

down previously. I f breakdown again occurs instantaneously, the value 

j u s t below t h i s was taken f o r the breakdown f i e l d . 

Measurements of the breakdown f i e l d were performed i n hydrogen, 

nitrogen, helium and neon. 

2. Variation of the uhf breakdown f i e l d with a superimposed dc f i e l d 

Typical r e s u l t s showing the variation of the uhf breakdown f i e l d , 

E u g { r . m. s. v/cra), with a superimposed dc f i e l d , E d c , a r e presented i n 

Fig. 5.1. The general shape of the curves i s the same for a l l the gases 

tested. At low values of E, , E increases slowly at f i r s t , then more 
dc us 

rapidly as E ^ c i s increased further, becoming an almost l i n e a r 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 S. i s increased, losses of electrons by 

d r i f t are enhanced, and the l i f e t i m e of the average electron i n the gap 

i s decreased. In order to preserve the balance between the loss and 

generation processes, required for breakdown, the ionization rate, hence 

the uhf Held, must be increased. 

I n this p a r t i c u l a r set of measurements, the r e s u l t s must be treated 

with caution. Each time a discharge i s . s t r u c k i n the gap the presence 

of the applied dc f i e l d causes a large unidirectional current to flow 



ifi A us HYDROGEN vpt.ra? 

70 
( I t ) Clark 

\ 

60 

d = 2.e>4 cm 

50 d= 2.q0 cm 

40 

30 

1 20 

10 

<9 
6 em 

5.2. Pure uhf breakdown in Hydrogen 



in the gap, thus producing considerable charging at the electrode 

surfaces. (See Chapter 9 )• Thus the e f f e c t i v e value of E„ in the 
dc 

gap at any time i s strongly dependent on the discharge that occurred 

v/hile the previous point on the curve was being obtained. I n view of 

the uncertainty thus introduced, these measurements were not pursued 

i n d e t a i l . 

3. Measurements of "oreakdoAnn f i e l d a t pure uhf 

Measurements of breakdown stress were performed for gases stressed 

by pure uhi" f i e l d s , and curves were plotted showing the variation of 

E A with pA , where A i s the diffusion length of the gap. Experiments 
US 

of this type have already been performed i n d e t a i l a t Durham by Clark^ 

Here that work i s extended to cover the range of experimental conditions 

relevant to the present amplification measurements. 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. 
(Note:- A l a t e r chapter describes measurements which show that 

there i s no net charging i n the gap during a pure uhf 
discharge. Therefore the measurements of breakdown 
stres s a t pure uhf are l i k e l y to be considerable 
' more r e l i a b l e than those made i n the presence of a dc 
f i e l d . ) 

3.1 BreakdoTm i n hydrogen 

Measurements of breakdown stress were obtained i n hydrogen i n the 

pressure range 0 to 8 torr, 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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° f a E a i n s t pA i s unique for both gap widths. At the high pressure 

end of the curve, E u g decreases uniformly with pressure, agreeing 

extremely well with Clark's measurements over t h i s region. In the low 

pressure region, Clark's curves, obtained for smaller gap widths and 

a frequency of 9. f> Nc/sec, branch upwards, while the present curve 

continues the downward trend. The reasons for th i s discrepancy between 

Clark's and tho present measurements are discussed i n §3-5 of t h i s 

chapter. 

3.2 Breakdown i n nitrogen 

Measurements of breakdown stre s s were obtained i n nitrogen i n the 

pressure range 0 to /+ torr, with a gap width of 2.90 cm. (See 1'ig. 5.3). 

Over the f u l l range of pressure used, E u g decreases uniformly with 

pressure. Clark's measurements i n nitrogen were obtained f or conditions 

of pressure and gap width that d i f f e r so greatly fro:n these that no 

f a i r comparison can be drawn with the present r e s u l t s . 

3.3 Breakdown in helium 

Measurements of breakdown st r e s s were obtained i n helium i n the 

pressure range 0 to 8 torr, with gap widths of 2.64 and 2.90 C!n. (See 

Jig. 5.4). The breakdown f i e l d decreases uniformly with pressure down 

to p about 1 torr. cm, below which i t r i s e s sharply again. Over the 

whole of the above pressure range as f a r as can be ascertained from the 

very limited raiire 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 r e s u l t s of Brown^ ; i t i s seen that the 

present values of the breakdown f i e l d are considerably lower. 
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3.4 Breakdown i n neon 

Measurements of breakdown st r e s s 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 

Fig. 5.5). At the higher end of t h i s pressure range, E decreases 
US 

uniformly with pressure, but as the pressure i s decreased, goes through 

a minimum a t p/\ about 6 torr. cm, then r i s i n g again s l i g h t l y before 

dropping sharply to reveal another minimum at p about 0.2 torr. cm, 

a f t e r which i t r i s e s sharply again. As i n helium, the curve appears to 

be quite strongly dependent on the gap width. 

Clark's measurements i n neon do not extend to such low values of 

p/\ , so, again, no f a i l - comparison can be made with the present r e s u l t s . 

3.5 The diffusion theory of breakdown 
The shaoe of the E , v curves has been studied i n d e t a i l by us ' -

(12) 

many workers. Prowse and Clark^ ' showed that provided the only electron 

removal mechaniun i s diffusion, ana the only electron generation process 

i s single-stage c o l l i s i o n ionization («t ) , the curve should be unique 

for a given gas, independent of the dimensions of the gap. Therefore 

the diffusion theory of breakdown at ultra-high-frequencies^ 1^ should 
apply. 

At breakdown, V/D = l/A 2 5.1 

I t i s convenient to consider the ionization c o e f f i c i e n t *j , the number 

of ionizing c o l l i s i o n s that an electron makes i n f a l l i n g through a 

potential of one volt. 

Then, 7£ = o(/E 

- uE • E * 
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Er 

And at breakdown i n uhf f i e l d s , making use of Eq. 5.1 i n iiq. 5.2 

7 - 2 J2 u .... 

Then providing that diffusion i s the controlling electron removal 

mechanism, ̂  n a v ^ e obtained as a function of 5i/p froiii the E^A , pA 

curves, using established data of other workers for D/u. 

The diffusion theory of uhf breakdown holds provided that 

a) the electron ambit in the gap i n one h a l f cycle of the uhf f i e l d 

i s small compared to the gap width, 

b) tiic electron mean-free-path i s small compared to the diffusion 

length,A , of the gap, 

c) the c o l l i s i o n 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 s a t i s f i e d , the breakdown curve 

v / i l l deviate from the uniqueness postulated by Prowse and Clark. The 

value of pA at which t h i s 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 i l l u s 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 i n 

the present experiment. 
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TABL3J 5.1 

TABLJ tiKQ.;iH& '-Ha' AvUG-B OF CONDITIONS OVER ..HICH THt! DIFFUSION THEOHT 

OF BHBaKDPWH SHOULD AH-LY 

Gaa hydrogen Nitrogen Helium Neon 

Electron Ambit Limit W'v < 50 je/p < 50 

p < 0.050 

L/p < 30 4/p < SO 

Uean-free-path l i m i t p < 0.020 

je/p < 50 

p < 0.050 p < O.OoO p <0.12 

C o l l i s i o n frequency 
l i m i t p < 0.052 p < 0.052 p < 0. 104 p < 0.074 

Uniform f i e l d l i m i t Wavelength of o s c i l l a t i o n of f i e l d , b25 cms 
i s f ar greater than A , so diffusion theory 
applies. 

Electron ambits calculated from Tovnisend d r i f t velocity data 
(Si) 

C o l l i s i o n frequency data from Brode* 
(5) 

Handom velocit y data from Tov/nsend data x , 



The conditions in the present experiments over whicn the diffusion 

theory of oreakdown should apply are set out for hydrogen, nitrogen, 

helium and neon i n Table i . 

3. 6 Application of the diffusion theory of breakdown i n hydrogen and 
nitrogen 

For the U n i t e d range of gap widths tested i n hydrogen and nitrogen 

Figs. 5.2 and 5.3 indicate quite c l e a r l y that the S A , oA curves 
us 

are unique for each gas. and not dependent on the gap width. Therefore 

the diffusion theory should apply safely over most of the conditions 

tested, and this i s confirmed by the conditions stated i n Table 5.1-

Therefore using 3q. .5.3, the ionization c o e f f i c i e n t i s calculate 

as a function of li/p from the measurements of breakdown s t r e s s . (See 

Fig. 5- 6). Values of D/j.i f or hydrogen are obtained, from the data of 

Varnerin and BrownN , and for nitrogen fro;r. the data ofDaas and Siieleus 
The values of 7^ thus obtained f o r hydrogen agree s a t i s f a c t o r i l y 

with those obtained by L e i b y ^ " ^ , Prowse and Clark^ and Vamerin and 

BrovffK ' and the values for nitrogen agree s i m i l a r l y with those obtained 

by Harris or. '. 

3.7 Application of the diffusion theory of breakdown to helium and neon 

The minimum i n the breakdown curve for helium, and that i n the 

neon curve at the higher value of pA , do not appear to coincide with 

any of the l i m i t s to the diffusion theory mentioned so far. However 

the minimum i n the neon curve a t the lower value of pA i s very close 

to both the nean-free-path and the c o l l i s i o n frequency l i m i t . 
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From the limited amount of data obtained for breakdown i n helium 

and neon, i t i s c l e a r that the breakdown curve i s not unique, but i s 

dependent on the e'ap v/idtn, although we see from Table 5.1 that diffusion 

ought to be the controlling electron removal mechanism over a l l the 

conditions tested except at very low pressures. This leads to the con­

clusion that over the range of the present measurements, the diffusion 

theory postulated by Prowse and Clark apparently f a i l s . This suggested 

departure from the breakdown theory appears only under the present 

conditions of lon« gap widths and low pressures. The theory was tested 

successfully by Prowse and Clark f o r shorter {.;ap widths and higher 

pressures. A possible mechanism thtit would invalidate the theory would 

be the emergence of an electron generation process other than single-

stage c o l l i s i o n ionization, dependent on the dimensions of the gap. 

One possible mechanism may be c l o s e l y linked with the abundance of 

metastable atoms formed i n helium and neon. At hign pressures, a 

metastable atom has a high probability of c o l l i d i n g with an atom of 

impurity i n the gas, and may, i f the metastable energy of the impinging 

atom i s s l i g h t l y higher than the ionization potential of the struck im­

purity, give up i t s inetastaole energy to ionize the impurity atom. (pen­

ning e f f e c t ) . I n this case, the net effect i s simply to enhance the value 

of the single-stage col.Lision ionization c o e f f i c i e n t , and does not 

b a s i c a l l y a l t e r the theoretical argument of Prowse and Clark. But at lower 

pressures, the probability that the metastable atom w i l l c o l l i d e with 

a suitable impurity i s reduced, and i t may instead diffuse to the 
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electrodes 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 v/ell 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 d i f f u s i o n i s s t i l l the c o n t r o l l i n g electron los3 process, the d i f f u s i o n 

theory of breakdown may be applied. The ionization c o e f f i c i e n t , 7^ > i s 

then calculated f o r helium and neon from Eq. 5 -3> and plotted as a 

function of ii/p. (See Fig. 5 . 7 ) . Values of D/u f o r helium are obtained 

from the data of lteder and Brown^H J, and f o r neon from the data of 

Hierdel ' '. I t i s seen that uhe calculated values o f ^ a r e more than 

an order of magnitude greater than any of the standard data published 

for pure helium and neon, (nelium^^ +'' l^ /; ffeon^""*'"'^^), and t h i s i s con­

sistent with the view that an additional electron generation process i s 

measure of the t o t a l m u l t i p l i c a t i o n of electrons i n the gap, taking i n t o 

account a l l generation processes. 

I f , on the other hand there i s a loss procedure occurring other than 

d i f f u s i o n , the d i f f u s i o n theory of bi'eakdov/n does not apply. I n t h i s 

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 l a t e r . 

3 . 3 Cpnpents 

j.'he values of the ionization c o e f f i c i e n t i n hydrogen and nitrogen 

obtainod by the above method are reasonably satisfactory, and there i s 

occurring as well as single-stage c o l l i s i o n ionization. i s tnen a 
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no apparent reason why thsse should not be used l a t e r i n helpinf: to 

explain the shape of the amplification curves i n those gases. 

The values obtained f o r helium and neon :-iust, however, be viewed 

with caution since i t i s not certain that the application of the d i f f u s i o n 

theory of breakdown 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 wide range of gap widths and gas pressures, (and taking special 

care to 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 j ' the f a i l u r e of the theory of Prowse and Clark, 

and, ( i f successful), under what conditions t h i s occurs. A possible 

mechanism has b^en suggested to account f o r the departure from the theory, 

but i i i view of the l i m i t e d amount of data obtained, t h i s cannot be 

supported quantitatively at t h i s stage. 
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CHAPTER 6 

Ej^XEOfl lTo TO I N V E S T I G A T E ThJS NaTUMs 03? ELECTRON FLQV,' Y / I T H I N HLaHOLaS 

IN TliE EMITTING ELECTRODE 

I t i s seen from Chapter 2 that the theory developed by Longv ' 

to account f o r the shape of the amplification curves i s heavily depend­

ent on the radius of the holes i n the emitting electrode through which 

the electrons emerge i n t o the gap. This chapter describes experiments 

which were performed to te s t t h i s p a r t i c u l a r aspect of the theory, and 

also to investigate the nature of the flow of electrons down these holes. 

A l l the measurements were performed i n hydrogen. 

1. Modifications to the apparatus 

A new emitting 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 w a s 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 u s h 

with the face of the electrode. Each plug consists of a short brass 

cylinder, closed at 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. I-Ieasurements of 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 microscope and micrometer gauge respactively. Ivith t h i s 

plug 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 oelow 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-aeasured. The experiment j u s t described was re­

peated f o r t h i s new hole size. Measurements were performed f o r hole 

r a d i i o, ranging from . 0 1 ? to .104 cm. 

This whole procedure was repeated f o r hole lengths, L, ranging 

from .025 to .104 cm. Care was taken to ensure that from experiment to 

experiment, the only quantities that were allowed to vary v/ere 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^ c= 7.72 v/cm, p = 1 and 
-6 

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 Fig. 6.2. Prom 

these, i t i s not possible to detect a systematic var i a t i o n i n the shape 

of the amplification curve with variations i n the hole dimensions, 'what 

small variations are observed may well be accounted 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 sane ef f e c t should not be observed when there 

i s more than one, as i n the main bulk of the amplification measurements 
, 6 9 -
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described i n Chapter 4-

"i'he results of t h i s experiment therefore lead to the f i r m conclusion 

that Long's theory f o r the shape of the amplification curves i n hydrogen^' 
29) 

considerably 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 Rap 

The current flowing to the co l l e c t i n g electrode i n the absence of 

a uiif f i e l d , i g, i s plott e d as a function of the hole radius, b, f o r 

a range of values of the hole length, L, keeping E , , i . , V , d and the 

gas pressure constant. (See Fig. 6 . 3 ) . The quantity that we would 

l i k e to know 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 i 0Q. 

i.e. i e = A i 2 Q 

where i s constant i n t h i s case, depending only on d, E^ q, the gas 

pressure, and the nature of the gas. 

I t i s seen from the curves that i ? 0 , hence i g , increases approximately 

as the square of the hole radius, b, although the accuracy of the 

results, owing to the slow d r i f t s observed i n (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 that, i f electrons are l o s t to the wall 

of the hole, the current emerging into the gap should decrease as the 



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 with 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 r e s u 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 D r i f t and d i f f u s i o n of electrons w i t h i n the emitting hole 

Slectrons from the filament move towards the back of the emitting 

electrode by d r i f t 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 into the hole. This eff e c t i s steadily reduced 

as the electrons move further 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 wiiich time they are also under the influence of the dc 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 d i f f u s i o n 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. 

In t l i i s region, the electrons are influenced by d i f f u s i o n alone. The 

chances now that an elec .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. 

Due to the i'leld penetration into the hole, a r a d i a l component of 

f i e l d may ba expected v.ithin the hole, out t h i s e f f e c t i v e l y disappears 

- 7 1 -



with the a x i a l f i e l d . Therefore the radius of the f i e l d - f r e e region i s 

approximately equal to the physical radius of the hole. 

Within t h i 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 that a) the electrons w i 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 are interested 

i n here, since these are the electrons which actually get into the gap. 

Diffusion i n a c y l i n d r i c a l cavity i s described by the d i f f u s i o n 

length, A , given by 

l / / y 2 = (vr/d) 2 + (2.405/r) 2 .... 6.1 

where the f i r s t term on the r i g h t hand side corresponds to di f f u s i o n 

l a t e r a l l y , and the second term to dif f 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 
+. • ( 1 0 ) container 

In t h i s case neiare concerned vdth a container of radius b and 

length Lj where L q 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 d i 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, where 

c _ Xg-^osA)? . . . . f r o m 6.1 
( I / 2 ) ( * / L 0 ) 2 

The factor 1/2 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 they entered i n i t i a l l y . 
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I'hen, a = 1.172 ( L / b ) 2 .... 6.2 

From t h i s we 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 L Q i s negligible. But as soon as the hole 

dimensions become such that there i s a f i e l d - f r e e (or near f i e l d - f r e e ) 

region within the hole, ( i . e . L q f i n i t e ) , d i f f u s i o n losses to the walls 

of trie hole can no longer be neglected, and may be expected to increase 

with the length of the hole. 

L q i s a function of L and b, and probably and l i ^ , but, so f a r 

attempts to determine th i n function rigorously have not been successful. 

The following 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. Assume that i f the s o l i d 

angle subtended i s less than v, then the f i e l d at "_J i s negligible. 

The s o l i d angle subtended at the mouth of the hole i s 

0 = (Area of mouth of hole)/x 

= 27rb^(b 2 + 5 2)» 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 

negligible 

iv > 0 

> 27rb 2/(b 2 + 5 2 ) 

Then, & 2 > b 2 

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 
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(the factor 2 comes from considering the f i e l d penetration at both ends 

of tho hole). 

From th 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 of the hole configurations employed experimentally, electrons w i l l 

be l o s t to the walls of the hole. But the experimental results (See Pig. 

6.3) do not confirm t h i s view. Therefore we must consider the possib­

i l i t y that there i s some other mechanism occurring which i s helping to 

prevent electron losses inside the hole. 

3*2 The effects of charging at the wall of the emitting hole on the 
current emerging in t o tiie gap 

Ignoring the effects of f i e l d penetration, i t i s of interest to 

consider the effects of charging at the wall of the hole on the current 

emerging in 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 pot e n t i a l high enough to produce ele c t r o s t a t i c focussing of the 

electron stream within the hole. This becomes analogous to the operation 

of the wehnelt cylinder, which i s employed to concentrate the electron 

beam of 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 that of the electrons as they enter the hole. Fig. 6.5 

shows approximately the expected potential d i s t r i b u t i o n along the axis 

of 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 t o zero on 
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botn sides. This d i s t r i b u t i o n acts as a 'potential pass 1, having two 

effects, i ' i r s t l y , the effe c t i s to concentrate electrons towards the 

axis by el 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 

potential gradient which slovs 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 d i f f u s i o n c o e f f i c i e n t , assisting the 

prevention of electron loss by d i f f u s i o n 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 i i 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 . The electrons now gain energy as they are driven down t h i s 

potential gradient, and the net effe c t when they arrive i n the gap i s 

that t h e i r energy 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 experiments do point strongly to the presence of insulating layers 

on the electrode 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 in t o 

the gap. (Soc Chapter ̂  ). 
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CHAPTER 7 

A iHEOIte'nCAji S'JUDY OF THE RELATIVE IMPOKi'ANCISS 01-' DRIFT AND DIFFUSION, 

AMD OF THE ELECTRON DENSITY DISTRIBUTION IN THE GAP 

The experimental amplification curves show that the clip i n the 

curve at low values of E y i s controlled strongly by the value of the 

superimposed do f i e l d . I t appears that as E ^ c i s increased for a given 

gas at a given pressure, the dip i s decreased in size by the growing 

effectiveness of electron d r i f t . This chapter sets out to investigate 

the o r e t i c a l l y the conditions under which d r i f t takes over from diffusion 

as the predominant electron removal mechanism, and how t h i s manifests 

i t s e l f in the experimental r e s u l t s for hydrogen. A comparison i s made 

with the conditions under which the electron density distribution i n the 

gap changes from the exponential to the sinusoidal form. 

- D r i f t and diffusion 

Electrons moving i n a gas i n iae absence of an e l e c t r i c f i e l d des­

cribe motions of random walk, moving i n straight 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 p a r t i c l e s i s lower. 

(See Chapter 1 ) . The rate of diffusion increases with the energy of the 

electrons. 

In 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 in one half cycle of the f i e l d i s small compared 
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to the e l e c t r o d e spacing, the e l e c t r o n s gain energy as they o s c i l l a t e 

to and f r o i n the f i e l d . The paths between c o l l i s i o n s now become cui-ved 

towards the d i r e c t i o n of the e l e c t r i c f o r c e . ( T o w n s e n d ^ ) . There i s 

no n e t displacement of e l e c t r o n s p r e f e r e n t i a l l y to e i t h e r e l e c t r o d e . 

The only e l e c t r o n s which can be l o s t by d r i f t i n the uhf f i e l d a r e those 

which a r e c l o s e r to the e l e c t r o d e than the d i s t a n c e they would move i n 
(31) 

the f i e l d i n one h a l f c y c l e . w ' 

I n the presence of a pure u n i d i r e c t i o n a l f i e l d , the paths between 

c o l l i s i o n s a r e a g a i n curved, but t h i s time such t h a t t h e r e i s a n e t 

advance of e l e c t r o n s towards the anode. 

I n combined u n i d i r e c t i o n a l and uhf f i e l d s , the e l e c t r o n s e x p e r i ­

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 

g e n e r a l throughout t h i s t h e s i s , the term ' d r i f t 1 , u n l e s s otherwise 

s t a t e d , r e f e r s to the u n i d i r e c t i o n a l component). D r i f t and d i f f u s i o n 

may be t r e a t e d independently provided t h a t the d r i f t v e l o c i t y i s s m a l l 

compared to the random v e l o c i t y . Then the system may be t r e a t e d a s one 

i n which simple d i f f u s i o n o c c u r s , w i t h the d r i f t motion superimposed. 

I n the p r e s e n t experiment, the main removal pr o c e s s e s f o r e l e c t r o n s 

a r e d i f f u s i o n to the e l e c t r o d e s ( p a r t i c u l a r l y back d i f f u s i o n to the 

e m i t t i n g e l e c t r o d e ) , and d r i f t to the c o l l e c t i n g e l e c t r o d e i n the dc 

f i e l d . D r i f t to the c o l l e c t i n g e l e c t r o d e i n 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 a t t h i s stage i t i a n e g l e c t e d i n comparison w i t h 

the o t h e r two p r o c e s s e s . 
Two d i f f e r e n t approaches have been used i n order to b e t t e r under-
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s t a n d the r e l a t i o n s h i p between d r i f t and d i f f u s i o n f o r d i f f e r e n t s e t s 

of c o n d i t i o n s i n the gap, and t h e s e are d e s c r i b e d oelow. 

1.1 P i c t o r i a l r e p r e s e n t a t i o n of an e l e c t r o n swarm d i f f u s i n g and d r i f t ­
i n g i n combined do 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 d i f f u s i o n , a g r a p h i c a l 

approach has been devised to d e s c r i b e the f a t e of a swarm of e l e c t r o n s 

star-tin,-- from a s i n g l e p o i n t on the e m i t t i n g e l e c t r o d e , and moving out 

i n t o a p a r a l l e l p l a t e gap under the i n f l u e n c e 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 t e s t e d e x p e r i m e n t a l l y and i n the 

range o f I'/p considered, the random e l e c t r o n v e l o c i t y i s a t l e a s t one 

o r d e r of magnitude g r e a t e r than the d r i f t v e l o c i t y , thus a l l o w i n g 

d i f f u s i o n and d r i f t to be c o n s i d e r e d s e p a r a t e l y . 

Under the a c t i o n of d i f f u s i o n alone;, the average e l e c t r o n w i l l move 

so t h 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 r a d i u s (l2l>yW) 1 /'' 2' ' i , n i s sphere i s f r e q u e n t l y r e f e r r e d to i n t h i s 

t h e s i s as the DIFFUSION SRIEHE. 

(Note:- I t should be mentioned here t h a t f o r e l e c t r o n s emitted 
from a s i n g l e p o i n t source, d i f f u s i o n i s regarded as 
three-dimensiona-l, hence the use of the above formula 
i n the present context. But f o r e l e c t r o n s emitted i n t o 
the gap through a s l i t , d i f f u s i o n may now be regarded 
as e s s e n t i a l l y two-dimensional, and a f t e r a time, t , . / 
the average e l e c t r o n w i l l be d i s p l a c e d a d i s t a n c e (8Dt/«-) ' . 
T h i s i s now the r a d i u s of a ' d i f f u s i o n c y l i n d e r ' . Going 
a stage f u r t h e r , i f e l e c t r o n s a r e emitted from a l a r g e 
f i n i t e a r e a of the e m i t t i n g e l e c t r o d e , o r a dense d i s t r i ­
b u t i o n of p o i n t s o u r c e s , d i f f u s i o n may now be regarded 
as one-dimensional, and the average displacement of an 
e l e c t r o n a f t e r a time, t , w i l l be 4Dt/rr) 1/2. I t may 
be argued t h a t t h i s should apply to the p r e s e n t e x p e r i ­
ments, where f o r most of the measurements th e r e a r e a 
l a r g e number of e m i t t i n g holes i n the e m i t t i n g e l e c t r o d e , 
however, i t may be e q u a l l y argued t h a t t h e p r e s e n t d i s t r i ­
b u t i o n of h o l e s i s not dense enough f o r t h i s to be the 
c a s e , and t h a t each p o i n t has independent e m i t t i n g 
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behaviour. Therefore such a system of d i s c r e t e p o i n t 
sources may be expected to behave e s s e n t i a l l y i n the 
same way as a s i n g l e p o i n t source and the three-dimen­
s i o n a l e x p r e s s i o n f o r d i f f u s i o n of e l e c t r o n s l e a v i n g 
the e m i t t i n g e l e c t r o d e should be the most a p p l i c a b l e to 
the p r e s e n t c a s e ) . 

"v/hen a u n i d i r e c t i o n a l f i e l d i s a p p l i e d , the c e n t r e of the d i f f u s i o n sphere 

p r o g r e s s e s i n the f i e l d d i r e c t i o n a t the u n i d i r e c t i o n a l d r i f t v e l o c i t y , 

v^, so t h a t a f t e r a time, t , i t has moved a d i s t a n c e v ^ t i n t o the gap. 

I t i s assumed f o r the p r e s e n t t h a t the e l e c t r o n s a t t a i n t h i s d r i f t 

v e l o c i t y immediately on e n t e r i n g the gap. I n the next c h a p t e r of t h i s 

t h e s i s , the p r o c e s s e s by which they reach t h i s steady v e l o c i t y during 

the f i r s t few i n s t a n c e s of t h e i r l i f e t i m e i n the gap a r e d i s c u s s e d i n 

g r e a t e r d e t a i l . 

F or a given s e t of c o n d i t i o n s ( E u , E ^ c and p) c i r c l e s a r e drawn f o r 

s u c c e s s i v e s u i t a b l e time i n t e r v a l s to r e p r e s e n t g r a p h i c a l l y the d i f f u s i o n 

sphere moving through the gap i n hydrogen, and i n c r e a s i n g i n r a d i u s 

with time, (bee i'ig. 7.1). 

The d r i f t v e l o c i t y i s c a l c u l a t e d from v ^ = |i E ^ where u i s the 

e l e c t r o n m o b i l i t y i n the combined dc and uhf f i e l d s . (See Appendix 3 ) . 

The d i f f u s i o n c o e f f i c i e n t , D, i s c a l c u l a t e d from D = 0.92\c/3, 

( T o w n s e n d ^ ) , where c i s the e l e c t r o n random v e l o c i t y , and A i s the 

mean-free-path between c o l l i s i o n s o f e l e c t r o n s w i t h gas molecules i n 

the combined f i e l d s . The q u a n t i t i e s D and v^ a r e c a l c u l a t e d u s i n g 

Townsend's d a t a v ' f o r hydrogen. S i n c e the aim here i s to o b t a i n only 

an approximate p i c t u r e of the e l e c t r o n behaviour i n the gap, these data, 

although obtained i n s l i g h t l y impure pas, a r e c o n s i d e r e d a c c u r a t e enough 

f o r t h i s purpose. 
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A boundary may be drawn a t a d i s t a n c e x from the e m i t t i n g e l e c t r o d e 

such t h a t e l e c t r o n s which have c r o s s e d t h i s can no lo n g e r r e t u r n to 

the e m i t t i n g e l e c t r o d e by back d i f f u s i o n , but become i n f l u e n c e d mainly 

be d r i f t . 

T/lien the c e n t r e of the sphere reaches t h i s boundary, the sphere 

j u s t c e a s e s to i n t e r s e c t the e l e c t r o d e s u r f a c e . I f t h i s occurs a t time 

t = T, 
x = v,T = |iE T . 7.1 

a dc 

and 

x = (12DT/TT) 1/ 2 .... 7.2 

From Eqs. 7.1 and 7.2, e l i m i n a t i n g T, 

x = 12D/V u E d c ) 7.3 

i . e . x -. 3.8 D/uii' d c. 

I t i s p o s t u l a t e d t h a t f o r d r i f t to be the o v e r a l l c o n t r o l l i n g e l e c t r o n 

l o s s p r o c e s s , x i s ve r y much l e s s than the gap width, d. 
Then, d » 3.8 Wv\c

 7 - ' i -

T h i s c r i t e r i o n holds provided t h a t when the d i f f u s i o n sphere lias moved 

c l e a r of the e m i t t i n g e l e c t r o d e , an e l e c t r o n on i t s s u r f a c e w i l l no 

lon g e r have a v e l o c i t y i n the d i r e c t i o n t h a t would r e t u r n i t to the emit­

t i n g e l e c t r o d e . I n other words, the v e l o c i t y of the r e a r boundary o f 

the sphere w i t h r e s p e c t to the c e n t r e must be a t l e a s t balanced by the 

v e l o c i t y w i t h which the c e n t r e i s advancing through the gap. 

The v e l o c i t y of the r e a r boundary of the sphere r e l a t i v e t o the 

c e n t r e o f the sphere i s dr/dt, where 

r = ( l 2 D t / 7 r ) 1 / 2 
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Then, d r / d t = ( j D / r r t ) 1 / 2 

which decreases c o n t i n u o u s l y a3 t i s i n c r e a s e d . 

An e l e c t r o n on the bouidary of the sphere f i n a l l y c e a s e s to move 

towards the e m i t t i n g e l e c t r o d e when 

v, > dr/dt a — 
or, uE d o£(3]VVrt) 1 / 2 

c r , t £ 3D/7r!.'2E2
lc 7.5 

Therefore when the c e n t r e o f t h e sphere has advanced i n t o the gap 

f u r t h e r than the d i s t a n c e 3D/IT[LE^ , e l e c t r o n s on the boundary can no 

longer have a component of v e l o c i t y towards the e m i t t i n g e l e c t r o d e . T h i s 

i s s m a l l e r than the d i s t a n c e a t which the sphere j u s t c e a s e s to i n t e r ­

s e c t the e l e c t r o d e . Therefore the o v e r - r i d i n g c r i t e r i o n f o r which 

e l e c t r o n s on the average can no longer be l o s t by back d i f f u s i o n i s 

given by Eq. 7.4. 

'1.2 E l e c t r o n l i f e t i m e s i n the gap as l i m i t e d by d r i f t and d i f f u s i o n 

I t i s of i n t e r e s t to d i s c u s s the r e l a t i v e importances of d i f f u s i o n 

and d r i f t i n terms of the e l e c t r o n l i f e t i m e i n the gap. The problem 

of the e l e c t r o n l i f e t i m e i n a gap s u b j e c t e d to the combined dc and uhf 
(13) 

f i e l d s has a l r e a d y been t r e a t e d by V a r n e r i n and Brown . However i n 

the p r e s e n t attempt to obtai n a 3imple comparison between the two pro­

c e s s e s , we choose to c o n s i d e r d r i f t and d i f f u s i o n s e p a r a t e l y . 

L e t the time f o r an e l e c t r o n to be removed from the gap by pure 

d i f f u s i o n be t ^ . 

Then, t D = ff/V .... 7.6 
- S i -
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v/cra.tbrp 
F i g 7.2. Gap width at which d r i f t takes over from 

d i f f u s i o n , as the c o n t r o l l i n g electron l o s s 
iprocess, ; • - ' . •. 



• — 2 2 ('0*1 where 1//\ = (TT/CL) + (2.2^5/a) , from K o r l i n and Brown*1 ; and where 

a i s the e l e c t r o d e r a d i u s . 

L e t the time f o r an e l e c t r o n t o be removed from the gap by pure 

d r i f t be t,.. 
j. 

Then, t T = d/v d, where v d = 'A\c- •... 7.7 

..hen d r i f t i s the predominant removal mechanism, t ^ > t ^ . 

"'.Vhen d i f f u s i o n i s the predominant removal mechanism, t,j, > t_^. 

I n t h e c r i t i c a l case where d r i f t and d i f f u s i o n a r e e q u a l l y important, 

t,j = t T . 

Then, from Esq. 7.6 and 7.7, /f/J) = &/n E
d c 

or, d 2/D^ =
 < W K

d c > where = rr2 + (2.Z K05d/a) 2 

T h e r e f o r e , ^ J .... 7.8 

where ^ c r i t i s the c r i t i c a l gap width, f o r a given E^, and gas 

p r e s s u r e , a t which d r i f t t a k e s over from d i f f u s i o n a s the c o n t r o l l i n g 

e l e c t r o n removal p r o c e s s , and v i c e - v e r s a . 

and 10.5 < ^ £ 15.7 f o r the range of gap widths a/3 < d < a. 

Therefore f o r d r i f t to be the c o n t r o l l i n g e l e c t r o n removal mechanism, 

d > ( D / ; 0 ( 1 / S d c ) .... 7.9 

Values o f i)/>i f o r hydrogen a r e obtained from the data o f V a r n e r i n and 

Brown< 1 5 ). 
? 2 2 

d , r i t i s est i m a t e d a s a f u n c t i o n of Eg/pj where E ^ = E
u + s ,

d o * a n d a 

f a m i l y o f curves i s p l o t t e d f o r a range of E d ( J . (See l ? i g . 7.2). D r i f t 

i s expected to be the predominant e l e c t r o n removal mechanism w i t h i n the 
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shaded a r e a of the graph. 

1.3 Summary of the c o n d i t i o n s f o r which d r i f t i s the c o n t r o l l i n g e l e c t r o n 
removal mechanism i n the sap 

Summarising the f i n d i n g s of the previous two paragraphs, i t i s seen 

t h a t d r i f t i s the c o n t r o l l i n g e l e c t r o n l o s s p r o c e s s when 

a ) d >> 3.8 ( D / u ) ( l / E d o ) from the d i f f u s i o n spheres approach, 

and, u) d > ^ ( D / u ) ( l / K d c ) , where 10,. 5 < 15.7 f o r a/3 < d < a, 

from the e l e c t r o n l i f e t i m e s approach. 

The assumptions i n both c a s e s a r e t h a t 

i ) D i f f u s i o n and d r i f t may be t r e a t e d independently provided t h a t 

the random v e l o c i t ; r i s c o n s i d e r a b l y g r e a t e r than the e l e c t r o n d r a f t 

v e l o c i t y , 

i i ) A l l e l e c t r o n s s t a r t out from a p o i n t on the s u r f a c e of the 

e m i t t i n g e l e c t r o d e , 

i i i ) There i s no i o n i z a t i o n i n the gas, 

and i v ) The e l e c t r o n ambit i n a h a l f c y c l e of the uhf f i e l d i s s m a l l 

compared to the gap width. 

The two expressions a ) and b) are seen to be s i m i l a r i n form, and of the 

same order of magnitude w i t h i n the l i m i t s of the i n i t i a l assumptions. I t 

must be emphasised t h a t they a r e intended to g i v e only a p i c t u r e of the 

way i n which the c h a r a c t e r of the e l e c t r o n flow changes w i t h the v a r i o u s 

gap c o n d i t i o n s , and a r e not expected to be more than approximate. 

The e x p r e s s i o n s obtained may be r e l a t e d to a c t u a l experimental gap 

7.2) a r e used to decide, f o r a given s e t of d, E , and E /p, whether 

c o n d i t i o n s . The curves r e l a t i n g d c i - i t w i t h E /p f o r hydrogen (See I I g. 
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d i f f u s i o n o r d r i f t should predominate. 

^g. ( 1 ) ; d = 3 cm, E. = 20 v/cin. 

D r i f t predominates f o r E^/p < 45 v/cm/torr. 

•kg- ( 2 ) ; d = 2 cm, E = 20 v/cm. 

D r i f t predominates f o r E J-a < 25 v/cm/torr. 

(3)» d - 2 cm, E i ( j = 5 v/cm. 
D r i f t predominates f o r E^/p < 3 v/cm/torr. 

1.4 A p p l i c a t i o n of d r i f t and d i f f u s i o n theory to the experimental measure­
ments 

I n the a m p l i f i c a t i o n c u r v e s d e s c r i b e d i n Chapter 4, i t i s seen t h a t 

d r i f t should be the predominant e l e c t r o n l o s s p r o c e s s a t low values of 

E ^ and t h a t d i f f u s i o n should take over a t hi g h e r v a l u e s , depending on 

E, . the gap width, and the gas pressure. The change-over p o i n t s a r e 
Q-C ~ ~ 

shown on some t y p i c a l a m p l i f i c a t i o n curves i n F i g . 7.3a. I t i s seen f o r 

v e r y low v a l u e s of E.. t h a t d r i f t i s not a t any time predominant, even 
U.C f o r zero E . T h i s i s s e n s i b l e s i n c e t h e r e i s a minimum v a l u e of E_ u dc 

below which even the thermal energy of the e l e c t r o n s i s s u f f i c i e n t to 

make d i i f u s i o n the c o n t r o l l i n g l o s s process. E v e n t u a l l y , however, a t 

q u i t e moderate v a l u e s of E ^ c , a d r i f t c o n t r o l l e d 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 p o i n t between the two l o s s p r o c e s s e s . F o r a given 

p r e s s u r e , as E ^ c i s i n c r e a s e d , the point a t which d i f f u s i o n t a k e s over 

i s pushed s t e a d i l y n e a r e r to breakdown. I t i s of i n t e r e s t to examine 

the conditions o f d i f f u s i o n and d r i f t a t breakdown. 
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T y p i c a l experimental curves a r e p l o t t e d showing the v a r i a t i o n 

of' the uhf breakdown f i e l d as a f u n c t i o n of IS i n hydrogen. (From F i g . 

5.1). On the same graph i s p l o t t e d the uhf f i e l d a t which d i f f u s i o n 

should take over from d r i f t as the predominant e l e c t r o n removal mechanism, 

a l s o as a f u n c t i o n of E , f o r the same gap width and gas p r e s s u r e s . 

(See i''ig. 7.4a). I t i s seen t h a t a t low v a l u e s of E , , d i f f u s i o n i s 
dc 

the c o n t r o l l i n g l o s s process a t breakdown. But, r a t h e r s u r p r i s i n g l y , 

( i n view of the f a c t t h a t the breakdown i s c o n t r o l l e d by the uhf f i e l d ) , 

d r i f t emerges as the c o n t r o l l i n g l o s s p r o c e s s a t h i g h e r v a l u e s of E ^ . 

D e s p i t e the u n c e r t a i n t y i n v o l v e d i n t h e s e p a r t i c u l a r experimental break­

down measurements (See Chapter 5* § JL ) t h i s t r e n d i s v e r y c l e a r . 

I t must be remembered t h a t the c o n d i t i o n f o r which d r i f t and d i f f u s i o n 

are e q u a l l y important i s c a l c u l a t e d only f o r e l e c t r o n s which s t a r t out 

from the e m i t t i n g e l e c t r o d e , and d r i f t a c r o s s the whole gap. But a t 

h i g h e r v a l u e s of Eg/Pj where m u l t i p l i c a t i o n i s o c c u r r i n g i n the e l e c t r o n 

stream, many e l e c t r o n s which a r e l o s t by d r i f t do not have to t r a v e l 

the f u l l gap width. I n f a c t a t low a m p l i f i c a t i o n s , from Townsend's 

p i c t u r e of the e l e c t r o n avalanche, most of the new e l e c t r o n s a r e c r e a t e d 

i n a region c l o s e to the c o l l e c t i n g e l e c t r o d e . I n t h i s c a s e , these 

e l e c t r o n s are even more s t r o n g l y i n f l u e n c e d by d r i f t than those which 

s t a r t o f f i n i t i a l l y . At v e r y high v a l u e s of a m p l i f i c a t i o n , where the 

e l e c t r o n denuity d i s t r i b u t i o n i s almost s i n u s o i d a l i n form, the c e n t r e 

of tho gap may now be regarded as the source. T h i s being so, most of 

the e l e c t r o n s which d r i f t to the c o l l e c t i n g e l e c t r o d e only need to t r a v e l 

approximately h a l f the gap width. The net e f f e c t of these c o n s i d e r a t i o n s 
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i s to i n c r e a s e the o v e r a l l e f f e c t of d r i f t to g r e a t e r than t h a t pre­

d i c t e d by the simple theory given i n §1.1, 1.2 and 1.3. T h i s e f f e c t 

i s i n d i c a t e d i n F i g . 7.4a. (See dotted c u r v e ) . 

2. The e l e c t r o n d e n s i t y d i s t r i b u t i o n i n the gap 

C l o s e l y r e l a t e d to what has gone before i s the c o n s i d e r a t i o n o f 

the e l e c t r o n d e n s i t y d i s t r i b u t i o n i n the gap-Long^"' has d i s c u s s e d 

the c o n d i t i o n s under v/hich the e l e c t r o n d e n s i t y d i s t r i b u t i o n i n combined 

dc and uhf f i e l d s changes from ex p o n e n t i a l a t low i o n i z a t i o n to s i n u s o i d a l 

a t h i g h e r i o n i z a t i o n . I f e l e c t r o n s s t a r t o f f from a p o i n t on the emit­

t i n g e l e c t r o d e , and i o n i z a t i o n i n the gap i s s m a l l , t h e r e i s an exponen­

t i a l r i s e i n e l e c t r o n d e n s i t y a c r o s s the gap (from the simple p i c t u r e of 

the e l e c t r o n avalanche given by Townsend). T h i s i s t h e case provided 

t h a t the e m i t t i n g e l e c t r o d e remains the main source o f e l e c t r o n s . But 

a t h i g h e r l e v e l s o f i o n i z a t i o n , when the r a t e o f i o n i z a t i o n i n the gap 

i s c o n s i d e r a b l y g r e a t e r than the r a t e of supply from the e m i t t i n g electrode, 

the gap i t s e l f now becomes the predominant source o f e l e c t r o n s . The 

d e n s i t y d i s t r i b u t i o n now ta k e s a s i n u s o i d a l form, deformed e x p o n e n t i a l l y 

as a r e s u l t of d r i f t . 

F o r breakdown i n a c y l i n d r i c a l gap and with no i n j e c t e d e l e c t r o n s , 

V a r n e r i n and Brown v ' showed t h a t the e l e c t r o n d e n s i t y d i s t r i b u t i o n i s 

given by 
n = B. e f i z . s i n ( ( 7 r / d ) z ) . J 0(k,£ ) 7.10 

where z i s the a x i a l and £ the r a d i a l c oordinate i n space, k^ i s a 

f u n c t i o n of the e l e c t r o d e r a d i u s , J i s the zero order B e s s e l f u n c t i o n 
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r e s u l t i n g from tho c o n s i d e r a t i o n of r a d i a l d i f f u s i o n , and0=E. /2(D/u). 
dc 

Therefore i n tn.e p r e s e n t experiments where the r i s e to breakdown i s 

c o n t r o l l e d by the uhf f i e l d , i t i s concluded t h a t the e l e c t r o n d e n s i t y 

d i s t r i b u t i o n i n the gap should become s i n u s o i d a l a t breakdown. The 

c o n d i t i o n s under which the d i s t r i b u t i o n changes from e x p o n e n t i a l to 

s i n u s o i d a l a re now d i s c u s s e d . 

I n the simple c a s e , n e g l e c t i n g attachment, recombination and 

secondary e l e c t r o n generation e f f e c t s , the s c a l a r e l e c t r o n d e n s i t y i s 
to) 

w r i t t e n as a f u n c t i o n of d r i f t , d i f f u s i o n and i o n i z a t i o n v , t h u s : -

V 2 n - 2 8.*n/o>* + (V/D).n = 0 7.11 
D r i f t , being c o n t r o l l e d mainly be » i s thus asymmetrical i n space, 

being a f u n c t i o n only of z. I n order to transform t h i s term i n t o a 

symmetrical space f u n c t i o n , the transform n = U e i s a p p l i e d . 

Thus 3q. 7. l i becomes 2 

y 2 U - "J . U = 0 7.12 
where £ = $ 2 _ ^ 

The s o l u t i o n of t h i s equation g i v e s the e l e c t r o n d e n s i t y i n the gap i n 

'U-space', which e s s e n t i a l l y w i l l be of the same form i n r e a l space. 

'When V /D > 0, the e l e c t r o n d e n s i t y d i s t r i b u t i o n i n the cap i n U-space, 

and a l s o i n r e a l space, i s e x p o n e n t i a l , becoming s i n u s o i d a l when >? 2/D < 0. 

Thus, when V/D = 0, a c r i t i c a l c o n d i t i o n i s reached a t which the 

e l e c t r o n d e n s i t y d i s t r i b u t i o n changes from one form to the other. 

Then, $ 2 = ty'D 7.13 

a l s o we have. Us = X! cL .... 7.14 

-67-



E dc/p 
v/cm.torr Exp on enti^i-1 e l e c t r o n 

v. d e i i s i t y X X 
X X 

X l b X 

14 
X 

.1?. 
X 

1U 

X 

Sinusoidal electron 
density d i s t r i b u t i o n i n gap 

40 0 53 50 30 10 
E /p v/cm.torr 

l''ig 7.5. Conditions for which the electron density / 
d i s t r i b u t i o n i n the gap changes from 
exponential fro s i n u s o i d a l . • 

Values of' D//f from. Varnerin and B r o w n ^ ^ . - . 
Values of cc/p from Chapter 5 of t h i s t h e s i s . 

\ / 



where \f/ i s the ionization rate, and \: i s the effective electron d r i f t 

velocity i n the combined f i e l d s . 

Also, M = M e 7. 15 

whexe.u i s the electron mobility i n the combined f i e l d s , and Eq i s the 

effec t i v e f i e l d raven by = J. E? . (See Appendix 4 ) . 

Then, from Eos. 7.13, 7.14 and 7.1?, 

S • ^ .... 7.16 H P 
Therefore f o r a given value of E^p, the corresponding value of 

E,Vp nay be calculated at which the change-over i n the form of the 

electron density d i s t r i b u t i o n should occur. This i s i l l u s t r a t e d f o r 

hydrogen i n Pig. 7. 3. Values of D/u are obtained from the data of 

Vamerin and Brown* , and values of «^/p from the data obtained from 

the breakdown measurements described i n Chapter 5 of t h i s thesis. The 

curve thus obtained r e l a t i n g ^ C/P a n& % J T> divides the graph i n t o two 

regions, one i n which the electron density d i s t r i b u t i o n i s exponential 

(shaded portion), and the other i n which i t i s sinusoidal. 

2» ' Application of the electron density d i s t r i b u t i o n considerations to 
the experimental measurements 

As i n the case of d i f f u s i o n and d r i f t , the amplification curve may­

be again divided i n t o two regions, one i n which the electron density 

d i s t r i b u t i o n i n the gap i s exponential, and the other i n which i t i s 

sinusoidal. The change-over points are marked on some t y p i c a l experi­

mental amplification curve si i n Pig. 7.3b. For a l l values of E i o, the 

d i s t r i b u t i o n i : ; exponential at low Eu, becoming sinusoidal at higher 
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values. The change-over point moves steadily closer to breakdown as 

\c i s i n c r e a s e c i ' 0 n c e ai>ain i t i s of i n t e r e s t to examine the conditions 
at breakdown. 

On the sane graph as the t y p i c a l curves r e l a t i n g the uhf breakdown 

f i e l d with E (See Pig. 7.4b) i s plotted the v a r i a t i o n of the uhf f i e l d 

f o r which the d i s t r i b u t i o n changes from exponential to sinusoidal. 

The indications are clear that although the change-over point moves 

closer and closer to breakdown as E, i s increased, the d i s t r i b u t i o n 
do ' 

always becomes sinusoidal at or before breakdown. This confirms the view 

taken by Varnerin and Brown* , (See Sq. 7.10) and does not f a i l w i t h i n 

the range of IS^c examined. 

3. Cosnnents 

There doss not appear to be a direc t simple relationship between 

the change-over from d r i f t to di f f u s i o n controlled electron loss and the 

change-over from the exponential to the sinusoidal electron density 

d i s t r i o u t i o n i n the gap. A more rigorous mathematical treatment than 

has been performed here i s required i f such a relationship i s to be 

found. 

This study, although i t has not gone very f a r towards helping to 

explain the shape of the amplification curves, has yielded some 

inter e s t i n g general information about the behaviour of electron swarms 

subjected to the combined uhf and dc f i e l d s . 



CHAPTER 8 

jgLSOHEl'ICAL PBH)IC'JL'1CM3 i''OR THE SHAPE 01? THE AMPLIFICATION CURVE 

1. Inspection of Long's e:cpression f o r Amplification 

Of the theories so f a r produced to explain the shape of the ampli-
(1 2 26 29} 

f i c a t i o n curves^ ' ' , neither was tested s u f f i c i e n t l y to enable 

any d e f i n i t e conclusions to be drawn as to t h e i r v a l i d i t y . The theory 

put forward by Long v"' " based on the huxley theory f o r l a t e r a l d i f f u s i o n 
(•19̂  

of carriers i n a gas subjected to an el e c t r i c f i e l d v i s the more 

rigorous and agreement with the experimental results i n the l i m i t e d range 

of conditions that he examined was encouraging. As described i n Chapter 

4, experimental amplification curves have since been obtained f o r a 

comprehensive range of gap conditions and these form the basis of a 

thorough inspection of t h i s theory. 

Long's expression f o r amplification when ionization occurs i n the 

£ap i s ^iven by (See Chapter 2j Bqs. 2.15, 2.16 and 2.17) 

* ( 1 + » e" 0 | b ) ' 
where £ = ( f l 2 - ^ )^2> 2 0 - , & i s the electrode spacing, and 

b i s the radius of the emitting holes. 

Clearly the calculation of a large number of theoretical amplifica­

t i o n curves from t h i s expression would 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 t heoretical curves f o r hydrogen 

with over ten points on each curve were obtained w i t h i n the space of one 

hour. Thus a comparison with the present experimental results over a 

wide range of conditions i s possible (See i l f . o.1). Values of D/u were 
(13) 

obtained from the data of Varnerin and Brownv ' and values of from 

the data of L e i b y ^ ^ . 

The theory shows c l e a r l y the dip i n the curve at low values of E^c, 

and the eventual disappearance of the dip at higher values of E^. However 

the magnitude of the dip i s not predicted accurately, the experimental 

dip being always considerably larger than the theoretical dip. The agree­

ment i s worst at low values of K^c> improving s l i g h t l y at higher values 
of ii, . Also the r i s e to breakdown i s less rapid i n the experimental case, uc s 

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 i s therefore necessary to discuss the possible 

weaknesses i n the theory. To do t h i s , i t suffices to consider Long's 

expression f o r amplification when no ionization occurs. 

i . e. A = e • 1 .... o.2 

I t can be seen from t h i s that amplification contains a very strong 

dependence on the hole radius, b. I t was t h i s strong dependence that 

oraMptod the experiments i n which amplification curves were obtained f o r 

d i f f e r e n t sets of hole dimensions. (See Chapter 6). These experiments 

show cl e a r l y that amplification i s not strongly dependent on the hole 

dimensions, ano., i n f a c t , show that there i s no systematic v a r i a t i o n i n 

the shaue of the curves with b. Therefore i t appears that the presence 
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of b i n Long's expression f o r amplification i s much overestimated. 

I t i c of interest to e-:a.nine tiie way i n w.iich b would need to vary 

i n order to bring; the theoretical and experimental amplification curves 

i n t o agreement. The following t e s t was performed f o r hydrogen. Using: 

the present experimental results and values of D/u obtained from Varnerin 

and Brown^^, the value of b required to make theory and experiment agree 

say 3, was calculated as a function of E^ q f o r various values of 2^/p 

below the onset of c o l l i s i o n ionization. (See Fig. 8 .2). The disagree­

ment between the theoretical and the experimental results i s c l e a r l y 

i l l u s t r a t e d by these curves. At low values of E, , B i s over an order of 
dc 

magnitude greater than the actual physical radius of the hole, decreasing 

steeply as E^C i s increased, tending; to converge on the actual hole 

radius, b, at high values of J i ^ . I t i s i n t h i s region that Long's expres 

sion /-jives the closest agreement with the experimental results. The c a l ­

culations wer;; performed f o r Eg/p = 5, 10 and 12.5 v/cm. t o r r , and f o r 

pressures, p = 1, 2, 3 and 4 t o r r , and i t i s seen that there its no system­

a t i c v a r i a t i o n of 3 with E o r p. Agreement between experiment and theo 

below the onset of ionization i s therefore expected i f we use the expres­

sion 
- 3 ( 0 , - 0 ) R T n. - e .... o. j 

wiiei-e a; may be regarded as a ' v i r t u a l hole radius' which i s a function of 

i:J, , but not of E /p or p. ac' e -
'Jhis assumes that the rest of Long's argument i s v a l i d . However, 

attempts to derive a physical explanation f o r the quantity 3 have not been 

successful. 



The hole radius i s introduced i n t o the expression f o r amplification 

(See jJq. c. 1.) during the calculation of the current flowing back to the 

surface of the emitting electrode (See Chapter 2, p27). Huxley's o r i g i n a l 

theory, on which Long's worl: v/as based, was derived p a r t l y to explain 

Townsend's measurements on the spread of a stream of electrons by the 

time they have reached the c o l l e c t i n g 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. Thin i s a reasonable assumption 

close to the c o l l e c t i n g electrode, provided that the gas pressure and gap 

width are large enough to enable electrons to suffer a s u f f i c i e n t number 

of c o l l i s i o n s with gas molecules i n the gap. This i s not so obviously 

true close to the emitting electrode, and Long's extension of Huxley's 

theory f o r the calculation of the current flowing back to the emitting 

electrode does not take i n t o account the p o s s i b i l i t y that many of the elec­

trons i n the region close to the emitting electrode may not be i n e q u i l ­

ibrium 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 f o r amplification i n order to bring theory 

and experiment in t o agreement, and i t might be advantageous to consider 

the p o s s i b i l i t y of another approach to f i n d an explanation f o r the shape 

of the amplification curves. 

2. A theoretical study of electron flow i n the rcau i n the presence of 
di f f u s i o n , d r i f t and ioni z a t i o n 

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 in the gap. These electrons come int o equilibrium 

with tne combined dc and uhf f i e l d s a f t e r suffering a number of c o l l i s i o n s 

with gas molecules. By t h i s time they w i l l have advanced a certain f i n i t e 

distance i n t o the gap under the influence of E, , while some, by v i r t u e 
ac 

of t h e i r i n i t i a l energy, may be 'reflected' (or 'back-scattered') back 

to the emitting electrode, and l o s t . Once the remaining electrons have 

come i n t o equilibrium, they move and behave according to the steady state 

conditions i n tne gap. Some may s t i l l be l o s t by returning to the emit­

t i n g electrode oy d i f f u s i o n i n the steady state, but the rest w i l l reach 

the c o l l e c t i n g electrode (ignoring losses by r a d i a l diffusion) and so 

contribute to the unidirectional current flowing i n the external gap 

c i r c u i t . I f the effective f i e l d i n the gap i s high enough, c o l l i s i o n s 

between electrons and gas molecules may produce ionization. Some of the 

new electrons generated near the emitting electrode may be l o s t by back 

d i f f u s i o n , but the majority which are generated well out int o the gap 

w i l l flow to the c o l l e c t i n g electrode, and so contribute to the unidirec­

t i o n a l gap current, i g . 

So f a r we have considered a simple pic t u r e , i n which the d r i f t motion 

of tho electrons i s u n i d i r e c t i o n a l , while the uhf f i e l d serves only to 

increase t h e i r random energy above that corresponding to j u s t the pure dc 

f i e l d . However, electrons have superimposed on t h e i r random and dc d r i f t 

motions a uhi" component of d r i f t . The main effec t of t h i s i s to introduce 

into the loss processes at the emitting electrode a time dependence which 

perio d i c a l l y enhances and reduces these losses. 
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The following sections attempt to trace a n a l y t i c a l l y the history of 

the electrons fro;:! the time that they f i r s t come int o the gap u n t i l the 

tir.ie that they are removed, and thus to obtain an expression f o r the 

amplification of an electron stream i n the combined dc and uhf e l e c t r i c 

f i e l d s . 

2.1 Diffusion, d r i f t and ionization under steady state conditions 

Consider the behaviour of a swarm of electrons moving i n the gap 

af t e r they have reached equilibrium with the f i e l d . I t i s assumed f o r 

the present that the electrons come int o equilibrium w i t h i n an i n f i n i t e -

simally small distance from the emitting electrode. 

Consider a s l i c e of gas i n the gap, distance x from and p a r a l l e l to 

the emitting electrode, and thickness dx. (See Fig. 8.3). Let N.. 

electrons enter t h i s element, d r i f t i n g i n the applied dc f i e l d with a 

mean random energy corresponding to the t o t a l e f fective f i e l d i n the gap. 

i'he uhf d r i f t component of the motion of the electrons i s ignored f o r the 

present. 

Let the change i n N due to ioni z a t i o n by c o l l i s i o n within t h i s s l i c e 

be d l i . . where x 
dN. N U/dt 8.4 

1 x T 

where dt i s the time taken by electrons to d r i f t the distance dx, and V 

i s the ionization rate per ind i v i d u a l electron. 

As w e l l as the gain of electrons by ionization, some may be l o s t by 

back d i f f u s i o n to the emitting electrode as a result of t h e i r equilibrium 

random energy. I t i s of interest to calculate the f r a c t i o n of electrons 

entering the elementary s l i c e which are l o s t i n t h i s way. 
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The following sections attempt to trace analytically the history of 

the elootrons froxa tho time that thoy f i r s t come into the gap until the 

tino that they are removed, and thus to obtain an expression for the 

amplification of an electron stream i n the combined dc and uhf electric 

fields. 

2.1 Diffusion, d r i f t and ionization under steady state oonditiona 

Consider the behaviour of a swarm of electrons moving in the gap 

aftor they have reachod equilibrium with the field. I t i s assumed for 

tho present that the eleotrons come into equilibrium within an i n f i n i t e -

simally small distance from the emitting eleotrode. 

Consider a s l i c e of gas in the gap, distance x from and parallel to 

the emitting electrode, and thickness dx* (See Fig. 8.3). Let 

electrons enter this element, drifting in tho applied dc f i e l d uith a 

mean random energy corresponding to the total effeotive f i e l d in the gap. 

She uhf dri f t oomponent of the motion of the electrons i s ignored for the 

present. 

Lot the ohange i n W due to ionization by collision within this slioe 

be ON., where 
oN. = N Vi/dt .... 8.4 

1 X T 

where dt i s the time taken by eleotrons to dri f t the distance dx, and <f> 

i s the ionization rate per individual electron. 

Ac well as the gain of eleotrons by ionization, some may be lost by 

back diffusion to the emitting eleotrode as a result of their equilibrium 

random.energy. I t i s of interest to calculate the fraction of electrons 

entering the elementary slico which are lost in this way. 
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Consider the electron density d i s t r i b u t i o n i n coordinates of space 

and ti n e . I n one dimension t h i s i s given by the function f ( x , t ) , where 
f 1 

uhi3 i s an error function of the type derived f o r d i f f u s i o n by Einstein* 

(See i ' i / : . 8.1*a). 

The probability that an electron s t a r t i n g o f f at x - 0 at time t = 0 

w i l l have a position between x = X and x = -e© at time, t , i s given, 

provided that f ( x , t ) i s continuous i n x and t , by 

vi'here the denominator of t h i s expression serves to normalise the expression 

to unity. This means that i f X = +oO, the electron w i l l have u n i t 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 which enter the range X 

to -co are l o s t to that boundary. 

Then Eq. 8.5 expresses the instantaneous p r o b a b i l i t y that an electron 

w i l l be l o s t 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 pr o b a b i l i t y of an electron bein£ i n the region x = X to x = -°° , 

given by Eq. 8.5 does not vary appreciably as X changes by dX, then the 

pr o b a b i l i t y that an electron w i l l be removed during the i n t e r v a l i n which 

A i s changing i s given by 

6 x . t j as 
\ f ( x , t ) dx 

( t ) dx) 6X 
8.6 

<5 f ( x , t ) dx) dX 
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where once again the denominator serves to normalise the expression to 

unity, t h i s time taking into account a l l possible positions of the 

boundary x = X. Then the t o t a l p r o b a b i l i t y that an electron w i l l be r e­

moved while X changes from 'J to -cP i s given by 

dX \ \ f ( x , t ) dx 
p T W _ . . . . 

J j f ( x , t ) dx dX 

And i f we substitute X = v ^ t , assuming that the boundary i s moving with 

0.7 

a velocity v^ i n the direction of x negative, Eq. 8.7 becomes 

f f -
J J f ( x f t ) ox 

dx dt 
8.8 

% \ \ f ( x , t ) dx dt 

This represents the pr o b a b i l i t y i n the one-dimensional case that an electron 

s t a r t i n g o f f from a point x = 0 w i l l be l o s t to the boundary which i s 

receding from x - 0 at a velocity v^. I n the present experimental case 

we must consider the three-dimensional spacial d i s t r i b u t i o n of electrons, 

but usin?- the above rigorous approach, t h i s presents severe mathematical 

problems, however, these may be s i m p l i f i e d considerably by considering 

the fate of the average electron. To do t h i s we refer back to the spheres 

of diffusion. (See Chapter 7). I n form the approach i s the same as that 

j u s t described, except that i t i s now more convenient to consider the 

boundary as f i x e d , and the centre of the electron density d i s t r i b u t i o n 

function moving through the gas with a v e l o c i t y v^ i n the dire c t i o n of x 

positive. 

The average electron a f t e r a t i . . i e , t , w i l l l i e on the surface of a 



sphere of radius ( l2Jjt/V) 1 / / 2, the centre of which i s moving through the 

gas with a velocity v^. I t i s seen that the sphere i s continuously i n 

contact with the electrode u n t i l a time T given by 

T = 12l>Avl[ .... 6.9 

a f t e r which i t does not intersect with the emitting electrode again. 

At a time, t , using analogy with the previous argument, the instan­

taneous pro b a b i l i t y that an electron v / i l l be removed by back di f f u s i o n i s 

the r a t i o between the surface area of the sphere intersected by the emit­

t i n g electrode to the t o t a l surface area of the sphere. (See Fig. o.^b and 

8.4c) 

i.e. p ( t ) = a . ^ / K 

I t may be shown that t h i s i s 

p( t ) = ( r - x ) /2r 8.10 

where :•: i s the distance now that the centre of the sphere has advanced 

through the gap a f t e r a time, t . 

(Eq. 8.10 i s d i r e c t l y analogous to Eq. 8.5). 

wore precisely, t h i s should be w r i t t e n as ^ t f ^ o j t ) " " w h e r e t n e ( i e n o E 1 -

inator normalises the expression to unity over a l l possible conditions, 

and q ( t ) i s the instantaneous p r o b a b i l i t y at time, t , that the electron 

w i l l 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 i n t e r v a l dt, provided that dt i s small enough, 
i s given by . p ^ d i 

f T ( p ( t ) ,. q ( t ) ) dt 
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where T i s the t o t a l time during v/nich the sphere i s i n contact v/ith the 

e m i t t i n g electrode. I t i s noted t h a t t h i s f i n i t e time replaces the 

i n f i n i t e Time over which the i n t e g r a l must be performed i n the more r i g o r o u 

case, h u t T h i s i s a r e s u l t of considering only the average e l e c t r o n . Once 

a^ain, by analogy v/ith the more rigorous case, the t o t a l o v e r a l l prob­

a b i l i t y t i i a t an elec Iron w i l l be removed from the gap by back d i f f u s i o n 

i s given by 

I 
l p ( t ) d t 

r ~ /.T 

o 
[ ( p ( t ) + q ( t ) ) d t 

dt 
T 6.12 

Prom Ec.. 8.10, p ( t ) = ( r - >:)/2r 

Therefore, P = ~r - ~ V.(n/12D) 1/ 2 

' r 2 j or ' 

And s u b s t i t u t i n g f o r T from Kq. 3.9> 

P = 4- .... 3.13 
r 6 

i n the absence of a dc f i e l d , the d i f f u s i o n sphere does not advance 

through the gap, and a l l of the e l e c t r o n s i n the swarm s t a r t l i n g o f f from 

the e m i t t i n g electrode w i l l be l o s t the e m i t t i n g e lectrode except f o r the 

few t h a t might d i f f u s e t o the c o l l e c t i n g e l e ctrode. This p o s s i b i l i t y does 

not appear i n the above s o l u t i o n because when E. i s aero, T becomes i n -
CLC 

f i n i t e , and the a n a l y s i s i s meaningless. Therefore the c o n d i t i o n must be 
added t h a t E. must take f i n i t e values, ac 

The discovery t h a t the p r o b a b i l i t y o f back d i f f u s i o n loss i s constant, 



independent o f the f i e l d s i n the gap, i s a t f i r s t s u r p r i s i n g , since, f o r 

a given E f i Q, v;e might expect Lhe lor,s t o increase as Jie random energy 

of the electrons i s increased. However i t i s f a i r t o say t h a t as the 

random energy, hence xhe d i f f u s i o n c o e f f i c i e n t , i s increased, the increased 

chance o f loss by "back d i f f u s i o n i s balanced by the increased chance of 

escape, and U\e net r e s u l t , given by I2q. S. 13, t h a t back d i f f u s i o n loss 

i s independent o f the e l e c t r o n energy i s not outrageous. 

HOY; r e f e r r i n g back to the elementary s l i c e o f gas considered 

i n i t i a l l y (Gee I'ig. Li. 3 ) , f o r I < V electrons e n t e r i n g , the number l o s t by 

back d i f f u s i o n i s 
di-f = If., p ( t ) d t / T 8.14. 

fhen from ^qs. b.4- and 8. \L, the net e l e c t r o n gain i s 

dH - dN. - dft., 1 i i 

H ( U/ d t - S^r^) .... 8-15 

the e m i t t i n g electrode (u.1). ^. 

j N | l = y ^ d t - ^ ^ j r ^ provided ;:hat 
'N0 x ~ o 

i'he t o t a l gain over the v/hole bap i s obtained by i n t e g r a t i n g the i o n i z a ­

t i o n term over the average l i f e t i m e o f the e l e c t r o n s i n the gap ( X ) and 

the bach d i f f u s i o n term over tho time during which the d i f f u s i o n sphere i s 

i n contact w i t h the e m i t t i n g electrode (u.1). 

I'hen, 

"C >> T 

Whence, .- i-T e f * ^ - 7 ) .... o. 16 
' o o 

where 1: i s ihe number o f e l e c t r o n s which s t a r t o f f i n t o the gan ( i n t h i s o 
case representing those v;hich survive i n Lhe ,.,ap long enough t o cone i n t o 

e q u i l i b r i u m ) and IT i s the numoer a r r i v i n g a t the c o l l e c t i n g electrode. This 

leads t o , i = i e ^ 1 ~ ^ ^ } 1'' 
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i includes the c u r r e n t due t o el e c t r o n s f l o w i n g t o the c o l l e c t i n g electrode 

and also t h a t due t o p o s i t i v e ions f l o w i n g t o the e m i t t i n g electrode. 

D i f f u s i o n o f p o s i t i v e ions i s neglected i n comparison t o e l e c t r o n d i f f u s i o n . 

Provided t h a t d r i f t i s the c o n t r o l l i n g e l e c t r o n removal mechanism (See 

Chapter 7) 

"C >> T 

and the e l e c t r o n l i f e t i m e may be most s a t i s f a c t o r i l y c a l c u l a t e d from 

X = <y' v^i where d i s the gap width. 

2- 2 Losses, o f e l e c t r o n s by back s c a t t e r t o the e m i t t i n g elsctrode before 
they have come i n t o e q u i l i b r i u m v/ith the f i e l d 

I t i s now o f i n t e r e s t t o c a l c u l a t e i , the c u r r e n t due t o e l e c t r o n s 
o' 

which survive i n the gap long e.iougn t o reach the e q u i l i b r i u m energy. 
(17) 

-he f o l l o w i n g discussiou i s based on the theory o f J.J. Thomson* f o r 

the back s c a t t e r o f el e c t r o n s t o the e m i t t i n g electrode by v i r t u e of t h e i r 

i n i t i a l random energy on emerging i n t o the gap. (See tfig. o.5,also see 

Chapter 1 §2.5). 
ri'he back s c a t t e r process occurs i n a t h i n s l i c e o f gas close t o the 

surface of the e m i t t i n g e l e c t r o d e , and outside t h i s s l i c e e l e c t r o n s may be 

regarded as i n e q u i l i b r i u m v / i t h the combined f i e l d s i n the gap. Let n 

be the d e n s i t y o f e l e c t r o n s a t the p o i n t where they are j u s t i n e q u i l i ­

brium w i t h the f i e l d . Then the c u r r e n t d e n s i t y a t t h a t p o i n t i s given by 
i = nev n .... U.18 *o a 

Consider a source of electrons on the surface of the e m i t t i n g e l e c t r o d e , 

which emits electrons a t a r a t e o f n Q per second per cm2. Then the 

c u r r e n t d e n s i t y o f e l e c t r o n s s t a r t i n g out i n t o the pap i s given by 



The c u r r e n t density of e l e c t r o n s r e t u r n i n g t o the e m i t t i n g electrode by 

bac;: s c a t t e r i s c a l c u l a t e d from k i n e t i c theory as nevJl\., assuming t h a t 

the e l e c t r o n s emerge i n t o the gap w i t h a d i s t r i b u t i o n o f energies which 

i s approximately Maxvellian. 

i s the random v e l o c i t y w i t h which the electronsemerge i n i t i a l l y 

i n t o the gap. Then the c u r r e n t density of escaping e l e c t r o n s i s given by 

j Q = J - n e v ^ = nev^ .... b.20 

And e l i m i n a t i n g n from Eq. 8.20 

io ^ 
J - (v + l,.v J U , Z 1 

O CL 
i Q 

T~- , assuming the absence o f r a d i a l d i f f u s i o n w i t h i n 
e 

the s l i c e , where i i s the t o t a l c u r r e n t l e a v i n g the e m i t t i n g electrode. 

Then, 4 i e v d 

i = T~ .... 8.22 
o ^ v o + 4 v d ) 

Therefore i n 3q. 8.17, the c u r r e n t f l o w i n g t o the c o l l e c t i n g electrode i s 

£iven by 
k i e V d ( y t - 1/6) 
* o d' 

2»i> C a l c u l a t i o n o f the f i n i t e distance t r a v e l l e d by the e l e c t r o n s before 
they come i n t o e q u i l i b r i u m w i t h the f i e l d 

So f a r we have considered t h a t e l e c t r o n s have been i n e q u i l i b r i u m 

w i t h the f i e l d d u ring t h e i r whole l i f e t i m e i n the ^ap. This, i n f a c t , i s 

not t r u e since e l e c t r o n s e n t e r i n g the gap w i t h energy which i s not the 

e q u i l i b r i u m value i n the gap must t r a v e l a f i n i t e distance before coming 

i n t o e q u i l i b r i u m . Then the p o i n t i n the gap beyond which we have so f a r 

considered steady s t a t e d i f f u s i o n , d r i f t and i o n i z a t i o n t o be a p p l i c a b l e 
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must nov; be moved out i n t o the ga]> a distance s, where s i s the t h i c k ­

ness o f the s l i c e of gas w i t h i n wriich e l e c t r o n s come i n t o e q u i l i b r i u m 

w i t h the f i e l d (See J i g . 8.5). The e f f e c t o f t h i s on the i o n i z a t i o n p a r t 

o f Kq. o.16, assuming t h a t t h e r e i s no appreciable i o n i z a t i o n w i t h i n the 

3 l i c o i t s e l f , i s t o make i t i n t e g r a t e not over the whole gap but over 

the distance d-s, which w i l l not make much d i f f e r e n c e provided t h a t d>>s. 

I f i t i s assumed t h a t w i t h i n the s l i c e , the only l o s s process occur­

r i n g i s back s c a t t e r , and t h a t there i s no r a d i a l d i f f u s i o n , the d i f f u s i o n 

sphere r e f e r r e d to i n §2.1 may be approximately regarded as s t a r t i n g from 

the p o i n t x - s a t time t = 0. 

Then, a t time t , x - v ^ t + s 

and, r = (l2Dt/Vr)' l / / 2. 

And when the sphere j u s t cuts the e m i t t i n g e l e c t r o d e . 

v | t 2 + (2vs - H ) t + s 2 = 0 .... 8.24 

whore II = 12'0/ir 

C l e a r l y Eq. o.2k- has two r o o t s , t ^ and i^, one a t which the sphere f i r s t 

cuts the e m i t t i n g e l e c t r o d e , and the second a t which i t ceases to c u t i t . 

I n the simple case (See §2.1) where the sphere s t a r t s o f f "with i t s centre 

a t :< = 0 a t t = 0, l e t the distance moved by the centre o f the sphere 

before the sphere has moved c l e a r of the e m i t t i n g e lectrode be Y. 

Then i f s << Y, i t can be shown t h a t t g » and t h a t t 9 ~ T. Tine 

p r o b a b i l i t y t h a t an e l e c t r o n w i l l be l o s t by steady s t a t e back d i f f u s i o n 

during i t s l i f e t i m e i n the gap given by Eq. 8.10 must now be modified t o 

include s. 
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Then, P' = .... s.25 
f V ( t ) + q ' ( t ) ) d t 

where p ' ( t ) = ( r - v d t - s ) / 2 r and p'(t) + q ' ( t ) = 1 
T r T 

I f a « Y, p ; = ( J 0 p ( t ) - j d t ) / T 
1 s 

= 6 ~ Y 

= P r, (See Eq. 8.13) .... 8.26 

Therefore the f i n i t e thickness of the s l i c e o f gas w i t h i n which the 

elec t r o n s come i n t o e q u i l i b i i u m v / i t h the f i e l d does not appreciably a f f e c t 

the t o t a l p r o b a b i l i t y o f loss by back d i f f u s i o n provided t h a t s « Y. 

I t remains t o perform an order o f magnitude c a l c u l a t i o n o f s, and 

t o compare i t w i t h t y p i c a l values o f Y. Consider the simple case i n 

which the e f f e c t i v e f i e l d on the gap i s u n i d i r e c t i o n a l . Then the value 

thus obtained f o r the value o f s w i l l be an upper l i m i t on the value t h a t 

should be obtained when the e f f e c t i v e f i e l d has an o s c i l l a t i n g component. 

The r a t e o f change o f e l e c t r o n energy by e l a s t i c c o l l i s i o n s i n the gas 

i s given by Compton^^ and Cravath*^"^ as 

& E _ O L .... 8.27 
ax E 

assuming t h a t the energy of the gas molecule i s n e g l i g i b l e i n comparison 

t o the e l e c t r o n energy u, where u• i s the e l e c t r o n energy a f t e r t r a v e l l i n g 

a distance x from the el e c t r o d e , E i s the f i e l d on the gap, and a i s given 

a 2 = 5-32 g . ^ .... .3.23 

where the f r a c t i o n a l e l e c t r o n energy l o s t per e l a s t i c c o l l i s i o n i s 2.66 m/l 

and where X i s the e l e c t r o n mean-free-path, and m/l£ i s the r a t i o of the 
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masses o f the el e c t r o n s and gas molecules. A t e q u i l i b r i u m , ~ = 0, and 
? 2 

a'- = a" u . j / j i , where u,̂ , i s the t e r m i n a l e l e c t r o n energy a t e q u i l i b r i u m . 
Therefore, .,/ _ „„ ' u,T, = V a .... 8.29 

Therefore, i n Bq. 8.27, ~- = | (u£ - u 2 ) 6.30 

Then i n t e g r a t i n g t o obt a i n the distance the e l e c t r o n s must t r a v e l before 

reaching a c e r t a i n energy u, 

(u + u u - u,., ") 
( ± ) (-2 i )\ 

U " U T u o + U T J 
x = ~ m K : ^){.rr ^ ) t .... 8.7-

where U q i s the energy w i t h which the el e c t r o n s s t a r t i n t o the gap. 

The r e s u l t s o f Chapter 6 lead t o the conclusion t h a t U q i s probably 

g r e a t e r than u T . 

Then, u - 4 u,, 

and, U q = fJu,.,, where ^ and fb are both g r e a t e r than u n i t y . 

Therefore, x = ~ 1n ( J ^ f ) ( ^ } ) •••• 8 * 5 2 

i/hen, u i s nearly equal t o u^,, say p( - 1.1, then electrons may be regarded 

as almost i n e q u i l i b r i u m w i t h the f i e l d . 

Then, x = s = I n (21 (j^)) 

and s < ~- 1n 21 .... L5.33 

depending on the magnitude o f / i . 

P u t t i n g i n t y p i c a l values f o r hydrogen a t a pressure of 1 t o r r , 

i . e . in/'l.i ~ 1/VXJ0, X - 10~2 cm. 

s < 0. liOam 

So f a r we have only considered e l a s t i c c o l l i s i o n s between ele c t r o n s 

-105-



and gas molecules, w i t h the r e s u l t t h a t a i s too l a r g e t o ignore i n com­

parison t o d and Y. 

However, electrons are emerging i n t o tne gap w i t h energies correspond­

i n g t o V.j, and a t 1 t o n - , t h i s corresponds t o I^/p of' the order of 100 v/cm. 

t o r r . Electrons e n t e r i n g the gap are t h e r e f o r e c e r t a i n t o s u f f e r i n e l a s t i c 

c o l l i s i o n s w h i l e coming i n t o e q u i l i b r i u m . The value of a given by Eq. 8.28 

i s r e l a t e d t o the f r a c t i o n a l energy l o s t per c o l l i s i o n , &, by 

a 2 = 2 Q/\2 6.34 

i'or i n e l a s t i c c o l l i s i o n s , a t reduced f i e l d s approaching 100 v/cm.torr, 

& may be estimated from Tov/nsend's d a t a ^ ' * ^ t o be o f the order o f 10 ' 

f o r hydrogen. 

Then, a «- 44 

Nov:, we deduce t h a t , s < 0.030 cm 

j?or the range o f con d i t i o n s examined experimentally, the distance, Y, 

moved by the centre o f the sphere before the sphere ceases t o cut the 

e m i t t i n g e l e c t r o d e , ranges from about 0.30 t o 7.60 cm. I t i s t h e r e f o r e 

reasonable t o ascume f o r hydrogen t h a t s << Y, and t h a t s « d, and t h a t 

the f i n i t e w i d t h of the region i n which the e l e c t r o n s come i n t o e q u i l i b r i u m 

w i t h the f i e l d does not s e r i o u s l y a f f e c t the arguments made p r e v i o u s l y 

based on the assumption t h a t the elec t r o n s come i n t o e q u i l i b r i u m w i t h i n 

an i n f i n i t e s i m a l l y t h i n s l i c e of gas near the e m i t t i n g electrode. 

S i m i l a r conclusions h o l d f o r n i t r o g e n , helium and neon. 

2,4 The e f f e c t s of uhf d r i f t o f elec t r o n s 

So f a r a s i m p l i f i e d p i c t u r e has been presented, i n which electrons 

d r i f t s t e a d i l y across the gap w i t h a uniform d r i f t v e l o c i t y V-\c> where 
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ilmitting 
electrode 

v.,= u( cos wt) dc uo 
/ 

p " ( t ) 
I 

P i t ) 

p " ( t ) y 
I I .1 ' I 

hi 11 A i 

F i g 8.&. The e f f e c t s of uhf d r i f t of electrons. 



u i s the e l e c t r o n m o b i l i t y i n the combined dc and uhf f i e l d s . The 

presence o f --he uhf f i e l d serves only to increase the random e l e c t r o n 

ilow i t i s o f i n t e r e s t t o consider the e f f e c t o f the uhf motion o f 

electro n s . F i r s t l y consider the e f f e c t s a t p o i n t s i n the gap away from 

the surface o f the e m i t t i n g electrode where e l e c t r o n s are i n e q u i l i b r i u m 

w i t h the combined f i e l d s . The d r i f t v e l o c i t y o f el e c t r o n s i n the gap 

i n the combined f i e l d s should be w r i t t e n as 

V d = !i (\c + Euo 0 0 3 W t ) d ' 3 5 

where w i s the angular frequency of the a p p l i e d uhf f i e l d and E^o i s thu 

peal: value of t h i s f i e l d , -./hen the a p p l i e d uhf i s SUCH t h a t i t tends t o 

sweep electrons back t o the e m i t t i n g e l e c t r o d e , back d i f f u s i o n i s enhance 

S i m i l a r l y i n the opposite cycle of the f i e l d , buck d i f f u s i o n i s reduced. 

The instantaneous p r o b a b i l i t y t h a t an e l e c t r o n w i l l be removed from 

the gap by back d i f f u s i o n must again be modified from t h a t given by ilq. 8 

p " ( t ) = J - S ( 3 , -r- H cos wt) tV<i(«-/l2D)l/* .... 006 2 2 dc uo 
<1- 1/2 „1+. , /,^X1/2 = P ( t ) ~ -f2- * COS Wt (7T/12D) 

(See i ' i g . 8.6) 
Clearly p " ( t ) should not take values g r e a t e r than u n i t y , although f o r 

c e r t a i n values of t and £ the above expression does take such values. 
uo 

At low values o f t and high values o f E u Q, f o r instance, i t may be seen 

t h a t f o r f i n i t e periods when the uhf f i e l d i s sweeping electrons towards 



the e m i t t i n g e l e c t r o d e , the d i f f u s i o n sphere l i e s completely w i t h i n the 

boundary of che e m i t t i n g electrode. Therefore i t must be concluded t h a t 

p M ( t ; i s not a continuous f u n c t i o n o f t , and t h e r e f o r e the a n a l y s i s f o r 

the c a l c u l a t i o n o f the t o t a l removal p r o b a b i l i t y as used i n ij2.1 cannot 

be ur.ed again here, and some crude assumptions must be made. The curve 

of p ( t ) i s the envelope of p ' ' ( t ) , and provided t h a t one frequency o f the 

appliec. i i e l a i f : h i gh enough so t h a t many cycles of the f i e l d occur before 

the d i f f u s i o n ..phere has moved out o f range o f the e m i t t i n g e l e c t r o d e , we 

may cxeduco t h a t ^ — J p ( t ) d t ~ I p " ( t ) d t a.57 

o J o 

and t h a t the t o t a l p r o b a b i l i t y t h a t an e l e c t r o n s t a r t i n g out from the 

e m i t t i n g e l e c t r o d e w i l l be l o s t by back d i f f u s i o n w i l l s t i l l be very close 

t o 1/6 ac derived fror/ the simple approach. Rough c a l c u l a t i o n s o f T 

i n d i c a t e t h a t over the range o f experimental c o n d i t i o n s examined i n the 

present study, T, contains between about 10 and 600 o s c i l l a t i o n s of the 

uhf f i e l d . 

Therefore Eq. o.37 i s a reasonable approximation. 

I-Tov; consider the e f f e c t s o f uhf motion o f electrons close t o the 

surface of the e m i t t i n g electrode before they have come i n t o e q u i l i b r i u m 

i d t i l the f i e l d on the gap. Electrons are i n i t i a l l y s q u i r t e d out i n t o 

the gap w i t h energy which appears t o be almost i n v a r i a b l y g r e a t e r than 

trie e q u i l i b r i u m energy i n the rap f o r the present range of co n d i t i o n s 

considered. Therefore the e f f e c t o f the uhf f i e l d w h i l e the e l e c t r o n s s t i l l 

have t h i s nigh energy (and the d r i f t v e l o c i t y away from the e m i t t i n g 

electrode associated w i t h i t ) i s not l i k e l y t o cause appreciable e l e c t r o n 
- • i O c i -



los.-3 back t o tne e m i t t i n g electrode. The sweeping of elec t r o n s i n the uhf 

f i e l d i s only l i k e l y t o become appreciable when the el e c t r o n s have reached 

e q u i l i b r i u m w i t n the f i e l d , and we have already deduced iihat t h i s i s not 

s u f f i c i e n t t o g r e a t l y affec-: the e l e c t r o n loss back t o the e m i t t i n g 

electrode. 

Attempts t o derive a more rigorous s o l u t i o n f o r the e r f e c t o f the 

uhi" f i e l d have not been successful, "out i t appears t o be a reasonable 

conclusion t h a t such ef±"ects are n e g l i g i b l e compared w i t h the processes o f 

back s c a t t e r and back d i f f u s i o n already f u l l y described. 

2.5 A m p l i f i c a t i o n 

I t has been shown above t h a t the e f f e c t s of the f i n i t e distance 

t r a v e l l e d by the e l e c t r o n before coming i n t o e q u i l i b r i u m w i t h the f i e l d , 

iiud the e f f e c t s o f the uhf motion o f the el e c t r o n s do not have an appreciable 

e f f e c t on the c u r r e n t f l o w i n g t o the c o l l e c t i n g e l e c t r o d e . 

This c u r r e n t i s t h e r e f o r e given by I!q. o. 23. 

i.'hcn -there i s no uhf f i e l d present, t h i s c u r r e n t i s 

4 i on !Jon 
1 = = 

SgfiLigoJSo. e ( W 2 0 X 2 U - 1/6) m m t a o > 3 6 

and s i m i l a r l y f o r uhe c u r r e n t f l o w i n g t o the c o l l e c t i n g electrode when 

there i s a uhf f i e l d present, r e p l a c i n g the s u f f i c e s 2 Q w i t h ^. 

Then, A m p l i f i c a t i o n , a - i ^ ^ O 

^_ZU—J^L™ e ^ 2 2 20 20 } 

^ o ' W ^ ' ^ V .... 6.39 

where i i s the c u r r e n t o f electrons emerging i n i t i a l l y i n t o the gap w i t h 
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i n i t i a l random velocity VQ. 

Aasuminn that the current emerging and the random velocity i n i t i a l l y 

do not depend on the f i e l d s i n the sap, and that the i n i t i a l random 

velocity i s large compared to the equilibrium electron d r i f t v e l o c i t y i n 

the cap, Eq. ij. 39 reduces to 

A = 12 . e V T 2 2 r 2 0 20J 8.40 
!i20 

I f d r i f t i s the controlling electron removal process, the electron l i f e -

tine i n the gap may be given by 
t = <yVs d c .... 8.41 

Also, we may write, U/ = o<|.iE .... 3.42 

Ti' 
"dc 

Therefore Eq. o.̂ O becomes 

Then, W X. = * e- , „ . v 

•l9 ( o£ E /E, - e< ')d 
A = — e v 2 e 7 dc 20' ^20 

.... 6. kh 

( I t i s of i n t e r e s t to note that t h i s expression in the absence of i o n i z a -
(1 26) 

tion i s i d e n t i c a l to that derived by Nicholla ' , although the two 

theories are quite d i f f e r e n t ) . 

Theoretical amplification curves obtained from Eq. 8.44 are compared with 

t y p i c a l experimental curves for hydrogen, nitrogen, helium and neon i n 

i i l s s . u. 7, ti.o, 0.9 and L>. 10. The electron mobilities are obtained from 
(rcj 50 5"|) 

the d r i f t v e l o c i t y data of Bradbury and Weilsen^ -"^ " , and the 

ioniLiiition c o e f f i c i e n t s from the measurements made using the present 

apparatus. (See Chapter 5). General comparisons betv/een theory and -110-



and experiment are made i n Table 8.1. 

The general agreement between theory and experiment i s very 

encouraging, the theoretical curves exhibiting most of the trends observed 

eaperimGntalljr. The poorest agreement i s i n neon where the predicted r i s e 

to breakdown i s considerably f a s t e r than in the experimental case. The 

most l i k e l y source of error i n a i l the gasus i s i n the calculation of 

the l i f e t i m e of the electrons in the gap, where we have assumed that the 

electron flow across the gap i s d r i f t controlled. 

"i.hen d r i f t i s the controlling loss process, the lifetime of electrons 

as controlled by d r i f t , t ^ , i s l e s s than \-hat for electrons controlled 

by diffusion, t^. (See Chapter 7). 

Then, -E ~ t T = d/v d < 

Jiut i n cases r;here uiffusion i s trie more important electron removal 

process we should instead use the re l a t i o n 

~C — t,. < d/v - .... 6. 
u a. 

Using the expression "C = <v'v& when diffusion i s beginning to become 

important i s l i k e l y therefore to give values of amplification v/hich 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, p a r t i c u l a r l y i n neon where diffusion i s more prominent than i n the 

other gas^s examined. 

Another source of error p a r t i c u l a r l y below ionisation may be i n the 

calculation of the current, i Q , which escapes i n i t i a l loss by Thomson-type 

bad: scatter. Thomson's theory^ lias been shown only to work well when 
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the rando..! energy of the electrons on emerging i s not much different from 

the equilibrium value i n the gap. Other errors are l i k e l y to he i n t r o ­

duced by assuming that the current emerging into the gap and the i n i t i a l 

random velocity are independent of the f i e l d i n the gap. Nevertheless, 

the experimental r e s u l t s give considerable support to the theory presented 

here. 
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THE 3'iHDY 0? LONG TIMji CfflKVAMT HiEfCMEHft ASSOCIATE \iEH a K g l f f i ^ j M 

M ma GAP 

I t Y.-aB noticed during preliminary measurements of amplification 

that i , the current flowing to the c o l l e c t i n g electrode i n the 

absence of the uhf f i e l d , does not .remain constant, despite the s t a b i l ­

i s a t i o n of the current to the back of the emitting electrode. Jhe 

variations observed were not of ohe nature of random fluctuations, but 

appeared to be a function of ti-ne, long time constants being involved. 
(2) 

Long N , Having observed s i m i l a r e f f e c t s , concluded that these variations 

resulted from the charging up of insu l a t i n g layers present on the electrode 

surfaces. I t was suggested that such insulating films could occur as 

the r e s u l t of the decomposition of organic grease molecules under electron 
(23) 

bombardment, 'rnis has been shor/n by Laurenson, Holland and Pr i e s t l a n d x , 

and oy 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 1^ 

p e r s i s t . I n 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 marked improvement, the situation was by no means remedied. 

Airther experiments have since been performed i n order to investigate 

the causes of the present d r i f t s i n 1^, and are described i n t h i s 

chapter. (Cons-cant reference i s made to I'lg. 2.1 throughout t h i s chapter). 
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1• Variation of i„ Q with time, V fixed 

The current flowing to the c o l l e c t i n g electrode, i 2 Q was measured 

as a function of t i . i e , witn a unidirectional voltage, V , applied to 

the gap suc'.i that P^ i s positive with respect to P.j. Shis was done 

for various sets of conditions, and t y p i c a l results are shown i n Fig. 

9.1. I t i s seen that the r e s u l t s do not d i f r e r greatly i n form from 
(21 

those ootained by Long x '. Time aero was taken when i ^ f i r s t became 

st a b i l i z e d . 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 s t a r t s from a low value, r i s i n g quite 

sharply to a peak value (of the order of twice the magnitude of the 

i n i t i a l current) a f t e r a time of about 5 to 'i0 minutes, a f t e r which i t 

decrease."; steadily, showing no signs of l e v e l l i n g out, even a f t e r 2 hours. 

Consider f i r s t l y the condition i n which we assume that the s t a b i l ­

i s a t i o n of i . i s a true indication that the current, i , emerging into 

the gap ir- constant. Of the current emerging, a f r a c t i o n , i g , w i l l 

return to the emitting electrode, P , by back diffusion, and i n the 

presence of an insulating f i l . i w i l l form a negatively charged l a y e r there. 

The remaining fraction, i 2 Q , flows to the c o l l e c t i n g electrode, P Q, and 

i n the presence of an insulating film, w i l l form a negatively charged 

layer there. I t i s assumed f o r the present that the charging rates for 

a given current are equal at both electrode surfaces. 

I f i . i s i n i t i a l l y greater tnan ±2Q, P̂  may charge up more negatively 

than p . " Then there i s generated i n the gap a net residual voltage i n 
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the gap, V f, such that P̂  i s more negative than Pg. But i n the 

presence of the externally applied dc voltage, Vg, p i s already nega­

tive with renpact to P . Therefore the effect of t h i s residual voltage 

i s to enhance the effective gap voltare to V = V„ J. V_, where V i s 
g 2 ' i' g 

taken to he positive when P̂  i s negative with respect to P^. As V f 

increases, so does i n such a way as to increase i 9 ^ > and decrease 

ig. At t h i s Jtage, the charging rate:: at both electrodes are equal, 

and we "nave a steady state condition, signifying the balance between igg' 

and YF. Thus the predicted time dependence of ±^Q i s as shovm i n 

Ji g . y.2a. 

I f i^Q i s i n i t i a l l y greater than i ^ , becomes negatively charged 

at a greater rate than P^. i s now i n the opposite direction to that 

in the previous paragraph, and the effective gap voltage i s now given by 

V - V_ - V,,. AS V increases, V nov/ decreases causing a corresponding 

reduction i n i n , and increase in i . Once again the 3teady state 

condition i s r e a l i s e d when i^Q approaches the same value as i f i . Thus 

the predicted time dependence of i 2 Q i s given t h i s time by i i g . 9.2b. 

As shown, this explanation accounts for the trends i n the two parts 

of the experimental curve taken separately, but not together since each 

argument assumes different i n i t i a l conditions at t = 0. I t also implies 

that the time constants for the two effects w i l l be of the same order 

of magnitude, which, i s not v e r i f i e d by the experiment, where v.'e see that 

the ti:.:o constant for the f i r s t part of the curve i s considerably shorter 

than J i i a t for the second part. C l e a r l y t h i s theory does not give a f u l l 

picture of the mechanism of the d r i f t s in i , , ^ , and another approach i s 
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required. In Chapter 6, i t i s related how i t was discovered that the 

current i'lov/in; oui, of che holo i n t.ie emitting electrode does not 

depend on the length of the hole, A mechanism i s suggested i n which 

charging up of the wall of the hole by the c u r r e n t , flowinr into i t 

brings about a situation i n which the electron flow i s concentrated 

e l e c t r o s t a t i c a l l y near t:ie axis of the hole, Tnis in analogous to the 
(1.6) 

.lehnelt cylinder effect^ ' ' as used to concentrate the electron bea-n 

as i t leaves the filament in the cathode ray tube. i?ou<_:h calculations 

(lice Chapter 6) show that i n the absence of sucn an effect, f o r hole 

dimensions as used i n the above experiment, the current leaving the 

hole night be expected to -e low compared to that entering the hole. 

Therefore at the ti:.ie of s t a c i l i z i n g i . | , (t=0), only a small f r a c t i o n of 

the current entering tno hole actually em.erfes into the gap. This fraction 

may be expected to r i s e as the walls of the hole become steadily charged 

negatively, and the concentrating e f f e c t begins to occur within the hole. 

The current energinr into the gap, i Q , w i l l reach a maximum when the 

amount of charge residing on the walls of the hole has become high 

enough to t o t a l l y prevent losses to the walls. 

As ± & r i s e s during the charging up period, i 2 Q should- also r i s e 

provided that 1^ does not increase as quickly as i g . Once conditions 

inside the hole have reached the steady state condition, the time 

dependence of i^Q n o w d e P a n d f i o n conditions i n the ;;ap. And provided 

that i„ at t h i s sta&e i s greater than i _ , , i t should decrease under tne 

Mechanism described e a r l i e r in t h i s section u n t i l the f i n a l steady state 
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condition has been achieved. 

This argument accounts for the shape of the curves, which support 

the assumption that i n i t i a _ l y i ? 0 i s greater than i ^ . i n a l l the 

experiment: performed. This may not always be the case, and w i l l depend 

on the voltages and V . For instance i f electrons are injected into 

the gap idth a high rando:.i energy, a larger proportion may expect to 
f 17) 

return to the emitting electrode by Thomson-type back s c a t t e r % , than 

for electrons injected with a small random energy. 

There I'OJLIOWS a very approximate calculation of the expected r e l a t i v 

orders of magnitudes of the time constants for the two effects j u s t 

mentioned, (iee Fig. 9«3)-

The second part of the curve of 1^ against tii.ie has a tine constant 

Tg, say. xhe higher the current density flowing to P^, the greater 

the rate of charging, and so the steady state situation i s achieved 

more ouickly. 

Then, T 2 - V A / U ^ - ig) •••• 9-1 

tailing into account charging at botn electrodes, where A.j i s the area 

of the electrode surfaces, and ? i s a constant depending on the nature 

of the electrode surfaces, assuming tnav, i t i s the same for both 

electrode .s. 
How consider electrons entering the hole from the back of the emitt' 

2 / 

electrode. Then the current entering tne hole i s i^nb /A^, where 

i s area of tne bac: of the elec crode on which i 1 impinges and b the 

hole radius. Therefore from t h i s , tno current density flowing to the 
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walls of tue hoxe, assuming that a l l electrons entering the hole reach 

;jhe wall, i s or the order of i^.'lT/Ag&rbL, v.here L i s the length of the 

hole, 'rue flov of electrons out of the hole into the gap i s controlled 

b. 'cho amount of chargo residing on the wall of the hole. Then i f 

the tiiiie constant of tho increase of the current coining into "ohe gap 

i s x , than 

^ ~ FA22irbl/ii»rb': 9.2 

where l ' i s a constant depending on the nature of the inside surface of 

tiie hole, assuming tiiat t h i s i s "uhe sane as for the electrode surfaces 

in tne gap. 
2 A ? L ( i 2 0 " i B ) 

f 2 A/o i . j ' J 

1 'i 
Putting figures into t h i s rough expression, we are required to estimate 

V A 2 3 " d ( i2U- i
i l

)-
2 2 —8 Typically, t r y A 1 = 25 cm , ̂  •- 5 cm , ( i 2 Q - i

B ) = 1 0 ~ a^ps. Also 

i 1 = 6.10~' amps; b = 0 .02, L = 0.04 cmj/ 

g i v i n g , / 1 / 7 5 . x i i e values of I ' - j / 1 ^ estimated from the expeii-

inentai i 2 u > t curves indicate reasonable agreement with t h i s value, 

affording support to tne theory. 

fo.r^tjlgjj. p_f_i2Q vfith applied sap voltage, 

I t was hoped dint measurements on the variation of I^Q with trie 

applied unidirectional voltage, ''1^, would onacle the residual voltage 

generated i n the gap to ce estimated with a reasonable degree of accuracy. 

The experiments were performed at low pressure, v i t h the system con­

tinuously puMped, thus reducing the effects of back diffusion which are 
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not of i n t e r e s t in t h i s p a r t i c u l a r study. Curves showing the variation 

of i 9 u with V, are riven in s'±r. y./,.. x,. was ::hown c o r j ^ r i ^ n t a l l y that 

"che valuer of i , ? 0 for which V v/as taken increasine stepwise fro;a sere 

agreed quite well witu those in widen V v/as started fron a higher value, 

and was decreased i n steps, thus tracinp bad; down the curve. This i s 

a s a t i s f a c t o r y check on tno i ne yi-ouucaoility of the r e s u l t s , xtesults were 

obtained at low pressures (backing pressure around 10 to 10 torr) and 

-Vr rap widths of 0.5 and 3."2 cm. 

At high V a l l the electrons emitted are swept to the c o l l e c t i n g 

electrode, nef/lectiiv: the few which, at t n i s low pressure, return to 
(17) 

the emitting electrode by Thomson-type bad: scatter. x ' Je^lectinf; 

c o l l i s i o n s with gas molecules, provided that the f i e l d i s tending to 

sweep electrons towards i-'^ , 1^ should be constant independent of V^. -'is 

i s reduced, a point i s eventually reached where the f i e l d i n the gap, 

rive/i by V. = V -V, i s zero, (*&periments describod in the previous 

paragraph show thai the electrodes charge up with the passage of ± ^ such 

that -che residual voltage 7̂ , i s opposite to V^). Now tnere i s no f i e l d 

tending to sweep the electrons to the c o l l e c t i n g electrode, so the only 

transport mcch.-'_ni3ms to that electrode are diffusion, and the d r i f t 

velocity with vMich the electrons are injected into the gap. The electron 

are emitted into the rap with a distribution of energies, so when v"9 i s 

j u s t l e s s than \ f, some of the lower onergy electron:: w i l l be returned to 

the eaiittin,-; electrode in 'one now unfavourable f i e l d , and a reduction i n 

i . ~ willM-esult. AS V i s reduceu further, some of the higher energy 

electron:; w i l l be returned to P.j, causing a further reduction i n ± 0^. 



aVentufilly, i f Vf. i s high enough, V., may be reduced to the point where a i l 

the emitted electrons are returned to P^. Those returning electrons are 

not registered i n the current measuring c i r c u i t , since they are cancelled 

out by emerging electrons. The applied voltage should equal the residual 

voltage when electrons s t a r t to be returned to 1-̂  by the f i e l d . That i s 

a t the point where 5.^ s t a r t s to drop appreciably fro.\i the steady value 

observed at higher values of V^. 

In tho crcperiments at the shorter gap width of 0.;i cm, (i'ig. 9.<j.a), 

the curve does follow t h i s pattern, exhibiting a steady value of i„,, above 

a ce r t a i n value of "v̂ , and dropping off near the c r i t i c a l point i n quite 

a marked L'ashion. From these r e s u l t s , 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 16 volts, t r e a t reproducability i s not expected i n these r e s u l t s , 

since so much depends on the previous history of the system. 

In the experiments using the longer gap widths, the curves are not 

so s a t i s f y i n g . The value of i g ^ does not reach a steady value at higher 

V 9, but continues a s l i g h t upward trend as i s increased. As before 

the curve drops off quite sharply as V,, i s decreased below the value of 

V^, but owing to the upv/ard trend of i^Q at higher V^, i t i s d i f f i c u l t 

to estimate the e::act point at which electrons s t a r t to be swept back 

to the omitting electrode. Attempts to do so give values of V̂ , in the 

ran/re 16 to 2q- v o l t s , but we cannot expect accuracy to be as good as in 

the case of the shorter gap width. The variation i n i 9 n at higher values 

-120-



of V may be explained in terms of c o l l i s i o n s v/liich are now more l i k e l y 

to occur between electrons and pas molecules at t h i s longer gap. In f a c t 

the probability or c o l l i s i o n i s increased 6-fold. There i s the change 

now of some ionizing c o l l i s i o n s ana ox' back diffusion, whichever of 

these i s ohe case, increasing w i l l cause an increase i n I^Q-

At the longer gap width, and low Y^> ^'ie curve drops SUCJI that 1^ 

takos negative values. This i s not i;he case at the short ;-ap width, 

so i t i s f a i r l y c l e a r that t h i s e f fect also i s the r e s u l t of c o l l i s i o n s 

betvreor: electrons and gas molecules. This effect i s discussed i n greater 

d e t a i l in a l a t e r paragraph. (See § 3 . 3 ) . 

This method of estimating the residual polarizing voltage i n the gap 

a f t e r the electrode surfaces have been charged up i s open to the follow­

ing c r i t i c i s m s . 

a) buiinr a given run i t i s not possible to account for the variation 

i n caused by the continual passage of a current across the gap. I t 

would be more s a t i s f a c t o r y to devise a method of measuring these voltages 

i n which no curreiiu i s passed i n the gap. 

b) I t i s d i f f i c u l t to estimate the exact point at which the effective 

f i e l d i n the gap should be zero. ( i . e . V 0=V f l), owing to the f i n i t e energy 

distribution of electrons coming into tne gap, and to the e f f e c t s of 

c o l l i s i o n s i n the -ap between electrons and gas molecules, p a r t i c u l a r l y 

at longer ra-_ widths. 

The r e s u l t s are xnerefore only approximate, and need v e r i f i c a t i o n 

by another method. One aucn method i s described in tne nc::t chapter of 

th i s thesis. 
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3» Variation of with time, with aero applied voltage 

.ihon -cue applied voltage i s zero, the only voltage remaining i n the 

gap i s the residual voltage on the electrode surfaces, Vfl. I/ieasuremonts 

of the current to the c o l l e c t i n g electrode, ±^ Q, were performed as a 

function of time i n hydrogen for contrasting sets of conditions i n the 

gap. Typical results are shown i n Fig. 9 .5 . Zero time was taken a t the 

moment that i , became s t a b i l i s e d . 1 
3.1 The r e s u l t s 
a ) Elates charged i n i t i a l l y with a pure uhf discharge 

The plates are charged by the uhf diMcharge such tliat there i s no 

net residual voltage generated i n the gap, i . e. V̂ . = 0. At a pressure 

of 0.j?7 torr, and for a small value of i ^ , i ^ ^ takes a positive value, 

increasing i n i t i a l l y with time as the v a i l s of the emitting holes become 

negatively charged, and the holes bocome more e f f i c i e n t emitters of 

electrons, "..hen the holes reach t h e i r peak transmission ef f i c i e n c y , I^Q 

l e v e l s off, and begins to decrease, indicating that i ^ i s charging up 

the film on P 9 more rapidly than i ^ i s charging up the film on P... The 

curve l e v e l s out as the steady state condition i s approached. At the 

same pressure, but with, a higher i . j , the holes reach t h e i r peak e f f i c ­

iency more rapidly owing to the increased rate of charging within the 

holes. At low pressures, there i s no i n i t i a l r i c e i n i g ^ , indicating that 

the holes roach t h e i r highest transmission e f f i c i e n c y almost immediately. 

This suggests that at t h i s low pressure, there i s v i r t u a l l y no electron 

lo s s within the holes even without the V.'ehnelt cylinder e f f e c t , wriich i s 

reasonable i n view of the low probability of c o l l i s i o n s between electrons 
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and gas molecules within the holes. 

D,J plates cliarged ygth a dc voltage sirperinroosed uii tne uhf discharge 
such that 1-'̂  becomes charged negatively w i t h r e s u e c t to P*̂  

The plates are nov/ charged up so that there i c a residual voltage 

i n tho gap tending to siveop electrons to the c o l l e c t i n g electrode, P . 

The r e s u l t s have the same form as thoue .juat (.-.escribed, except that i^Q 

now takes higher values. 

0 < Plates charged with a dc voltage superimposed on the uhf discharge such 
that ? becomes charged negatively with respect to P. 

The plates are now charged up so thaj there io a residual voltage 

in the gap ten din» to sweep the electrons back to tho emitting electrode. 

Jj'or a pressure of 0.37 t o r r , ana & low value of i . , , i 0 - takes 

i n i t i a l l y a s n a i l negative value, dropping to a larger negative value 

as che holc-j i n the emitting electrode becor.ie more e f f i c i e n t transmitters 

of electrons, '-'hen i ^ increases, tending to lovel out to a smaller 

negative value a f t e r about 20 minutes. l>'or a higher value of i ^ , the 

holes reach t h e i r maximum transmitting e f f i c i e n c y more quickly. ^O* 

starting off negatively, increases steadily, becoming positive a f t e r 

about fa minutes, and tending to l e v e l off at a small, positive value 

a f t e r about 20 minutes. At lower pressures, i ? Q i n i t i a l l y takes a high 

negative value but r i s e s to a smaller steady negative value a f t e r about 

20 m '_nu oe„. 

Tiie implications of these negative values of i^g are '.'..iscuscod i n 

d e r a i l l a t e r i n t h i s section. (See § 3 . 3 ) . 



3.2 Tg_comoaro the charging rates at the two electrode surfaces 

\Tne:i e. pure uhf discharge i s run in the gap (Soe g3.1a) there 

should be no net residual voltage in the gap afterwards. \/hen the 

current i s then switched on, those electrons which get to the c o l l e c t i n g 

electrode can only get there by diffusion. A considerably l a r g e r pro­

portion should be l o s t by diffusion back to the emitting electrode, 

p a r t i c u l a r l y a t the long gaps discussed i n th i s experiment. This cer­

t a i n l y 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 ma>e a number of c o l l i s i o n s during t h e i r l i f e ­

time i n the gap. 

But the res u l t s (Sec § 3 . 1 a ) show that the system behaves as though 

P i s charging up under the influence of i , ^ more rapidly than P̂  i s 

charging up under the influence of lg (See §1 ) despite the fact that i g 

must surely be greater than i Q i n t h i s case, n'e must consider therefore 

the p o s s i b i l i t y that the surfaces at P̂  and P^ charge up at different 

rates for the same current reaching them. I t i s convenient to define 

the quantity 'efficiency of charging. ' Let the eff i c i e n c y of charging 

at P.j be e.j, ana the e f f i c i e n c y of cnarging at Pg by such that the 

c h a r r i i v l'aoe a t P„ under oho influence of i... i s given by i,,e„, and that 

at l\ uiideu1 the influence of i^Q i s x^n^. 

In a l l the experiments, except those i n which 1̂  was i n i t i a l l y charged 

up p o s i t i v e l y v.ith respect to I ;
2 (where electrons which get back to P.. 

get there by d r i f t ) , the experimental evidence shows that V0 charges up 

more rapidly than P^. (l''rom § 1 ) . 
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and, when equilibrium i s eventually reached, 

12U f2 ~ """fj"'1 * • • • ^-5 

In the case where = tg, i 2 Q = i . ^ , a t equilibrium (as assumed i n §1 

e a r l i e r ) , before equilibriuM i s reached, i ^ < The fraction 

of tJie electrons which reach i s given by, 

= V'̂ O + V > ? 1 / ( < f 1 + e 2 } . . . . 9.6 

from liq. 9.4. 

(17) 

Thomson13 expression for tne fraction of the electrons leaving the 

cathode which a r r i v e at the anode gives 

wnere v^ i s cho 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 tne electrons as they emerge into i o 
the gap. 

Then from i'Jqs. y.& and 9«7 , ignoring ionization occurring as a r e s u l t of 

the i n i t i a l electron random energy. 

4 v / ( v o + 4 v d ) > +€ 2) 

whence, v < i+v.c/e. • 9-8 

And at equilibrium, V Q = 4v^e?/e.j .... 9.9 

I f i t wei-e possible to estimate e 1 and c , and the equilibrium value of 

V,. i t would be pos-ible to calculate the velocity with which the electrons f' 
emerge into the gap. oo f a r i n s u f f i c i e n t information about the nature of 
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the surface films involved has been obtained to enable such a ca l c u l a t i o n 

to oe performed. I t has, however, already been suggested that the random 

energy with which electrons emerge into the gap i s approximately that 

corresponding to Vj. (See Chapter' 6 ) . V i s of tlie order of 7.5 v o l t s , 

r e s u l t i n g in a f i e l d inside the emitting electrode of about 100 v/cm, 

:ioat the sort of pressures used i n these experiments, i t can be seen that 

the random ve l o c i t y of emerging electrons i s high. In comparison, 

rougn measurements of V indicate that i t i s of the order of 10 v o l t s , 

r esulting in a f i e l d i n the gap of about 3 v/cm. The d r i f t v e l o c i t y 

corresponding to t h i s i s c l e a r l y very small i n comparison with V q . There­

fore wc ma. crudely deduce from iiq. 9-9 that 

e2 >>> 

3.3 Investigation of the variation of i„Q when P.] i s i n i t i a l l y oiiarged 
up p o s i t i v e l y with respect to P„ 

\;hcn the i n i t i a l charging up operation i s performed such that P.. i s 

made positive with respect to P,, (See § 3 . 1 c ) electrons which emerge into 

the gap enter a residual f i e l d which tends to sweep them back to the 

emitting electrode. Under these conditions, very few electrons are 

expected to roach P^. Electrons which enter the gap with very low energies 

are almost immediately controlled by d r i f t , returning thou quickly to 

P.j. Those entering witn higher energies may reach P^ i f the pressure i s 

so low chat there are very few c o l l i s i o n s with gas molecules, and the 

adverse V.. i s small. 3ut i n general, p a r t i c u l a r l y a t the pressures the j. 
present experiments have been concerned with, increased i n i t i a l energy 

increases tho e f f i c i e n c y of the back scatter process, according to the 
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(17) Thomson theory v ' and thus reinforces the electron flow back to P . 1 
Therefore we conclude ihat electrons have very l i t t l e chance of reaching 

the c o l l e c t i n g electrode. 

Slectrons returning to P 1 do not contribute to the net current 

flowing in the gap since t h e i r current vectors are cancelled out. 

I t has been shown that electrons probably emerge into the gap with high 

random energy, so saae ionization i n the region close to the emitting 

hoj.e i s l i k e l y , and new electrons thus generated are swept back to do 

contribute to a negative current (-^Q) ^N e x " k e r n a l g aP c i r c u i t . As 

p thus becomes steadily charged up under the influence of this ioniza­

tion current, v̂ , i s reduced, and hence so i s the current flowing back to 

P.j. Eventually, V̂ . i s reduced to the point where electrons s t a r t to 

reach p^ by diffusion. Positive values of 1^ are registered in the 

external gap c i r c u i t when the current flowing to P^ becomes greater than 

that due to the electrons generated i n the gap by ionization which flow 

back to P.j. The charging process continues u n t i l V becomes negative 

enough wit.i respect to P.j to s a t i s f y the equilibrium condition, ig<r.| = 

The rate of r i s e of i 2 u when i t i s s t i l l negative i s controlled by 

the charging e f f i c i e n c y at P^, €y Once electrons s t a r t to reach ? 2 , t h i s 

rate of r i s e now aepends on e.. and e^. *s shown i n the previous para­

graph., e i s almost c e r t a i n l y a l o t smaller than <r2, but when i 2 Q i s 

negative, so few electrons get to P 2 that charging a t P 1 i s not having 

to co-ipeto with the cliarging at ? 2 , so the change i n V f, ana hence i 2 Q 

might be quite rapid, as i s shown to be the case experimentally. 
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3.4 Comparison of the r e s u l t s 

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 e l e c t r i c a l state of the electrodes, and that 

a l l the curves should eventually converge on -one condition, i _ e . = ±nr.sn. 
B 1 2U 2 

The rates at which the curves converge w i l l not be expected to be the 

same, since i n the different experiments, equilibrium i s not necessarily' 

brought about the charging at the same electrode. For instance, the 

curves referred to i n § 3 .1a and 3- "lb are controlled by charging mainly 

at the surface of l-'g. But i n the curves referred to i n § 3 .1c and i n 

§3.1 .3» the early part of the curve i s controlled by charging at the sur­

face of P„. 
1 

Only when there i s a f a i r l y high current flowing i n the gap do 

the experimental r e s u l t s 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 fac t that the e q u i l i ­

brium i s not reached i n the duration of these p a r t i c u l a r runs. I t may 

be concluded that the experimental r e s u l t s afford reasonable support to 

the qualitative arguments forwarded. 

Conclusions to Chapter 9 

A l l of these r e s u l t s confirm 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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suggest in.;: that insulating rilms are present. In the present experiments, 

the fomu tion of film- due to the presence or grease i s eliminated by 

the use of a grease-free vacuum system, and the effects of oxidation at 

the electrode uurfaces are eliminated by the u::e of gold-plated electrodes. 

The most l i k e l y remaining p o s s i b i l i t y to produce the effects observed i s 

the formation of layers of gas at the surfaces of the electrodes. The 

experimental evidence suggests that the charging rate i s not the same at 

the two electrodes, and that the c o l l e c t i n g electrode charges up more 

e f f i c i e n t l y than the emitting electrode. One reason that the surfaces 

of the two electrodes are not e l e c t r i c a l l y s imilar i s that during the 

running of the filament, the emitting electrode, , i s at a higher 

temperature ohan the c o l l e c t i n g electrode, p . (On occasions v/hen the 

emitting electrode was removed from the t e s t c e l l i n order to replace 

the filament, i t was observed that i f the filament had been running j u s t 

previously, the electrode was quite warm). Thus we expect the e f f i c i e n c y 

of outga:jsing at the emitting electrode to be greater than that at 

the c o l l e c t i n g electrode, and hence the adsorbed gas l a y e r a t the emit­

ting electrode surface to be thinner, resulting in a smaller degree of 

insulation. Therefore the effect of heat at the emitting electrode w i l l 

r e s u l t in a smaller charging effici e n c y there compared to the c o l l e c t i n g 

electrode, which, in general, i s not subjected to such e f f e c t s . 

measurements of the residual gap voltage by plotting the variation 

of i.-,Q wit:- the externally applied voltage. V^, are not very accurato. 

During a p a r t i c u l a r run, Vfl i s l i k e l y to change under the influence of 
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which i s passiiv- continuously. The ne.;t chapter describes a method 

of measurir: • the residual voltage i n the rap without needing to pass 

a current i n tno gap. 

L i a l l oi' the arguments put forward i n this chapter, we have been 

concerned only with the variation of V f when there i s a current flowing 

i n the gap and have not considered the p o s s i b i l i t y that the voltage acros: 

the surface film might decay by tne passage of a current through the film 

i t s e l f . Later measurements however, (lice Chapter 10) indicate that i n 

the absence of a current flowing i n the gap i t s e l f , there i s l i t t l e varia­

tion i n the residual voltage in the gap. This suggests that the voltages 

generated across the films; decay with tiue constants which are large 

comparGt. to the other oime constants Cdscussed i n t h i s chapter. 

I f .'.'.ore were known about -the nature of the films on the electrode 

surfaces, i-.nC V̂ . at equilibrium could be measured accurately, i t has been 

shown -jiviM might be possible to calculate the random veloci t y with 

which the electrons emerge into the gap, making use of the equilibrium 

condition between i 9 Q and i g (Cee Eq. 9 . 9 ) . This could be done, for 

instence, i f the films at the two electrodes were known to be e l e c t r i c a l l ; 

s i m i l a r i . e . = c^. 

Then at eouilibrium, v - 1+ v,, v, being calculable from and 
o 0. d J-

the as pressure. 

An seen .i'roa the Chapter 8, the measurement of v would a s s i s t 
' o 

greatly the understanding oi' back diffusion processes and of electron 

flow through holes. 



OLiPTaR 10 

RHL'IDUAL- VQLT^G-E^ IN ThiJ GAP 

"I • ^ltrouuction 

(See Chapter j*> § 5 . 1 ) . The e l l i p s o i d voltmeter, o r i g i n a l l y developed 
(25 ': 

by Thornton and Thompson "' for the absolute measurement of high v o l t ­

ages between p a r a l l e l plate electrodes, i s not sensitive enough in i t s 

o r i g i n a l form f o r the measurement of small voltages. I t has not been 

possible durnjig the present work to develop a system which w i l l accurately 

measure f i e l d s l e s s than about 20 v/cm, using the instrument i n the 

orthodo:: fashion. 

This chapter describes attempts that were uade to extend the range 

of one wording of the instrument to the measurement of the small residual 

voltages generated i n the gap. 
2. i-.dai3tion of the e l l i p s o i d voltmeter for the measurement of small 

residual !&y voltages 

Consider the presence of a small resi d u a l voltage on the gap, V̂ ,. 

too small to p.ensure with the e l l i p s o i d voltmeter used i n the orthodox 

fashion. ->.Iso consider a unidirectional volta.ve, V.„ applied externally 

to tne gap. I n i t i a l l y l e t the two voltages reinforce one another. 

•.:'hen, (V, -;- V f ) 2 = E(nJ - njj) 10.1 

whore n ( i s the frequency of o s c i l l a t i o n of the e l l i p s o i d i n the two 

f i e l d s L-IVX n i s the frenuoncy i n the absence of a f i e l d . 

i"ow 7. . i s reversed so that i t i s i n the opposite direction to V̂ .. 



iliminatirif; n between iuas. 10.1 and 10.2 gives o 

k V B V f = l_(n* - n|) 

therefore, K , 2 ;>-, „ .. 
v f = w: < n i - v 

Then, V„ i s proportional to (n. - n ) f o r a given K and Vr.. 

V̂ , i s pl o t t e d as a function of n (assuming that V f i s wade zero by run-

nine; a pure uhf discharge i n the gap) and K i s obtained from the slope 

of tho s t r a i t 7 i t l i n e thus obtained. The fa c t that the curve turns out 

to be a straight l i n e i s confirmation that V̂ , i s i n fa c t zero. I f required, 
2 n may be obtained fro:n tne intercept on the n axis, o * 

I t i s seen from the above expression that for a given residual v o l t ­

age 0̂1 the cap, the greater the value of V-̂ , the greater the difference 

i n the e l l i p s o i d frequency when Vj, i s reversed. Therefore, high 

s e n s i t i v i t y i n the measurement of V\. i s obtained vAien a high value of 

i s used. 

3. 3:r,ae rim en t a l c on s i derations 

The basic experimental system f o r the e l l i p s o i d voltmeter, and the 

method of measuring the frequency of the torsional o s c i l l a t i o n s are 

described i n Chapter 3. 

hydrogen was admitted in t o the system at a. pressure of about 5 t o r r , 

and the electrodes wore charged up by running a discharge i n the gap. 

The external voltage, V..,, was applied to the f.;ap, and the time f o r 
St 

10 swings was measured. Using a Leyboli clock, and carefully observing 



the o s c i l l a t i o n s as the e l l i p s o i d passed through i t s equilibrium 

position, the time f o r 10 swings could be measured to better than l / 5 t h 

second. Tho external voltage was then reversed, and the reading repeated. 
? 2 

Thus n.j and n^, hence (n^ - n g) were found, and hence V f .from Eq. 10.3. 

I t takos about three minutes to obtain a single value of V . Thus i t i s 

possible to p l o t V f as a function of time. 

I t i s expected that the error i n V̂ , f o r a single reading i s quite 

large. So much depends on the accuracy with which the time f o r the 

10 swings can be measured, errors being introduced at the s t a r t i n g and 

the stopping of the clock. However i f many values of are obtained over 

a period of time, much of t h i s error can be accounted f o r . 

Certain modifications were made to the o r i g i n a l e l l i p s o i d voltmeter 

systeu, i n an attempt to reduce some of the sources of systematic error. 

The magnet supporting the e l l i p s o i d assembly exerts a force on the 

small piece of i r o n wire placed on the f i b r e between the e l l i p s o i d and the 

support (iJee page i*S) constraining the motion of the wire, and hence of 

the e l l i p s o i d . This does not seriously aff e c t the c a l i b r a t i o n of the uhf 

indicating meters (See Chapter 3)> since, provided that the position of 

the magnet does not a l t e r between the dc and the uhf pa:.ts of the c a l i ­

bration, any such effects cancel. However, when the instrumentis used 

f o r absolute voltage measurements, as i n the present case, t h i s perturba­

t i o n may well a f f e c t the readings obtained. A non-magnetic form of 
(2) 

support was therefore b u i l t , similar to that used by Longx~-. This 

introduced the use of greased connections in t o the vacuum system i n 

order to provide f o r the raising and lowering of the e l l i p s o i d i n t o and -133-



out of -the gap. However, by t i l l s time, the main measurements of a m p l i f i ­

cation and breakdown voltages had been completed, so the introduction of 

grease i n t o the system was not considered to be a serious objection at 

th i s stare i n tne work. 

The p o s s i b i l i t y was not ruled out that the motion of the small 

piaco of iron wire placed on the f i b r e could perturb the notion of the 

e l l i p s o i d by the double pendulu;.- eff e c t , but i t was assumed that such an 

effect would be negligible provided that tho moment of i n e r t i a of the 

e l l i p s o i d i s large compared to that of the piece of wire. Later measure­

ments of V̂ . with the ir o n wire placed actually on the e l l i p s o i d i t s e l f 

(thus eliminating the douole pendulum effe c t ) showed no improvement, con­

firming that uhe above assumption i s a reasonable one. 

I'he results 

Measurement& of were made as a function of time a f t e r the plates 

had previously been charged up by 

a) a pure uhf discharge such that the plates should charge up equally, with 

the gap e l e c t r i c a l l y neutral, 

b) A uhf discharge with a do f i e l d superimposed to sweep electrons t o P2, 

thus charging up negatively with respect t o , 

and c) A uhf discharge with a dc f i e l d superimposed to sweep electrons 

to P.|, thus charging P1 up negatively with respect to Pg. 

Zero time was taken at the moment that the charging discharge was 

switched o f f . 

Graph", showing the v a r i a t i o n of V„ witn time f o r these three cases 
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( c ) P l a t e s charged w i t h uhf' d i s c h a r g e w i t h a d c 

f i e l d sweeping e l e c t r o n s to P^. 

P i g 10.1. Values' of the r e s i d u a l v o l t a g e i n the gap 
measured u s i n g the e l l i p s o i d voltmeter.. 



are given i n i-lg. 10.1. V f i s taken to be positive when i s positive 

with respect to P̂ . 
;i'he values of V̂ , do not l i e on a smooth curve owing to the unavoid­

able error involved i n individual readings, bux i t i s possible to take 

a general view of the behaviour of Vf. I t i s clear from the results that 

the plates charge up as expected f o r the three types of charging process. 

I t i s also confirmed that the pure uhf discharge produces no net residual 

voltage i n the gap. 

The actual values of V_ obtained are smaller than obtained from 

tiie-: e a r l i e r experiments (See Chapter 9 ) j ranging from about 46 v o l t s 

when P.| i s charged up negatively with respect to Pg, to about -6 v o l t s 

when P 9 i s charged up negatively with respect to P... 

l y p i c a l e:cample of calculation of "Vf,:-

'i'ime f o r 10 swings, t ^ = 49-36 sees, t ^ - 50.16 sees. 

—1 —1 n 1 -z .2026 sec , n 2 = .1994 sec . 

xhen,' ( n j - n,̂ ) = .00129 
u 2 2 

VT, =: ii00 v o l t s , and k = 7.75.10 v o l t s .sec . 
'/lien, VXl .= 5 volts. 

J. 

':-"i)esp'i't'e'the sp'i-ead i n t.je points on the graph, i t i s clear from 

these results that V±.. does not vary appreciably with time when there i s 

no cuiTont flowing i n the gap. Xron t h i s i t i s concluded that the time 

constants: for- the decay of the voltages across the surface films are 

long con.ar.Qd to : the- duration uf the experiments. I f i t i s therefore 

assumed that V±1 does not a l t e r during a course of measurments, the many 
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readings taken ciurin.- that time may be averaged tc obtain a more accurate 

value f o r V̂ . The accuracy of the measurement of V f does not depend so 

greatly no'./ on the accuracy of a single reading. 

Thus, tho following values f o r v\. were obtained f o r Jie three sets 

of conditions examined. 
a ) Plates charred with uhf discharge 

'i) V F = -0.26 j . 1.69 volts. 

2) V F = hO.17 4.1.07 volts. 

o) 1-lates harped with uhf discharge with dc f i e l d sweeping; electrons to 

1) Y_r. = -4 .54 -'-2.01 volts. 
j; —* 

2) V f :r. -3.96 j . 1.64 V o l t s . 

c ) Elates charged with uhf discharge with dc f i e l d sweeping electrons to 
-1 

1) V f = +2.3o .t1.V.> volts. 

2) V f - 42 . 93 J; 1.69 volts. 

These voltages ref e r to the net residual voltage i n the gap a f t e r the 

plates have been charged up with a discharge, so far i t has not been 

possible to measure the voltage across the films at the individual 

electrode surfaces, but „hese results indicate that charges up more 

e f f i c i e n t l y under electron bombardment thtin ?^, thus supporting the con­

clusions drawn from the experiments described i n the previous chapter. 

5. Discussion 

iiere i s c method of measuring quite small residual voltages i n a 



parallel, plate r:ap, i n which the electrodescovered with insulating 

f i l m s , have become char-'-ed up by the rjassa;.;e of a current i n the ;;ap. 

The p o l a r i t y oi' the residual voltage i s Given, and the nar-nitude has 

been o'utaincu to wi t h i n A 2 volts. Greater accuracy may je obtained v/itii 

the introduction of more sophisticated methods of t i i . i i n ^ the swings of 

the e l l i p s o i d i n the f;ap. Throughout t h i s study, the basic assumption 

i s am.de- that the presence of the external voltage, VT.,, does not i t s e l f 

disturb the value of V̂ . 

These measurements show that even a f t e r a heavy current has been 

passed i n the gap the residual voltage generated i s quite small i n 

r e l a t i o n to most values of the applied unidirectional gap voltages used 

during the amplification experiments. (See Chapter 4 ) . Thus i t may be 

concluded that when high currents are avoided i n the gap the residual 

voltage /venerated ::>ay oe neglected i n comparison to E^. 

The preliminary measurements of using this method are quite 

pronisiri£, and i t i s hoped that the method mit~ht have useful applications 

elsewhere. 
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The main body of the work described i n t h i s thesis i s aimed at 

furthering the understanding of the movement and behaviour of electrons 

i n gases under the influence of combined unidirectional and u l t r a - h i g h -

frequency e l e c t r i c f i e l d s . 1'ro.n considerations of d r i f t , d i f f u s i o n and 

ionization, an axpression has been derived f o r the amplification of a 

stream of electrons crossing tne gap which gives very encouraging agree­

ment with the experimental results i n a l l of the gases tested, (bee 

Cnapter '6). The picture presented considers die p o s s i b i l i t y of two types 

of bad: d i f 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 

rando:.i energy with which tne electrons emerge i n t o the gap, and secondly 

stead;, state back d i f f u s i o n , and assumes that these two processes may be 

treated independently. The siae of the hold i n the emitting electrode 

does not appear at any stage i n the discussion. The the o r e t i c a l pre­

dictions f o r the shape of the amplification curves make use of the values 

f o r i,ne ionization c o e f f i c i e n t obtained from the breakdown measurements 

made '..iJi the present apparatus, using the same gas samples as used f o r 

the experimental amplification curves. 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 



samples, however, since these value.'; were obtained i n tue ore sent 

apparatus i t i s reasonable to apply them i n nakinf; theoretical predic­

tions ror Sue shape of the amplification curves. An interesting feature 

of tne ureakdown measurements made i n helium and neon i s the apparent 

departure from the diff u s i o n theory of breakdown suggested by Prowse and 
( 1 9 ) 

Clark* , out more extensive measurements ai-e required before t h i s i s 

established. 

die of the major d i f f i c u l t i e s encountered i n the interpretation of 

the amplification curvet- lias been the uncertain nature of electron flow 

through the holes i n the emitting electrode. Although much has been 

learned aoout t h i s (See Chapter 6 ) , assumptions that the current emerging 

in t o the ga;j and the i n i t i a l electron random energy are not dependent 

on the f i e l d i n the gap were necessary i n order to arr i v e at a f i n a l 

expression f o r amplification from whion theoretical values of amplifica­

t i o n can be outained. (See tin. 8. !<J+). I2x.,erimental amplification curves 

were obtained f o r a wide range of and gas pressure i n hydrogen, 

nitrogen, heliuu and neon, but only a narrow range or gap widths were 

oinployud. Ilore 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 v:here electrons are released i n t o the gap by a method other 

than tuc 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 emit-cin*.- holes, and the associated problems (See Chapter 6 ) , are 

eliminated, and electrons are now introduced i n t o the gap with a random 



energy which can be calculated from the wavelength of the impingin,-: l i g h t 

and froi.i tho work function of the .netai fro:?, whion they are released. 

Secondly, tiie cy: tem does not now contain the impurities associated with 

the oxide coated cathode as at present. 

'.the the o r e t i c a l treatment given i n t h i s thesis looks very promising. 

Kowevor, considerable improvement between theory and experiment would be 

expected i f the electron l i f e t i m e i n the gap, at present calculated from 

"C= cV V ^ J c a n be determined 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 Bradbury and N e i l s e n ^ ^ ' ^ ' ^ ' ^ 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 mii-ht be employed to advantage f o r the determination 

of "C i n «hc ]'resent 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 uni­

d i r e c 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. 

Ileasureraonts v.ith t h i s instrument enabled the conclusion to be drawn that 

i f nigh currents a.ie avoided i n the gap, the residual f i e l d generated i s 

small i n comparison to tho values of E., used i n the amplification curves, 

j-'rierefcre the presence of residual voltages i n tne gap experienced during 

the present experiments may be neglected. 

F i n a l l y , i t i s of interest to suggest a mechanical model which 

.light be constructed and used to assist the unuerstanding of electron 
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•E 1 ( A m p l i t u d e ( r n s ) of o s c i l l a t i o n ) ' 

( Slope of 
t a b l e i n 
mean p o s i t i o n , 

P i n s ,or 
•Gas molecules 

Point a t which 
' e l e c t r o n 1 ( b a l l ) , 
i s f i r e d onto 
t a b l e . — — 

i.i'ovement 
h to and f r o 

of the point 
of f i r i n g 

P L A N 

Fift- 11.1. P i n - t a b l e analogue of d i f f u s i o n and 
d r i f t p r o c e s s e s . 

I t may b e . p o s 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 1 ' i s l o s t , i t i s counted a t the 
p o i n t a t which i t l e a v e s the t a t j l e j t h e n returned, to 
the s t a r t and f i r e d again.The point of f i r i n g i n 
the plane of t h e . 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 a t 
l e a s t , t h e random movement of the gas m o l e c u l e s . 
( C l e a r l y i n t h i s case i t i s not p o s s i b l e f o r the 
•gas m o l e c u l e s 1 ( i . e . . p i n s ) to move, independently 

• of the, 'f i e - l d ' t h e m s e l v e s . ) 



motion close to the emitting electrode. (f.'.ee Pig. 11 .1) . Ball bearings, 

representing electrons, are shot horisontally onto a table consistinf-

of a 'f rictior.less 1 surface on wnich are situated a large number of -pins, 

representing gas molecules, with whicn the balls make 'elastic 1 c o l l i s i o n s . 

I t should be possible to measure the i n i t i a l velocity with which the balls 

are shot onto the table. The table may be t i l t e d such that the balls 

experience a force corresponding to ~ ^ c i a n t L the table may oe made to 

o s c i l l a t e about t h i s position with a certain amplitude and frequency 

corresponding to E . 'The necessary conditions are that the frequency u ~ 
of oscij.l.-tion of .the ^able snould be small compared to the frequency of 

co l l i s i o n s between balls and pins, and high enough so that the balls do 

not d r i f t to the f a r end of the table i n one half cycle. 

A b a l l s t a r t i n g o f f a t the o r i g i n w i l l c o l l i d e with pins and may 

as a result of these c o l l i s i o n s eventually reach a terminal ' d r i f t ' 

v e l ocity towards the f a r end of the table, or, a l t e r n a t i v e l y , may return 

to the s t a r t i n g end. By counting the proportion of those s t a r t i n g which 

return to the s t a r t i n g end of the table, as a function of '3 ', '3, 1 

• • LI GLC 

and 'v * , - i t may.be possijle to obtain results similar to the theoretical 

bad: d i f f u s i o n relations described i n Chapter 8. 

http://may.be


AppiiMDIX 1 

TO dl-IO.. LIL.L Lhj, i>j&LOnb SZflJSITIYTTY IS KTDaVIflnji&'T QV TdJ:.IQ-TI'JIDiL L'ifrfolOK 

OH' a i a • m a . s m aus aiaio P O S I T I O N , JU-D ALSO THUT BPS PBBS!JUHK AS ;.IEA.SUKED 

wITh THIS GAUGE l b A L L N E A R HJNCTIOi'f Off BKLLOi.b DISPLAGaim' OI'ILY 

The d i f f e r e n t i a l bellows gauge ef f e c t i v e l y measures the difference 

i n pressures between two gas systems. (See i'lg. 3 . 4 ) . The zero position 

occurs when both systems are at the same pressure, when 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. 

Let T. and T be the i n i t i a l I I 

the tv/o systems be equal, and 

so l e t the forces on each side 

be A.jP and .^p, where A^ and A^ are constants depending on the bellows 

dimensions. I n i t i a l i;he pointer f i x e d between the two bellows i s at aero. 

In the i n i t i a l position, resolving forces, 

the extensions x. and x„ from 

tensions on the springs, and 

I n i t i a l l y l e t the pressures i n 

t h e i r natural lengths. 

*.p 
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or, K 1x 1 - A,p = KgX - A ?p .... I 

(From hooke's lav; where Kj and Kg are the elastic constants of the two 

springs). 

When the pressure on one side changes by Ap, the pointer moves to a ne?/ 

equilibrium position, a displacement <f x: from the zero position. 

Resolving forces again 

K.j(x .1. S x.) - A^p + Ap) = Kg(x - f x ) - AgP .... I I 

And from I and I I 

A1 
a x = — rr- . Ap .... i l l 

N + K 2 

Then i t i s seen that J x 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. 
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IlYDitCG-ii: 99. S>95>- Pure 
Impurities 5 parts per m i l l i o n 

°2 1 

c o 2 0.5 

CO 0.5 • 

KITHOGST 99.999;- Hire 
Impurities A 5 parts per m i l l i o n 

0 1 " 

I ! 1 • 

He 1 " 

Ne 1 " 

N30K 99.95;-. Pure 
Impurities Ue 500 parts per m i l l i o n 

Hp 1 " 

0 2 i n 

« He 0 .5 " 
A 

HKLim: 99.995;. Pure 
"impurities He 3 parts per m i l l i o n 

Kg 1 n 

o 2 1 " 

A i 
L 1 

c o 2 0.5 

Gas samples supplied i n 1 l i t r e flasks from: 

The Hare Gas Department, 
B r i t i s h Oxygen Company. 
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£^^MUrS&Si^jy.-M CO-KBITIED DC Aia uii--- JJI .AJS 

i s -the velocity with whicn the electron cwar:: travels across the gap 

i n the dc f i e l d direction. 

>/-. = Electron d r i f t v e locity i n tne uure dc f i e l d , E, . a J ' dc 
V. - Electron d r i f t v e locity i n the effective f i e l d , E , corresponding 

to the combined dc ana uhf f i e l d s . 
V = j£Lectron random velocity i n the effective f i e l d . 

6 V. . . . . . . , . d a The unia:Lrect::.ona.L swarm velocity, v. = — — u v 

The d r i f t velocity i n the pure dc f i e l d , 

where L, i s the electron mean free-path. (Townsend^*'') a 
The d r i f t v e locity i n the eff e c t i v e f i e l d , 

Dividing I I and I I I , 

L E 
W = 0 . 9 2 ^ SS. e m V n e 

Y/,V,E L, d d e d 
" V E = L e e dc e 

Approximately, f o r a given pressure, = L Q. 

'^ien, •/.V, •.' E, d Q- e dc 
V = S e e 

-. -r eEdc 
Then ir o n 1 ana \f, vi ~ 

•"e 
The electron mobility i n the combined f i e l d s , u Q = "V̂ e" 
.•JIQ SO, 

V d = -ue Edc 

• • • • I 

• = 0.92 s i -Os .... i i 
d m p 

TTT 

IV 

V 
• • • • V 
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APPBHDIX 4 

SH3 gfcglC'JIVS F I E L D H : CCMBIlfflD DC .UiP igff E I 5 L D S 

The e f f e c t i v e f i e l d i n combined u n i d i r e c t i o n a l and o s c i l l a t o r y 

f i e l d s i : ; g iven lay V a r n e r i n and Brown ̂  a s 

& ) V 2 
u ( 2 dc e 

where ^ _ i s the f requency of c o l l i s i o n s between e l e c t r o n s and gas mole-

c u l e s . 

I r . the p r e s e n t exper iment , w ~ 10^ r a d i a n s per second. 

1'he c o l l i s i o n f r e q u e n c y i s f j i v e n by 

\ ? - P TJ V r c c-

where I 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 the e l e c t r o n random v e l o c i t y , 
c 

"'rom To'.vnsend's d a t a ^ ' ' on randoia v e l o c i t i e s and from B r o d e ' s d a t a ^ - ^ on 

c o l l i s i o n r r o b a b i l i t i e a , i t i s c l e a r t h a t f o r t h e gases examined i n the 
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