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L i s t of Symbols 

dc 

uhf 

20 

e f f e c t i v e radius of the electrodes 

radius of the holes i n the emitting electrode 

gap width 

electron d i f f u s i o n c o e f f i c i e n t 

u n i d i r e c t i o n or d r i f t f i e l d i n the interelectrode 

u.h.f. f i e l d i n the interelectrode gap 

frequency of the modulating voltage 

t o t a l electron current emitted by the filament 

t o t a l current collected by the f a r electrode 

i n i t i a l gap current: the current flowing t o the 

coll e c t i n g electrode i n the absence of a u.h.f. 

f i e l d so that a d r i f t f i e l d only acts 

current collected by the i n t e r n a l c o l l e c t i n g plate 

of the f a r electrode 

back d i f f u s i o n current: the current flowing from 

the interelectrode gap to the f r o n t face of the 

emitting electrode 

gap 

u 
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o 
0 
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bD 
•H 
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t, 
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T 

the electron density 

time 

mean l i f e t i m e of an electron i n the interelectrode gap 

t r a n s i t time: the mean time taken by an electron t o cross the 

interelectrade gap 



U n.e^ z m 
a 

V applied u n i d i r e c t i o n a l voltage between the filament a 1 o 
and the emitting electrode s h e l l ^ 

cvi 
V applied u n i d i r e c t i o n a l voltage across the inter-
2 •H 

<U 
to 

electrode gap 

V applied u n i d i r e c t i o n a l voltage between the co l l e c t i n g 

plate and the col l e c t i n g electrode s h e l l 

V d c the actual u n i d i r e c t i o n a l voltage across the i n t e r -

electrode gap 

V the polarization voltage: the voltage across the two fi l m s 

i n series 

V ^u.h.f. voltage across the interelectrode gap 

w> the number of secondary electrons produced at the cathode 

per an electron i n the gap 

0! Townsend's f i r s t ionization c o e f f i c i e n t : the number of ionizing 

c o l l i s i o n s per an individual electron, per u n i t distance d r i f t e d 

LL E . dc 
D 

(X 
T] ionizing e f f i c i e n c y : i\ = — f o r discharges", under pure unidirec-

Edc 
t i o n a l f i e l d s 

i|f ionization rate per an ind i v i d u a l electron l 
\jf recombination rate per an individual electron 
2 

\|r attachment rate per an ind i v i d u a l electron 

T|,, ^ _ y _ y = the net ionization rate per an ind i v i d u a l electron 
1 2 3 

Tp relaxation-time (of t h i n f i l m s ) 

\i electron m o b i l i t y 

as 2nf = angular frequency of the modulating f i e l d 
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1. 

CHAPTER 1 

INTRODUCTION 

Several attempts have been made to elucidate the mechanism of 

conduction i n gases both before and a f t e r breakdown. For unidirec­

t i o n a l f i e l d s , t h i s mechanism has been widely investigated notably 

by Townsend and his school and l a t e r by Llewellyn Jones. They have 

demonstrated that c o l l i s i o n ionization i s an important phenomenon and 

a considerable number of experiments have been performed to measure 

ionization coefficients over a wide range of conditions. The s i g n i f i ­

cance of ionization has also been demonstrated f o r alte r n a t i n g f i e l d s 

but direct measurements have been of very l i m i t e d extent. Few, i f 

any, measurements have been made of ionization before breakdown f o r 

the case when electrons may move back and f o r t h i n the gas without 

c o l l i d i n g with the electrodes. The present experiment i s designed to 

extend measurements of ionization i n t o t h i s region, and follows the 

experiments by which Townsend measured his c o e f f i c i e n t , a, with uni­

d i r e c t i o n a l f i e l d s . The method i s to measure the amplification of an 

electron stream crossing a region over which there i s a high frequency 

f i e l d . 

1.1 Conduction Processes 

Electrons d r i f t i n g through a gas c o l l i d e with gas molecules and, 

as a consequence, move with a random movement superimposed upon*their 

d r i f t motion. Hence t h e i r flow i s by d i f f u s i o n as well as d r i f t . 
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Further, these c o l l i s i o n s leave the electrons with a range of energies 

(Druyve steyn, 1930) • 

An electron whose random energy exceeds the ionization energy of 

an atom or molecule may, on c o l l i s i o n , generate other electrons by 

c o l l i s i o n ionization (Townsend, 1900, 1903, 1915)-
+ 

e.g. e + A-* e + A + e . 1.1 

Both the o r i g i n a l and generated electron may then ionize other atoms 

or molecules and so on, to give an electron avalanche. Townsend showed 

that i f a current, i Q , i s injected at the cathode of a p a r a l l e l plate 

gap, width, d, across which there i s a d r i f t f i e l d , E^, the current 

reaching the anode i s 
dcJ 

d 
e I S r> 

/ a. 
= i_eVo 

dx 
i = i eVo 1.2 

o 
where 0! i s the number of ionizing c o l l i s i o n s per cm d r i f t , per an 

electron. 

The value of a depends on the number of electrons with energy 

greater than the ionization energy and thus depends on the electron 
dc 

energy d i s t r i b u t i o n which i s a function of .. A t y p i c a l experimen-P E >̂ i dc 
t a l p l o t of Amplification, A = — , against gap width f o r constant 

(figure l . l ) shows i n i t i a l l y the exponential r i s e of amplification 

with gap width r e s u l t i n g from c o l l i s i o n ionization. At larger gap 

widths, t h i s l i n e departs from the simple exponential and has been 

interpreted by Townsend i n terms of secondary processes by which 

positive ions and photons formed by electron-gas molecule c o l l i s i o n s , 

cause emission of electrons on s t r i k i n g the cathode. This leads t o 
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the equation: 
ad 

A = t = i _ e- 6(«a-D 1 , 5 

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

per an electron i n the gap. 

1.2 Balance of electron generation and removal processes 

Electrons may be l o s t from a discharge by d r i f t i n g t o an electrode 

or d i f f u s i n g to the boundary. In addition, they may be l o s t i n the 

volume of the gas by recombination with positive ions or attachment t o 

neutral molecules. 

A discharge, i n general, represents a balance between these loss 

processes and the generation processes (including both the i n t e r n a l 

generation processes described above and those due to an external 

agency e.g. photoemission or photoionization etc.). From a considera­

t i o n of an elemental volume of the discharge, t h i s balance may be 

expressed by the equation of continuity f o r electrons i n a gas 

(Townsend, 1925), 
-2/t, \ ^ d c 5n , . . Sn ,, *"(D.n) - — . g - t i r n + x - ^ 1. * 

where 

5n = electron density 

D = d i f f u s i o n c o e f f i c i e n t of electrons 

u = mobility of electrons 

E^c = d r i f t f i e l d directed along the z-axis 

x = rate of generation of electrons by an external agency per unit 

volume. 
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and i|f represents the net rate of generation of electrons per an 

individual electron by c o l l i s i o n ionization and i s given by 

1-5 

where, i|f ionization rate per an individual electron 

recombination rate per an individual electron 
2 

attachment rate per an individual electron. 

I n equation l.k, the terms represent respectively, the rate of loss of 

electrons by d i f f u s i o n , the rate of loss by d r i f t , the net rate of 

generation by c o l l i s i o n ionization, the rate of volume generation by an 

external agency and the rate of change of electron density, which i s 

zero when equilibrium has been established. 

I f the loss rate exceeds the i n t e r n a l generation rate (inclusive 

of secondary emission), then generation of electrons by an external 

agency i s necessary f o r the discharge to be maintained. The electron 

current reaching the boundaries of such a discharge i s then proportional 

to the injected current, the constant of p r o p o r t i o n a l i t y being dependent 

on the ionization c o e f f i c i e n t and thus on the applied f i e l d (e.g. equa­

t i o n 1.2 f o r unidirectional f i e l d s i n p a r a l l e l plate gaps). 

I f the t o t a l generation rate exceeds the loss rate, equilibrium can 

no longer be established between the current injected and that l o s t from 

the discharge. The equilibrium set up i s then one between the i n t e r n a l 

generation and loss processes. The onset of t h i s breakdown condition 

occurs at a d e f i n i t e voltage known as the breakdown voltage. 

1.3 Breakdown i n unidirectional f i e l d s 

Here the structure of the discharge i s an electron avalanche 



o r i g i n a t i n g at the cathode. Secondary emission provides a means of 

generating electrons to r e t a i n the avalanche independently of any 

external agency. Hence at breakdown the general condition*, that the 

system be self-maintaining i s s a t i s f i e d . This condition i s thus given 

by equation 1.3 when, 

1 . I e(« d-D = 0 . 1.6 

and i becomes independent of i Q , the current emitted in t o the gap by an 

external agency. 

Equation 1.6 i s known as Townsend's c r i t e r i o n f o r breakdown i n 

uniform unidirectional f i e l d s . From t h i s i t follows that breakdown 

f o r a given gap i s dependent on w and a, which are both functions of 
Edc 

Thus the breakdown condition (equation 1.6) may be s a t i s f i e d 
independently of the current flowing, provided no space charge effects 
occur. This has been tested experimentally by Llewellyn Jones and Parker, 
1950, 1952, who showed that the maintaining p o t e n t i a l of a self-maintain­
ing discharge was independent of the current f o r low current densities 
but decreased at higher current densities 
/ when space charge effects became appreciable. 

1.k Breakdown i n Alternating Fields 

At low frequencies and low gas pressures, electrons are swept 

alternately t o each electrode. Each half cycle may then be considered 

as a unidirectional discharge and has similar characteristics. 

At higher frequencies the electrons can move to and f r o i n the gas 

without c o l l i d i n g with the electrodes. The predominant loss mechanism 

i s then d i f f u s i o n rather than d r i f t . Thus the v i b r a t i n g electrons 

diffuse through the gas u n t i l they come close enough to a boundary to 
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be swept to i t by the f i e l d . Such are known as d i f f u s i o n controlled or 

u l t r a high frequency (u.h.f.) discharges, and were recognised by G i l l 

and Donaldson, 1931> as a decrease i n the breakdown stress to about half 

the unidirectional or low frequency f i e l d value ( f i r s t observed by 

Gutton and Gutton, 1928). 

The present work i s concerned with t h i s l a t t e r type of discharge. 

Following Townsend, ionization studies under such conditions, are 

attempted using a small d r i f t f i e l d to sweep out the electrons. Varnerin 

and Brown, 195®> have shown that i n such discharges, where a small d r i f t 

f i e l d i s superimposed upon the u.h.f. f i e l d , the d i f f u s i o n theory applied 

to pure u.h.f. discharges i s applicable. This w i l l therefore be dis­

cussed further. 

The breakdown condition f o r d i f f u s i o n controlled discharges has been 

widely studied, notably by Sanborn Brown and h i s collaborators who have 

worked out a detailed theory. The condition f o r breakdown i s that on 

the average each electron must generate another electron by c o l l i s i o n 

ionization before being l o s t from the gap by d i f f u s i o n . This i s the 

condition that the discharge be self-maintaining and stable. Herlin 

and Brown, 191l-8a, have expressed.this condition i n terms of the equation 

of continuity (equation applicable to these conditions:-

The f i r s t term represents the rate of loss by d i f f u s i o n and the second 

the rate of formation of electrons. 

By solving t h i s equation, the breakdown condition may be deduced 

as 

D. ^ . n + i|m = 0 1.7 

D 1.8 



Here A 2, the d i f f u s i o n length f o r the gap, i s a function of the shape 

and dimensions of the vessel containing the discharge. 

From the condition f o r breakdown that one ionization c o l l i s i o n 

occurs i n the l i f e t i m e of each electron, the mean electron l i f e t i m e 
A 2 

i s from equation 1.8, -̂ p. I t i s of interest here t o note that consid­

eration of the random walk of an electron shows that the mean time to 
r 2 

diffuse a distance, r, i s proportional t o ~ . This suggests that A i s 

a measure of the mean distance an electron must diffuse t o reach a 

boundary. 

For the case of a c y l i n d r i c a l vessel, length d and radius a, 

where the f i r s t term represents loss to the ends and the second loss 

to the curved surface. 

Equation 1.8 suggests that vessels of d i f f e r e n t shape, but of the 

same d i f f u s i o n length, have the same breakdown f i e l d . This has been 

demonstrated by Herlin and Brown 19^8b showing the v a l i d i t y of the 

di f f u s i o n theory. 

As i n the unidirectional f i e l d case the value of i|r depends on the 
Euhf 

electron energy d i s t r i b u t i o n and thus on ' • •- , where E , „ i s the r.m. s. 
p ' uhf 

value of the u.h.f. f i e l d and p i s the gas pressure. Since D i s also 
E 

a function of , Prowse and Clark (1958) were able t o show from the 

c r i t e r i o n f o r breakdown (equation 1.8) that the r e l a t i o n between pA and 

E^pA should be unique f o r any given gas. MacDonald and Brown, 19^9> 

showed by dimensional analysis that these were proper variables f o r the 

1.9 
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discussion of u.h.f. breakdown. 

The many measurements of u.h.f. breakdown f i e l d s i n microwave 

c a v i t i e s have been shown (Brown, 1956) t o form unique EA, pA p l o t s 

f o r a given gas (e.g. F i g . 1.2 f o r hydrogen) and thus t o be compatible 

w i t h the d i f f u s i o n theory. Prowse and Clark t e s t e d the theory a t 

5 Mc/s f o r c y l i n d r i c a l gap of v a r y i n g dimensions and found unique 

Euk£A-pA. p l o t s f o r the u.h.f. region. 

Thus i t may be concluded t h a t the d i f f u s i o n c o n t r o l of the 

discharge i n t h i s r e g i o n i s w e l l e s t a b l i s h e d . 

Varnerin and Brown (1950) have shown t h a t when a small u n i d i r e c t i o n a l 

f i e l d , E^ c > i s superimposed upon the u.h.f. f i e l d , the d i f f u s i o n theory holds 

provided t h a t A i s replaced by a m o d i f i e d d i f f u s i o n l e n g t h , Ar.;, given by 

v A 

1.10 

Employing A m i n the c o n d i t i o n f o r breakdown they obtained values of the 

mean e l e c t r o n energy and the r a t i o of e l e c t r o n m o b i l i t y , n, t o the 

d i f f u s i o n c o e f f i c i e n t , D, f o r d i f f u s i o n c o n t r o l l e d c o n d i t i o n s . 

1.5 Surface Phenomena 

As shown i n s e c t i o n 1.3; surfaces p l a y an important p a r t i n d i s ­

charges under u n i d i r e c t i o n a l f i e l d s . L l e w e l l y n Jones and Davies, 1951a 

and b, found a marked d i f f e r e n c e i n the u n i d i r e c t i o n a l breakdown s t r e s s 

f o r clean and oxide coated electrodes. This they i n t e r p r e t e d as a change 

i n secondary emission processes (De Boer, 1935)* 

A s i m i l a r experiment ( L l e w e l l y n Jones and Morgan, 1951)> w i t h 

a l t e r n a t i n g f i e l d s showed t h a t the u.h.f. breakdown stress was indepen-



dent of the c l e a n l i n e s s of the electrode surfaces. Hence they concluded 

t h a t surfaces played a n e g l i g i b l e p a r t i n u.h.f. breakdown. 

H e r l i n and Brown, 19^8a, showed t h a t i n d i f f u s i o n c o n t r o l l e d d i s ­

charges, the d i f f u s i o n l e n g t h would have t o be m o d i f i e d i f secondary 

processes were important. The f a c t t h a t experimental data, obtained by 

several workers, and f o r a range of v a r i o u s l y shaped vessels, i s com­

p a t i b l e w i t h a unique Euk£>A,pA p l o t , suggests t h a t no such m o d i f i c a t i o n 

i s r e q u i r e d and t h a t secondary processes are n e g l i g i b l e . 

I n general, surfaces have been found t o have n e g l i g i b l e e f f e c t on 

the breakdown st r e s s f o r the d i f f u s i o n c o n t r o l l e d r egion. However, t h e i r 

e f f e c t when a small d r i f t f i e l d i s superimposed upon the u.h.f. f i e l d 

does not appear t o have been i n v e s t i g a t e d . I n the l a t t e r p a r t of t h i s 

t h e s i s some attempt i s made t o e l u c i d a t e the e f f e c t s of surface phenomena 

under such c o n d i t i o n s . 

1.6 I o n i z a t i o n i n u.h.f.. f i e l d s 

H e r l i n and Brown, 19^8a, suggested, as a consequence of equation 1.J, 

t h a t ^ was the proper i o n i z a t i o n c o e f f i c i e n t i n p u r e l y d i f f u s i o n c o n t r o l l e d 

systems. Considering the random walk of an e l e c t r o n , the time taken t o 
1 if 

d i f f u s e u n i t distance i s p r o p o r t i o n a l to' g, so t h a t f j i s p r o p o r t i o n a l t o 

the number of i o n i z i n g c o l l i s i o n s per u n i t distance the e l e c t r o n has 

d i f f u s e d . I t i s thus analogous t o Townsend's a, the number of i o n i z i n g 

c o l l i s i o n s per u n i t distance an e l e c t r o n has d r i f t e d , which i s a p p l i c a b l e 

t o d r i f t c o n t r o l l e d discharges. H e r l i n and Brown found i t convenient t o 

define a c o e f f i c i e n t , ^ = — , t o be analogous t o the i o n i z a t i o n 
define a c o e f f i c i e n t D E uhf 
e f f i c i e n c y defined by Townsend as f\ - a • Measurements of 

dc 

were made 
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a t breakdown using the c r i t e r i o n of equation 1.8 expressed as 

1 = ^' . Figure 1.3 i s a summary of r e s u l t s f o r hydrogen. 
•uhf 

Varnerin and Brown, 1950 > extended t h i s work t o c o n d i t i o n s where a 

small d r i f t f i e l d was superimposed on the u.h.f. f i e l d . 

These measurements of i o n i z a t i o n have been confined t o breakdown. 

No measurements had been made of i o n i z a t i o n c o e f f i c i e n t s before break­

down, as had been done f o r u n i d i r e c t i o n a l f i e l d s by Townsend i n h i s 

measurements of a. 

There Townsend was able t o analyse the c o n d i t i o n a t breakdown from 

the increase of conduction by the gas as the d r i f t f i e l d approached t h a t 
i o n 

f o r breakdown. S i m i l a r l y measurements of conduct/with u.h.f. f i e l d s 

before breakdown are thought t o provide a u s e f u l approach t o the a n a l y s i s 

of u.h.f. breakdown as w e l l as t o provide u s e f u l data on the c o n d u c t i v i t y 

of gases under such c o n d i t i o n s . Such an experiment i s t h a t described i n 

t h i s thesisv 
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CHAPTER 2 

THE PROBLEM, ITS PRACTICAL AND THEORETICAL ASPECTS 

2.1 General D e s c r i p t i o n of Apparatus 

The apparatus was b a s i c a l l y t h a t developed by N i c h o l l s (1960), 

w i t h c e r t a i n improvements and m o d i f i c a t i o n s which w i l l be described 

i n d e t a i l i n the -next chapter. 

Figure 2.1 shows d i a g r a m a t i c a l l y the electrode assembly, which 

c o n s i s t s of two hollow, p e r f o r a t e d , Rogowski-profiled electrodes. A 

stream of el e c t r o n s d e r i v e d from an oxide coated f i l a m e n t , i s drawn 

t o the back of the e m i t t i n g electrode by a d r i f t f i e l d provided by 

the u n i d i r e c t i o n a l v o l t a g e , V , a p p l i e d between the backing p l a t e and 

the electrode s h e l l . A f r a c t i o n of these e l e c t r o n s i s i n j e c t e d i n t o 

the gap through holes i n the electrode. These e l e c t r o n s are allowed 

t o d r i f t across the i n t e r - e l e c t r o d e gap under a d r i f t f i e l d , E^c, 

provided by a voltage*V > a p p l i e d across the gap. 
2 

A f r a c t i o n of the el e c t r o n s i n c i d e n t on the c o l l e c t i n g electrode 

f l o w through the holes and are drawn t o a c o l l e c t i n g p l a t e by a d r i f t 

f i e l d r e s u l t i n g from a voltage, V , a p p l i e d between the c o l l e c t i n g elec-
3 

trode s h e l l and the i n t e r n a l c o l l e c t i n g p l a t e . 

The c u r r e n t s measured are (Figure 2.1):-

a) The t o t a l c u r r e n t e m i t t e d by the f i l a m e n t , i ^ . 

b) The curre n t c o l l e c t e d by the c o l l e c t i n g e lectrode system, i . 
2 

and c) The cu r r e n t c o l l e c t e d on the i n t e r n a l c o l l e c t i n g p l a t e of the 

f a r e l e c t r o d e , i . 
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The f i r s t two are measured by galvanometers G and G .and i (and a l s o 
1 2 3 

i i f required) by an electrometer method. 
2 

P r o v i s i o n i s made f o r the a p p l i c a t i o n of a u. h. f . f i e l d between 

the electrodes, which i s superimposed upon the small d r i f t f i e l d , V . 
2 

2.2 The methods of measurement 

I n the absence of a u.h.f. f i e l d a stream of e l e c t r o n s f l o w across 

the i n t e r e l e c t r o d e gap under d r i f t f i e l d only. The cu r r e n t then 

received by the c o l l e c t i n g electrode system w i l l be r e f e r r e d t o as the 

i n i t i a l gap c u r r e n t , i 
20 

When the u.h.f. f i e l d i s ap p l i e d , t h i s e l e c t r o n f l o w w i l l be 

modified so t h a t the c u r r e n t t o the c o l l e c t i n g electrode system changes 

t o a value, i . The e f f e c t of the u.h.f. f i e l d i s then measured as the 
2 

a m p l i f i c a t i o n of t h i s e l e c t r o n stream, d e f i n e d as: 
i 

A = -4 2.1 
l 
20 

The mean time taken f o r an e l e c t r o n t o cross the i n t e r e l e c t r o d e gap 

w i l l be r e f e r r e d t o as the mean t r a n s i t time, t ^ . The measurement of 

t r a n s i t times i s attempted by use of a method s i m i l a r t o t h a t of 

Bradbury and Wielson (1936). The e l e c t r o n s are sent across the gap 

i n p u f f s and gated on the f o r side t o provide a resonant system. For 

t h i s purpose the electrodes bounding the i o n i z a t i o n r e g i o n are p e r f o r a t e d 

and hollow t o accommodate the e l e c t r o n generation and g a t i n g system. 

2.3 The T h e o r e t i c a l Aspects 

I t may be shown t h a t i n the present apparatus,the e l e c t r o n s o s c i l l a t e 
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about 100 times as they move across the gap. Thus the e l e c t r o n s are 
o s c i l l a t i n g under u.h.f. c o n d i t i o n s . 

I n pure u.h.f. conditions, i . e . i n the absence of a d r i f t f i e l d , 

d i f f u s i o n has predominant c o n t r o l of e l e c t r o n l i f e t i m e so t h a t an 

e l e c t r o n has an equal p r o b a b i l i t y of f l o w t o e i t h e r e l ectrode. Under 

these c o n d i t i o n s no u n i d i r e c t i o n a l c u r r e n t i s expected so t h a t i o n i z a ­

t i o n would have t o be measured i n terms of the u.hVf. c u r r e n t f l o w 

across the gap. This has, i n p r i n c i p l e , been used i n tuned c a v i t i e s t o 

study the decay of plasmas (Brown and Bi o n d i , 19^9 > and o t h e r s ) . How­

ever, such measurements are not easy t o perform nor i s i t easy t o 

derive expressions f o r the i o n i z a t i o n r a t e . To overcome these d i f f i ­

c u l t i e s the a p p l i c a t i o n of a small d r i f t f i e l d provides a u n i d i r e c t i o n a l 

component i n the system. Hence cur r e n t s may be measured i n terms of 

t h e i r u n i d i r e c t i o n a l component. Furt h e r the d r i f t f i e l d provides a 

concept of d i r e c t i o n a l f l o w i n the system which s i m p l i f i e s the p h y s i c a l 

p i c t u r e of the mechanism and e l e c t r o n f l o w p a t t e r n s i n the gap. How­

ever, i f the i o n i z a t i o n observed i s t o be the r e s u l t of energy communi­

cated by the u.h.f. f i e l d r a t h e r than the d r i f t f i e l d , i t i s necessary 

t h a t t h i s d r i f t f i e l d be small. 

I f the Townsend approach t o the process of a m p l i f i c a t i o n i s t o be 

fo l l o w e d , i t i s necessary t o assume t h a t d r i f t i s predominant i n con­

t r o l l i n g the e l e c t r o n f l o w p a t t e r n . Then, as i n the u n i d i r e c t i o n a l 

f i e l d case, i t i s possible t o define a c o e f f i c i e n t , £, which corresponds 

t o Townsendfe a, and t o derive the a m p l i f i c a t i o n of an e l e c t r o n stream 

cro s s i n g a gap of wid t h d as e^d. A l t e r n a t i v e l y by a s i m i l a r argument, 
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the a m p l i f i c a t i o n may be de r i v e d i n terms of the mean t r a n s i t time, t ^ , 

and the i o n i z a t i o n r a t e , \|r, as e 

I n d i f f u s i o n c o n t r o l l e d systems the a m p l i f i c a t i o n i s c o n t r o l l e d by 

the l i f e t i m e of e l e c t r o n s i n the i o n i z i n g f i e l d r a t h e r than the distance 

t r a v e l l e d d uring t h e i r l i f e t i m e . Hence \|r r a t h e r than £ i s the proper 

v a r i a b l e f o r measurement of i o n i z a t i o n . F urther, i n the present 

experiment, £ i s dependent on the d r i f t f i e l d and i s t h e r e f o r e not a 

unique f u n c t i o n of the u.h.f. f i e l d . On the other hand the net i o n i z a ­

t i o n r a t e , may be expected t o be dependent s o l e l y on the e l e c t r o n 

energy and thus predominantly on the u.h.f. f i e l d . Hence measurement of 

\jf i s attempted i n the present experiment. 

As suggested by the Townsend-type r e l a t i o n , A = £ , i t was o r i g i ­

n a l l y thought t h a t \|r could be c a l c u l a t e d from simultaneous measurements 

of a m p l i f i c a t i o n and t r a n s i t time. However a f u l l e r t h e o r e t i c a l t r e a t ­

ment, prompted by p r e l i m i n a r y measurements of a m p l i f i c a t i o n , suggests 

t h a t d i f f u s i o n i s comparable t o d r i f t so t h a t t h i s simple equation i s not 

ap p l i c a b l e . I n the present experiment the e l e c t r o n energy i s supplied by 

the u.h.f. f i e l d r a t h e r than the d r i f t f i e l d as i n the u n i d i r e c t i o n a l case 

considered by Townsend. Hence the r a t i o of d i f f u s i o n c o e f f i c i e n t t o 

d r i f t v e l o c i t y i s greater and d i f f u s i o n may be expected t o have grea t e r 

c o n t r o l of e l e c t r o n f l o w . The present view i s t h a t both a m p l i f i c a t i o n 

and t r a n s i t time experiments can i n d i v i d u a l l y give values of provided 

some theory of e l e c t r o n f l o w i n the gap i s assumed. These experiments 

are t h e r e f o r e t r e a t e d separately i n what f o l l o w s . 

N i c h o l l s (1960) has obtained p r e l i m i n a r y measurements of a m p l i f i c a -
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t i o n w i t h the present apparatus. I n p a r t i c u l a r he has e s t a b l i s h e d 
t h a t there i s a r a p i d growth of i o n i z a t i o n as breakdown i s approached. 
The problem remaining i s t h e r e f o r e t o e l u c i d a t e the mechanism which 
can e x p l a i n these r e s u l t s i n terms 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 
c o e f f i c i e n t s and thus o b t a i n some accurate measurements of the i o n i z a ­
t i o n r a t e . 
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CHAPTER 3 
APPARATUS 

5.1 D e t a i l s of the Electrode System 

The electrodes/were those used by N i c h o l l s , 1960. The p e r f o r a ­

t i o n s were confined t o the f l a t face as i n d i c a t e d i n f i g u r e 2.1. I n 

the e m i t t i n g electrode t h i s face i s .076 cm t h i c k and i s d r i l l e d w i t h 

O.Oitftiw 35 holes of C\fi^8 cm diameter, countersunk on the i n s i d e t o a depth of 

.058 cm. I n the c o l l e c t i n g electrode there are about 50 holes of twice 

the diameter t o provide a great e r transmission of e l e c t r o n s t o the 

inner c o l l e c t i n g p l a t e . To prevent p o s i t i v e ions s t r i k i n g the f i l a m e n t 

no holes are d r i l l e d i n the centre of the e m i t t i n g e l e c t r o d e f o r an 

area of 0.6 cm diameter. 

The electrode system i s contained i n a chamber connected t o a 

vacuum and gas p i p e t t i n g system. This enables a i r t o be removed, by 

a t t a i n i n g a vacuum of b e t t e r than 10~ 4 mm. Hg. and the chamber may then 

be f i l l e d w i t h the r e q u i r e d gas a t a given pressure. I n i t i a l l y the 

vacuum system was t h a t used by N i c h o l l s and i s shown i n f i g u r e 3-1* 

L a t e r a m o d i f i e d form was used (Figure l i t . 1, Chapter 13.). The 

pressure of gas was measured using a d i f f e r e n t i a l bellows gauge c a l i -

bratedagainst a mercury column. The range of pressure was between 

3 and 10 mm. Hg. and the i m p u r i t y content, estimated from observations 

on the a b i l i t y of the system t o r e t a i n a vacuum, was b e t t e r than 1 

p a r t i n 10 4. The system was outgased by l e a v i n g under vacuum f o r a t 

l e a s t a week before measurements were made. 
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A u.h.f. f i e l d may be a p p l i e d between the electrodes by 
a t t a c h i n g them t o the open end of a tuned ^ transmission l i n e 
(Figure 3.2). An o s c i l l a t o r , of frequency 106.8 Mc/s, was l o o s e l y 
coupled t o the closed end of t h i s l i n e . The amplitude of the 
o s c i l l a t i o n s a n d thus the voltage across the i n t e r - e l e c t r o d e gap was 
adjusted by use of a Variac transformer which a l t e r e d the h . t . 
voltage a p p l i e d t o the o s c i l l a t o r . 

A diode voltmeter, c a p a c i t a t i v e l y coupled across the l i n e a t 

p o i n t s A of f i g u r e 3' 2, was used t o i n d i c a t e voltages across the 

gap. I t was not p o s s i b l e t o co:nnect a d i r e c t - r e a d i n g voltmeter t o 

the electrodes, but t h i s i s not e s s e n t i a l so long as a means i s 

a v a i l a b l e of c a l i b r a t i n g a loose-coupled i n d i c a t i n g meter i n terms 

of gap voltage. For t h i s c a l i b r a t i o n an e l l i p s o i d f i e l d m e t e r was 

used. 

3.2 The e l l i p s o i d f i e l d m e t e r 

This instrument c o n s i s t s of a Wood's metal bead hung on a quartz 

f i b r e midway between the electrodes. I t may be shown (Maxwell, ISOh), 

t h a t the frequency of t o r s o i n a l o s c i l l a t i o n , R̂ , i s dependent on the 

f i e l d i n the gap, E, according t o the r e l a t i o n , 

E = K(n 2 - n 2)''» 3-1 
1 o ' 

where K i s a constant and n Q i s the n a t u r a l frequency of o s c i l l a t i o n 

i . e . t h a t f o r which the f i e l d i s zero. 



This instrument has been used by Thornton and Thompson, 1932, 

f o r measurement of h i g h u n i d i r e c t i o n a l f i e l d s and by Bruce, 19^7 j 

f o r h i g h a l t e r n a t i n g f i e l d s . The inaccuracies d e a l t w i t h by Bruce, 

19^7> ca- n be neglected when the instrument i s d i r e c t l y c a l i b r a t e d . 

Wicholls, 1960, has shown t h a t equation 3«1 holds f o r u.h.f. f i e l d s 

and t h a t K i s independent of frequency. Thus the instrument may be 

used as a change-over instrument between u n i d i r e c t i o n a l and u.h.f. 

f i e l d s . 

The frequency of the bead was measured w i t h a stop-watch, 

using an electro-mechanical counter operated by a Morse key t o count 

the o s c i l l a t i o n s . I t was found necessary t o l i m i t the i n i t i a l ampli­

tude of the o s c i l l a t i o n t o some predescribed value and t o time a con­

sta n t number of o s c i l l a t i o n s i n order t o get compatible repeatable 

r e s u l t s . I n t h i s way a c a l i b r a t i o n accuracy of about 1% was o b t a i n ­

able. 

The r e l a t i o n between the i n d i c a t i o n of the diode v o l t m e t e r , 9, and 

the a c t u a l v o l t a g e , across the electrodes was found t o depend on 

the gap w i d t h , d. For a given gap w i d t h , 0 was found t o be p r o p o r t i o n a l 

t o V , „. 
uhf 

I f i c h o l l s suggests t h a t t h i s v a r i a t i o n of voltmeter s e n s i t i v i t y i s 

a t t r i b u t a b l e t o v a r i a t i o n of the p o s i t i o n of the voltmeter on the 

standing wave p a t t e r n a l l a i g t h e l i n e . As the gap w i d t h i s increased 

the capacitance across the end of the l i n e i s decreased. To compensate, 

the l i n e i s retuned by i n c r e a s i n g the t u n i n g capacitance on the other 

side of the voltmeter. This e f f e c t i v e l y moves the voltmeter a l l o n g the 

standing wave c l o s e r t o the gap, w i t h corresponding l a r g e r reading on 



19-

the voltmeter f o r a given gap voltage. 

Following t h i s suggestion a q u a n t i t a t i v e approach has been 

attempted. 

I t may be shown (Jackson, 19^^) t h a t f o r a l i n e of c h a r a c t e r i s t i c 

impedance, Z Q, terminated w i t h an impedance, Z^, the v o l t a g e , -V , a t a 

distance, y, from the t e r m i n a t i o n i s r e l a t e d t o the v o l t a g e , V^, a t 

the t e r m i n a t i o n by 
Z 

V = V m (cosh Py + ̂  . s i n h By) 3.2 
y 1 t •' 

where P i s the propagation constant. 

Applying t h i s t o the present case, i s the vo l t a g e across the 

gap, Y^-f = ^ • u j ] f , < ^ ' """s ̂ e voyage across the l i n e a t the p o i n t of 

coupling of the diode voltme t e r and y i s the distance from gap t o 

voltmeter along the l i n e . I n the above c a l i b r a t i o n , the t e r m i n a t i n g 

impedance, Z^,, was t h a t of the gap capacitance only, so t h a t the v o l t -

meter s e n s i t i v i t y , — , i s r e l a t e d t o the gap w i d t h , d, by (equation 
E u h f 

3.2): 
d. cos Py Z to € A 

6 _J- o o . _. , , 
e T T = K K S i n P * 5 * 5 

uhf 

where A = area of the ele c t r o d e s , 

and K = voltage s e n s i t i v i t y of the diode voltmeter, d e f i n e d by 

V = K.9. 
y 

Thus a p l o t of •=—- against d i s expected t o be a s t r a i g h t l i n e w i t h 
E u h f 

an i n t e r c e p t on the d-axis a t 
d = Z 0) € A. t a n Py 3.4 

0 0 ,' 
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An experimental p l o t f o r the Instrument used i s shown i n f i g u r e 

3.3 and has an i n t e r c e p t a t d = 1.8 mm. An approximate value of Z q 

may be obtained by t r e a t i n g the l i n e as a p a i r of p a r a l l e l c y l i n d e r s , 

remote from other objects. This gives Z q = 300SI, and allows the 

p o i n t of i n t e r c e p t t o be c a l c u l a t e d from equation ^.h as d = 2 mm. 

approximately. This i s close enough t o the experimental value t o 

a f f o r d support t o the theory. 

I t should be noted t h a t equation 3*2 shows t h a t the s e n s i t i v i t y 

of the diode voltmeter depends on the gap impedance, Z^,. This, how­

ever, can only be obtained d i r e c t l y from the geometrical gap capaci­

tance when the gap i s empty. When the gas i s conducting, the imped­

ance of the discharge must be taken i n t o account. 

I f i t i s assumed t h a t the c o l l i s i o n frequency, v, of e l e c t r o n s 

i n the gap i s independent of e l e c t r o n v e l o c i t y (approximately t r u e 

f o r hydrogen) the c o n d u c t i v i t y of the discharge maybe considered t o 

be (Margenau, 19^6) 

where, n = mean e l e c t r o n d e n s i t y i n the gap, 

e and m are the e l e c t r o n i c charge and mass r e s p e c t i v e l y 

and a> = angular frequency of the a p p l i e d u.h.f. f i e l d . 

. Calculationsfrom t h i s , suggest t h a t the admittance of the d i s ­

charge i s of the order of t h a t of the gap capacitance f o r the highest 

e l e c t r o n d e n s i t i e s used i n the experiments t o be described. Thus a t 

2 e n 1 
m or 1 + (v/b-) [2 • 
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higher e l e c t r o n d e n s i t i e s (higher a m p l i f i c a t i o n s ) some d e v i a t i o n i n 

the c a l i b r a t i o n of the diode voltmeter i s t o be expected. However, 
of 

i n the lower range/gap a m p l i f i c a t i o n s upon which the work t o be 

described i s concentrated, a c a l i b r a t i o n accuracy of 5$ i s t o be 

expected. 

3»5 The Current Measurement and Voltage Supply Systems (Figure 3»k) 

The voltages V , V and V are provided by b a t t e r i e s B , B and B 
1 2 3 1 2 5 

v a r i e d by potentiometers RV , IV and RV r e s p e c t i v e l y . They are 
1 2 3 

measured a t the p o i n t s i n d i c a t e d i n f i g u r e 3«̂ « The s e n s i t i v i t y of 

these voltmeters was such t h a t the v a r i a t i o n i n voltage which provided 

a change of 1$ i n the corresponding c u r r e n t was e a s i l y detectable. 

This enabled these voltages t o be manually s t a b i l i s e d so t h a t t h e i r 

v a r i a t i o n would cause l e s s than 1$ v a r i a t i o n i n the c u r r e n t s f l o w i n g . 

Currents are measured w i t h galvanometers where p o s s i b l e , but i and 
3 

i n c e r t a i n cases i , were so small t h a t an electrometer method was found 
2 

necessary. A Wolf s t r i n g electrometer i n a n u l l l c i r c u i t was found sat­

i s f a c t o r y . 

The electrometer was b a s i c a l l y used t o measure the voltage dropped 

by the curr e n t on passing through a l a r g e r e s i s t o r . The r e s i s t o r was 

chosen t o make t h i s voltage about 10 v o l t s . Since these r e s i s t o r s , R̂  

and R , are ne c e s s a r i l y i n se r i e s w i t h the voltage sources V and V 
2 2 3 

when measuring i and i r e s p e c t i v e l y , the voltage a p p l i e d t o the -
2 3 

electrodes w i l l be reduced by the voltage dropped across the corres­

ponding r e s i s t o r . F u r t h e r these voltages w i l l then vary w i t h c u r r e n t 
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f l o w i n g . To overcome t h i s d i f f i c u l t y the system was made i n t o a n u i l -

de.ytQQ by i n c l u d i n g a reverse . voltage source i n series w i t h the 

r e s i s t o r . The electrometer then measured the voltage across the 

sourse and r e s i s t o r i n se r i e s and thus the d i f f e r e n c e between the 

source voltage and t h a t dropped across the r e s i s t o r by the cu r r e n t 

being measured. The voltage source was then adjusted t o give zero 

voltage d i f f e r e n c e as observed on the electrometer. Thus provided t h i s 

n u l l l p o s i t i o n i s achieved, there i s zero voltage across the r e s i s t o r -

source combination and thus no v a r i a t i o n i n the voltage a p p l i e d t o the 

electrodes. The vol t a g e dropped across the r e s i s t o r and thus the c u r r e n t 

may then be measured as the voltage of the source by the use of an 

ord i n a r y voltmeter. 

The complete c i r c u i t i s shown i n f i g u r e 3«̂ « There R and R 
l 2 

are the r e s i s t o r s and and B provide the voltage sources which may 

be v a r i e d by using potentiometers RV and RV r e s p e c t i v e l y . A sw i t c h i n g 
5 4 

device, S, i s provided f o r connecting the electrometer across e i t h e r 

combination. 

When no cu r r e n t i s f l o w i n g between the e l e c t r o d e s , there are 

c e r t a i n c u r r e n t s f l o w i n g i n the measuring c i r c u i t s due t o leakage 

through the i n s u l a t i o n . The voltage dropped when these f l o w through 

R and R may be backed o f f using potentiometers RV and RV . The 
1 2 7 6 

voltages read across RV and RV are then those due t o gap c u r r e n t 
5 4 

only.-
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The values of R (lO 1 1".) and R ( l O l 2 n ) determine the s e n s i t i v i t y 
1 2 

obtainable. A gap c u r r e n t of 10~ 1 3 amp f l o w i n g through R can r e a d i l y 

be detected. 
To reduce the f l o w of leakage c u r r e n t s , leads i n the system are 

are 

c o a x i a l cables whose screens;!./ a t the p o t e n t i a l of the inner core. 

The e a r t h i n g p o i n t ( f i g u r e 3»k) e l i m i n a t e s leakage f l o w v i a the f i l a ­

ment c o n t r o l system through the measuring c i r c u i t s of i and i . Thus 
2 3 

the f i l a m e n t c o n t r o l system i s i s o l a t e d from the c u r r e n t measuring 

c i r c u i t s of i and i as f a r as leakage t o e a r t h i s concerned. The 
2 3 

l a r g e body of apparatus attached t o the f i l a m e n t w i t h i t s consequent l a r g e 

leakage cu r r e n t s t o e a r t h , can t h e r e f o r e not a f f e c t the measurement of 

the small c u r r e n t s i and i . 
2 3 

3.H P r o t e c t i o n of the Galvanometer, G 
2 

I n an experiment t o measure the a m p l i f i c a t i o n , i t i s considered 

d e s i r a b l e t o make frequent checks of the i n i t i a l gap c u r r e n t , i . 
20 

However, i f during these experiments breakdown should occur, the 

r e s u l t a n t l a r g e c u r r e n t caused the zero of the galvanometer measuring 

the gap c u r r e n t t o d r i f t . The e x t e n t of t h i s d r i f t could only be 

estimated by reducing i t o zero and thus changing the experimental 
20 

c o n d i t i o n s . Thus t o r e t a i n c o n t i n u i t y of c o n d i t i o n s i n these e x p e r i ­

ments and t o enable f l u c t u a t i o n s i n i t o be recorded, i t was con-
20 

sidered d e s i r a b l e t o provide a p r o t e c t i o n device against l a r g e c u r r e n t s 

occuring a t breakdown. 
The b a s i c requirement was t o operate a r e l a y from the spot of a 
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s e n s i t i v e galvanometer, so t h a t i n the event of an abnormally h i g h 

c u r r e n t occuring the galvanometer was a u t o m a t i c a l l y shorted. The 

r a t e of r i s e of t h i s c u r r e n t was found t o be such t h a t the speed w i t h 

which the spot passed a p h o t o t r a n s i s t o r was too great t o develop a 

pulse of s u f f i c i e n t l e n g t h t o b r i n g i n a h i g h speed r e l a y . I t was 

thus not possible t o employ s e l f h o l d i n g r e l a y techniques. A r e l a ­

t i v e l y f a s t p h o t o s e n s i t i v e b i s t a b l e c i r c u i t was t h e r e f o r e developed 

t o operate the s h o r t i n g r e l a y . The f u r t h e r requirement t h a t the 

u n i t be i s o l a t e d from e a r t h so as t o reduce leakage from the galvano­

meter leads t o earth, necessitated the use of t r a n s i s t o r s . The com­

p l e t e c i r c u i t i s shown i n f i g u r e 3«5» 

A b i s t a b l e c i r c u i t of t h i s type has been t r e a t e d by Wolfendale, 

1957 > f o r non-phototransistors. He has shown t h a t both s t a b l e s t a t e s 

are c o n t r o l e d by T l , one w i t h T l bottomed and the other w i t h T l cut 

o f f . I t remained t o modify the design equations when T l i s a photo-

t r a n s i s t o r . This has been attempted (Appendix l ) , and i t has been 

concluded t h a t the c i r c u i t may be r e l i a b l y t r i g g e r e d from the s t a t e 

w i t h T l cut. off, by the incidence of a galvanometer spot on T l , the 

l e v e l of i l l u m i n a t i o n r e q u i r e d depending on the e m i t t e r resistance 

(RVl). F u r t h e r i n the t r i g g e r e d s t a t e ( T l bottomed) the c i r c u i t may 

be made i n s e n s i t i v e t o i l l u m i n a t i o n or temperature f l u c t u a t i o n s . 

The r e l a y , RLA, i s energised d u r i n g the l i g h t s e n s i t i v e s t a t e , when 

i t i s arranged t o leave the galvanometer unshorted. The r e l a y i s then 
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released and the galvanometer short c i r c u i t e d e i t h e r by a l i g h t 
pulse i n c i d e n t on TR1 or by f a i l u r e of the supply b a t t e r i e s . The 
c i r c u i t thus has a r i g h t side f a i l u r e c h a r a c t e r i s t i c . 

The b a t t e r y supplies f o r the c i r c u i t are switched w i t h the 

galvanometer range. I n the 'shorted' p o s i t i o n of t h i s switch, the 

supply b a t t e r i e s are switched o f f , so t h a t the galvanometer i s 

short c i r c u i t e d both by the galvanometer range switch and by the 

r e l a y . As a consequence of the r i g h t side f a i l u r e c h a r a c t e r i s t i c , 

on switching on, the r e l a y contacts remains closed and the galvano­

meter cannot be released u n t i l the c i r c u i t i s r e s e t by the push? 

b u t t o n ( f i g u r e 3»5)> F a i l u r e of the r e l a y t o short the galvanometer, 

i n i t i a l l y , i n d i c a t e s a c i r c u i t f a u l t , whereas f a i l u r e t o r e s e t 

i n d i c a t e s e i t h e r a c i r c u i t f a u l t or an i n c o r r e c t s e t t i n g of the 

background compensation c o n t r o l , RV1. The s w i t c h i n g on process thus 

provides a check on the working of the p r o t e c t i v e device. 

The background i l l u m i n a t i o n may be compensated by a d j u s t i n g the 

t r i g g e r i n g l e v e l of the b i s t a b l e . This adjustment may be achieved 

by a d j u s t i n g RV1 so t h a t the c i r c u i t j u s t t r i g g e r s w i t h background 

i l l u m i n a t i o n only and then t u r n i n g RV1 t o increase the t r i g g e r l e v e l 

s l i g h t l y t o provide a s a f e t y margin. 

This procedure c o r r e c t s f o r long term v a r i a t i o n s i n background 

i l l u m i n a t i o n and temperature. The s e n s i t i v i t y of the c i r c u i t i s 

then l i m i t e d by the short term f l u c t u a t i o n i n background i l l u m i n a t i o n 

and temperature. I n the present case the former i s thought t o be the 

most important. To ensure t h i s causes no f a i l u r e s a lens was used t o 
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concentrate the spot onto the s e n s i t i v e area of the p h o t o t r a n s i s t o r 
and thus provide a greater s i g n a l t o noise r a t i o i n the i n c i d e n t 
l i g h t . Tnis g r e a t l y reduced the s e n s i t i v i t y of the c i r c u i t t o 
background f l u c t u a t i o n s and made the s e t t i n g of RV1 much l e s s 
c r i t i c a l . However, i t has been found q u i t e r e l i a b l e t o use t h i s 
c i r c u i t i n s u n l i g h t provided t h a t v a r i a t i o n s i n i l l u m i n a t i o n are 
not too great. 

Hie p h o t o t r a n s i s t o r i s mounted a t the f o r end of the galvano­

meter scale so t h a t the d e f l e c t i o n i s l i m i t e d t o the range of the 

scale. 

3.j>i S t a b i l i s a t i o n of Current e m i t t e d i n t o the gap 

3«^.l I n t r o d u c t i o n 

I d e a l l y the c u r r e n t e m i t t e d i n t o the gap dur i n g a m p l i f i c a t i o n 

measurements, should be constant, independent of gap con d i t i o n s . 

P r i o r t o some theory of emission of e l e c t r o n s i n t o the gap, through 

the hole i n the e m i t t i n g e l e c t r o d e , i t i s assumed t h a t the c r i t e r i o n 

f o r constant e m i t t e d c u r r e n t i s a constant c u r r e n t f l o w t o the i n s i d e 

of the e m i t t i n g electrode s h e l l , i . Thus the s t a b i l i t y of the c u r r e n t , 

i , f l o w i n g from the f i l a m e n t t o the e m i t t i n g electrode s h e l l i s 

regarded as the c r i t e r i o n f o r constant e m i t t e d c u r r e n t . 

This c u r r e n t ( i ) was, however, found toJ>e susceptible t o short 

and long term d r i f t s ; the l a t t e r r e s u l t from decreasing emissive 

power of the f i l a m e n t . I n the measuring system l a r g e capacitors are 

charged by small c u r r e n t g i v i n g long time constants so t h a t the e f f e c t 
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of v a r i a t i o n s of i tends t o be masked. Hence some s t a b i l i s a t i o n of l 
i was considered d e s i r a b l e , l 

A system shown diagrammatically i n f i g u r e 3.6 was t h e r e f o r e 

developed. Two p h o t o t r a n s i s t o r s placed close together on the scale 

of the galvanometer measuring i ^ , f e e d c u r r e n t s i n t o a d i f f e r e n c e 

a m p l i f i e r which depend on the p o s i t i o n of the spot and thus on the 

value of i ^ . The a m p l i f i e d d i f f e r e n c e s i g n a l i s a p p l i e d t o a t r a n s ­

i s t o r in series w i t h the f i l a m e n t . As a consequence of the c h a r a c t e r i s ­

t i c s of t h i s system, the f i l a m e n t c u r r e n t , I , i s a f u n c t i o n of i as 

shown diagrammatically i n f i g u r e 3'7» The f i l a m e n t warms up under a 

v a r i a b l e i n i t i a l c u r r e n t , 1^, u n t i l the spot i s caught by the photo-

t r a n s i s t o r s and h e l d on p o r t i o n , A, of the curve. Since w i t h h i g h 

c u r r e n t a m p l i f i c a t i o n the slope of A i s h i g h , and the f i l a m e n t 

emission i s c r i t i c a l l y dependent on I , a h i g h degree of s t a b i l i s a t i o n 

of i i s obtained. 
1 

3.5.2 The c i r c u i t (Figure,3.8) 

The c i r c u i t may be d i v i d e d i n t o three sections, the p i c k - o f f u n i t 

which i s mounted on the galvanometer scale, the d i f f e r e n c e a m p l i f i e r , 

and the power a m p l i f i e r which feeds the f i l a m e n t . The p i c k - o f f u n i t 

consists of two p h o t o t r a n s i s t o r s , 0CP71, i n a long t a i l e d p a i r c i r c u i t 

w i t h p r o v i s i o n (RV1 and RV2) f o r balancing the c i r c u i t f o r a given 

background i l l u m i n a t i o n . 

The advantages of long t a i l p a i r c i r c u i t s i n both t h i s and the 

d i f f e r e n c e a m p l i f i e r are two f o l d . F i r s t l y a balanced system enables 
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background i l l u m i n a t i o n t o be balanced out. Secondly, d r i f t , one 

of the c h i e f problems i n d i r e c t coupled, temperature v a r i a n t systems, 

i s reduced i n these e a r l y stages where s i g n a l amplitude i s small. 

The balance of background i l l u m i n a t i o n : 

The p i c k o f f u n i t may be balanced t o compensate f o r a wide 

range of background i l l u m i n a t i o n . The c r i t e r i o n f o r balance i s 

judged by moni t o r i n g the output c u r r e n t of the d i f f e r e n c e a m p l i f i e r . 

This c u r r e n t i s passed through a 6n r e s i s t o r (Rl4) and measured as the 

voltage across i t by means of the centre zero galvanometer, G (when SV72 

i s s u i t a b l y switched). 

I n the absence of a d i f f e r e n c e s i g n a l from the p h o t o t r a n s i s t o r 

p a i r , there i s a steady c u r r e n t through Blk, which w i l l be r e f e r r e d t o 

as the zero c u r r e n t . A bias c u r r e n t i s provided by B across R12 and 
3 

RV3 t o back o f f t h i s zero c u r r e n t , t o a l l o w the f u l l range of the 

galvanometer t o be used and t o f a c i l i t a t e the adjustment of balance as 

a gradual approach t o a zero value. 

The v a r i a b l e r e s i s t o r , RV3, allows the b i a s c u r r e n t t o be set so 

t h a t the zero c u r r e n t corresponds t o the zero of the meter, G. At 

balance the p h o t o t r a n s i s t o r , when exposed t o the same i l l u m i n a t i o n , 

provide equal inputs i n opposite phase i n t o the d i f f e r e n c e a m p l i f i e r 

so t h a t the r e s u l t a n t d i f f e r e n c e s i g n a l i s zero. Since the range of 
a 

outputs of the two p h o t o t r a n s i s t o r s are equal, i t i s convenient i f 

the zero l e v e l of the output c u r r e n t of the d i f f e r e n c e a m p l i f i e r be 

i n the centre of i t s range. This i s arranged by f i n d i n g the l i m i t s , 

by exposing each t r a n s i s t o r i n tucrm t o a b r i g h t l i g h t , and then 
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e s t i m a t i n g the centre of these l i m i t s and a d j u s t i n g RV3 so t h a t 

t h i s centre corresponds t o the zero of the meter, G. 

The a c t u a l balancing process may now be c a r r i e d out using the 

balance c o n t r o l s RV1 and RV2 and two l i g h t sources of d i f f e r i n g i n ­

t e n s i t i e s . The c r i t e r i o n f o r balance i s t h a t the output c u r r e n t of the 

d i f f e r e n c e a m p l i f i e r remains a t i t s zero value, when the ambient l i g h t 

i n t e n s i t y changes," provided the i n t e n s i t y a t both t r a n s i s t o r s changes 

e q u a l l y . Thus the phot»transistors are exposed t o a l i g h t source and 

one of the balance c o n t r o l s used t o a d j u s t the reading of G t o zero. 

This i s repeated w i t h the other l i g h t source and the other balance 

c o n t r o l . R e p e t i t i o n of these adjustments r e s u l t s i n a gradual r e d u c t i o n 

i n the change i n output c u r r e n t upon changing the l i g h t i n t e n s i t y , even­

t u a l l y reaching the zero l e v e l . 

The Power A m p l i f i e r : 

With SWla and SWlb (Figure 3.8) i n p o s i t i o n ( i ) , the c u r r e n t 

through the f i l a m e n t i s manually c o n t r o l l e d by adjustment of RV5 and 

RV8. When SW1 i s switched from t h i s c o n d i t i o n so t h a t the c o n t r o l 

system i s o p e r a t i v e , the output t r a n s i s t o r operates w i t h a maximum 

pos s i b l e c u r r e n t , J^, of the value observed w i t h SW1 i n the manual 

p o s i t i o n . Thus RV5 i s used t o arrange a safe l i m i t t o the c u r r e n t 

which can be passed through the f i l a m e n t . 

Since emission from the f i l a m e n t i s only appreciable over a 

small c u r r e n t range, i t i s not necessary t h a t the d i f f e r e n c e a m p l i f i e r 

should d r i v e the output t r a n s i s t o r over i t s f u l l range of output 
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currents. Thus, f o r economy, the difference amplifier controls the 
output current over a small current range (Figure 3.9a). The posi­
tion of t h i s range over the f u l l range (0 to I ) i s controlled by 
BVk, -which e f f e c t i v e l y controls the zero l e v e l of the output current, 

I . 
v 

The filament i s warmed up by r a i s i n g this, zero l e v e l , 1̂ , using 

RV^. I n i t i a l l y the emission current, i ^ , i s too small f o r the spot 

to impinge on the phototransistors and the filament warms up under 

the current, 1^. When, however, the spot impinges on the phototransistors 

there i s an i n i t i a l increase of I causing s l i g h t acceleration i n the r i s e 

of i . When the control region i s reached there i s a rapid decrease of I 

(figure 3«9l3) and the movement of the spot i s rapidly damped and held 

a t some point on t h i s region which w i l l be referred to as the control 

point. 

The position of the control point over the range of the control 

region may be observed using G to measure the input current to the 

power amplifier and may be adjusted using Wlk to adjust 1^. I d e a l l y 

the control point should be at a value of filament current equal to 

I (i»e. the control point should be adjusted so that the galvanometer, 

G, reads zero). Under such conditions f a i l u r e of the system by which 

the spot no longer impinges on the phototransistors (e.g. galvanometer 

lamp f a i l u r e ) w i l l leave the zero current flowing and the spot remains 

close to i t s s t a b i l i s e d position. 
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I f I be excessively increased during the warming up period, the 
trough following the control region (figure 3.9c) may be i n s u f f i c i e n t 
to damp the motion of the spot, so that the spot f l i e s past. However, 
t h i s does not r e s u l t i n an excessive current flowing through the f i l a ­
ment i f correct adjustment of I m(RV5) has been made:-

I n s t a b i l i t i e s i n the _system; 

For a given position of the phototransistors, the actual s t a b i l i s e d 

current w i l l depend on the shunt across the galvanometer measuring i . 

For higher s e n s i t i v i t i e s o s c i l l a t i o n s of i are observed. Overdamping 

of the galvanometer has reduced these to small amplitude and they become 

completely absent f o r lower s e n s i t i v i t i e s . Loss of s e n s i t i v i t y due to 

the large damping required i s no disadvantage since the apparatus i s used 

with lower s e n s i t i v i t i e s only. 

Hie mechanism responsible for the generation of these o s c i l l a t i o n s 

i s as follows. The large momentum obtained as the spot passes through 

the maxima or t r a n s i t i o n region (figure 3*7) c a r r i e s the spot into the 

minimum. Here the filament cools rapidly to below emission l e v e l while 

the motion of the spot i s damped out. The spot, therefore, d r i f t s 

back w e l l into the region of the maximum before the filament warms up 

again and the process i s repeated. 

The amplitude of these o s c i l l a t i o n s depends on the maximum current 

available, I . Observations of t h i s amplitude i s thus a useful indica­

tion of the difference between the s t a b i l i s e d and maximum currents. 
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Hie filament i s run at a temperature somewhat below that of 
fusion. Nevertheless on the grounds of safety i t i s thought 
advisable to adjust the maximum so that the difference between 
s t a b i l i s e d and maximum currents i s as small as i s practicable. I n 
practice t h i s condition was met when the amplitude of the o s c i l l a ­
tion had been reduced, by reduction of I , to be j u s t undetectable. 

m 

Measurement of filament temperature i s made possible by including 

a bridge c i r c u i t i n the load of the output t r a n s i s t o r . The variable 

farms: are provided by RV6 and RV7 while R13 i s a standard resistance 

and the filament completes, the bridge. The filament i s of platinum 

wire and thus an absolute measurement of the temperature on the 

platinum resistance scale i s possible. However, t h i s has not been • 

found necessary and in general the bridge i s used simply as an indicator 

of filament temperature. In p a r t i c u l a r as the emission decreases, the 

temperature w i l l be increased by the s t a b i l i s e r i n an attempt to restore 

the emission. Thus v a r i a t i o n i n temperature becomes a measure of the 

vari a t i o n i n emission. 

Provision i s made for charging the accumulator block B . A switch 
4 

i s provided (SW2) to sMteh B into a suitable position for eharging 
4 

from an external source applied between the points indicated i n figure 

5.8. A Rheostat RV5 l i m i t s the current which i s indicated by the 

ammeter, A. This a l s o indicates filament current, thus indication of 

a current by A i s not necessarily an indication that there i s a f i l a ­

ment current flowing. Hence a p i l o t lamp, P, i s incorporated, which 

l i g h t s only when power i s available across the filament. 
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3.5.3- The Optical System 

Although the background illumination can be largely balanced 

out, any change in the d i s t r i b u t i o n of t h i s over the two photo-

tr a n s i s t o r s gives r i s e to a zero d r i f t . Thus fluctuations in posi­

tion of objects in the room can a f f e c t the s t a b i l i t y of i . Funda­

mentally the problem i s to arrange a large signal to noise r a t i o a t 

the phototransistors, which implies that the background intensity be 

much l e s s than that of the spot. 

This i s achieved by the use of an e f f i c i e n t projection system 

(figure 3-10) which i s conventional except for the lens L . Since 
2 

the sensitive area of a phototransistor i s small considerable increase 

i n signal to noise r a t i o can be obtained by converging the spot onto 

the sensitive area, by L . In addition a box covers the galvanometer 
2 

system, open only at the end near the scales, l i m i t i n g the general 

intensity of ambient l i g h t . 

The S e n s i t i v i t y of the Pick-off system. 

The output current from a phototransistor depends on the t o t a l 

f l u x of l i g h t incident on the sensitive area. The principle used to 

detect spot movement i s to arrange the edge of the spot to sweep 

across the l i g h t - s e n s i t i v e areas, to expose more of one and l e s s of 

the other. 

The output current of an 0CP71 as a straight edge i s moved across 

i t i s shown i n figure J.11. I t w i l l be seen that the most sensitive 
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region f o r the spot edge to l i e i s at A. Thus maximum sensitivity-
i s obtained by arranging the spot diameter to be the distance between 
the positions, A, of the two phototransistors. This i s achieved by 
suitable adjustment of the position of L : an adjustment which i s 

2 

found to c r i t i c a l l y control the s e n s i t i v i t y of the system. 

I t w i l l be r e a l i s e d that the focussing of the spot onto the 

phototransistors by L , i s accompanied by a reduction i n the movement 
2 

of the spot, for a given mirror rotation, by a factor of m, where m i s 

the l i n e a r magnification introduced by L . However, i t leads to an 
2 

increase i n the intensity of the spot by a factor of — so that the 
m2 

change of l i g h t f l u x incident on the phototransistor for a given 

rotation of the mirror increases as spot size i s reduced, improving 

the s e n s i t i v i t y of the system. Hence the phototransistors were placed 

as close together as possible. 

As the galvanometer mirror rotates, a disc of l i g h t , the image of 
L , moves across L . The intensity of the spot impinging on the photo-

l 2 
t r a n s i s t o r s i s then dependent on the f r a c t i o n of t h i s disc s t r i k i n g L . 

'.2 

Thus the rotation of the mirror has been translated into modulation of 

the inten s i t y of the spot as shown diagrammatically i n figure 3.12. 

I t w i l l be seen that the greatest s e n s i t i v i t y of t h i s t r a n s l a t i o n 

process occurs in regions, B. However, the disc of l i g h t only half 

f i l l s L i n t h i s region, giving a decrease i n intensity of the spot 
2 

by a factor of about \. Since the s e n s i t i v i t y for actual movement of 

the spot over the phototransistors i s dependent on t h i s intensity, i t 
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i s necessary to f i n d a compromise. Thus the position and misalignment 
of L i s adjusted from optimum s e n s i t i v i t y . 

2 

Variation of i may be achieved by moving the phototransistors 

along the galvanometer scale. The adjustment of L in r e l a t i o n to 
2 

the galvanometer mirror and the phototransistors i s then retained 

by mounting L and the t r a n s i s t o r s on an arm (figure 3«10) pivoted 
2 

d i r e c t l y below the a x i s of the galvanometer suspension. Rotation of 
t h i s arm provides a simple means of adjusting i to the required value. 

l 

3.5.^ The Accuracy of S t a b i l i s a t i o n 

No variations of i are observable on the galvanometer scale. 

Assuming t h i s may be read to within + . 2 mm. the accuracy for a 

t y p i c a l deflection of 20 cms. i s therefore better than + . 1$. 

The output current of the difference amplifier i s a measure of 

position of the spot over about .2 mm. of the scale. With the meter, G, 

used, a variation i n i ^ of + .001$ could be detected. However, there was 

a d r i f t of i attributed to the decreasing emissive power of the filament. 

I f use i s made of RVU to r e t a i n the control point at the zero of the 

meter G, t h i s d r i f t may be e a s i l y held to within + .02$ of i . This may 

thus be regarded as the o v e r a l l accuracy of the system. 

The current emitted into the gap i s measured as the i n i t i a l gap 

current, i . This degree of s t a b i l i s a t i o n of i should, by considera-
20 1 

tion of the v a r i ation of i as a function of i , correspond to a 
20 1 

s t a b i l i s a t i o n of i to within + .05$. However, certain fluctuations 
2Q — 

and d r i f t s of i have been observed despite t h i s s t a b i l i s a t i o n of i . 
20 1 
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These w i l l be discussed i n l a t e r chapters, where they are interpreted 

as the r e s u l t of a v a r i a t i o n i n conditions i n the interelectrode gap 

rather than a variation i n the current flow through the holes. Thus 

i t i s l i k e l y that s t a b i l i s a t i o n of i ^ , has resulted i n a s t a b i l i s a t i o n 

of the current emitted from the holes, but v a r i a t i o n of the d r i f t 

f i e l d - i n - t h e gap-alters- -the- f-raction-of. t h i s .current which_r.eaches 

the c o l l e c t i n g electrode, forming i . 
so 
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CHAPTER k 

EXPERIMENTAL MEASUREMENTS OF AMPLIFICATION 

k,l .The method of measurement 

When the filament current has s t a b i l i s e d , a current ( i ) flows 
20 

between the electrodes under d r i f t f i e l d only and i s measured by the 

galvanometer G (figure 3«^)« This current i s defined as the i n i t i a l 
2 - -

gap current. The u.h.f. f i e l d i s then applied gradually (since abrupt 

switching of the f i e l d often causes breakdown) whenthere i s in general, 

a corresponding change i n the current reaching the co l l e c t i n g electrode, 

i . 
2 

The amplification, A, i s given by 
i 

\ A _ i 
20 

and i s unity for zero u.h.f. f i e l d . 

Hydrogen was used in a l l the experiments to be described. 

it-. 2 The preliminary work of Nicholls (1960) 

This work was ca r r i e d out without s t a b i l i s a t i o n of i to the extent 
1 

of l a t e r measurements, and i n general the c a l i b r a t i o n of the various 

instruments was only approximate. 

However, several curves of Amplification against u.h.f. f i e l d , 

^uhf' a t v a r i ° u s d r i f t f i e l d s and gas pressures were obtained for 

hydrogen. Figure k.l i s a t y p i c a l curve. I t w i l l be observed that, 

for a given d r i f t f i e l d E ^ c , the curve i n i t i a l l y f a l l s and then r i s e s 

as breakdown i s approached. The v e r t i c a l l i n e s on the right of the 

figure represent experimentally determined breakdown f i e l d values. 
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The amplification curves were found to be asymptotic to these l i n e s . 

This work firmly establishes the presence of an i n i t i a l drop i n 

the amplification curve and a reduction i n t h i s drop with increased 

d r i f t f i e l d . Further the rapid r i s e of amplification to breakdown i s 

established and has been considered to be the r e s u l t of c o l l i s i o n 

ionization. 

4.3 Further Amplification Measurements 

Following t h i s work of Nicholls an attempt has been made to make 

more accurate measurements of amplification, with s t a b i l i s a t i o n of 

emitted current. 

4.3.1 Precautions taken 

I t was found that the i n i t i a l gap current, i , showed variation, 
20 

despite the s t a b i l i s a t i o n of the t o t a l current emitted by the filament 

and incident on the back of the emitted electrode, i . These variations 

were of two types:-

a) A slow decrease over periods of days. 

b) An apparent r i s e , followed by a decay (of time constant 1.5 

to 2.0 minutes) a f t e r breakdown or large gas amplification. 

An analysis of these e f f e c t s and t h e i r possible cause w i l l be 

attempted i n l a t e r chapters. 

To reduce as f a r as possible the ef f e c t s of these variations on 

measurement of electron amplification, experiments were c a r r i e d out 
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i n which i was measured before and a f t e r an amplification measure-
20 

ment. I t s value at the time of the experiment was then determined by-

interpolation. 

To bring to l i g h t any time dependency the points for any given 

amplification curve were measured at random intervals of time and i n 

random order. The d i s t r i b u t i o n of points on the plot i s then an 

indication of any time dependency. The more randomly distributed 

they are about the curve the more likelihood of there being some time 

dependent factor present. I n f a c t t h e i r d i s t r i b u t i o n gave some 

indication of such a factor but t h i s was by no means conclusive. 

4.3-2 Results 

By t h i s technique a s e r i e s of plots of .amplification, A, as a 

function of u.h.f. f i e l d , E ^ ^ , were obtained f o r a pressure' of 5*58 

mm Hg. of hydrogen with a d r i f t f i e l d of 32 V/cm, and a range of gap 

widths from-6425 cms to .9^8 cms. These are shown i n figure k*2. 

I t w i l l be r e c a l l e d that measurements of amplification as a 

function of gap-width at constant ionizing f i e l d , corresponds closely 

to the method used i n the measurement of Townsends f i r s t ionization 

c o e f f i c i e n t , a. Plots of amplification against gap-width with E ^ ^ 

as parameter are shown i n figure h.J. These curves suggest that for 

a given u.h.f. f i e l d , the amplification i s an exponential function of 

gap-width of the form: 

A = A e U d + b ) = A ' e ^ d 
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where A Q, A q' and b are constants independent of 

(A = .8^. b = .50 cms and A ' = A e b ) , N o ' ' 0 0 

This i s similar to the equation, A = A q c 0 ^ , derived by Townsend for 

an electron avalanche i n a unidirectional f i e l d only. 

However, extrapolation of these curves does not go through unity. 

Regarding the i n i t i a l drop of the amplification curve as a progressive 

decrease i n the f r a c t i o n of emitted electrons crossing the gap, i t 

follows that e f f e c t i v e l y the stream of i n i t i a l electrons crossing the 

gap and thus the eff e c t i v e i n i t i a l current i s l e s s the higher E i ] h f,. 

Under such conditions these curves would be expected to cross the 

ax i s at a value of A somewhat below unity. Some attempt to correct 

for t h i s decrease i n the ef f e c t i v e i n i t i a l current, w i l l be discussed 

i n d e t a i l i n a l a t e r chapter. 

Figure k. k shows an enlarged plot of the i n i t i a l drop of the 

A-E^kj, curves of figure 4 .1 . From t h i s i t may be concluded that the 

i n i t i a l drop i s independent of gap-width. Further the sudden break 

i n the curve at point A suggests that, the onset of c o l l i s i o n ioniza­

tion i s well defined (figure 

The r e s u l t s of these measurements indicate that for low electron 

energies ( A ~ l ) the amplification i s independent of the injected 

current and thus of the i n i t i a l gap current, i , but for higher 
20 

energies the amplification i s found to increase with increasing i . 
20 

The range of i n i t i a l currents was from 10~ L OA to 2 x 10 - 9A. There i s 

uncertainty as to the precise cause of t h i s . I t would be expected 

that the charge densities were too small for space charge to control 



the electron flow appreciably. However, there may be some e f f e c t 

associated with the flow of electrons from the holes into the 

larger concentrations of ions and electrons which are i n the inter-

electrode gap at higher amplifications. Further there may be an 

e f f e c t due to polarization of the electrode surfaces. This w i l l be 

investigated i n a l a t e r chapter. 

The measurements described here were found to be subject to 

several long time constant phenomena and certain i n s t a b i l i t i e s . On 

investigation, these appeared to be associated with the charging and 

discharging of a» insulating filmSon the electrodes. Hence t h i s 

s e r i e s of experiments -wasj terminated pending a f u l l investigation 

of t h i s phenomenon, which w i l l be dealt with, in d e t a i l , i n the l a t e r 

part of t h i s t h e s i s . I t w i l l s u f f i c e , a t t h i s stage, to point out 

that t h i s work has thrown considerable doubt on the e f f e c t i v e value 

of the unidirectional f i e l d i n the experiments described in t h i s 

chapter. For example, i n the curve of figure k>2 which corresponds 

to a gap-width of .770 cms, the f i e l d i s probably the geometrical 

f i e l d of 52 volts per cm over the i n i t i a l region, but the breakdown 

str e s s reveals that t h i s reduces to about 20 v o l t s per cm at high 

amplifications. Thus, t h i s v a r i a t i o n must be removed before r e l i a b l e 

amplification measurements may be made. Attempts to remove t h i s f i l m 

have not been completely successful. 



CHAPTER 5 

A THEORETICAL STUDY OF ELECTRON FLOW IN THE INTERELECTRODE 
GAP, IN THE ABSENCE OF IONIZATION 

5-1 Introduction 

In the r e s u l t s described in the previous chapter, i t was observed . 

that there was an i n i t i a l drop in the amplification - curves 

(figure k.2). From the expanded p l o t of figure k.k i t appears that 

t h i s drop i s independent of gap width. Previous work (Nicholls, 1960) 

has shown that t h i s drop i s l e s s f o r larger d r i f t f i e l d s . Present work 

has confirmed t h i s . Further i t i s expected that no ionization occurs 

i n t h i s region. 

I n the present chapter some explanation w i l l be given for t h i s 

drop,, i n terms of variations i n the electron flow pattern in the gap. 

Electrons moving i n the gap are acted upon by both u.h.f. and 

d r i f t f i e l d s . Since the u.h.f. f i e l d i s predominant in supplying the 

electron energy, t h e i r random velocity i s important as well as thei r 

d r i f t velocity. Hence the flow i s one i n which diffusion and d r i f t 

play comparable parts. 

Of a given electron stream entering the gap, the f r a c t i o n reaching 

the f a r electrode w i l l be reduced by an increase i n random velocity, 

which may account for the f a l l i n gap current when the u.h.f. f i e l d i s 

increased. Nicholls, I96O, has considered a hypothetical case of a 

p a r a l l e l plate gap of i n f i n i t e extent i n which there i s a uniform flow 

of injected electrons across the emitting electrode. He deduced the 

re l a t i o n between the electron congentration, n, a t some point, x, y, z, 



in the gap and that over the plane of the emitting electrode (z;.= 0 ) , 

n . as 
o' / u/D.E d c.z Li/D.Edc.dv 

n = n_ T^TT— L 5.1 o ± _ en/D.E d c.d 

where u/D i s the r a t i o of mobility to diffusion c o e f f i c i e n t for electrons 

at the energy of those in the gap. From t h i s he concluded that, in the 

absence of ionization, 

A = ^ = H 5 . .2 
20 K ° 

where u i s the mobility when the u.h.f. f i e l d i s applied (and the gap 

current i s i ).and \i i s that under d r i f t f i e l d only (when the i n i t i a l 2 0 

gap current i flows). 20 
Values calculated from t h i s equation d i f f e r from the experimental 

ones by a factor of 2, but do describe the general trend. 

In the following sections the existence of descrete sources over 

the emitting electrode and the dimensions of the electrodes w i l l be 

taken into account. 

5.2 The Physical Picture of Electron Flow 

The emitting electrode may be regarded, as a large electron sink 

with small electron sources distributed, largely at random over the 

electrode surface. The proximity of source and sink suggests that a 

considerable flow of electrons from source to sink must take place, 

without the electrons having a very large excursion in the gap. 

The electron cloud enters from a hole by a mechanism involving 

both diffusion and d r i f t . In the absence of any large concentration 
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of electrons i n the gap ( i . e . i n the absence of ionization), the 

net diffusive flow w i l l be directed outwards from the hole i n a l l 

directions (figure 5«l)« The presence of the sink i s expected to 

give a larger concentration gradient i n region A (figure 5»l) s o 

that larger electron flow may be expected i n t h i s region. This 

implies a large r a d i a l current flow, most of which i s l o s t to the 

boundaries. 

The d r i f t f i e l d tends to draw the electron cloud away from the 

surface and thus increases the current flowing into the gap i t s e l f . 

This, therefore modifies the concentration pattern round the hole by 

displacing i t i n the f i e l d direction, as shown i n figure 5»2. 

From figure 5 .2 , i t w i l l be observed that there are concentra­

tions of electrons opposite the holes, but between the holes the 

electron density f a l l s . Thus the electron d i s t r i b u t i o n i s expected 

to be f a r from uniform over the region close to the electrode surface. 

However, at further distances from the electrode, the electron concen­

tra t i o n may be expected to become, as a consequence of l a t e r a l d i f f u ­

sion, more and more uniform over a plane p a r a l l e l to the electrode 

surface. 

In the work that follows i t w i l l be assumed that the holes behave 

as an assembly of point sources distributed over the conducting elec­

trode. 
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5«3 Solution of the equation of continuity for Point Sources over the 
Emitting Electrode. 

In the steady state the equation of continuity for a continuous 

stream of electrons moving under a d r i f t f i e l d , E ^ c , directed along 

the z-axis i s ( i n the absence of ionization) (Townsend, 1925, 

Pidduck, 1925) 

V 2 = 2A | 2 5.5 
n oz 

where n represents the electron density at the point, x, y, z, and 
» E d c 

2h = — g — for the case when the electron energy at the point x, y, z 

such that the mobility i s u and the diffusion c o e f f i c i e n t D. In the 

present experiment ?v i s about 2.0 cm - 1. 

On entering the gap, emitted electrons w i l l , in general, take a 

f i n i t e time to gain t h e i r equilibrium energy (Compton, 1923, Compton 

and Langmuir, 1930). I n the present case i t i s l i k e l y that there i s 

f i e l d penetration into the holes so that the f r a c t i o n of t h i s time, 

during which electrons are i n the gap i t s e l f , may be expected to be 

small. I t w i l l therefore be assumed that the time taken for an 

electron to gain i t s equilibrium energy on entering the gap i s small 

compared to i t s lifetime i n the gap. The electron energy and hence 

u, D and A, are then independent of gap position, and can be regarded 

as constants dependent only on the energy supplied by the combined 

d r i f t and u.h.f. f i e l d s . 

•Huxley, 19^0, has applied t h i s to derive an expression for the 

electron density d i s t r i b u t i o n due to a, point source on a conducting 

plane, emitting into a region of i n f i n i t e extent. Using an i n f i n i t e 
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number of these point- sources distributed along the z-axis, he derived 

the electron density d i s t r i b u t i o n for a point source at the origin 

(figure 5»3) and i n the surface of one electrode of a p a r a l l e l plate 

gap, with the condition that n = 0 over the electrode surfaces, as the 

i n f i n i t e s e r i e s , 

, (z + 2 d ) d A - ^ V S . 
r a d r a \̂  r 2 ) 

] 
where, 

r 2 = p a + z 2 ; r 2 = p 2 + ( z - 2 d ) 2 ; r 2 = p 2 + (z+2d) 2 

1 2 
r 2 = p 2 + (z-lt-d) 2 etc. 5.4a 
3 

p 2 = x 2 + y 2 

and B i s an integration constant, representing the strength of the 

source. 

I f the electron source i s displaced r e l a t i v e to the a x i s i n the 

x,y plane over the electrode surface, equation 5.k s t i l l holds with a 

modified r. However, a l l such equations are solutions of equation 5.5 

and thus the solutions are additive. The electron density a t any 

point i s then the sum of the separate contribution made by each source. 

Thus, i f we regard the holes i n the emitting electrode as aggregate 

point sources or single point sources and i f W i s the t o t a l number of 

such point sources, the t o t a l electron density at a point x, y, z i s : -



n = I \ 5 ' 5 

k=l 

The unidirectional current density vector, r, at some point, f o r the 

case when d r i f t i s superimposed upon diffusion i s (Varnerin and 

Brown, 1950): 

T = n. u E d c - D.Vn 5.6 

Separating the component i n the z-direction and expressing 

n i n terms of the individual point sources using equation 5»5j 

equation 5*6 becomes: 

N 

At the surface of the c o l l e c t i n g electrode, z = d, n = 0 i s the 

boundary condition so that, 

r = -D\ ( d J y 5.8 

N 

The vector T incident on an area dx.dy of the electrode surface, z 
makes a contribution to the collected current, i , of 

2 
di = r • dx.dy 
2 z 

Thus integrating and introducing r from equation 5«8 "the current 
z 

flow to the f a r electrode assembly i s 

N over x « » u 

electrode 
surface 

Hence, i i s the sum of the current densities due to each of the holes 2 
considered separately. 
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Consider a single point source a t the origin. The contribution 

of t h i s source to i i s (equation 5 » 9 ) 
2 

A i = -D IT(xr) dx.dz 5.10 

over 
electrode 

Writing t h i s i n terms of p (p a = x 2 + y 2 , see figure 5*3) gives: 
a 

A i = -D / ( I 2 ) 2itp.dp 5.11 

where a i s the effective radius of the electrode. Since r 2 = p 2 + d 2 

and d, the gap width, i s a constant, pdp = rdr and equation ^.llmay 

be integrated, using equation 5* *b to give: 

A i = -kx B.D. e M 

-Ar„ -Ar _ e <* , e 2 a , 
% r 2 a 

-Ad -A3d 
e e 1 5.12 ] d 3d 

where, s u f f i x ' a ' refers toquantities defined i n equations ^mka with 

p = a and z = d. 

In practice, A « 20 cm"1, d w . 8 cm:, and a « 1.5 cm:'-, thus 
-Ar„ 

e °- 07 -Ar_ n e— 2a 

_Ad _Ar_ 

_Ad 

Hence, a l l but the — — — term of the bracket of equation 5»12 are 

negligible and 
. . lijtB.D. _ A 1 = — 3 — > 2 a 

Since terms envolving a are negligible, i t follows that the equation 
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i s not c r i t i c a l l y dependent on the boundary condition, p = a, from 

which these terms originate. P h y s i c a l l y t h i s implies that the 

current density vector decreases rapidly as p increases. Thus most 

of the current filow, i s to the central region of the electrode. I t 

i s therefore proper to make the approximation that a l l the holes l i e 

at the centre of the emitting electrode. Thus the sum of equation 

5.9 m a y be evaluated from equation 5*13 to give, 

i = N.A i 2 2 

= JSt.hn. B.D./d 

= B'. D/d 5.14 

where, B' = 4JT.N.B. 

The diffusion c o e f f i c i e n t , D, of equation ^.lk depends on the 

electron energy, hence i i s a function of thewu.h.f. f i e l d . The 
2 

amplification, i n the absence of ionization, i s therefore, 

A _ i _ 112 = i s 
A ~ i - B'D 5 , 1 5 

20 0 0 

where the suf f i x , o, re f e r s to the case when the d r i f t f i e l d only 

i s applied. 

Equation 5.4 suggests that the integration constant, B, repre­

sents the strength of the sources, since i t controls the electron 

density at a l l points. Thus B' may be expected to depend on the 

nature of electron flow from the holes. 

The a r b i t r a r y assumption that the strength of these sources i s 

independent of gap conditions gives B' = B' and A = D/D , leading to 

http://JSt.hn


an increase of A with u.h.f. f i e l d , whereas experimentally A i s 

found to decrease. This suggests that the effective point source 

has a strength which decreases as the energy of electrons in the 

gap increases. 

The study of electron flow within the holes has been found 

intractable. Thus instead of pursuing the consequences of the 

theory by the evaluation of B' i t has been found more sa t i s f a c t o r y 

to consider the subdivision of the electron currents i n the gap. 

IC i i s the t o t a l current emitted from the holes, i t i s l o s t from e ' 
the gap by: 

a) diffusion back to the emitting electrode; the resultant 

flow across t h i s boundary being defined as the back 

diffusion current, ig. 

b) the current collected by the f a r electrode assembly, i , and 

c) l a t t e r a l flow from the gap, which from equations a- n <i 5*6 

may be shown to be negligible. 

Hence: i g = i + i ^ 5 . l 6 

A convenient quantity i n which to consider the f r a c t i o n of i 

reaching the f a r electrode i s the gap transmission c o e f f i c i e n t , T , 

which i s defined by, i = T^ i g . This c o e f f i c i e n t depends only on gap 

conditions and w i l l be evaluated independently of the nature of the 

flow from the holes, provided that emission from them may be regarded 

as the r e s u l t of an acccmbly of point sources. 
. i 

Using equation 5.16, T g w i l l be evaluated from T g = 2 , 

which requires calculation of i _ . This may be obtained by an argument 
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similar t o that above by which i i s derived. 

2 

Following through t h i s argument, putting z = 0 i n equation 5.7 

gives the z-component «f the current density vector over the emitting 

electrode surface. Further, t h i s surface i s an electron sink so that 

n = 0 over the electrode. Uhus 

' , W = 4̂  „ 5-1T 
L-' ^ yx,y,0 
k=l 

The current, i g , may be obtained by integrating t h i s vector over the 

electrode surface. Assuming again that a l l the holes may be considered 

at the centre of the electrode and to have a radius, b, equation 5.17 

may be integrated t o give, 
p=a 

2jtpdp 5.18 

Evaluating ^ from equation %k and integrating the L.H.S. of equation 

5*18 gives: 
— ip=a r -Ar Jhr ~| 

i f i = -2n.B.D.N ~ - + * ̂ + ... 

B' „ (V^a , 2 e - ^ r l a x 
= _— .D — — + + ... 

2 a r l a 

p=b 

_Ab ~ -Ar-,, 1 2e l b 
b r l b 5.19 

Where the suffixes a and b refer t o quantities defined i n equation 5.4a 

with p = a, p = b respectively and z = 0. 
_Aa _ A i a _Ab - A r l b _Aa _Xb 

As before, - » - , ~ - » and ̂  <<ST~ etc-a r l a b r l b a b 

-\ -i. 
_/\u 

Hence a l l but the ~ — term of the bracket may be neglected so that, 



From equation 5«l6: 

i . = + i 

-?\b 
= B'DI + ± I 5.21 L 2b dj 

Hence, the gap transmission factor may be evaluated as: 

T = i = V d 5.22 

Since A « 20 cm - 1, b « .02 cms and d « .8 cms, i t follows that T ~ .02. 
g 

Thus of the electrons emitted less than 2$ cross t o the c o l l e c t i n g 

electrode. 

Normalising T t o u n i t y f o r ~h = A , gives 

2b 

the s u f f i x , n, indicating a normalised value. Since -Jg e » 1, 

t h i s may be approximated t o 

T * e - b f t i - ^ 5.23a 
gn 

i i / i 
By d e f i n i t i o n T = -r2- , and thus T = - r 2 / - r 8 0 where i and i g i g n i / x 2 e 

e B e/ eo 
correspond t o >v = A and i , i to A = V. Thus, T may be expressed 

20 e o 1 ^ g n 

i n terms of the amplification, A, defined as A = - r 8 , by 
20 
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provided A corresponds to the electron energy under d r i f t f i e l d 

only. Hence, i s only equivalent to A i f i g o = i g i.e. the 

emitted current i s a constant. I n f a c t , however, some va r i a t i o n 

of i may be expected due to variations i n the electron flow and 

density patterns i n the gap. 

I t , therefore, becomes necessary to define a hole transmission 

c o e f f i c i e n t , 3^, defined by i g = i _ ^ , where i _ ^ i s the measured t o t a l 

current emitted by the filament. Since i i s s t a b i l i z e d the normalized 
l 

hole transmission c o e f f i c i e n t i s 

i / i o eo 

Bius s t r i c t l y the amplification, as measured i s 

A = T • T 5.26 
Hn gn 

I t has been pointed out that evaluation of from d i f f u s i o n and 

d r i f t theory has not yet been found possible. Thus i t i s assumed that 
I j j n i s unity i.e. there i s no v a r i a t i o n of i with the energy of 

electrons i n the gap. ( i h i s does not imply that B i s constant, since 

B controls the electron density pattern i n the gap, not the flow of 

electrons through the holes). Under these conditions, T , as given 

by equation 5»23> i s d i r e c t l y comparable with amplification over the 

i n i t i a l part of the A - curves. Figure 5.U shows a p l o t of T g n 

f o r the case of Figure k.k with the experimental curve superimposed. 

Die calculation of T was based on values of £ derived from H a l l (1955) 
gn D ' 

and Varnerin and Brown (l950)» I t w i l l be seen that these curves are i n 

close agreement. Bie results therefore a f f o r d considerable support f o r 

the theory. 
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CHAPTER 6 

A THEORETICAL STUDY OF ELECTRON FLOW IN THE INTERELECTRODE GAP, 

WHEN IONIZATION OCCURS. 

In t h i s chapter the theory by which the i n i t i a l drop of the A-E^^ 

curves may be explained i s extended to a study of the electron flow 

pattern i n the case when ionization occurs. From t h i s study a method 

of calculating the ionization rate from the amplification curves i s 

suggested. 

6.1 The physical picture of electron flow when ionization occurs. 

I t has been shown i n the previous chapter that, as a consequence of 

the superimposition of d i f f u s i o n upon d r i f t , the f r a c t i o n of the emitted 

current crossing the gap i n the absence of ionization i s dependent on 

the u.h.f. f i e l d . This suggests that the v a r i a t i o n of the current 

collected by the f a r electrode, i g , on applying the u.h.f. f i e l d may, 

in general, be expected to have two components. The f i r s t i s due to a 

decrease i n the number of injected electrons crossing the gap, as 

suggested by the preceeding chapter. The second component i s due to the 

onset of c o l l i s i o n ionization by t h i s electron stream to give an 

increase in current t o the f a r electrode. The problem i s to separate 

these components so that the amount of ionization occurring, and thus 

the ionization rate may be derived. 

Following Townsend the simple view, based on the assumption that 

d r i f t i s the predominant transport mechanism (Chapter 2) i s that a 

continuous stream of electrons crosses the gap, ionizing the gas 

as i t flows, to give an exponential increase of current across the 
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gap. This assumes that the i n i t i a l electron stream i s there independ­

ently of the presence of ionization. I t may now be seen that as a 

consequence of d i f f u s i o n , t h i s i s an oversimplified picture. F i r s t l y , 

the stream of injected electrons crossing the gap i s energy dependent, 

as suggested i n the previous chapter. Secondly the onset of ionization 

changes the electron flow pattern so that the p a r t i t i o n of electrons to 

each electrode i s l i k e l y to be altered. Tnus the presence of ionization 

i t s e l f may be expected to a l t e r the stream of i n i t i a l electrons, so that 

the assumption that the stream i s present unchanged when ionization 

occurs i s u n j u s t i f i e d . Further t h i s implies that "the two components of 

i mentioned"above are both dependent on the electron density and flow 
2 

patterns, and thus are interdependent and not separable. 

Thus to estimate the ionization c o e f f i c i e n t i t i s necessary to 

derive an expression f o r electron flow when ionization occurs. I n the 

present case positive ions, as w e l l as electrons, contribute t o the gap 

current. Assuming there are no space charge ef f e c t s , electrons and 

position ions w i l l move independently of each other. Thus the t o t a l 

charge flow i n the gap may be represented as an electron flow pattern 

with a positive ion flow pattern superimposed upon i t . These flow patterns 

may therefore be derived separately, and the current vectors due to 

the two types of carriers added to give the net charge flow at any 

required point i n the gap. 

6.2 The Electron Density D i s t r i b u t i o n 

When ionization i s small i t s presence may be regarded as a small 

perturbation superimposed upon the injected electron density pattern. 
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From such a simple picture, an exponential rise of electron density 
across the gap re s u l t i n g from c o l l i s i o n ionization ( c . f . Townsendfe 
treatment of the electron avalanche) i s t o be expected. 

•n the other hand, at very high amplifications the.predominant 

electron source i s no longer at the emitting electrode but i s d i s t r i b u ­

ted throughout the gap. As a consequence, the electron density d i s t r i ­

bution i s expected t o be similar t o that f o r pure u.h.f. discharges 

(which i s a sine function as shown i n fig u r e 6.l) but deformed as a 

re s u l t of d r i f t . 

Varnerin and Brown (1950) have analysed the electron density pattern 

f o r the present f i e l d system under conditions of breakdown and without 

injected current. They obtained f o r the c y l i n d r i c a l gap of fig u r e 6.2: 

n = B.e A z. sin z^. J q (k^p) 6.1 

2. kOk where k = and J i s the zero order bessel function. Here the 1 a o 
exponential factor represents a deformation of the simple sine function 

applicable t o pure u.h.f» discharges, t o give a density d i s t r i b u t i o n 

across the gap as shown i n figure 6.J. 

The presence of injected current might be regarded as a small 

perturbation of t h i s density pattern so that the density function should 

approach equation 6.1 at higher amplifications. Hence as ionization 

increases a change from an exponential density d i s t r i b u t i o n t o one of 

sinusoidal form i s to be expected. This .concept i s fur t h e r analysed 

mathematically i n the next section. 



6.2.1 The Electron Flow Pattern as a Consequence of the 

Equation of Continuity 

The equation of continuity (equation l.K) f o r the present case, 

expresses the scalar electron density i n terras of d r i f t , d i f f u s i o n 

and ionization (Townsend, I9V7) as 
- 2*|£ +|.n = 0 6.2 

dz D 
where 2A = E, . 

D dc 
D r i f t i s controlled by E^c, which i s a vector directed along the 

z-axis. The d r i f t term i s thus asymmetrical i n space co-ordinates and 

i s a function of z only. However, t h i s term may be transformed i n t o a 

symmetrical space function using the transform n = U,e^Z, when 

^.U - = 0 6.3 
where, ^ = A 2 - | 

The p a r t i c u l a r solution of t h i s equation, which i s applicable to a 

given set of boundary conditions, i s dependent on whether v i s re a l or 

unreal and thus on the value of ty. 

By solving the equation of continuity, Varnerin and Brown have 

derived the condition f o r breakdown when a small d r i f t f i e l d i s super­
imposed upon the u.h.f. f i e l d , as 

i 
m 

A 2 

where the modified d i f f u s i o n length, A m, i s given by 

TP? = A i + A 2 6.5 
m 

The value of given by equation 6.k corresponds to breakdown and 

therefore represents the upper l i m i t obtainable i n the present experiment, 

so that the range of | i s 
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O < I | / < D | ^ 2 + A 2 j 6.6 
Remembering that ̂  = 7va- the range of v

2 i s then: 

^ > 5 2 > " i = 6-T 
where 7̂  corresponds to = 0, when the i n i t i a l gap current i s 

flowing. 

Over part of t h i s range v 2 < 0 so that v i s unreal. Then p u t t i n g 

r^x ="JQ =\/"|p ~ ̂ | e ( l u a ^ : ' - o n 6»3 becomes: 
v i 

V®U + U = 0 6.8 
Solutionsof equation 6.8 ( v 2 < 0) are of sinusoidal form, whereas 

are 

solutionsof equation 6*3, v 2 > 0,/exponential functions. Thus v = 0 

represents point at which the form of the density d i s t r i b u t i o n function 

changes. 

The significance of t h i s change i n terms of the flow pattern may 

be seen i f equation 6.3 i s w r i t t e n : 

D.ySU - D?\2U + \|rU = 0 6.9 

Here, U i s related to the electron density, n, by the r e l a t i o n 

n = Ue • Thus U represents the electron density i n an exponentially 

deformed space which w i l l be referred t o as U-space, figure 6.4. The 

three terms of equation 6.9 may then be seen to represent, i n U-space, 

the rate a t which electrons diffuse i n t o a region, the rate of loss by 

d r i f t and the rate of generation by ionization respectively. 

Here d r i f t i s represented as a loss of electrons i n the volume of 

the gas, and may be considered i n a similar manner to recombination i.e. 

as the presence mf a p a r t i a l electron sink d i s t r i b u t e d over the gap. 

Thus the scalar c o e f f i c i e n t , D?\2, represents the loss rate due to d r i f t 
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per individual electron. 

I n place of ty, which i s the net volume generation rate f o r electrons 

i n r e a l space ( i . e . the ionization rate less the attachment and recombi­

nation rates), we introduce v 2 to have similar properties i n U-space. 

In U-space there i s the d r i f t rate, as well as the attachment and 

recombination rates, t o be subtracted from the ionization rate to give 

the net volume generation rate. Tnus, 

v 2 = * - DA2 

and may be positive or negative according to the r e l a t i v e values of 

ionization and d r i f t rates. I n the steady state these electrons must 

be removed by d i f f u s i o n . Thus the electron density pattern i n U-space 

i s essentially d i f f u s i o n controlled, so that the theory of d i f f u s i o n 

controlled discharges may be applied t o discharges i n U-space. 

A similar conclusion may be obtained by comparing the equation 

of continuity f o r electrons i n U-space (equation 6.8), with that f o r 

r e a l space i n the absence of a d r i f t f i e l d ( Berlin and Brown, 19^8), 

ifn +|.n = 0 
For v x =0, \|f = DA2 and the rate of loss of electrons by d r i f t 

i s equal to the rate of gain by ionization so that the d i f f u s i o n rate 

from any given point i s zero (D.v?U = 0). For lower values of \|/ 

(v 2^0) the amount of ionization i s not s u f f i c i e n t t o balance the flow l 
r ate, and d i f f u s i o n thus maintains the balance by providing a net 

rate of flow i n t o the region. I f , however, ij / increases so that v 2 > 0, 

d i f f u s i o n i s r e l i e d upon to remove the excess electrons so that d i f f u s i o n 

must be outwards from the region. For a net inward flow t o any point, 
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the gradient of U must increase with U i.e. U must form a concave 
surface i n space. Thus the equation of continuity may be solved 
f o r v 2 < 0 ( v 2 > O), i f U i s an exponential function of space co­
ordinates (figure 6.5 a and b). 

On the other hand f o r v 2 > 0, there must be a net outward flow of 

electrons and U must be a cc.onvex< surface t o sati s f y the condition of 

continuity (figure 6.5c). Positive parts of sinusoidal functions 

s a t i s f y t h i s condition, exponential functions do not. Thus v =0 

represents a basic change i n the density pattern i n Hie gap. 

So f a r attempts t o obtain satisfactory values of the electron 

d i s t r i b u t i o n pattern f o r v 2 > 0 ( v 2 < 0) have not been successful. 
1 

The following sections are therefore confined t o a discussion of the 

case v 2 < 0 ( v 2 > 0) f o r which quantitative estimates of the electron 

d i s t r i b u t i o n pattern are made. 

6.5 Calculation of the Electron Flow Pattern f o r y 2 > 0 

This w i l l be derived along similar l i n e s t o the case i n the absence 

of ionization and follows Huxley's method of solution of the equation of 

continuity. 

As already seen t h i s equation (equation 6.2) may be transformed 

using n = e:^Z.U, in t o the equation 

= £2u. 6.3 
Huxley operated i n the same way on the equation of continuity, 

applicable when there i s no ionization (equation 5«3)> to obtain 

^ i T b : A2U 6.10 

Comparing equations 6.3 and 6.10 shows that any solution of 6.10 w i l l 
2 

be a solution of 6.3 provided ~KZ be replaced by £ s, where i 2 = —. 
D 
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Hence a solution may be obtained from equation 5.k, to give the electron 

density d i s t r i b u t i o n due to a point source on one electrode of a p a r a l l e l 

plate gap as, 

l r dr V, r J ^ 6xx \ ^ J 

z+2d 

• ltd 
r 3 ' ^ 3 

. . . ,] 6.11 

The electron current flowing to the c o l l e c t i n g electrode, i , and the 

electron back diffusioncurrent, i . , , may then be derived as f o r the non-
- D -

ionization case, as 

i = - B " e
M 

2-
-Jr 

2 a 
L2a 

and 

XB- = " 2 

- i d -j.Jd 
e e 
d " 3d 

6"* ra 6 " * r i a + 2. — + 
ra r i a 

6.12 
-»z = d 

2. •l rib 
rib 6.13. 

z = 0 
where suffixes a and b refer to the quantities defined i n equation ^mk& 

with p = a and p = b respectively, and B1 ' = 4-nN. B.D. 

With values of a and b f o r the present experiment (b « .02 cm,, and 

a * 1.5 cmr:) these equations may be approximated to w i t h i n 1$, provided 
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d >-6 cm and & > 5 cm"1, t o give 

•ib 

i = B". ̂ — 6.lU 
q - d 

1B- = 2 ° 6 , 1 5 

6.^ Bie P o s i t i v e I o n Flow P a t t e r n 

As w i t h e l e c t r o n s , p o s i t i v e ions can have the random motion of 

d i f f u s i o n superimposed upon t h e i r _ d r i f t motion. .Thus there i s . a f l o w 

of p o s i t i v e ions t o each electrode i n the same way as w i t h e l e c t r o n s . Hie 

cases of f i g u r e 6.6 show t h a t as a consequence, c o l l i s i o n i o n i z a t i o n 

close t o an electrode need not provide any c o n t r i b u t i o n t o the f l o w of 

gap c u r r e n t . I n the case of the f a r electrode t h i s may be allowed f o r by 

saying t h a t the net curr e n t c o l l e c t e d , i , i s composed of an e l e c t r o n 
2 

c u r r e n t , i ^ , and a p o s i t i v e i o n c u r r e n t , s o t h a t 

i = i - i , 6.l6 
2 2- 2 + 

P o s i t i v e ions w i l l be generated i n the volume of the gap and move 

by d r i f t and d i f f u s i o n towards the boundaries. I t w i l l be seen t h a t 

p o s i t i v e i o n f l o w w i l l obey s i m i l a r laws t o e l e c t r o n f l o w and thus be 

c o n t r o l l e d by the r a t i o , p o s i t i v e ions. I t may be shown t h a t t h i s 

r a t i o i s a f a c t o r of 100 g r e a t e r than t h a t f o r e l e c t r o n s , which suggests 

t h a t d i f f u s i o n i s le s s prominent i n the f l o w of p o s i t i v e ions than i n 

the f l o w of e l e c t r o n s . 

Consider the h y p o t h e t i c a l case of a sheet source of p o s i t i v e ions of 

de n s i t y , n , i n the centre of a p a r a l l e l p l a t e gap. The r a t i o of the 
s-

c u r r e n t f l o w t o the anode t o t h a t t o the cathode may be shown t o be 
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which i s of the order of 1 0 ~ 1 0 ° . For an e l e c t r o n source under s i m i l a r 

c o n d i t i o n s , the r a t i o of the c u r r e n t t o the cathode t o t h a t t o the anode 

i s of the order of 1 0 _ 1 . Thus i t i s concluded t h a t the d i f f u s i o n of 

p o s i t i v e ions against the d r i f t f i e l d (back d i f f u s i o n ) i s much l e s s than 

w i t h e l e c t r o n s . I t i s t h e r e f o r e considered j u s t i f i e d t o assume 

i « i _ , when equation 6.16 reduces t o i _ = i . ^ 
2 + * 2-

6.5 E v a l u a t i o n of the Gap Transmission C o e f f i c i e n t 

Since only the r e s u l t a n t gap c u r r e n t i s measured i n the e x t e r n a l 

c i r c u i t , i t i s convenient t o define the gap transmission c o e f f i c i e n t , 

T , i n terms of the net c u r r e n t , i , c o l l e c t e d by the f a r e l e c t r o d e . 
S 2 

Thus as i n the n o n - i o n i z a t i o n case we d e f i n e : 
i i - i 

T = - r 2 = - 2 = r 6.17 g x 1 & e e 
Here, T i s again a f u n c t i o n p u r e l y of gap parameters and indepen-S 

dent of the nature of the e l e c t r o n f l o w through the holes. I t represents 

the net f l o w of charge c a r r i e r s across the gap f o r a given i n j e c t e d 

c u r r e n t and i s an expression of the various processes ( 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 ) o c c u r r i n g i n the gap. 

The value of i may, on the p r i n c i p l e of c o n t i n u i t y , be c a l c u l a t e d 

as the d i f f e r e n c e between the t o t a l e l e c t r o n c u r r e n t l o s t from the gap 

and the t o t a l r a t e of generation w i t h i n the gap. I f T n represents the 

e l e c t r o n c u r r e n t d e n s i t y v e c t o r normal t o the boundary of the discharge, 

the e l e c t r o n c u r r e n t l e a v i n g the gap i s // r .dS i n t e g r a t e d over a l l the 



•boundaries of the discharge b u t o m i t t i n g the holes. Since the net 

r a t e of generation must be •tyJJ In dV over the gap the p r i n c i p l e of 

c o n t i n u i t y may be expressed as: 

i + f/7/n dV = /IT dS 6.17 
e JJJ JJ n 

I f i i s the cu r r e n t l o s t from the sides of the discharge, 
s 

r dS = 1_ + i + i 6.18 
J j n T- 2 - s-

and 

This r e l a t i o n i s q u i t e general and leads t o a general expression f o r 

T of 
g i - i 

T = , m — 2 = a ± v 6.20 
g ("t/I/n'dv + ̂  + v + v) 

I t may be shown from equation 6.11 t h a t i n the present case the c u r r e n t , 

i , i s n e g l i g i b l e compared w i t h i and i . F u r t h e r i t i s shown i n 
S— 2— 

s e c t i o n 6,k t h a t the assumption, i » i i s j u s t i f i e d . Hence equation 
2 - 2 + 

6.20 reduces t o 

\ = ^ Nf 6- 2 1 

and i t remains t o evaluate ty^yn. dV. 

Since there i s c y l i n d r i c a l symmetry about the z-axis, dV may be 

expressed i n terms of p and z so t h a t 
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z=d p=a 
yJJJn*dV = V y y"11' 2jtp.dp.dz 6.22 

over z=0 p=0 
gap 

Evalu a t i n g n from equation .6,11 and remembering there are N sources 

which may be assumed t o be a t the centre of the e m i t t i n g e l e c t r o d e , 

the second i n t e g r a l may be evaluated t o g i v e , a f t e r the e l i m i n a t i o n 

of n e g l i g i b l e terms: 

|. B" J e * Z (V*2
 + e ^ ( z - 2 d ) - e - £ ( z + 2 d ^ . d z 6.2J 

z=0 

This may be i n t e g r a t e d t o give 

B , ! 

[ f t + j ) - 2 i e ( V i ) dJ 6.24 

a f t e r e l i m i n a t i o n of n e g l i g i b l e terms. 

The gap transmission c o e f f i c i e n t , T , may now be evaluated. 

Using the approximate expression f o r i and i d e r i v e d above (equations 
2 - B-

6,1k and 6 . I 5 ) , a value of T a p p l i c a b l e t o the range £ > 5 cm - 1 and 
S 

d >;6 cmy., may be obtained from equation 6.21 as: 

T g = e 0 ^ y A ' ) A (1 + a i d ) - d ( * + i ) + £ e " ^ 6.25 

Normalising t o the case when 7v = 7v and there i s no i o n i z a t i o n : 

T = -[ 1 + -J- . € - V l T 6.26 
gn I 2b J g 

where T i s given by equation 6.25. 

As i n the case .when no i o n i z a t i o n occurs, f o r constant emission 

c u r r e n t from the f i l a m e n t , i , the a m p l i f i c a t i o n as measured i s 

A = T . T. 6.27 
gn Tin 
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Again i n the absence of a d e t a i l e d theory of the f l o w of e l e c t r o n s 

through the holes, T^ n w i l l be assumed t o be independent of gap 

condit i o n s and equal t o u n i t y . The a m p l i f i c a t i o n i s then d i r e c t l y 

comparable w i t h T • This assumption i s equivalent t o saying t h a t 

the- c u r r e n t e m i t t e d from the holes i s a constant independent of gap 

con d i t i o n s . 

P u t t i n g Z = 5 i n equation 6 . 2 6 gives T » 1. Tnis implies t h a t 
g n i 

the equation i s a p p l i c a b l e up t o cases where A, d e f i n e d as , i s less 
// 2 0 

than u n i t y , / Since the e l e c t r o n energy d i s t r i b u t i o n i n the present case 

i s s i m i l a r t o t h a t i n discharges i n pure u n i d i r e c t i o n a l f i e l d s 

(Varnerin and Brown, 1 9 5 0 ) "the values of may be expected t o be 

s i m i l a r i n the two cases. I t should thus be p o s s i b l e t o use values of 

ijf measured i n u n i d i r e c t i o n a l f i e l d s t o c a l c u l a t e (from equation 6 . 2 6 ) 

the a m p l i f i c a t i o n curve obtained i n the present experiment. 

Using the values of i o n i z a t i o n e f f i c i e n c y , r\, measured by Leiby 

( 1 9 5 ^ > reproduced i n Brown 'Basic Data of Plasma Physics' p. 1 3 6 ) and 

values of ̂  taken from Varnerin and Brown, 1 9 5 0 , T i s evaluated f o r D ' 7 gn 
two gap widths and p l o t t e d i n f i g u r e 6 . 7 . I t w i l l be seen t h a t the 

c a l c u l a t e d and experimental curves are of the same form, beginning t o 

curve upwards a t the same value of However, there i s a f a r more 

r a p i d r i s e i n the experimental curve than i n t h a t c a l c u l a t e d . This 

might imply t h a t the i o n i z a t i o n r a t e i n the present experiment i s some­

what above t h a t w i t h u n i d i r e c t i o n a l f i e l d s and e l e c t r o n s of the same 

energy. There i s , however, some doubt as t o the value of E, i n the 
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experimental curves due t o the presence of i n s u l a t i n g f i l m s on 
the electrode surfaces. I n t h i s r e g i o n t h e i r e f f e c t i s expected 
t o increase the d r i f t f i e l d as a consequence of the f l o w of charge 
through the f i l m s . Such an increase might account f o r the d i f f e r e n c e 
observed between the experimental and t h e o r e t i c a l curves. An exact 
v e r i f i c a t i o n of the theory must t h e r e f o r e await measurements of 
a m p l i f i c a t i o n i n which there is- l e s s u n c e r t a i n t y i n the value of 
the d r i f t f i e l d . 
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CHAPTER ?. 

TRANSIT TIMES - THEIR MEASUREMENT AND SIGNIFICANCE 

7 « 1 Method of Measurement 

The method employed i s t o modulate the i n j e c t e d c u r r e n t by 

superimposing a sine wave of r a d i o frequency ( 1 0 0 kc/s t o 7 Mc/s) 

on the d r i f t v o l t a g e , V , a p p l i e d between the f i l a m e n t and the 

e m i t t i n g electrode s h e l l . The r e s u l t a n t b u r s t s of el e c t r o n s a f t e r 

transmission across the gap, are gated by a s i m i l a r f i e l d i n reverse 

phase a p p l i e d between the c o l l e c t i n g e l e c t r o d e s h e l l and the i n t e r n a l 

c o l l e c t o r p l a t e (Figure 2 . 1 , on the back cover). 

The f r a c t i o n of the c u r r e n t , i , i n c i d e n t on the c o l l e c t i n g e l e c t r o d e , 
2 

which reaches the inner c o l l e c t i n g p l a t e depends on the phase of the i n t e r n a l 

f i e l d . The c u r r e n t , i , c o l l e c t e d by t h i s p l a t e w i l l be a maximum when 

a r r i v a l of a p u f f of el e c t r o n s coincides w i t h the maximum value of the 

i n t e r n a l f i e l d when t h i s i s d i r e c t e d so t h a t e l e c t r o n s d r i f t onto the 

c o l l e c t i n g p l a t e . I f f i s the modulation frequency, the t r a n s i t time, 

t.> i s given by t h i s c o n d i t i o n as: 

\ - k T-1 

where q i s the number of p u f f s present i n the gap a t any given time. 

Thus ~/measured f o r a range of g a t i n g frequencies and the frequency 
l j 2 i 

a t which - r ^ i s a maximum determined. From t h i s the t r a n s i t time may be 
2 

c a l c u l a t e d u s i n g equation 7»1« 
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The c i r c u i t used t o supply the radio-frequency g a t i n g voltages i s 

shown i n f i g u r e 7»1» Radio-frequency chokes are used between the 

electrodes and the c u r r e n t measuring system t o prevent r . f . c u r r e n t s 

f l o w i n g through these c i r c u i t s . High i n s u l a t i o n b l o c k i n g capacitors 

are used so t h a t the small u n i d i r e c t i o n a l c u r r e n t s f l o w i n g between the 

electrodes do not l e a k through the r . f . supply system. 

7 « 2 P r e l i m i n a r y Measurements of T r a n s i t Time 
i 

P r e l i m i n a r y measurements of have been made f o r a range of 
a 

modulating frequencies and f o r c o n d i t i o n s close t o breakdown. A 
i 

t y p i c a l p l o t of -~ against f i s shown i n f i g u r e 7 » 2 

For t h i s case, assuming q = 1 , equation 7 * 2 gives t « -guS. This 

value i s i n good agreement w i t h t h a t c a l c u l a t e d from breakdown data 

using the method given by N i c h o l l s , 1 9 6 0 . 

The f e a s i b i l i t y of t h i s method of measurement has thus been demon­

s t r a t e d . However, i n view of the u n c e r t a i n t y i n the d r i f t f i e l d r e s u l t i n g 

from surface phenomena i n v e s t i g a t e d l a t e r i n t h i s t h e s i s , no attempt has 

been made t o make systematic measurements of t over a range of c o n d i t i o n s . 

Lik e the a m p l i f i c a t i o n measurements these await removal of the u n c e r t a i n t y 

i n the d r i f t f i e l d caused, by the presence of surface f i l m s . 

7 . 3 The expected accuracy of measurement of t ^ 

D r i f t v e l o c i t i e s of e l e c t r o n s i n various gases have been measured by 

Bradbury and Wielson ( 1 9 3 6 and 3 7 ) using the e l e c t r i c a l s h u t t e r method. 

Crompton, H a l l and Macklin ( 1 9 5 7 ) have found t h a t markedly d i f f e r e n t d r i f t 

v e l o c i t i e s could apparently be obtained u s i n g the same apparatus b u t w i t h 
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d i f f e r e n t distances between the s h u t t e r s . Duncan ( 1 9 5 7 ) has shown 
t h a t such an e f f e c t i s t h e o r e t i c a l l y p r e d i c t a b l e when d i f f u s i o n i s 
appreciable. However, d i f f e r e n c e s c a l c u l a t e d from h i s work are 
considerably smaller than those observed. I t i s suggested by Crompton 
and h i s c o l l a b o r a t o r s t h a t t h i s may be due t o c e r t a i n assumptions made 
i n the boundary c o n d i t i o n s of the d i f f u s i o n equation used by Duncan. 

I n the present experiment i t has been shown t h a t d i f f u s i o n i s 

appreciable so t h a t e l e c t r o n t r a n s i t times cannot be considered t o 

be c o n t r o l l e d e x c l u s i v e l y by d r i f t . The e l e c t r o n d e n s i t y and f l o w 

p a t t e r n s may be expected t o be considerably a l t e r e d by the modulation 

of the e l e c t r o n source. Thus a pulse of e l e c t r o n s would be expected 

t o d i f f u s e both backwards and forwards i n i t s passage across the gap, 

d i s t o r t i n g the shape of the pulse. I t i s t h i s d i s t o r t i o n which might 

account f o r the observations of Crompton and h i s c o l l a b o r a t o r s . The 

e f f e c t s of t h i s d i s t o r t i o n on measurements of t r a n s i t times i n the 

present experiment i s t h e r e f o r e of i n t e r e s t . 

7. k The E l e c t r o n Flow and Density P a t t e r n w i t h Modulation of Emitted 

Current 

I n the measurement of t r a n s i t time the e l e c t r o n stream e m i t t e d i n t o 

the gap i s modulated by a s i n u s o i d a l f i e l d a p p l i e d between f i l a m e n t and 

e m i t t i n g electrode s h e l l . The e l e c t r o n s are thus e m i t t e d according t o 

some time f u n c t i o n and the e l e c t r o n d e n s i t y and f l o w p a t t e r n s i n the gap 

vary.o: w i t h time. 

The e m i t t e d e l e c t r o n stream may be considered t o be a p a r t i a l 

modulation of the s t a t i c stream of e l e c t r o n s already considered (Chapter 

6 ) . For the general case the modulated waveform may be represented by a 
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f o u r i e r series of s i n u s o i d a l waveforms. Thus the e l e c t r o n d e n s i t y a t 
any p o i n t i n the gap i s a time f u n c t i o n of the form: 

S=oo 

n . £ N 
s=0 

e J s c D t 7.2 
s 

where s i s an i n t e g e r , OJ i s the angular frequency of the fundamental 

component and N g defines the amplitude and phase of the sth s i n u s o i d a l 

component. 

The amplitude and phase of each component may be expected t o vary 

over the gap as the waveform i s d i s t o r t e d by d i f f u s i o n and d r i f t . I t 

w i l l be assumed t h a t the component frequencies of the em i t t e d waveform 

are s u f f i c i e n t t o express the waveform a t any other p o i n t . 

The equation of c o n t i n u i t y (Equation 1.2) a p p l i c a b l e t o these 

c o n d i t i o n s i s : -

The time dependent f u n c t i o n may be removed by employing equation J,2 

t o g i v e : -
Ssoo S—oo 

s=0 s=0 

which may be s p l i t i n t o an i n f i n i t e s e r i e s of equations of which the s t h 

i s 

J ? } » " . - ° T.5 
Each of these equations i s s i m i l a r t o the equation of c o n t i n u i t y f o r the 

steady s t a t e c o n d i t i o n (equation 6 . 2 ) provided |j i s replaced by ̂  - "̂ p̂ . 

Thus as before, Huxley's method of s o l u t i o n may be f o l l o w e d . I t i s thus 

p o s s i b l e t o d e r i v e , f o r a p o i n t source a t the o r i g i n , on a conducting plane 
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e m i t t i n g i n t o an i n f i n i t e medium, an 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 
space given by 

S=oo S=oo 

s=0 s=0 

where, I 2 = i 2 + • This i s subject t o the c o n d i t i o n t h a t £ i s s D s 
r e a l or A 2 > (^ - ). Here i g i s complex and may be w r i t t e n i n the 

form g + j h where, s s 

•»"-* WO! *(?))} 7-T 

and V - i l^+^T)- 1 "} 7'8 

Equation 7 « 6 shows t h a t the component of the e l e c t r o n d e n s i t y 

p a t t e r n corresponding t o the s t h frequency component of the e m i t t e d 
f n S(lit - 9.' r ) 

waveform, i s p r o p o r t i o n a l t o e s , which may be expanded t o 

e ^ s r . sin(scot - h s t ) . Thus the e l e c t r o n d e n s i t y p a t t e r n c o n s i s t s of 

a s i n u s o i d a l waveform t r a v e l l i n g out r a d i a l l y from the p o i n t source. 
F u r t h e r i t i s seen t h a t the wavelength of the s t h component i n the plasma 

2JT 
i s r — , so t h a t the v e l o c i t y of propagation, V , of a s i n u s o i d a l e l e c t r o n n s s 

c*/i\ Sfl^ 

d e n s i t y p a t t e r n of frequency i s — • S u b s t i t u t i n g f o r h g from equation 

7 « 8 gives V = ^ g ' B a > 7 . 9 
s — — - -— y 

which i s an i n c r e a s i n g f u n c t i o n of frequency. 

The propagation of a pulse across the gap may t h e r e f o r e be expected 

t o be analogous t o propagation down a transmission l i n e , the e f f e c t being 

t o delay the component frequencies by d i f f e r e n t times. I t i s thus expected 
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t h a t the shape of the e m i t t e d pulse of e l e c t r o n s i s d i s t o r t e d i n i t s 
passage across the gap. This e f f e c t may be f u r t h e r considered i n terms 
of the phase of the e l e c t r o n c u r r e n t , i , i n c i d e n t on the c o l l e c t i n g 

2— 

e l e c t r o d e . 

Again f o l l o w i n g Huxley, the c o l l e c t i n g electrode may be introduced 

i n t o the system considered above, and the e l e c t r o n d e n s i t y put t o zero 

over i t s surface, by the i n t r o d u c t i o n of a d i s t r i b u t i o n of p o i n t sources-

e m i t t i n g i n phase. Thus f o r a s i n g l e p o i n t source on the e m i t t i n g 
e lectrode N i s given by equation 6.11, w i t h n and £ replaced by W and s s 
l r e s p e c t i v e l y . 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 , i , 
S 2 -

may then be derived as i n the previous chapter t o give (corresponding 

t o equation 6. Ik) 

"Xd s = e o 

± A _ = ^ _ . £ | B S « . e - B B a . e J ( s * t - h s d ) | J t l 0 

s=0 

which i s t r u e t o w i t h i n Vjo i f I > 5cm-1 and d > ,6cm. 
s 

The c u r r e n t which the c o l l e c t i n g electrode would receive i f placed 

very close t o the e m i t t i n g e l e c t r o d e may be obtained by l e t t i n g d tend 
t o zero i n equation JmlO, t o give 

^-Xt-"- 7-u 

s=0 

Regarding t h i s c u r r e n t asihe i n p u t c u r r e n t t o the gap, i t w i l l be 

seen t h a t the phase d i f f e r e n c e across the gap f o r a given component of 

the e m i t t e d waveform i s the phase d i f f e r e n c e between t h a t component of 

the currents of equations 7*10 and 7«H h d f o r the s t h component. 
s 



This phase difference is frequency dependent and is an alternative 
way of expressing the varying velocities of the various frequency 
components. 

Further, comparison of equations 7»10 and 7«H> shows that the 
(Vg s)d 

sth component of the waveform is attenuated by a factor g . 
Equation 7»7 shows g to be an increasing function of frequency. 

s 
Thus there is expected to be a tendency for the higher frequency 
components to be f i l t e r e d out. I t is therefore reasonable to assume 
that the collected pulse is composed largely of the fundamental compo­
nent so that the delay time of the maximum of the pulse is that of the 
component, s = 1. The behaviour of the system is then the behaviour of 
this component and the phase difference across the gap is l^d , 

The condition for maximum current to the internal collecting plate 
of the collecting electrode is that the current received by the collec­
ting electrode should be in antiphase with that emitted, i.e. that the 
phase difference across the gap is a multiple of n. Thus 

\& = qit 7-12 

where q is an integer. The transit time, t , as measured, is given by 
dh 
00 

7.13 

Here V is given by equation 7«9 with s = 1 and is an increasing function 
of a). Thus i t w i l l be seen that the transit time measured is that for 
a pulse of fundamental frequency, -|̂ , rather than that of the electrons 
flowing in the steady state (co = 0). I t would therefore appear that 
for any experiment measuring d r i f t velocities by noting the transit time 

\ 



of a burst of electrons, measures, not the d r i f t velocity of the 
electrons but the velocity of propagation of the pulse. 

As the frequency tends to zero- equation 7»9 shows that the 
propagation velocity, V , approaches the d r i f t velocity, ^ E • In 

S Q.C 
general however the propagation velocity is greater than the electron 

d r i f t velocity in the steady state (ca = 0). ? L 

The variation of d r i f t velocities with gap width observed by 

Crompton Hall and Macklin (1957) may be explained qualitatively in 

this way. Since the gating frequency (cu) for maximum current trans­

mission through the collecting gate decreases with gap width, the 

measured velocity, given by equation 7*9; likewise decreases with gap 

width, as was observed. Quantitative predictions, however, require 

values of the diffusion coefficient, D, which are independent of d r i f t 
velocity measurements. Tnese do not appear to be available in the 

B 
range of ̂  applicable to these results. However, approximate calcula­
tions, using 'accepted' values of D, are in substantial agreement with 
experiment. 

When diffusion is small, the electrons may be expected to move 
across the gap with the d r i f t velocity, \i E^. The value of h g, when 
diffusion i s small may be obtained from equation 7.8, by l e t t i n g D 
tend to zero when, 

h * Sa>-
3 "" » Edc 

The velocity of propagation of an electron density pattern of any 
frequency is then ~ = (j. E^, as would be expected. 

s 
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I t is therefore seen that the differing velocities observed for 
the various frequency components are the result of diffusion. Physi­
cally the mechanism may be seen by considering the propagation of a 
sharp increase in electron density (a step function) of the form of 
figure 7»3« The current crossing the plane A is composed of a d r i f t 
plus a diffusion current both acting to propagate the step. Thus, i f 
k is the slope of the step, the z-component of the electron density 
vector is 

T = U .n + Dk 
z dc 

The effective d r i f t velocity of electrons crossing A is therefore 
Fz „ , Dk — = u E, + — n K dc n 

which is the propagation velocity of the step. Considering this as 
part of a sinusoidal density distribution, the higher the frequency, 
the larger k and thus the larger the velocity of propagation. 

I t has been seen that the transit time measured is that for a 
particular frequency, — . The value of h for any frequency may be 
obtained from a plot of ~ against d, retaining <JO constant. Maxima of 
i a 
~ should then be observed when (equation 7»13)J d = -»- = -*- .V so 1 h 03 s s 
that h or Vg could be calculated. Knowing h, i t is possible to 

calculate Z and hence from equation 7.8. This could therefore 

provide a means of measuring |j independently of the amplification 

method, but based on similar theoretical concepts. I t may therefore 

play a useful part i n confirming the v a l i d i t y of the theory. At 

present, however, insufficient results are available to allow a quan­

t i t a t i v e evaluation. 
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CHAPTER 8 
LONG TIME CONSTANT EFFECTS 

8.1 The Experimental evidence 

During the measurements of amplification, several variations 
of i and i were observed which possessed long time constants. 

20 2 

As pointed out i n Chapter 4, these were eliminated as far as 
possible from the amplification measurements by employing a timed 
sequence of experiments. In the present Chapter these effects w i l l 
be described and analysed in more detail. 

Fluctuations and d r i f t in the i n i t i a l gap current, i 
20 

These may be separated into two groups, those which occur in the 
absence of gap ionization and those which occur after, and presumably 
during, the period when collision ionization occurs i n the gap. The 
former is a gradual d r i f t of i with time which is independent of 

20 

the application of u.h.f. fields and the presence of ionization. 
Superimposed upon this there is a fluctuation of i following experi-

20 

ments in which ionization in the gap was high. These variations are 
shown in figure 8.1, which relates to an experiment in which the t o t a l 
emission from the filament was kept to within .0.1$ by the stabilizer, 
while the current reaching the far electrode ( i ) was measured. 

20 

This curve shows that after switching on the filament and the 
t o t a l emission current from the filament, i , had stabilized, there 
was a gradual rise of i over the f i r s t 18 mins. This was followed 

2G 

by a gradual decrease u n t i l the stabilizer, at 1*0 mins., could no 
longer retain the current, i , and the filament fused. The i n i t i a l 
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rise of t l i i s curve is quite typical of the observed behaviour, the 
drop between 20-kO mins. i s , however, not a typical case. In 
general this decrease would occur over a period of several hours. 
Figure 8.1, however, serves to show this d r i f t on a reduced scale. 
Figure 8.2 is a typical curve over the same time range. 

During the slow decrease in i shown in figure 8.1, a u.h.f. 
20 

f i e l d was applied periodically and ionization occurred. On removal 
of this f i e l d i may be seen to have fluctuated from the value 

20 
expected for a smooth d r i f t . 

In many cases the i n i t i a l rise of these curves was not observed. 
The value of i remained at i t s low i n i t i a l value although i was 

20 l 
equal to that of figures 8.1 and 8.2. Further, the maximum value of 
i varied widely from experiment to experiment, for any given value 
20 

of i . 
l 

Tais suggests that the fraction of the electron current incident 
on the inside ofthe electrode, which gets through the holes,varies 
from experiment to experiment. Although the t o t a l current flowing 
to the back of the electrode, i , is the same, i t s distribution over 

1 . 

the inside surface of the electrode might cause a change in current 
flowing through the holes. Thus a decrease in current density in the 
region behind the holes, with corresponding increases in other regions 
might be expected to cause a decrease of the current flowing through 
the holes. Thus a limitHed variation from experiment to experiment 
could result from changes in the current distribution pattern inside 
the electrode, which could be caused by changes in filament and 
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shield positions after installing a new filament. The time rise 
might then be explained by thermal expansion of the electrode 
structure. However, deliberate variation of filament position 
did not give the required variation of i . 

20 

Alternatively, since the measurements are made on currents crossing 
the gap, i t is possible that the properties of the gap i t s e l f may have 
to be considered. This is-discussed in detail in the following chapter. 

I f , after i has stabilized to i t s nearly constant value, the gap 
20 

is broken down, then on extinguishing the discharge, i is found to 
20 

have increased. This rise of i , which presumably took place during 
20 

the discharge, then decays with a time constant of about 1§ mins. 
Figure 8.5 shows this for two i n i t i a l values of i . 

20 
Similar effects occur after amplification in the gap has risen 

to large values. The extent of the rise of i occurring increases 
20 

with increasing amplification. I t is accompanied by a rise of i 
2 

during the period when the u.h.f. f i e l d is applied. This w i l l be 
dealt with in the next section. 

There is the possibility that this effect is caused by the 
flow of ions and electrons from the gap through the holes. This 
could interfere with the electron flow pattern i n the emitting 
electrode by providing a further current source contributing to 
the current flowing between filament and the electrode shell, i . 
The action of the stabilizer would then be to decrease the emitted 
current from the filament to retain i a constant. On extinguishing 
the discharge, the stabilizer would increase the current again with 
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the thermal time constant of the filament which is about - j min. 
Such a mechanism, however, gives an apparent decrease of i rather 

20 
than an increase. Further the expected recovery time constant is 
too short to explain those observed ( l . 5 mins.). 
8.2 The D r i f t of i with time 

2 

I f the i n i t i a l gap current, i , varies, then the current, i , 
20 2 

crossing the gap when a u.h.f. f i e l d is applied, can be expected to 
show a corresponding variation. This could account for the observed 
d r i f t of i in certain cases. However, when large values of i are 

2 20 
used, in s t a b i l i t y of i is observed which cannot be explained in this 

2 
way. 

For lower u.h.f. fields this i n s t a b i l i t y took the form of a slow 
rise of i with time eventually resulting in some stable value 

2 
(figure 8.k is a typical curve). At higher u.h.f. fields a progressive 
rise of i , eventually resulting in breakdown, was observed, of which 

2 

figure 8.5 is a typical curve. These ins t a b i l i t i e s were observed 
despite stabilization of i , which showed no variation greater than 
0.1$ over any of these experiments. 

These instabilities only occurred at higher i values. In 
20 

practice this meant that this only occurs in experiments in which the 
i n i t i a l rise of i was observed. Attempts to obtain higher values of 

20 
i without the i n i t i a l rise, necessitated over-running the filament. 
20 

In the few cases where this was achieved, there appeared no sign of 
any in s t a b i l i t y . Thus i t is suggested that the phenomena causing the 
i n i t i a l rise also control these i n s t a b i l i t i e s , and that the onset of 
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these inst a b i l i t i e s is independent of i i t s e l f . , The fact that 
so 

these observations do not always occur, suggests that their common 
cause is not always present. 

There appears^ to be a definite u.h.f. f i e l d above which there 
was a progressive rise to breakdown and below which a stable value was 
obtained. Figure 8.6 is a plot of the applied f i e l d in terms of the 
type of ins t a b i l i t y observed. This shows a transition at about ikS V/cm. 

The rate of rise of the ins t a b i l i t y curves was found to decrease 
with the u.h.f. f i e l d applied. Further at low fields the extent of 
the' d r i f t of i with time became very small and disappeared in cases 

2 
where the amplification was less than about 2. 

Since i remains constant and the variation of i was too small i so 
to explain this increase (andcould not explain the rise to breakdown), 
these curves imply a slow rise of gas amplification with time. Tae 
time constant of these phenomena is of the order of 1.5 mins. 

This appears to be due to some phenomenon occurring i n the gap 
and hence deserves further investigation. 
8.3 Analysis of the in s t a b i l i t y curve.s in terms of the concept of 

positive feedback 
The two forms of the i n s t a b i l i t y curves for i (figures 8.k and 

2 

8.5) may be understood to be different forms of the same phenomenon i f 
considered in terms of a system with positive feedback. 

a 
The gas amplification process is essentially equivalent to/current 

amplifier with an input of the emitted current, i , and an output of i . 
e 2 

I f i t is postulated that this current amplifier is composed of a 
amplifier of gain, G, and a positive feedback loop with a feedback 
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f a c t o r , P, and a time constant of T ( f i g u r e 8.7), i t s response may­
be shown (Appendix 2) t o be s i m i l a r t o t h a t of f i g u r e s 8.k and 8.5. 

I t i s w e l l known t h a t such systems are stable i f Gp < 1, but 

unstable i f Gp > 1. For example, i n a discharge w i t h u n i d i r e c t i o n a l 

f i e l d only, secondary emission provides a p o s i t i v e feedback loop 

and p i s then a f u n c t i o n of secondary processes, the g a i n , G, being 

provided by c o l l i s i o n i o n i z a t i o n . I n t h i s case, Gp = 1 represents 

the onset of the breakdown c o n d i t i o n ( t h e Townsend c r i t e r i o n f o r 

breakdown) when the output c u r r e n t tends t o i n f i n i t y and then 

becomes independent of the i n p u t c u r r e n t . I t would appear t h a t a 

s i m i l a r feedback system i s present i n the experiments described, 

b u t i t i s u n l i k e l y t h a t secondary emission i s responsible. On the 

grounds of the time scale i n v o l v e d , the charging and discharging of 

i n s u l a t i n g f i l m s on the e l e c t r o d e surfaces i s shown i n the next 

chapter t o be the most l i k e l y mechanism. 

R e f e r r i n g t o the c i r c u i t of f i g u r e 8.7> the time f o r the steady 

c o n d i t i o n t o be e s t a b l i s h e d depends on the e f f e c t i v e time constant 

of the feedback loop, T. Thus i f a step increase of gain from 1 t o 

G , occursjthe output waveform does not r i s e t o i t s maximum value 
1 

immediately but approaches i t w i t h a time constant c o n t r o l l e d by T. 

This has been analysed i n d e t a i l i n Appendix 2, where i t i s shown 

t h a t i f 8-j. i s the i n p u t t o such a system, the output, 0 q, when an 

i n c r e a s i n g step from 1 t o G ( f i g u r e 8.8a) i s a p p l i e d t o G, i s a time 

f u n c t i o n as shown i n f i g u r e s 8.8 b and c f o r the cases Ĝ p > 1 and 

G p <1 r e s p e c t i v e l y . I n the former case there i s a gradual r i s e t o 
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i n s t a b i l i t y (breakdown) and i n the l a t t e r case a gradual r i s e t o a 

stable value. 

Tne curves of f i g u r e s 8.8 fc and b. w i l l be seen t o be very-

s i m i l a r t o those of f i g u r e s Q,k and 8.5 r e s p e c t i v e l y . Thus the output 

of a c i r c u i t employing p o s i t i v e feedback i s seen t o e x h i b i t i n s t a b i l ­

i t i e s s i m i l a r t o those i f i , so t h a t 0 may be i d e n t i f i e d as the gap 
2 o 

cu r r e n t i . I n the case of i , the c o n t r o l l i n g c o n d i t i o n f o r t r a n s -
2 2 

i t i o n between the two types of curve i s shown i n f i g u r e 8.6 t o be a 

c e r t a i n value of the u.h.f. f i e l d , This i m p l i e s a c e r t a i n value of 

gas a m p l i f i c a t i o n . Thus, as i n the system analysed by Townsend, G 

may be regarded as the r e s u l t of c o l l i s i o n i o n i z a t i o n . The a p p l i c a ­

t i o n of a step f u n c t i o n t o G i s then seen t o correspond t o an increase 

of u.h.f. f i e l d from zero t o give a gas a m p l i f i c a t i o n of G , r e s u l t i n g 

from c o l l i s i o n i o n i z a t i o n . 

A comparison of f i g u r e s 8.8b and 8.8b w i t h 8.4 and 8.5 respec­

t i v e l y , suggests t h a t the i n i t i a l steady value of 0 q before G i s 

increased, corresponds t o the steady value of i . Thus 
20 

i a 6 I 8.1 

6 T G i 
The instantaneous r i s e of 9 t o on in c r e a s i n g the gain may now 

o l - p 
be seen t o be i a m p l i f i e d by the gap a m p l i f i c a t i o n (G), i n the absence 

20 

of feedback. The subsequent onset of feedback then causes the progres­

sive d r i f t s observed. The time constant w i t h which t h i s feedback loop 

comes i n t o operation must, t o e x p l a i n the observed phenomenon, be of 

the order of minutes. This i s shown i n the next chapter t o be too l o n g 
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t o be explained i n terms of gas phenomena and i t i s concluded t h a t 
surface phenomena i n the i n t e r e l e c t r o d e gap are responsible. 

Hie dependence of the r a t e of r i s e of the curves of f i g u r e 8.5 

on the u.h.f. fie33, may be explained on t h i s hypothesis since the 

r a t e of r i s e i s c o n t r o l l e d by loop gain, (3G, as w e l l as the loop time 

constant, T. I t i s shown i n Appendix 2 t h a t the time t o reach break­

down a f t e r a p p l y i n g a step t o G (when Gf3 > l ) i s 

Increase i n the u.h.f. f i e l d i s expected t o increase the i o n i z a t i o n 

r a t e and thus the gas a m p l i f i c a t i o n , G, so t h a t from equation 8.2, 

the r a t e of r i s e may be expected t o decrease. 

I t may be concluded, from the above, t h a t the observed i n s t a b i l ­

i t i e s of i may be completely explained i n terms of a p o s i t i v e feed-
2 

back mechanism w i t h a time constant of the order of minutes. I t 

remains t o see whether such an hypothesis can a l s o e x p l a i n the 

observed v a r i a t i o n s of the i n i t i a l gap c u r r e n t , i . 
20 8.k A n a l y s i s of the v a r i a t i o n of i i n terms of p o s i t i v e feedback 

2 Q 

Hie i n i t i a l gap c u r r e n t , i , i s the c u r r e n t f l o w i n g across the 
20 

gap when the d r i f t f i e l d only i s a p p l i e d . Since there i s no u.h.f. 

f i e l d there i s no gas a m p l i f i c a t i o n and the c u r r e n t reaching the f a r 

electrode may then be regarded as the output of the feedback a m p l i f i e r 

of f i g u r e 8.7 w i t h G = 1. 
The a c t i o n of s w i t c h i n g on the f i l a m e n t and subsequently moni­

t o r i n g i , i s e q u i v a l e n t t o a p p l y i n g an i n c r e a s i n g step f u n c t i o n t o 
20 

8 j and m o n i t o r i n g e Q which would then be given by (Appendix A2, 

equation A2.l) 
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6 = 6 T

 1 4-/ Q 2 
° 1 i - pTTTVVT) 8 , 5 

I n i t i a l l y ( t = 0), p ( l - ̂ ~t^r) = 0 so t h a t there i s no feed­

back and 6 Q = 0.J.. Thus 0̂ . may be i d e n t i f i e d as the gap cu r r e n t i n 

the absence of the p o s t u l a t e d feedback mechanism. As t increases, 

the feedback loop provides an i n c r e a s i n g i n p u t t o the adder and 0 
9 I g r a d u a l l y r i s e s t o a stable value of •=— as t tends t o i n f i n i t y . 1-fJ 

The r e s u l t a n t r i s e i s shown i n f i g u r e 8.9» Curve b shows the 

t i m i n g of the step waveform a p p l i e d t o the i n p u t (0^.) and curve a 

shows the output which r e s u l t s (0Q)» This curve c l o s e l y resembles 

the i n i t i a l p o r t i o n of f i g u r e s 8.1 and 8.2. Thus, the i n i t i a l r i s e 

of i on sw i t c h i n g on the f i l a m e n t may be i n t e r p r e t e d as a necessary 
so 

consequence of the p o s i t i v e feedback mechanism c i t e d t o e x p l a i n the 

i n s t a b i l i t i e s of i , provided the phenomena g i v i n g r i s e t o t h i s 
2 

mechanism are s t i l l present when i o n i z a t i o n i n the gap i s absent. 
The recovery of i f o l l o w i n g a p e r i o d when i o n i z a t i o n had occurred 

20 — • 

When the u.h.f. f i e l d i s removed, gas a m p l i f i c a t i o n by c o l l i s i o n 

i o n i z a t i o n may be expected t o f a l l t o zero. Thus, i n terms o f t h e 

simple c i r c u i t of f i g u r e 8.7> t h i s may be regarded as a decreasing 

step a p p l i e d t o the a m p l i f i e r g a i n , G, from Ĝ  t o u n i t y . When t h i s 

occurs the loop time constant element w i l l a c t as a storage element 

t o r e t a i n the value of 0 f e d t o the a t t e n u a t o r . 

Assuming t h a t steady c o n d i t i o n s have been reached before the 

a p p l i c a t i o n of t h i s step, t h i s value of 0 w i l l be the maximum output, 

0 / . \ which was e v e n t u a l l y e s t a b l i s h e d when the u.h.f. f i e l d was o(maxJ 
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a p p l i e d ( f i g u r e 8.8 atxaoidt c ) . Thus the feedback loop presents an i n p u t 

t o the adder of 8 6 / \ j so t h a t the output..-8 , which since 
o(max; 1 ' o' 

G = 1 i s the output from the adder, i s i 8 T + 8 8 / \ r* Thus on 
I o(max;J 

a p p l i c a t i o n of the step fun< 

(Appendix 2, equation A2.2) 

a p p l i c a t i o n of the step f u n c t i o n t o G, 0 q f a l l s instantaneously from 

9TG 
o(max) 1-8 Ĝ  

t o e, + a e I p °o(max) - 1-G p 

As the time constant element recovers, the i n p u t t o the a t t e n ­

uator decreases w i t h time. The value of 0 f e d back thus decreases 

w i t h time so t h a t 8 q shows a progressive decrease. This w i l l occur 

u n t i l the steady value, 

90 - 1-8 
i s reached. Thus 8 Q shows a time v a r i a t i o n p l o t t e d i n f i g u r e 8.10. 

This curve corresponds c l o s e l y t o f i g u r e 8.3 r e p r e s e n t i n g the 

recovery of i a f t e r i o n i z a t i o n has occurred i n the gap. This 
20 

suggests t h a t the observed 'recovery 1 of i may be regarded as'the 
20 

recovery of the feedback loop c o n t r o l l i n g the i n s t a b i l i t i e s of i . I t 
2 

would t h e r e f o r e appear t h a t t h i s again i s a necessary consequence of 

the p o s i t i v e feedback hypothesis. Thus i f there i s some feedback 

mechanism c o n t a i n i n g a long time constant (of the order of minutes), 

and t h i s appears t o be necessary f o r an e x p l a n a t i o n of the i n s t a b i l ­

i t i e s of i , the observed v a r i a t i o n s i n i described i n figures8.1, 
2 20 

8.2 and 8.3 are a necessary consequence. 
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8.5 Conclusions 

The experimental f a c t t h a t a l l the long time constant phenomena 

have time constants of the same order, suggests a common mechanism. 

The preceeding two sections show t h a t , i n p r i n c i p l e , a l l these 

phenomena can be explained i n terms of a s i n g l e e q u i v a l e n t c i r c u i t 

w i t h a p o s i t i v e feedback loop c o n t a i n i n g a time constant of a few 

minutes. I n the next chapter_a d e t a i l e d argument i s presented f o r 

considering the charging of i n s u l a t i n g f i l m s over the electrode 

surfaces as the most l i k e l y mechanism by which t h i s feedback i s 

e f f e c t e d . There the loop time constant i s seen t o be the r e l a x a t i o n 

time of the f i l m which i s shown t o c o n t r o l the time scale of each of 

these long time constant phenomena. 

Fur t h e r i t w i l l be seen t h a t i f 0 = 0, i . e . i n the absence of 

feedback or i n the absence of t h i s f i l m , none of these e f f e c t s occur. 

Thus on t h i s hypothesis, i f one of these e f f e c t s occur a l l are t o be 

expected and i f one i s absent a l l the others may be expected t o be 

absent. This i s broadly t r u e experimentally. I n p a r t i c u l a r , i f the 

i n i t i a l r i s e of i i s not observed, the i n s t a b i l i t i e s of i are l i k e -
20 2 

wise absent. However i t i s l i k e l y t h a t the f i l m i s never completely 

absent, i . e . B may be small but never zero, so t h a t c e r t a i n e f f e c t s 

may be observed, a t small amplitude, even i f the i r i s e was not evident 
20 

t o i t s usual extent. Hence i n c e r t a i n cases a s l i g h t r i s e of i 
20 

a f t e r i o n i z a t i o n i s observed even i n the apparent absence of the i n i t i a l 

i r i s e and the i n s t a b i l i t i e s of i . I t may thus be concluded t h a t 8 
20 2 

may vary w i d e l y from experiment t o experiment, w i t h corresponding 
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v a r i a t i o n i n long time constant e f f e c t s . I n the f o l l o w i n g chapter 

i t i s shown t h a t these v a r i a t i o n s i n p correspond t o v a r i a t i o n s i n 

f i l m thickness. 

I t i s important t o p o i n t out t h a t the c i r c u i t of f i g u r e 8.7 

i s not n e c e s s a r i l y a r i g o r o u s equivalent c i r c u i t f o r the gap. Thus 

t h i s analogue must not be pushed too f a r . Nevertheless, t h i s 

c i r c u i t serves t o i l l u s t r a t e , the basic p r i n c i p l e s i n v o l v e d and t o 

l i n k the various observed e f f e c t s by a s i n g l e hypothesis of p o s i t i v e 

feedback. 



1 

& g o 9 o 1 : Xho ehapa of the di«e&eotrlo wefige. I i s the plan and 
I I tho elevation as tha Hedge fells through the gap. 



89. 
CHAPTER 9 

POSSIBLE MECHANISE OF POSITIVE FEEDBACK 

I t has already been suggested t h a t the l o n g time constant appears 

t o be associated w i t h the i n t e r e l e c t r o d e gap i t s e l f , where possible mechan­

isms may involve the electrode surfaces as w e l l as the gas. The longest 

time constant i n the gas may be expected t o be associated w i t h some 

chemical change or w i t h the production of metastables. However, no 

metastables have been found i n hydrogen ( a t l e a s t i n s u f f i c i e n t 

q u a n t i t i e s t o e x p l a i n the observed e f f e c t s ) and the p r o d u c t i o n of 

atomic hydrogen (Corrigan and Von Engel, 1958) would cause a change i n 

gap c u r r e n t opposite t o t h a t observed. The time f o r such secondary 

products t o d i f f u s e out of-the gap i s expected t o be of the order of 

m i l l i s e c o n d s , and i s thus too short t o e x p l a i n the observed time 

constants. I t i s t h e r e f o r e concluded t h a t i t i s u n l i k e l y t h a t any 

phenomenal i n the gas i s responsible f o r these e f f e c t s . 

To check t h i s conclusion experimentally, a d i - e l e c t r i c wedge was 

dropped through the gap t o displace the s l i c e of gas between the 

electrodes d u r i n g the progress of each of the l o n g time constant 

phenomena. The wedge was so shaped as not t o make contact w i t h the 

electrode surfaces i n i t s passage through the gap ( f i g u r e 9«l)« 

However, no e f f e c t on the progress of any of the time f u n c t i o n s could 

be found t o suggest t h a t the gas was p l a y i n g an important r o l e . 

I t i s t h e r e f o r e thought l i k e l y t h a t surface phenomena, r a t h e r 

than c o n d i t i o n s i n the gas i t s e l f , are responsible f o r the slow 

changes i n the observed gap c u r r e n t . A mechanism whereby the d r i f t 
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f i e l d i s p r o g r e s s i v e l y removed as a consequence of the charging of 
surface f i l m s by the u n i d i r e c t i o n a l gap c u r r e n t , i , i s presented 

2 
i n the succeeding sections. 

9.1 The E f f e c t of t a ; Progressive PR-eduction M the D r i f t F i e l d , E, .—.—— . 1—cLi 

Varnerin and Brown (1950) have i n v e s t i g a t e d the way i n which a 

small u n i d i r e c t i o n a l f i e l d a l t e r s the u.h.f. breakdown stress of a 

gap. By s o l v i n g the appropriate d i f f e r e n t i a l equation, they have 

deduced t h a t the breakdown c o n d i t i o n f o r t h i s case, i s s i m i l a r t o 

t h a t f o r the pure u.h.f. case, provided t h a t the d i f f u s i o n l e n g t h , 

A, i s replaced by a m o d i f i e d d i f f u s i o n l e n g t h , A , given by: 

E 
A 2 

A m 

From t h i s equation A^ may be c a l c u l a t e d f o r a given set of condi­

t i o n s . Using t h i s i n place of A, the value' of breakdown stress may 

be obtained from the pA, EA p l o t s f o r pure u. h . f . breakdown. This has 

been done f o r hydrogen a t a pressure of 3.06 mm Hg i n a gap f o r which 

= l8»53> a n d i s shown i n f i g u r e 9«2. There the values of u/D were 

taken from Varnerin and Brown's r e s u l t s and the EA - pA p l o t used was 

t h a t published by Brown ('Basic Data on Plasma Physics', Wiley 1959; 

p. I50). An experimental check p o i n t i s shown, i n d i c a t i n g t h a t there 

agreement between the breakdown s t r e s s c a l c u l a t e d from the theory of 

Varnerin and Brown and the breakdown stresses obtained experimentally 

i n the present apparatus. 

This method was used t o c a l c u l a t e the expected breakdown s t r e s s 

f o r cases where i n s t a b i l i t i e s l e a d i n g t o breakdown occurred. For the 
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p a r t i c u l a r case of f i g u r e 8.6, the a p p l i e d E was 32 v/cm, so t h a t 
the expected breakdown stress may be c a l c u l a t e d as 208 V/cm. However, 
f i g u r e 8,6 sliows t h a t i n s t a b i l i t i e s r e s u l t i n g i n breakdown occur above 
1^9 V/cm. This i s above the pure u.h.f. stress of 11+6.7 v/cm b u t 
much below t h a t expected w i t h the value of E^ c a p p l i e d . I n the 
absence of any change i n the gas i t s e l f i t i s t h e r e f o r e concluded 
t h a t sane mechanism by which the u n i d i r e c t i o n a l f i e l d i s removed 
must operate t o a l l o w breakdown t o occur. 

Say t h a t the a p p l i e d voltage across the gap, V , corresponds t o 
2 

a p o i n t A on the Breakdown st r e s s curve of f i g u r e 9«3> a r*d the a p p l i e d 

u.h.f. f i e l d t o a p o i n t B. Under these c o n d i t i o n s the u.h.f. f i e l d i s 

too small t o give breakdown. The f i e l d V /d must t h e r e f o r e be progres-
2 

s i v e l y removed so t h a t E^ c runs t o a value corresponding t o p o i n t B 

and then breakdown occurs. 

I t now remains t o e x p l a i n the r i s e of a m p l i f i c a t i o n , p r i o r t o 

breakdown, on t h i s hypothesis of u n i d i r e c t i o n a l f i e l d removal. The 

observed a m p l i f i c a t i o n w i l l be dependent on the ext e n t of i o n i z a t i o n 

i n the gap and the p a r t i t i o n of the e l e c t r o n s thus formed t o the two 

electrodes. I n what f o l l o w s any change i n the p a r t i t i o n of e l e c t r o n s 

w i l l be neglected. The observed e l e c t r o n a m p l i f i c a t i o n w i l l then depend 

on the net r a t e a t which an e l e c t r o n has an i o n i z i n g c o l l i s i o n , ty, and 

the time d u r i n g which such an e l e c t r o n i s i n the gap, t ^ . Thus, 

A = f ( * , t L ) 9-2 

I n the present case, remains constant and i s s u f f i c i e n t l y 

l a r g e compared t o E, t o say t h a t E d c o n t r i b u t e s a n e g l i g i b l e amount 
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t o the e l e c t r o n energy. Ihus, the e l e c t r o n energy and hence \|r may 
be regarded as constants d u r i n g v a r i a t i o n s i n E^. 

Using the mo d i f i e d d i f f u s i o n l e n g t h defined by equation 9»1> 

the mean e l e c t r o n l i f e t i m e , t ^ , a t breakdown w i t h a u n i d i r e c t i o n a l 

f i e l d , E ^ ±s:-

E, N 2 - i - i 

UMwJF 
3his a p p l i e s t o condi t i o n s j u s t before breakdown i n the absence of 

an i n j e c t e d e l e c t r o n stream. When a m p l i f i c a t i o n i s h i g h the elec­

trons are generated predominantly i n the body of the gas so t h a t the 

i n j e c t i o n of e l e c t r o n s may be regarded as a n e g l i g i b l e p e r t u r b a t i o n 

of the system considered by Varnerin and Brown. F u r t h e r t h e i r t r e a t ­

ment a p p l i e s t o i n d i v i d u a l e l e c t r o n s , before the b u i l d up of space 

charge, which are the con d i t i o n s expected i n the present case. 

Equation 9«3 shows t h a t the e l e c t r o n l i f e t i m e may be expected 

t o increase as the u n i d i r e c t i o n a l f i e l d i s reduced. Thus i f i t i s 

p o s t u l a t e d t h a t E ^ i s p r o g r e s s i v e l y reduced d u r i n g the a m p l i f i c a t i o n 

changes of f i g u r e s 8.^ and 8.5, a progressive increase i n t L i s t o be 

expected. Hence the e l e c t r o n s would be a v a i l a b l e f o r a longer time 

t o i o n i z e a t the same r a t e so t h a t the a m p l i f i c a t i o n would increase, 

as expressed by equation 9» 2. 

S u b s t i t u t i n g f o r t T from equation 9*5 equation 9.2 gives:-

which expresses the way i n which A v a r i e s as E, i s p r o g r e s s i v e l y 
dc 

reduced. 
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To make q u a n t i t a t i v e estimates of the r i s e of a m p l i f i c a t i o n i t 

i s necessary t o sp e c i f y the form of the f u n c t i o n of equation 9.4. 

As already s t a t e d the s t r i c t treatment of e l e c t r o n f l o w a t hi g h 

a m p l i f i c a t i o n has been found t o be i n t r a c t a b l e . The f o l l o w i n g 

approximate treatment i s t h e r e f o r e adopted. 

I f a c u r r e n t , i g , i s e m i t t e d i n t o the gap from the e m i t t i n g 

e l e c t r o d e , the number of these e m i t t e d e l e c t r o n s i n the gap a t any 

given time i s i g t ^ . During the l i f e t i m e of these e l e c t r o n s , t ^ , 

they w i l l each create y t ^ new e l e c t r o n s . These i n t u r n , each 

generate \jrt T other e l e c t r o n s d u r i n g t h e i r l i f e t i m e and so on. Hence 

an e l e c t r o n cloud i s b u i l t up i n the gap over a p e r i o d of time t o give 

the t o t a l number «f e l e c t r o n s , N, i n the gap when the steady state i s 

reached as: 

i t T + i t T . tytT . + i t T . ( i J r t T ) 2 + .... e L e L Y L e L N Y 1/ 
summed t o i n f i n i t y . 

Each of these e l e c t r o n s has a l i f e t i m e of t T so t h a t the r a t e 
W 

of l o s s of e l e c t r o n from the gap i s — which may be evaluated by 

summing the above series t o give , 

i 
e 

l - ^ t L 

I t i s then p o s s i b l e t o o b t a i n an approximate expression f o r the gap 
i 

t ransmission c o e f f i c i e n t , d e f i n e d by T = - r 2 , i f i t i s assumed t h a t 
g i e ' 

the p a r t i t i o n of these N e l e c t r o n s t o the two electrodes i s indepen­

dent of E^_. Then i f 7 i s the f r a c t i o n of N reaching the c o l l e c t i n g 

e l e c t r o d e , 
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2 

and 

9k. 

9.5 

I f the flow of electrons from the holes i s assumed independent 

of gap conditions, i i s constant, so that, remembering i « i , 
e e go 

l l 

i i g 20 e & 

9.6 

Bie function of equation $.k may then be evaluated from equations 

9»5 and- 9«6 to give, 

A w A :1 - 1 
D 

•E, \ 2 i - l 

{ P
 +(4)} - l 

9.7 

where, A q i s the constant of proportionality of equation 9»6. 

Equation 9«7 may be rewritten i n the form 

1 
A 2 

9.8 
O T2 + V' 

where, 
A = 

\x E 
2D 

d c and v a = A 2 - I . 

I t i s now possible to make a quantitative estimate of the change 

i n E^c required to account for the slow r i s e of amplification of figure 

8.4. I f E d c^ i s the i n i t i a l f i e l d and i s that remaining a f t e r 

equilibrium has been reached, equation 9*8 shows that, 

P 2 1 In A°l 1 
A c \ . . A A 1 " ATI " D 

~ l ^ o 1 
1 s] 1 A ~ f 
A2 + V. L 2 J 

9.9 

- + * a 
1—A2 x _ 
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afid the s u f f i x e s 1 and 2 r e f e r r e s p e c t i v e l y t o the values of these quan­
t i t i e s i n i t i a l l y and when e q u i l i b r i u m has been reached. I f i t i s 
assumed t h a t i s the a p p l i e d u n i d i r e c t i o n a l f i e l d of 32 V/cm the 

value of E^ c a may be c a l c u l a t e d as 20 V/cm. This r e d u c t i o n of the 

d r i f t f i e l d by 12 V/cm would suggest t h a t such an hypothesis of 

progressive f i e l d removal could be tenable q u a n t i t a t i v e l y . 

P r e l i m i n a r y experimental measurements of a m p l i f i c a t i o n as a 

f u n c t i o n of d r i f t f i e l d have been made by N i c h o l l s (1960) ( f i g u r e h. l ) 

where a decrease of a m p l i f i c a t i o n w i t h i n c r e a s i n g d r i f t f i e l d i s 

evident a t h i g h a m p l i f i c a t i o n s . However, as the above theory suggests, 

the d r i f t f i e l d present d u r i n g experiments of t h i s type i s i n doubt, 

so t h a t d i r e c t measurement of the change i n d r i f t f i e l d f o r a given 

a m p l i f i c a t i o n change must be viewed w i t h caution. However, 

measurements of t h i s type do give support t o the theory. 

9« 2 Surface Phenomena 

I t has already been suggested t h a t surface phenomena are the 

most l i k e l y cause of the slow changes i n gap c u r r e n t . These changes 

may be explained i n terms of a slow p a r t i a l removal of the d r i f t f i e l d , 

i f the electrode surfaces are covered by p a r t i a l l y conducting d i e l e c ­

t r i c f i l m s . 

Thus i t w i l l be p o s t u l a t e d t h a t there are two d i e l e c t r i c f i l m s , d i s ­

t r i b u t e d evenly ever each e l e c t r o d e . I n i h e work t h a t f o l l o w s no 

p r o p e r t i e s w i l l be assumed f o r the f i l m s other than t o assume them t o be 

leaky d i e l e c t r i c s , capable of r e p r e s e n t a t i o n by a p a r a l l e l combination 

of a l a r g e capacitance, Ĉ,, and l a r g e r e s i s t a n c e ; , R̂ . I t w i l l a l s o 
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be assumed t h a t the electrodes are continuous i . e . t h a t the presence 

of holes may be neglected. 

When i o n i z a t i o n occurs i n such a gap w i t h a small d r i f t f i e l d 

a p p l i e d , p o s i t i v e ions go p r e f e r e n t i a l l y t o the cathode and e l e c t r o n s 

t o the anode. Hence there i s a net f l o w of charges onto the electrode 

surfaces which can only be n e u t r a l i z e d by conduction through these 

surfaces. I f the f i l m r e sistance i s assumed h i g h the f l o w of such 

cur r e n t s i s severely l i m i t e d so t h a t there i s a b u i l d up of charge 

on the surface of the f i l m ( f i g u r e 9» )̂» This charge i s b u i l t up so 

as t o p r o g r e s s i v e l y increase the u n i d i r e c t i o n a l voltage dropped across 

the f i l m . Since the o v e r a l u n i d i r e c t i o n a l v o l t a g e , V , remains 
2 

constant the gap v o l t a g e , V^c, and thus E^ c ^= ^ d c ^ ^ are p r o g r e s s i v e l y 

decreased. I t i s t h e r e f o r e concluded t h a t the d r i f t f i e l d i n such a 

gap may be expected t o be p r o g r e s s i v e l y reduced by the f l o w of 

u n i d i r e c t i o n a l gap c u r r e n t . 

This c u r r e n t f l o w w i l l , on the p r i n c i p l e of c o n t i n u i t y , be t h a t 

i n the e x t e r n a l c i r c u i t i . e . i . P a r t of t h i s c u r r e n t f l o w s through 
2 

the f i l m leakage r e s i s t a n c e , R̂ ,, and the r e s t ( t h a t forming the surface 

charge) charges the f i l m capacitance, CL. Thus f o r low frequenciesthe 

gap may be represented by the e q u i v a l e n t c i r c u i t of f i g u r e 9»5« Here 

G represents the gap and i s shown as a passive conductance t o express 

the f a c t t h a t a conduction path can be maintained by i o n i z a t i o n under 

u.h.f. f i e l d s i n the absence of a d r i f t f i e l d . The gap capacitance 

i s small and has t h e r e f o r e been neglected. 
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The voltage dropped across the two f i l m s i n se r i e s w i l l be 

c a l l e d the p o l a r i z a t i o n v o l t a g e , V . The r a t e of chaage of V 
P P 

w i l l be the r a t e of charging of the leaky c a p a c i t o r s , Ĉ , by 

the c u r r e n t i , so t h a t , 
2 

d V o / V \ 

This equation may be' solved f o r V by using the transform V = 
_ 2t P P 

V 1 e TF, and p u t t i n g V = 0 a t t = 0, t o g i v e , 

2t t 2t 

• p - ^ - e -J V • 
o 

where Tp = CpR^, the time constant by which a surface charge leaks 

through the f i l m and w i l l be r e f e r r e d t o as the r e l a x a t i o n time. I t 

i s of i n t e r e s t t o note here t h a t the r e l a x a t i o n time i s a character­

i s t i c of the f i l m m a t e r i a l o n l y ; f o r i f Ĉ , and R̂ , are expressed'as 

f u n c t i o n s of the p e r m i t t i v i t y , ZA> the r e s i s t i v i t y , o_, and the 

geometry of the f i l m , i t may be shown t h a t TJ. = gp* <*p« The measure­

ment of TJ? i s thus s i g n i f i c a n t i n the det e r m i n a t i o n of the f i l m 

m a t e r i a l . 

The voltage across the gap, V^c, a t a time, t , a f t e r i o n i z a t i o n 

began i s t h e r e f o r e , 
2t t 2t 

V, = V - — . e " ^ . f i . e 7 7 . a t 9-12 
dc o C_ J 2 

Here, V i s the i n i t i a l v o l t a g e across the gap and f a c t o r s of 2 i n the 
2 
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f i n a l term allows f o r the f a c t t h a t there are two equal f i l m s . 
This equation expresses the way i n which the d r i f t f i e l d , /d, 
i s expected t o be p r o g r e s s i v e l y reduced by the f l o w of u n i d i r e c ­
t i o n a l c u r r e n t . 

This c u r r e n t , i , i s c o n t r o l l e d by the discharge i t s e l f and 

i s the r e s u l t of the a p p l i c a t i o n of t h i s d r i f t f i e l d ( °/^) t o 

the discharge. The f l o w of c u r r e n t across the gap i s " dependent 

on the e l e c t r o n f l o w p a t t e r n i n the gap, which i s e s s e n t i a l l y a 

balance between d r i f t and d i f f u s i o n r a t e s . This problem has been 

analysed i n d e t a i l i n Chapter 6, b u t q u a n t i t a t i v e evaluations of 

the e l e c t r o n f l o w p a t t e r n f o r a m p l i f i c a t i o n greater than u n i t y 

have been found t o be i n t r a c t a b l e . I t i s t h e r e f o r e necessary t o 

confine discussion t o the case when the a m p l i f i c a t i o n i s h i g h , and 

t o take the approximate r e s u l t s of the previous s e c t i o n , where 

changes i n the p a r t i t i o n of e l e c t r o n s are neglected. The a m p l i f i c a -
i s 

t i o n and thus the gap c u r r e n t , / t h e r e shown t o increase as the d r i f t 

f i e l d decreases. The e f f e c t of gap c o n d i t i o n s on the f l o w of charge 

c a r r i e r s i n the gap may thus be expressed i n the r e l a t i o n , i = i 
2 2 

V d c ^ ° r r e f e r r i n e t o f i g u r e 9-5 by G = G ( E ^ , V d c ) . 

A possible feedback mechanism which could e x p l a i n the a m p l i f i c a ­

t i o n r i s e of f i g u r e s 8.4 and 8.5 may now be seen t o be as f o l l o w s . 
F o l l o w i n g the loop round, a change i n u.h.f. f i e l d w i l l increase i . 

2 
This causes an increase i n V and thus a decrease i n V, , w i t h a time 

p dc' 

constant d e f ined by both f i l m c h a r a c t e r i s t i c s and the c u r r e n t f l o w i n 

the gap (as d e f i n e d by equation 9»12). This decrease i n d r i f t f i e l d 
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r e s u l t s i n an increase of e l e c t r o n l i f e t i m e i n the gap and 

thus a r i s e i n a m p l i f i c a t i o n as i n d i c a t e d by equation 9»8» This 

i m p l i e s an increase i n gap c u r r e n t c l o s i n g the p o s i t i v e feedback 

loop. 

The equivalent c i r c u i t of f i g u r e 9»5 may be extended t o show t h i s 

feedback loop. Figure 9»5 already includes the mechanism by which V^c 

i s v a r i e d by i . I t t h e r e f o r e remains t o include the e f f e c t of t h i s 
2 

charge of V on the e l e c t r o n f l o w p a t t e r n i n the gap. This may be dc 

included by r e p l a c i n g the gap conductance, G, by a voltage c o n t r o l l e d 

conductance, G i^^^f ^ d c ^ a S s * l o w n ^n ^^S^e 9»6. The gap conductance 

represents the i - V^c c h a r a c t e r i s t i c s of the gap which may be d e r i v e d 
from equation 9«8 as 

i « i A 4p 9.13 
2 20 o 1 , 2 

A 2 

N.P. 

//Since the surfaces are charged by the f l o w of gap c u r r e n t i t i s t o be 

expected t h a t the time constants associated w i t h the removal of d r i f t 

f i e l d w i l l be dependent on e l e c t r o n f l o w i n the gap. Thus the time 

constant i s expected t o be dependent on gap c o n d i t i o n s e.g. gas, 

pressure etc. I n p a r t i c u l a r , f o r a given d r i f t f i e l d the gap c u r r e n t , 
i , has been shown experimentally (Chapter k) t o increase w i t h u.h.f. 
2 

f i e l d a p p l i e d . Thus the p o l a r i z a t i o n voltage i s expected t o b u i l d up 

more r a p i d l y a t higher u.h.f. f i e l d s so t h a t the time constant 

associated w i t h the removal of the d r i f t f i e l d w i l l decrease. This 

has been confirmed experimentally. 
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The hypothesis of d r i f t f i e l d removal by the charging of 

i n s u l a t i n g surface f i l m s , would t h e r e f o r e explain the i n s t a b i l i t i e s 

observed i n the a m p l i f i c a t i o n . I t remains t o o b t a i n independent 

evidence f o r surface p o l a r i z a t i o n . Experiments designed t o attempt 

t h i s are described i n the next chapter. I n the meantime the d r i f t 

of the i n i t i a l gap c u r r e n t , i , w i l l be considered i n terms of the 
20 

above hypothesis. 

9.3 A possible Explanation of the Observed D r i f t s i n the I n i t i a l Gap 
Current, i . 

£—20 

The feedback mechanism of the previous s e c t i o n i s a p p l i c a b l e t o 

cases when i o n i z a t i o n and thus a m p l i f i c a t i o n i s h i g h . The present sec­

t i o n w i l l deal w i t h the case when the p r o b a b i l i t y of i o n i z a t i o n i s so 

small t h a t the i n j e c t e d c u r r e n t gives r i s e t o c u r r e n t f l o w s c o n s i s t i n g 

mainly of e l e c t r o n s . 

The e l e c t r o n f l o w under such c o n d i t i o n s has been analysed i n d e t a i l 

i n Chapters 5 a n d 6. There i t i s shown t h a t of the c u r r e n t i n j e c t e d , 

i g , the m a j o r i t y d i f f u s e s back t o the e m i t t i n g electrode t o give a back 

d i f f u s i o n c u r r e n t of i g . The remainder, a f r a c t i o n T^, crosses the gap 

and forms the c u r r e n t , i . I t may be shown t h a t the gap transmission 
20 

c o e f f i c i e n t , T , and thus i , increase w i t h the d r i f t f i e l d i n the gap-

The c u r r e n t s , i and c o n s i s t i n g mainly of e l e c t r o n s , f l o w t o 
20 n 

the c o l l e c t i n g and e m i t t i n g electrodes r e s p e c t i v e l y ( f i g u r e 9»?) so t h a t 

the f i l m s on both these electrodes become n e g a t i v e l y charged. The 

v o l t a g e , V , dropped across the c o l l e c t i n g e l e c t r o d e f i l m w i l l be so 



101. 
d i r e c t e d as t o reduce the gap voltage and t h a t across the e m i t t i n g 

f i l m 
electrode/, V , t o increase the gap vo l t a g e . Uhus, 

Vdc = \ + V e " V c 9-14 

I t may be shown (Chapter 5) t h a t « thus the c u r r e n t , i ^ , 

i s much l a r g e r than i , so t h a t V i s small compared t o V and 
20 c e 

equation 9«l4 shows t h a t the f l o w of these currents r e s u l t i n an 

increase i n V, • Taus on s w i t c h i n g on the f i l a m e n t i i s e s t a b l i s h e d dc e 

and the gap voltage (and thus the d r i f t f i e l d ) p r o g r e s s i v e l y increased 

by the predominant charging of the e m i t t i n g electrode surface by the 

c u r r e n t , i ^ . 

When i o n i z a t i o n i s small and a d r i f t f i e l d only a c t s , the expression 

f o r T (equation 6.25) may be f u r t h e r approximated t o give 

ad 
3? * 9.15 

s ad d _Vo 
e +2b e 

where, a i s Townsend's f i r s t i o n i z a t i o n c o e f f i c i e n t . I h i s shows t h a t 

the slow r i s e i n d r i f t f i e l d r e s u l t s i n a slow increase i n T and thus 
g 

a progressive increase of i . Hence the i n i t i a l r i s e of i shown i n 
20 20 

f i g u r e s 8.1 and 8.2. 

The increase i n i of f i g u r e 8.2 corresponds t o an increase of T 
20 g 

by a f a c t o r of 1.47. From equation 9«15 i t may be shown t h a t t h i s 

corresponds t o a change i n E ^ from the a p p l i e d f i e l d of 32 V/cm t o 

approximately 70 V/cm, when f changes from .085 t o .125. Thus i t 

may be concluded t h a t the i n i t i a l r i s e of f i g u r e 8.2 may be explained 

by the progressive increase of E^c r e s u l t i n g from the gradual b u i l d up 
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of a p o l a r i z a t i o n voltage of approximately 38 v o l t s . 
When the steady s t a t e i s reached a l l the c u r r e n t f l o w s through 

the f i l m resistances so t h a t V g = i-gRg, and V c = i R̂ . Thus remembering 

t h a t T = . 2°7 equation 9.lh gives the gap voltage i n the steady state 

as, 

Vdc = V + I L , i e.-. - 2) 9.16 
2 T 20 eq V% J 

"q where, i and T are the steady values corresponding t o a f i e l d 

i n the gap of dc/^. A value of the f i l m r e s i s t a n c e , R̂ ,, may be 

c a l c u l a t e d from t h i s equation. For the case of f i g u r e 8.2 R̂  i s 

found t o be approximately 10 l on. 

Equation 9»l6 shows t h a t the value of i s c o n t r o l l e d by the 

f i l m r e s i s t a n c e . From t h i s equation i t may be shown t h a t , a t low 

a m p l i f i c a t i o n s the higher t h i s r e s i s t a n c e , the more the p o l a r i z a t i o n 

voltage and thus the l a r g e r the value of a t e q u i l i b r i u m . Hence, 

(equation 9«15) i may be expected t o increase w i t h i n c r e a s i n g f i l m a o e ( l 
r e s i s t a n c e . Tae v a r y i n g e x t e n t of the i r i s e , observed experimen-

20 

t a l l y , may t h e r e f o r e be accounted f o r by v a r i a t i o n i n R̂ , from experiment 

t o experiment. This i s expected t o imply a v a r i a t i o n i n f i l m thickness. 

F u r t h e r , the i n s t a b i l i t i e s i n a m p l i f i c a t i o n depend on the resistance 

of the f i l m being h i g h . Hence the resistance of the f i l m l i n k s the 

i n s t a b i l i t i e s of a m p l i f i c a t i o n w i t h the i n i t i a l d r i f t of i . Thus i n 
20 

the absence of a r i s e of i , Ro must be small and thus l i t t l e or no 
20 

i n s t a b i l i t i e s of a m p l i f i c a t i o n would be expected. This l i n k has been 

observed experimentally i n t h a t i n s t a b i l i t i e s most o f t e n occur a f t e r a 
l a r g e r i s e of i . 

20 



I t should be noted t h a t the feedback mechanism here i s somewhat 

d i f f e r e n t from t h a t a t h i g h a m p l i f i c a t i o n . When i o n i z a t i o n i s small 

the c u r r e n t , i , i s r e l a t e d t o the u n i d i r e c t i o n a l f i e l d by the gap 
20 

transmission c o e f f i c i e n t of equation 9«15» This shows t h a t i 
20 

decreases (and i ^ increases) w i t h decreasing u n i d i r e c t i o n a l f i e l d , 

E^c« This i s the reverse t o t h a t which occurs a t h i g h a m p l i f i c a t i o n , 

where i increases w i t h E^. However, there i s s t i l l an o v e r a l p o s i t i v e 

feedback as a consequence of the predominance of i _ . 
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CHAPTER 10 

EXPERIMENTAL DETECTION OF SURFACE POLARIZATION 

I n the previous chapter i t has been suggested t h a t i n s u l a t i n g 

surface f i l m s e x i s t on the electrodes which can be charged by the 

f l o w of u n i d i r e c t i o n a l gap c u r r e n t . I n the present chapter methods w i l l 

be described by which the r e s u l t a n t p o l a r i z a t i o n voltage may be measured 

exp e r i m e n t a l l y , and various p r e d i c t i o n s from t h i s hypothesis v e r i f i e d . 

I n the work t o be described the f i l a m e n t i s i n o p e r a t i v e and there 

i s no i n j e c t e d c u r r e n t . (The f l o w of gap cu r r e n t i s caused by running 

a u.h.f. discharge i n the gap). Apart from t h i s , the apparatus i s as 

described p r e v i o u s l y (Chapters 2 and 5)« 

I f the f i l m s are i n i t i a l l y uncharged and a voltage V i s a p p l i e d 
2 

t o the gap, the r e s u l t a n t f i e l d i n the gap, E^c, w i l l be the geometrical 

f i e l d V /d. The u.h.f. breakdown stress i s t h e r e f o r e expected t o be t h a t 
2 

corresponding t o t h i s f i e l d (V / d ) . However, i f the gap i s broken down, 
2 

some u n i d i r e c t i o n a l c u r r e n t w i l l f l o w and the surface f i l m s w i l l charge 
up t o some p o l a r i z a t i o n v o l t a g e , V . Thus the gap v o l t a g e , V , w i l l be 

p dc 
reduced t o (V - V ). On t e r m i n a t i n g the discharge the r e s i d u a l d r i f t 

2 P 
f i e l d i s (V - V )/d so t h a t subsequent u.h.f. breakdown stresses are 

2 p 
correspondingly modified. 

Thus a gap w i t h i n s u l a t i n g f i l m s over the electrodes i s expected 

t o have two types of breakdown s t r e s s . The i n i t i a l breakdown stress 

corresponds t o zero p o l a r i z a t i o n voltage and subsequent or secondary 

breakdown stresses are dependent on the p o l a r i z a t i o n voltages. 
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Determination of a secondary breakdown s t r e s s may be used t o 

measure the p o l a r i z a t i o n v o l t a g e , V . I t has been p o i n t e d out i n 
3? 

the previous chapter, t h a t i t i s possible t o derive the breakdown 

stress w i t h a superimposed d r i f t f i e l d from breakdown data f o r the 

pure u.h.f. case u s i n g the mo d i f i e d d i f f u s i o n l e n g t h given by 

equation 9»-l« S i m i l a r l y f o r a given pressure and breakdown s t r e s s , 

the m o d i f ied d i f f u s i o n l e n g t h may be de r i v e d from the EA, pA p l o t 

f o r pure u.h.f. breakdown. Using t h i s value of the m o d i f i e d d i f f u ­

sion l e n g t h , i t i s p o s s i b l e t o c a l c u l a t e the d r i f t f i e l d from equa­

t i o n 9»Xj and thus V from the r e l a t i o n 
P 

V -V 
dc d 

These methods were a p p l i e d t o deduce the p o l a r i z a t i o n voltage from 

a series of measurements of u.h.f. breakdown f i e l d s . Experimental 

r e s u l t s described i n the present chapter w i l l be confined t o s i m i l a r 

c o n d i t i o n s t o those present i n the preceeding chapters so t h a t an 

i n d i c a t i o n of the presence of surface p o l a r i z a t i o n here i s evidence 

f o r the presence of such p o l a r i z a t i o n i n the previous work. 

10.1 Measurement of the r e l a x a t i o n time 

I f a f i l m -is charged and the charging c u r r e n t ended, the charge 

slowly leaks through the i n t e r n a l r e sistance of the f i l m , R̂ , w i t h a 

time constant of the r e l a x a t i o n time of the f i l m . Bius the r e l a x a t i o n 

time of the f i l m , = CpRg,, c a n be determined by measuring the u.h.f. 

breakdown s t r e s s a f t e r successive time i n t e r v a l s and using these t o 

c a l c u l a t e the p o t e n t i a l drop across the f i l m and so i t s v a r i a t i o n 

w i t h time. 
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A t y p i c a l p l o t of u.h.f. breakdown s t r e s s as a f u n c t i o n of the 
time a f t e r the t e r m i n a t i o n of a previous discharge i s shown i n 
f i g u r e 10.1. When t h i s time i s short the secondary breakdown s t r e s s 
i s seen, i n t h i s case, t o be close t o t h a t f o r the pure u.h.f. case, 
i n d i c a t i n g t h a t the r e s u l t a n t d r i f t f i e l d i s n e a r l y zero. As the time 
increases the f i l m g r a d u a l l y discharges and the d r i f t f i e l d approaches 
i t s geometrical value of V /d. I n t h i s case the r e l a x a t i o n time i s 

'.2 

seen from f i g u r e 10.1 t o be approximately 3 hours. 

The i n i t i a l breakdown stress r e f e r r e d t o above i s t h a t f o r zero 

p o l a r i z a t i o n voltage and thus corresponds t o t h a t approached when 

the time between successive discharges i s l a r g e ( i . e . 209V/cm on 

f i g u r e 1 0 . l ) . This i s found t o agree w i t h the breakdown stress 

expected when the p o l a r i z a t i o n voltage i s zero, i . e . the breakdown 

stress corresponding t o a d r i f t f i e l d of V /d. Figure 10.1 serves t o 
2 

demonstrate t h a t the i n i t i a l and secondary breakdown stresses are 

c l e a r l y d i s t i n g u i s h a b l e experimentally. 

The secondary breakdown stress measured immediately a f t e r a 

discharge was found t o vary widely from f i l m t o f i l m . The range of 

values was found t o extend from t h a t corresponding t o zero d r i f t f i e l d 

up t o t h a t w i t h E^c = V /d when no p o l a r i z a t i o n was detectable. 

When the d r i f t f i e l d , , i s so small (< 5 volts/cm) t h a t i t 

scarcely competes w i t h d i f f u s i o n as an e l e c t r o n removal mechanism, the 

u.h.f. breakdown stress i s i n d i s t i n g u i s h a b l e from t h a t when E^ c = 0. 

The i n d i c a t i o n of a breakdown stress corresponding t o pure u.h.f. 
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breakdown does, t h e r e f o r e not nec e s s a r i l y mean t h a t =0, but t h a t 

E^c < 5 volts/cm. 

I t i s expected t h a t E^ c cannot be reduced t o zero by the charging 

of surface f i l m s , since some charge w i l l l e a k through the f i l m r e s i s ­

tance which must be replaced by a u n i d i r e c t i o n a l c u r r e n t f l o w across 

the gap. This necessitates some remaining d r i f t f i e l d t o j u s t un­

balance the discharge s u f f i c i e n t l y t o supply t h i s u n i d i r e c t i o n a l 

c u r r e n t . Further i t f o l l o w s t h a t the higher the f i l m r e s i s t a n c e , the 

le s s u n i d i r e c t i o n a l leakage c u r r e n t f l o w and the l e s s r e s i d u a l u n i ­

d i r e c t i o n a l f i e l d across the gap. This i m p l i e s t h a t the higher the 

p o l a r i z a t i o n v o l t a g e , the higher the f i l m r e s i s t a n c e . From observa­

t i o n on the secondary breakdown stress i t i s thus p o s s i b l e t o get some 

idea of the f i l m r e s i s t a n c e . Likewise the v a r i a t i o n i n t h i s s tress 

from experiment t o experiment may be a t t r i b u t e d t o v a r i a t i o n i n f i l m 

r e s i s t a n c e . This agrees w i t h the conclusion i n s e c t i o n 9«3 t h a t 

s i m i l a r v a r i a t i o n s of the i n s t a b i l i t y and d r i f t of gap c u r r e n t r e s u l t 

from v a r i a t i o n s i n f i l m r e s i s t a n c e . 

10.2 C y c l i c a p p l i c a t i o n of E^ c 

I f a f t e r charging the f i l m , the discharge i s terminated and V 
2 

i s reduced t o zero, the p o l a r i z a t i o n v o l t a g e , V w i l l be l e f t across 

the f i l m and w i l l give r i s e t o a f i e l d of = -V^/d i n the gap. I f 

V « V , the breakdown stress should then equal the i n i t i a l stress P 2 
w i t h the f i l m discharge and V a p p l i e d across the gap. 

2 

Experiments c a r r i e d out i n t h i s way confirm t h i s view. Figure 10.2 

shows time p l o t s of the sequence of operations used and r e s u l t s 

obtained. 
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Curve A shows how the a p p l i e d u n i d i r e c t i o n a l gap v o l t a g e , V , 
2 

i s v a r i e d , and Curve B shows the u.h.f. f i e l d t o give breakdown 

and subsequently t o m a i n t a i n the discharge. The gapsin t h i s curve 

correspond t o .termination of the discharge and the peaks are the 

breakdown values. Curve C shows the observed u n i d i r e c t i o n a l c u r r e n t 

f l o w , i , which represents the f i l m charging c u r r e n t , w h i l e Curve D 
2 

gives a diagrammatic r e p r e s e n t a t i o n of the suggested charge v a r i a t i o n 

on the electrode surfaces. 

S t a r t i n g on the l e f t of f i g u r e 10.2 ( t = 0), the f i l m i s charging as 

a consequence of the f i e l d E^c, a p p l i e d t o the maintained discharge. 

Curve C shows the charging c u r r e n t . A f t e r 5 mins. the discharge i s 

terminated and a t 10 mins. V i s reduced t o zero, so t h a t a u n i d i r e c t i o n a l 
2 

f i e l d of -Vp/d i s l e f t across the gap. The next breakdown s t r e s s 

corresponds as p r e d i c t e d t o a d r i f t f i e l d of V /d since V « V . 
* P 2 

Curve C shows the f i l m d i scharging as the p o l a r i z a t i o n i s reduced 

by the f l o w of gap c u r r e n t i n the reverse d i r e c t i o n t o normal since 

the f i e l d i s opposite t o normal. A subsequent breakdown measurement 

(33 rains. ) thus corresponds t o the pure u.h.f. case. This suggests 

t h a t a discharge i n the gap i n the absence of an a p p l i e d u n i d i r e c t i o n a l 

f i e l d can icemoves surface p o l a r i z a t i o n and reduce v^/d t o l e s s than 

5 volts/cm. 

At kO mins., V i s r e a p p l i e d and the breakdown s t r e s s corresponds 
2 

t o V /d. For t h i s value of E^ c the breakdown s t r e s s i s more c r i t i c a l l y 

dependent on the d r i f t f i e l d ; thus Y^/d i s zero t o w i t h i n l e ss than 0.1 

volt/cm. Thus i t may be concluded t h a t a discharge i n the absence of 
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a d r i f t f i e l d removes the surface p o l a r i z a t i o n . This i s as expected 
since a pure u.h.f. discharge between s i m i l a r electrodes i s e s s e n t i a l l y 
a symmetrical system, w i t h no net f l o w of charge c a r r i e r s across i t s 
boundaries and thus no net f l o w of charging c u r r e n t . 

A f t e r t h i s breakdown (k2 mins.) the f i l m i s recharged by the 

c u r r e n t i (Curve C) so t h a t a subsequent discharge i s t h a t f o r the 
2 

pure u.h.f. case. At 6k mins., V i s again removed and the c o n d i t i o n s 
2 

a t the beginning of t h i s sequence are re-established. This sequence may 

be continued i n d e f i n i t e l y w i t h s i m i l a r r e s u l t s . 

I t was shown i n the previous chapter how the gap could be 

represented by the equivalent c i r c u i t of f i g u r e 9«5» In. "the present 

experiment the b a t t e r y supplying V has e f f e c t i v e l y been replaced by 
2 

a square wave generator, f i g u r e lf5.3a. Thus the c u r r e n t waveform should 

be s i m i l a r t o the d i f f e r e n t i a l form of these a p p l i e d square waves 

( f i g u r e 10.3b). The s i m i l a r i t y of t h i s waveform w i t h t h a t of Curve C 

i s immediately apparent. 

10.3 C a l c u l a t i o n of f i l m constants 

From i n f o r m a t i o n gained from these experiments i t i s possible 

t o derive values f o r the i n t e r n a l r e sistance of the f i l m , R̂ , i t s 

capacitance, Ĉ , and an approximate value of the f i l m t h ickness, dp. 

As before i t i s assumed t h a t there are p r e c i s e l y s i m i l a r uniform 

f i l m s completely covering the opposing faces of the electrodes. 

I n the previous chapter an expression was d e r i v e d f o r the 

p o l a r i z a t i o n v o l t a g e , V , i n terms of the f i l m capacitance and the 

u n i d i r e c t i o n a l gap c u r r e n t , i , (equation 9»12) as 
2 
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2t + 2b 

V . e " T F / i . £
 T F . d t 10.1 

P u p J 2 1 o 

I n the above experiments, i s measured from breakdown 

measurements, i as a f u n c t i o n of time while the f i l m i s charging s 
and the r e l a x a t i o n time, vp, from measurements s i m i l a r t o these of 

f i g u r e 10.1. I t i s t h e r e f o r e possible t o evaluate GL from equation 10.1. 
J? 

Since the f i l m may be expected t o be very t h i n the w i d t h of the 

charge l a y e r may be expected t o be of the order of f i l m t h ickness, dp. 

Thus a value of dp c a l c u l a t e d from Ĉ , by assuming the f i l m t o be 

equivalent t o a p a r a l l e l p l a t e c a p a c i t o r , must be regarded as an 
o 

e f f e c t i v e thickness. The t r u e thickness i s probably a few Angstrom u n i t s 

g r e a t e r than t h i s . Nevertheless such c a l c u l a t i o n s provide a u s e f u l 

i n d i c a t i o n of f i l m t h ickness, but r e q u i r e some assumption as t o the r e l a -
F 

t i v e p e r m i t t i v i t y of the f i l m material,/.Further, the r e l a x a t i o n time i s 

CpEj, so t h a t i t may be used t o c a l c u l a t e the r e s i s t a n c e of the f i l m and 

i t s r e s i s t i v i t y , o*_, since the e f f e c t i v e dimensions of the f i l m are 

known. 

I n the p a r t i c u l a r case of experiments described i n t h i s chapter, 

the p r o p e r t i e s of the f i l m assumed present, were as f o l l o w s . 
C F = 3500 pF 

o 
e ^ d p = 1.8 x 107m 

Assuming e « 1, d̂ , » 500 A 

Rp « 10 1 2« 

Op « 10 1 8fl.cm. 
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I t i s thus concluded, t h a t i n t h i s t y p i c a l case, the experimental 
o 

observations are e x p l i c a b l e w i t h a f i l m ^00 A t h i c k , w i t h a r e s i s ­

t i v i t y of 10 1 8a.cm. 

Values of R̂  are found t o vary widely from f i l m t o f i l m , 

probably corresponding t o v a r i a t i o n s i n thickness. The values of 

obtained here may be compared w i t h those c a l c u l a t e d from the i n i t i a l 
r i s e of i (Chapter 9 s e c t i o n 9»3)» Thus i n the p a r t i c u l a r case of 

20 
the r i s e of i shown i n f i g u r e 8.2, IL, has been shown t o be 1.k x 

20 

10 l on. This value and t h a t above are w i t h i n the range of R^ observed 

experimentally. This i l l u s t r a t e s the range of R̂  which may be 

observed from experiment t o experiment. Reasonable agreement has 

been found between the values of- R^ c a l c u l a t e d from the i n i t i a l r i s e 
of i , and by the present method, con f i r m i n g the hypothesis of the 

20 

presence of a f i l m . 

10.k Use of the e l l i p s o i d f i e l d meter 

A-'n a l t e r n a t i v e measurement of the f i e l d i n the gap and thus the 

p o l a r i z a t i o n v o l t a g e , may be made using the e l l i p s o i d f i e l d meter 

already described. This instrument may be c a l i b r a t e d i n terms of 

known u n i d i r e c t i o n a l f i e l d s and subsequently used f o r d i r e c t 

measurement of the f i e l d r e s u l t i n g from the p o l a r i z a t i o n v o l t a g e , V . 

C a l i b r a t i o n i s c a r r i e d out by discharging the f i l m and a p p l y i n g 

known u n i d i r e c t i o n a l voltages across the gap when the f i e l d i s the 

geometrical f i e l d * V /d. The f i l m may be discharged by a l l o w i n g s u f f i c i e n t 
2 

time f o r the charge t o leak through the i n t e r n a l r e s i s t a n c e of the f i l m . 

A l t e r n a t i v e l y , when the r e l a x a t i o n time i s too long f o r t h i s t o be 



112. 

convenient, a u.h.f. discharge may be run w i t h o u t anapplied u n i d i r e c ­
t i o n a l gap v o l t a g e , when the f i l m should be discharged as a consequence 
of the symmetry of a pure u.h.f. discharge as described p r e v i o u s l y . 

The method of measurement i s t o run a discharge i n the presence 

of an a p p l i e d d r i f t f i e l d , terminate the discharge and remove the 

a p p l i e d voltage. Any d r i f t f i e l d remaining i s then due t o surface 

p o l a r i z a t i o n only, and may be measured w i t h the f i e l d meter. 

As a consequence of the square law nature of t h i s instrument, i t 

i s r e l a t i v e l y i n s e n s i t i v e a t small values of f i e l d s t r e n g t h . This may 

be overcome t o a l a r g e e x t e n t by u s i n g a t h i n n e r f i b r e , which reduces 

the t o r s i o n a l c o n t r o l and thus increases the s e n s i t i v i t y . However, 

the frequency of o s c i l l a t i o n and thus the c a l i b r a t i o n , then becomes 

c r i t i c a l l y dependent on the amount of damping and thus on the gas 

pressure. An a l t e r n a t i v e s o l u t i o n , which has been a p p l i e d i n many e x p e r i ­

ments, i s t o use the f a c t t h a t a small change i n . . f i e l d s t r e n g t h i s more 

e a s i l y detectable a t higher f i e l d values. Thus the f i e l d i n the gap i s 

r e i n f o r c e d by e f f e c t i v e l y i n c r e a s i n g the gap voltage before measurements 

are made. 

F i e l d s measured w i t h the e l l i p s o i d f i e l d m e t e r agree completely 

w i t h those obtained by breakdown stress measurements. This i s t r u e 

independently of the way i n which the f i l m i s discharged f o r c a l i b r a t i o n 

purposes. Thus there i s complete c o n f i r m a t i o n of the previous work, and, 

t h e r e f o r e , considerable evidence f o r surface p o l a r i z a t i o n . 
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CHAPTER 11 

THE FORMATION AMD REMOVAL OF SURFACE FILMS 

Evidence having been found f o r the presence of surface f i l m s , the 

present chapter w i l l deal w i t h attempts t o remove them and av o i d t h e i r 

f o r m a t i o n . 

I n the experiments described so f a r , Apiezon greasewas used i n the 

taps, Apeizon o i l i n the D i f f u s i o n pump and Amyl Acetate had been used 

f o r d e p o s i t i o n of the oxide c o a t i n g on the f i l a m e n t and cleaning the 

electrodes. I t was f e l t t h a t these substances, present as i m p u r i t i e s 

i n the system, might be responsible f o r the present of an i n s u l a t i n g 

surface f i l m . To reduce the p a r t i a l pressures of these i m p u r i t i e s a 

more e f f i c i e n t system of c o l d traps was t h e r e f o r e considered d e s i r a b l e . 

Since a t t h i s p o i n t i n the work the apparatus was moved t o a new l a b ­

o r a t o r y , the o p p o r t u n i t y was taken t o redesign the vacuum system com­

p l e t e l y . This system i s shown i n f i g u r e 11.1 and was used throughout 

the work t h a t f o l l o w s . 

The basic p r i n c i p l e s used i n the design of the new system were as 

f o l l o w s . 

1. The chamber was i s o l a t e d from the pumping system by a c o l d t r a p 

(c i n f i g u r e 1 1 . l ) . This was t o prevent back-flow of i m p u r i t i e s 

i . e . o i l vapours e t c . i n t o the chamber. 

2. A system of c o l d t r a p s (A and B) was placed close t o the chamber 

t o t r a p any i m p u r i t i e s t h a t were released from surfaces d u r i n g an 

experiment. 

3. The pumping l i n e was shortened, so t h a t the d i f f u s i o n pump was as 
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close as possible t o the chamber. This allowed more r a p i d 

pumping so t h a t the chamber could be i s o l a t e d from the pumping 

system by a stop-cock sooner, and thus there i s less time 

d u r i n g which the f l o w of vapours from the pump might contaminate 

the chamber. 

k. The gas p i p e t t i n g and the pressure measuring systems were 

i s o l a t e d from the chamber by c o l d t r a p s (A aid B) t o prevent 

exchange "of vapour i m p u r i t i e s between these sections. To f u r t h e r 

f a c i l i t a t e t h i s , separate pumping l i n e s were used t o the gas p i p e t t i n g 

and the pressure measuring systems ( v i a D) and the chamber ( v i a C). 

Each of these l i n e s contained a c o l d t r a p t o minimise enchange of 

vapours v i a the pumping system. I n p a r t i c u l a r the system was 

arranged t o prevent Acetate vapour from the electrodes i n the 

chamber from contaminating the whole system. 

5» P r o v i s i o n was made t o introduce gas i n t o the chamber a t a p r e v i o u s l y 

determined pressure. To f a c i l i t a t e t h i s a 6 stage p i p e t t i n g system 

was used and a needle valve i n s t a l l e d t o provide d e l i c a t e c o n t r o l 

of the f i l l i n g o peration. The needle valve was bypassed by an o r d i ­

nary tap t o f a c i l i t a t e pumping of the system on the f a r side of the 

valve. I n the event of a c c i d e n t a l l y f i l l i n g the chamber t o too 

high a pressure, the gas i n the chamber could be expanded i n t o 

s e c t i o n X, and a second attempt a t f i l l i n g c o u l d then be made. 

I f lower pressures are r e q u i r e d than are measureable on the 

gauge, these may be measured i n expansion k or 5 and then f u r t h e r 

expanded i n t o the chamber. 
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I n the experiments t h a t f o l l o w S i l i c o n e O i l type JOk was used 

i n the d i f f u s i o n pump and S i l i c o n e grease i n the taps. No f i l a m e n t 

was i n s t a l l e d . 

F o l l o w i n g the i n s t a l l a t i o n of t h i s vacuum system a se r i e s of 

experiments were undertaken t o t e s t the e f f i c i e n c y of the system 

w i t h respect t o f i l m b u i l d up. Hie method used t o dete c t f i l m s was 

by the f o l l o w i n g series of operations based on the r e s u l t s of Chapter 10:-

a) Any r e s i d u a l p o l a r i z a t i o n of the f i l m was removed by jrunning .^j 

a pure u.h.f. discharge. 

b ) A u n i d i r e c t i o n a l v o l t a g e , V , was a p p l i e d t o the gap and the 
2 

u.h.f. breakdown stress measured. This corresponded t o a d r i f t 
V 

f i e l d of -4» volts/cm. During the discharge which f o l l o w e d , the 

f i l m s , i f present, were changed t o some vo l t a g e , V . 
P V - V 

c) This discharge was terminated, l e a v i n g a f i e l d of 2 ^ - ̂  i n the 

gap, which was determined by measurements of the secondary u.h.f. 

breakdown stress. 
the 

The d i f f e r e n c e of/breakdown stresses measured i n steps b and c, 
then i n d i c a t e d V . I f the f i l m i s t t h i n ; i t may be expected t h a t V 

P P 
be small. Thus V - V « V and the measurement of V i s made i n a 

2 P a P 

reg i o n where the u.h.f. breakdown st r e s s i s c r i t i c a l l y dependent on v^c« 

Thus regarding the i n d i c a t i o n of a p o l a r i z a t i o n voltage ( i . e . a d i f f e r ­

ence i n the two breakdown stress measurements) as i n d i c a t i n g the presence 

of a f i l m , t h i s method i s a s e n s i t i v e i n d i c a t o r of the presence of f i l m s . 

A s e r i e s of experiments was undertaken i n which the electrodes were 

cleaned, q u i c k l y p ut i n t o the chamber and pumping commenced. On f i l l i n g 
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w i t h hydrogen or argon t o a given pressure (about 5 mm.Hg.) t e s t s 

were made f o r f i l m s using the above technique. These suggested t h a t 

there was l e s s surface p o l a r i s a t i o n i f t r a p s A and B were a p p l i e d i n 

a d d i t i o n t o t r a p & during pumping. I f pumping was f i n i s h e d a f t e r only 

a short time, the chamber f i l l e d and t e s t s made r a p i d l y , the p o l a r i z a ­

t i o n detected was found t o be very small. 

A f u r t h e r decrease i n the p o l a r i z a t i o n v oltage was found t o occur 

i f the electrodes were cleaned w i t h j e w e l l e r s rouge only, r a t h e r than 

w i t h amyl acetate. I n l a t e r experiments rouge was used e x c l u s i v e l y 

f o r cleaning purposes. 

To conclude, surface p o l a r i z a t i o n may be reduced i f ( i ) t r a p s A 

and B are a p p l i e d e a r l y i n the pumping stages ( i i ) the pumping time i s 

reduced t o a minimum and ( i i i ) j e w e l l e r s rouge i s used f o r cleaning the 

electrodes. 

I t would t h e r e f o r e appear possible t o reduce the i n i t i a l l y detected 

p o l a r i z a t i o n t o an acceptable l e v e l u sing these techniques, b ut complete 

removal does not appear po s s i b l e . F u r t h e r there i s some evidence f o r an 

increase of p o l a r i z a t i o n w i t h time on l e a v i n g the system t o stand. This 

i s , however, only a small e f f e c t . 

Davies ( p r i v a t e communication) has shown t h a t s i l i c o n e grease 

r a p i d l y forms a l a y e r over metal surfaces by condensation from vapour 

contaminating the system. The above r e s u l t s are compatible w i t h the 

idea t h a t some f i l m may be b u i l t up i n t h i s way. However, the r e s u l t s 

are by no means conclusive. For instance slow o x i d a t i o n of the electrodes 

caused by the presence of oxygen as an i m p u r i t y might cause t h i s increase 

of p o l a r i z a t i o n on l e a v i n g the apparatus t o stand. F u r t h e r , there i s no 
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reason to assume that one mechanism only exists. 

11.1 Cleaning Electrodes by Bombardment with hydrogen ions 

Llewellyn Jones and Davies (1951 a and b) have shown that the 

variations of d.c. sparking p o t e n t i a l a f t e r prolonged bombardment of 

an oxide f i l m with hydrogen ions, i s compatible with the idea that 

t h i s f i l m i s slowly removed by t h i s bombardment. Thus i f the present 

f i l m were one of oxide, i t might w e l l be removed by running a hydrogen 

discharge i n the gap. I t i s int e r e s t i n g t o note that Llewellyn Jones 

and Davies (l951a) used s i l i c o n greased taps but mercury d i f f u s i o n 

pumps isolated by l i q u i d a i r traps. The impurities i n t h e i r system may 

therefore be expected to d i f f e r from those intiie present system by the 

presence of pump o i l vapour. However, the d i f f u s i o n pump i s well 

isolated from the chamber by traps A, B and C. (Figure 1 1 . l ) . . 

Following Llewellyn Jones and Davies an attempt was made to clear 

the residual po l a r i z a t i o n by running a discharge i n hydrogen. A uni ­

d i r e c t i o n a l f i e l d of 500 volts/cm was applied together with a u.h.f. 

f i e l d . The discharge was run f o r a few weeks and periodic tests of 

surface polarization were made. These revealed that surface polariza­

t i o n was increasing with time and eventually almost a l l the u n i d i r e c t i o n a l 

voltage was dropped across the f i l m s . Further running of the discharge 

did not a f f e c t t h i s condition. Further experiments using a 50 c.p.s. 

alternating voltage i n place of the u n i d i r e c t i o n a l voltage across the 

gap, when electrons and ions alt e r n a t e l y bombard each electrode, gave 

similar results. These observations suggest that the f i l m was being 

b u i l t up rather than being removed. 
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Up\to t h i s point i n the investigation no f i l m or tarnish had 

been observed on the electrode surfaces. However, a f t e r running 

the discharges described above there was considerable tarnishing 

of the electrodes and f i l m s , e x h i b i t i n g interference fringes, 

were clear l y v i s i b l e . 

l l . r . l The form of discharge observed 

With such f i l m s , the form of discharge observed i n the gap, 

with combined un i d i r e c t i o n a l and u.h.f. f i e l d s was of interest. 

A pure u.h.f. discharge at higher power than would give breakdown 

i s observed as a c y l i n d r i c a l glow, between, but not touching, the 

electrodes (figure 11.2a). I t does not f i l l the f u l l width of 

the gap and i s usually asymmetrically positioned. This positi o n 

fluctuates over the electrode surfaces, remaining i n any one place 

f o r only a short time. 

On applying a high u n i d i r e c t i o n a l f i e l d to t h i s , the glow i t s e l f 

i s unaltered. However, with f i e l d s above about 100 volts/cm, there are 

occasional b r i g h t flashes on the cathode,. sjirf ace followed by a filamentary 
o r i g i n a t i n g from 

discharge across the gap xccigina±ay/the point of the f l a s h (figure 11.2b). 

Immediately following t h i s , the glow moves away from the region where the 

bright f l a s h occurred. These filamentary discharges occur at random times 
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and the b r i g h t f l a s h can occur anywhere on the electrode surface, but 
only on the cathode. 

Hie mechanism of t h i s discharge has not been investigated i n 

d e t a i l . However, the b r i g h t flashes on the electrode might be the 

re s u l t of the f i l m breaking down under the high u n i d i r e c t i o n a l f i e l d 

r e s u l t i n g from surface charge on the f i l m . I t i s suggested i n section 

11.3) that the relaxation time i s compatible with a f i l m of s i l i c a . For 

such a material the breakdown stress would be abaat 10 6 v/cm. This would 

correspond to a voltage across a f i l m 3 x 1 0 - 5 cms t h i c k of 30 vo l t s . 

I t i s therefore to be expected that the f i l m might break down i f the 

applied u n i d i r e c t i o n a l gap voltage was greater than some 60 vo l t s . I n 

practise b r i g h t flashes on the surface are only observed i f the voltage 

i s greater than thisvalue, suggesting that these represent points at 

which the f i l m has broken-down. 

The cathode was p i t t e d a f t e r t h i s experiment suggesting that 

considerable energy i s released during t h i s breakdown. A yellow deposit 

was afterwards found on the walls of the chamber, close t o the gap, 

suggesting that some brass had been removed from the cathode. I n t h e i r 

work on pulsed microwave discharges i n resonators {7\ = 10 cms), Prowse 

and Jasinski found similar b r i g h t spots on t h e i r electrode surfaces 

which showed the spectrum of the electrode material. Their electrodes 

were also found t o be p i t t e d . 

A possible explanation of why these flashes only occur on the 

cathode might be that the incidence of positive ions plays some part i n 

i n i t i a t i n g the breakdown of the f i l m , e.g. by the secondary emission of 

electrons. 
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I t I s t o be expected that the surface charge i s drained around 

the point at which the f i l m broke down. Thus i n the v i c i n i t y of 

th i s point the breakdown stress w i l l correspond to that with an 

additional u n i d i r e c t i o n a l f i e l d . Hence a movement of the glow to a 

region where the electrons have a longer time t o ionize and the glow 

i s easier to maintain, might be expected to follow the f i l m breakdown. 

This would explain the observed movement of the glow. 

11.1.2. Films observed a f t e r discharges i n hydrogen 

The t y p i c a l f i l m observed a f t e r running a discharge with an 
and 

alternative unidirectional/50 c.p.s. alte r n a t i n g f i e l d superimposed 

on the u.h.f., f o r a few weeks w i l l be discussed i n d e t a i l . 

©ver the emitting electrode surface (cathode) there was an 

apparently uniform f i l m e x h ibiting interference fringes around the 

edges of the electrodes. Over the surface bounding the discharge, the 

f i l m was unaffected by cleaning with dry tissue or acetone whereas the 

back of the electrodes, which showed some tarnish, could easily be 

cleaned with acetone. Thus there appears t o be some fundamental 

difference between the f i l m over the electrode surface and the tarnish 

behind the electrode. The existence of interference fringes round the 
curving surface of the electrode may thus be interpreted as a region 
where the f i l m over the electrode surface reduces i n thickness. Thus 

the f i l m appears to be confined to the region of the electrode bounding 

the discharge of which figure 11.5 shows a cross-section. From observa-
o 

t i o n of the fringes, the f i l m thickness i s of the order of l P 4 A. 
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Over the c o l l e c t i n g electrode (anode) the f i l m appeared to be 

less uniform. Around the curved edges of the electrodes interference 

fringes were again observable i n day-light. A sketch of the fringes 

observed under sodium l i g h t i s shown i n figure 11.4. No fringes were 

observed i n the central region which appeared to be clean, but some 

darker and l i g h t e r regions were observed around the holes, as i s 

suggested i n figure 11.4. As with the emitting electrode the f i l m 

appeared t o be confined to the surface bounding the discharge. On 

both electrodes, no interference fringes were found on the electrode 

assembly except over the region bounding the discharge. 

The following conclusions may be drawn, 

a) Since the f i l m i s confined t o surfaces bounding the discharge, 

i t i s probable that the discharge i t s e l f was responsible f o r the 

formation of the films. 

b) The f a c t that the f i l m on the cathode i s , i n general, thicker 

than that on the anode, suggests that some p o s i t i v e l y charged 

ion i s involved. 

I t i s interesting t o note that r e s u l t a) i s at variance with the 

corresponding results of Llewellyn Jones and Davies. 

11.2 Bombardment with Argon Ions 

I n analysing the processes of f i l m fanrataDn by a discharge, i t i s of 

interest to have some knowledge of the part played by the gas i t s e l f . 
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Thus the above experiments were repeated using argon at about 5 v m 

pressure. Such experiments are also of interest since Farnsworth 
and his colleagues (1955) have suggested a method of cleaning surfaces 
employing argon ion bombardment. 

Here again a f i l m was b u i l t up confined to the surface bounding 

the discharge, but of quite a d i f f e r e n t nature from that formed by 

a hydrogen discharge. I t appeared white when seen by the naked eye 

and exhibited no interference fringes. When viewed under the micro­

scope, illuminated with l i g h t p a r a l l e l t o the electrode surface and 

using a magnification of 600, the ' f i l m 1 was seen to have a granular 

structure. These 'particles' were apparently d i s t r i b u t e d evenly over 

both electrodes. 

On the cathode, the p a r t i c l e s appeared j u s t less than l u across. 

Large aggregates of these p a r t i c l e s , p i l e d to a depth of 2-k p a r t i c l e s , 

were common. These were of no d e f i n i t e shape, but ranged from l i n e s to 

cir c u l a r structures. The background p a r t i c l e s were of constant den­

s i t y r i g h t up to the boundary of these aggregates. 

On the anode, the pa r t i c l e s were again about l u diameter i n the 

centre of the electrode, but decreased to ha l f t h i s diameter at the 

edges. A few small aggregates were observed but these were rare, 

consisting of not more than !&ea) ind i v i d u a l p a r t i c l e s ( i . e . much 

smaller than observed on the cathode). 

The density of p a r t i c l e s was d i f f i c u l t t o determine due to lack of 

resolution. However, they appeared to be j u s t s u f f i c i e n t l y dense to 
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cover the electrode surface and i n places there appeared to be more 

than one layer of pa r t i c l e s . 

The f a c t that t h i s f i l m d i f f e r s considerably from that formed 

i n the presence of hydrogen, suggests that the gas plays some part 

i n the process. I t would be interesting t o f i n d the way i n which 

these f i l m s d i f f e r chemically. However, there i s i n general too 

l i t t l e material to perform any d e f i n i t e tests. Nevertheless", an 

X-ray powder photograph was taken using some of the f i l m b u i l t up 

i n argon. Unfortunately, the resul t showed an amorphous structure 

and no elements could be detected. 

11.3 Relaxation time 

On the face of i t , the material of the f i l m could be recognised 

by measuring the relaxation time and comparing i t with values 

measured on materials i n bulk or calculated from the product of the 

r e s i s t i v i t y and p e r m i t t i v i t y of the materials. However, i t i s not 

certain that the properties of the material i n bulk are applicable 

to very t h i n f i l m s . For instance, i f the f i l m thickness i s less than 
o 

the mean free path of electrons i n the material (of the order of 100 A) 

an abnormally low resistance with corresponding decrease i n r e s i s t i v i t y 

f r a n the value from measurements on the material i n bulk, might be 

expected. Thus i t i s l i k e l y that the relaxation time, T^,; decreases 
o 

with f i l m thickness when t h i s thickness i s less than about I 0 a A. How-

ever, f o r f i l m s of thickness greater than 10 A, the measurement of T. 

expected t o provide a useful indication of the material of the f i l m . 
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Hie e l l i p s o i d f i e l d m&t&r i s a satisfactory device f o r the 

measurement of relaxation times. The f i l m may be charged by 

running a u.h.f. discharge i n the presence of an applied u n i d i r e c t i o n a l 

gap voltage. Direct measurement of the f i e l d r e s u l t i n g from the 

polarization voltage may then be made as a function of time a f t e r 

termination of the discharge and removal of the applied gap voltage. 

The e l l i p s o i d i n no way interferes with the charge on the sur­

faces, so that the voltage across the f i l m s may be measured while 

retaining a high insulation of the surface. I t i s thus possible to 

measure the decrease i n voltage as the surface charge leaks away 

through i t s own i n t e r n a l resistance. I n t h i s way a d i r e c t measure­

ment of the relaxation time constant of a f i l m i s feasible, provided 

that the rate of change of voltage i s s u f f i c i e n t l y small to enable an 

adequate number of e l l i p s o i d swings to be observed. 

The relaxation time of the f i l m deposited by prolonged discharge 

i n hydrogen (section 11.1.2) was measured using t h i s technique. A 

p l o t of polarization voltage against time i s shown i n figure 11.5^ 

which indicates a relaxation time of about 2 x 10a mins (about 2 days). 

Comparing t h i s with the time constant of 200 mins observed i n the case 

(Chapter 10) when Apiezon grease and o i l was used i n the system, suggests 

that there are d i f f e r e n t f i l m materials i n the two cases. This indicates 

that the grease or o i l played some part i n the formation of the f i l m . 



The f i l m with Ap&ezon grease and o i l was only some 500 A th i c k 

which i s of the order of the expected mean free path of an electron, 

so that a low value of T„ might be expected. Measurement of T,-, with 

a f i l m b u i l t up as the above, which did not exhibit interference 

fringes and thus was expected to be thinner, but was s u f f i c i e n t l y 

t h i c k to give considerable po l a r i z a t i o n , gave relaxation times of 

similar order to those indicated i n fi g u r e 11.5» On the other hand 

f o r very t h i n f i l m s e x h i b i t i n g only a small amount of po l a r i z a t i o n 

a much smaller value of Tj, did occur. To conclude, i t would appear 

that Tp and thus the f i l m material i n the present experiments d i f f e r s 

from that when Apiezon grease and o i l ware used. 

Comparison of the value of Tj, f o r the f i l m b u i l t up by prolonged 

discharge i n hydrogen, and relaxation times calculated from properties 

of various materials i n bulk suggests that t h i s f i l m consists of s i l i c a 

f o r which the expected relaxation time i s 5 x 103 mins (fused s i l i c a ) . 

Comparison of the relaxation times of f i l m s b u i l t up by discharges i n 

argon and hydrogen suggest that the materials are d i f f e r e n t i n the two 

cases. However, t h i s difference might be the res u l t of differences i n 

the structure rather than i n the chemical composition of the f i l m . 

Experiments of t h i s type can thus be used to investigate the 

nature of f i l m s b u i l t up under d i f f e r i n g conditions. I n p a r t i c u l a r , 

the nature of the present film might be investigated by measuring the 

relaxation time of f i l m s b u i l t up -by discharges when the d i f f e r e n t 

impurities i n the system are present i n varying amounts. I n t h i s way 

those impurities contributing to the formation of the f i l m might be 

traced. This type of experiment has been only p a r t i a l l y attempted i n 



126. 

the above work. A detailed investigation would provide an interesting 

experiment f o r the future. 

11*k Monitoring Film Thickness ( i n Argon) 
V 

The effective resistance of the f i l m i s -r^, so that assuming a 
2 

constant r e s i s t i v i t y , the r e l a t i v e thickness of a f i l m may be easily 

obtained from simultaneous measurements of V and i . Prior to an 
P 2 

investigation of the rate of increase of t h i s r e l a t i v e thickness as 

the f i l m i s b u i l t up by the discharge, the V - i characteristics of 
P 2 

various films b u i l t up i n argon were measured to establish the way 
V 

i n which the measured r e l a t i v e thickness -r^, can vary with V . 
i P 
2 

A series of experiments was therefore carried out i n which i and 
2 V were measured, f o r various values of applied gap voltage V . The P 2 

experimental procedure was as follows: 

a) The f i l m was discharged by use of a pure u.h.f. discharge i n the 

gap, and observation made of the u n i d i r e c t i o n a l current, i , which 
2 

flowed during the process and tended to zero as the process was 

completed. 

b) A un i d i r e c t i o n a l voltage, V was applied to the gap and the u.h.f. 
2 

breakdown stress measured. Values of breakdown stress thus obtained 

were used to p l o t a calibrated curve of breakdown stress against V . 
2 

This was then used to determine the gap voltage, V^c, f o r subsequent 

experiments. 

c) After t h i s breakdown, •§ min was allowed f o r the f i l m t o charge up and 

so approach the steady condition. The current i was then measured. 
2 
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d ) I m m e d i a t e l y a f t e r t h i s measurement , V was measured b y t e r m i n a t i n g 

t h e d i s c h a r g e , r e d u c i n g V t o z e r o , a n d t h e n d e t e r m i n i n g t h e 
2 

breakdown s t r e s s . F rom t h e c a l i b r a t e d c u r v e d e r i v e d f r o m r e s u l t s 

( b ) t h e v a l u e o f c o r r e s p o n d i n g t o t h i s s t r e s s was r e a d o f f 

d i r e c t l y * ( T h i s m e t h o d was f o u n d t o be most a c c u r a t e s i n c e 

V ) . 
2 

Curve B o f f i g u r e 11.6 i s a t y p i c a l p l o t o f i " a g a i n s t V f o r a g i v e n 
2 J) 

f i l m . Curve C, i s t h e f i l m r e s u l t i n g f r o m B a f t e r r u n n i n g a d i s c h a r g e 
f i e l d 

f o r 35 m i n s w i t h f u l l power u . h . f . / a n d V = kO v o l t s . As e x p e c t e d t h i s 
2 

f i l m (C) has a h i g h e r e f f e c t i v e r e s i s t a n c e t h a n t h e o r i g i n a l f i l m ( B ) , 

w h i c h may be i n t e r p r e t e d as a n i n c r e a s e i n t h i c k n e s s . The c o r r e s p o n d i n g 

p l o t s o f V a g a i n s t V a r e shown i n f i g u r e 11.J« 
P 2 

One i n t e r e s t i n g case w h i c h o f t e n o c c u r r e d has p r o p e r t i e s t y p i f i e d 

b y c u r v e s A o f f i g u r e s 11.6 and 11.7* F i g u r e 11.6 shows t h a t above a 

p o l a r i z a t i o n v o l t a g e o f some 30 v o l t s t h e c u r r e n t , i , r i s e s s t e e p l y . 
2 

I f t h e a p p l i e d v o l t a g e , V , ( f i g u r e 11.7) i s r a i s e d above t h e v a l u e t o g i v e 
2 

V 30 v o l t s , l i t t l e f u r t h e r i n c r e a s e i n V o c c u r s . T h i s i s as e x p e c t e d 
P - P 

i f t h e f i l m i t s e l f h a d b r o k e n down a t a v a l u e o f V o f 30 v o l t s . The 
P 

r a p i d r i s e o f c u r r e n t b e f o r e t h i s ( f i g u r e 11.6) s u g g e s t s t h e o n s e t o f 

some i o n i z a t i o n phenomena i n t h e f i l m i t s e l f . The f a c t t h a t c u r v e s 

B a n d C do n o t show t h i s t e n d e n c y t o a maximum v a l u e o f V and a ' r u n a w a y ' 

o f i , s ugges t s t h a t t h e s e f i l m s a r e t h i c k e r t h a n A and t h u s r e q u i r e a 
2 

g r e a t e r v a l u e o f V t o b r e a k them down. E x p e r i m e n t s t o t e s t t h i s have 

n o t y e t been a t t e m p t e d , b u t w o u l d p r o v i d e i n t e r e s t i n g d a t a on t h e 

mechanism r e p r e s e n t e d b y c u r v e A . 

I f t h i s were t r u e , t h i s w o u l d p r o v i d e a s i m p l e means o f i n v e s t i g a -
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t i n g t h e b r e a k d o w n o f ±h:i'n- d i - e l e c t r i c f i l m s . H a v i n g c o m p l e t e d 
such w o r k , measurements o f t h e f i l m b r e a k d o w n s t r e s s m i g h t p r o v i d e 
a v e r y a c c u r a t e means o f m e a s u r i n g f i l m t h i c k n e s s . 

11. k-m 1 Measurement o f t h e r a t e o f f o r m a t i o n o f a f i l m b y a 

d i s c h a r g e i n A r g o n 

I n t h e s e e x p e r i m e n t s t h e f i l m was a l l o w e d t o b u i l d up u n d e r a 

u . h . f . d i s c h a r g e w i t h an a p p l i e d u n i d i r e c t i o n gap v o l t a g e o f UOV(V ) . 
2 

D u r i n g t h i s p r o c e s s t h e t h i c k n e s s o f t h e f i l m was m o n i t o r e d b y p e r i o d i c 

measurements o f i a n d V , t h e l a t t e r b y p e r i o d i c remeasurements o f t h e 
2 P 

u . h . f . b r e a k d o w n s t r e s s . 

I n t h e p a r t i c u l a r e x p e r i m e n t d e s c r i b e d b e l o w V r e m a i n e d a t 35*9 

v o l t s t o w i t h i n t h e a c c u r a c y t o w h i c h i t c o u l d be measured («2$). On 

t h e o t h e r h a n d i showed a p r o g r e s s i v e dec rease w i t h t i m e , as shown i n 
2 

f i g u r e 11.8. 

On s w i t c h i n g on t h e d i s c h a r g e , w i t h t h e f i l m s i n i t i a l l y d i s c h a r g e d , 

i r o s e t o a h i g h v a l u e a n d t h e n d r i f t e d b a c k o v e r t h e f i r s t 20 sees . 
2 

T h i s can be i n t e r p r e t e d as t h e c h a r g i n g o f t h e f i l m b y i . As t h e f i l m 
2 

i s c h a r g e d t h e v o l t a g e a c r o s s t h e d i s c h a r g e dec reases a n d hence i 
2 

dec reases t o w a r d s i t s s t e a d y v a l u e . Once t h e f i l m has been c h a r g e d , t h e 

w h o l e o f t h e gap c u r r e n t m u s t f l o w t h r o u g h t h e f i l m l e a k a g e r e s i s t a n c e . 

S i n c e V i s e s s e n t i a l l y c o n s t a n t , t h i s i m p l i e s t h a t i can o n l y change 
P 2 

i f t h e f i l m r e s i s t a n c e changes . Thus t h e dec rease o f i w i t h t i m e must 
2 

c o r r e s p o n d t o an i n c r e a s i n g f i l m r e s i s t a n c e . Assuming t h e r e s i s t i v i t y 

i s c o n s t a n t t h i s may be i n t e r p r e t e d as a n i n c r e a s e o f f i l m t h i c k n e s s , d . 
V o F 

Thus r emember ing dp a _J2 a n d V i s a c o n s t a n t , f i g u r e 11.8 may be 
x p 

2 
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r e p l o t t e d as - i - a g a i n s t t i m e ( f i g u r e 11.9) w h i c h i s e s s e n t i a l l y a p l o t 
2! 

o f t h e r e l a t i v e f i l m t h i c k n e s s a g a i n s t t i m e . T h i s s u g g e s t s t h a t t h e r e 

i s a s l o w b u i l d up o f t h e f i l m t o t w i c e t h e t h i c k n e s s i n a b o u t 10 m i n s . 

T h i s r a t e o f b u i l d up c o r r e s p o n d s t o a n i n c r e a s e o f a b o u t 0 .5 x 

1 0 ~ 4 cm i n f i l m t h i c k n e s s , a n d 1 C F 4 c m 3 i n f i l m v o l u m e , d u r i n g 10 m i n s . 

A s s u m i n g t h a t one m o l e c u l e has a vo lume o f 1 0 ~ 2 2 c m s 3 , t h i s w o u l d sugges t 

t h a t 1 0 1 8 m o l e c u l e s mus t be d e p o s i t e d i n t e n m i n u t e s . On t h e o t h e r h a n d , 

i f t h e i m p u r i t y r e s p o n s i b l e f o r t h i s f i l m o c c u r r e d i n t h e gap a t a 

p r e s s u r e o f 1 0 - 5 mm.Hg . , t h e gap w o u l d o n l y c o n t a i n some I O 1 0 m o l e c u l e s . 

T h i s s u g g e s t s t h a t t h e w h o l e o f t h e m a t e r i a l d i f f u s e s i n t o t h e gap d u r i n g 

t h i s t e n m i n u t e s . 

T a k i n g t h e d i f f u s i o n c o e f f i c i e n t as b e i n g a b o u t . 1 . . i n e . g . s. u n i t s , 

t h e r a t e o f f l o w o f v a p o u r i n t o t h e gap can be e s t i m a t e d a t 1 0 9 m o l e c u l e s / 

sec . Thus t h e t i m e r e q u i r e d t o b u i l d up t h e above f i l m w o u l d be o f t h e 

o r d e r o f 1 0 9 sees . T h i s r a t e o f f l o w i s c l e a r l y i n s u f f i c i e n t t o e x p l a i n 

t h e o b s e r v e d r a t e o f b u i l d u p . 

I t i s u n l i k e l y t h a t t h e i m p u r i t i e s e x i s t t o a n y h i g h e r p r e s s u r e , 

u n l e s s p r e s e n t i n t h e gas i n t r o d u c e d i n t o t h e chamber . C o l d t r a p s w o u l d 

be e x p e c t e d t o t r a p any o r g a n i c v a p o u r s w h i c h m i g h t be p r e s e n t a n d i t i s 

u n l i k e l y t h a t any subs tance n o t t r a p p e d w o u l d be r e s p o n s i b l e f o r t h e 

f i l m s . 

There i s t h e p o s s i b i l i t y t h a t t h e o b s e r v e d r a t e o f b u i l d up i s 

f i c t i c i o u s . I f t h e r e s i s t i v i t y were t o i n c r e a s e s t e e p l y w i t h f i l m 

t h i c k n e s s i n t h e r e g i o n i n w h i c h t h i s e x p e r i m e n t were p e r f o r m e d , i t m i g h t 

be p o s s i b l e t o e x p l a i n t h i s r a p i d i n c r e a s e i n f i l m r e s i s t a n c e w i t h a 

much s m a l l e r i n c r e a s e i n f i l m t h i c k n e s s . As d i s c u s s e d i n t h e p r e v i o u s 
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s e c t i o n some v a r i a t i o n o f t h i s f o r m may be e x p e c t e d f o r f i l m s o f 
a p p r o x i m a t e l y 10~6 cm.-- t h i c k . I t i s t h e r e f o r e l i k e l y t h a t wha t i s 
o b s e r v e d i s t h e d e p o s i t i o n o f a t h i n l a y e r on a f i l m o f a b o u t 10~5 cm? 
t h i c k t o g i v e a g r e a t l y i n c r e a s e d f i l m r e s i s t a n c e . Thus t h i s does n o t 
r u l e o u t i m p u r i t i e s as a sou rce o f f i l m m a t e r i a l . 

The d i p o f f i g u r e 11.8, w h i c h o c c u r s a t a b o u t 30 sees , does n o t 

a l w a y s o c c u r , a n d a t p r e s e n t t h e r e i s i n s u f f i c i e n t i n f o r m a t i o n f o r an 

e x p l a n a t i o n t o be a t t e m p t e d . C o n s i d e r a t i o n o f t h e decrease i n t h e r a t e 

o f b u i l d u p o f t h e f i l m a t 1300 sees , l i k e w i s e r e q u i r e s f u r t h e r i n f o r m a ­

t i o n b e f o r e a d e f i n i t e e x p l a n a t i o n can be p r e s e n t e d . However , p o s s i b l e 

e x p l a n a t i o n s m i g h t be t h a t t h e f i l m i s f l a k i n g •• o f f t h e e l e c t r o d e s as 

r a p i d l y as i t i s p u t o n , o r t h a t t h e r e i s a cdeple:t:i'.Qm. o f v a p o u r r o u n d 

t h e gap , o r t h a t t h e r e i s some change i n r e s i s t i v i t y . There i s f u r t h e r 

e v i d e n c e f o r t h e f i r s t o f t h e s e i n t h a t a w h i t e d e p o s i t s l o w l y f o r m s on 

t h e b o t t o m o f t h e chamber. F u r t h e r such a f l a k i n g / ; o f f o f t h e f i l m w o u l d 

e x p l a i n t h e o b s e r v a t i o n t h a t t h e r e s i s t a n c e o f a f i l m dec reases on 

s t a n d i n g . Thus f i l m C c o u l d be r e d u c e d t o f i l m B b y l e a v i n g o v e r n i g h t . 

The f a c t t h a t such o b s e r v a t i o n s as t h o s e d e s c r i b e d above m i g h t be 

e x p l a i n e d i n t e r m s o f some e l e c t r o n bombardment c o n d u c t i v i t y , emphas i ses 

t h e need t o r e p e a t t h e s e e x p e r i m e n t s w i t h f i l m s o f known t h i c k n e s s a n d 

t o o b t a i n i n d e p e n d e n t measurements o f t h e r e s i s t i v i t y . F u n d a m e n t a l l y 

such e x p e r i m e n t s a r e n e c e s s a r y f o r c o m p l e t e j u s t i f i c a t i o n o f t h i s f o r m 

o f measurement o f f i l m t h i c k n e s s . N e v e r t h e l e s s B e c k e r (190*0 a n d A n s b a c k e r 

a n d E h r e n b e r g (l95l) have shown t h a t bombardment w i t h e l e c t r o n s o f e n e r g y 

o f t h o s e p r e s e n t i n t h e above e x p e r i m e n t s , i s u n l i k e l y t o p r o d u c e a m a r k e d 

e f f e c t . N e v e r t h e l e s s t o c l a r i f y t h e mechanism o f t h e above measurements 
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f u r t h e r c o n t r o l l e d e x p e r i m e n t s u s i n g known i m p u r i t i e s a r e d e s i r a b l e . 
11.5 C o n c l u s i o n s 

There a p p e a r s t o be c o n s i d e r a b l e e v i d e n c e t h a t t h e f i l m i s b u i l t 

up b y t h e d i s c h a r g e . T h i s i s i n d i c a t e d b y t h e p redominance o f t h e 

f i l m o v e r s u r f a c e s b o u n d i n g t h e d i s c h a r g e a n d b y t h e i n c r e a s e i n 

r e s i s t a n c e o f a f i l m a f t e r s u b j e c t i o n t o t h e p r e s e n c e o f a d i s c h a r g e . 

I n g e n e r a l , t h e f i l m i s b u i l t up on b o t h e l e c t r o d e s , b u t t h e r e i s 

a t e n d e n c y f o r t h e r e t o be a t h i c k e r f i l m on t h e c a t h o d e , s u g g e s t i n g 

t h a t some p o s i t i v e l y c h a r g e d i o n i s r e s p o n s i b l e f o r t h e b u i l d up o f 

t h e f i l m . The f a c t t h a t i t i s b u i l t up on b o t h e l e c t r o d e s i s t o be 

e x p e c t e d i n a sys tem where t h e e l e c t r o n e n e r g y i s s u p p l i e d p r e d o m i n a n t l y 

b y a u . h . f . f i e l d . Under such c o n d i t i o n s a c o n s i d e r a b l e f l o w o f p o s i t i v e 

i o n s t o t h e anode may be e x p e c t e d and t h u s a f i l m i s b u i l t up on t h e 

anode as w e l l as on t h e c a t h o d e . 

P o s s i b l e o r i g i n s o f t h e f i l m 

S i n c e t h e f i l m s a r e o f t e n v i s i b l e a n d somet imes cause a d e p o s i t 

a t t h e b o t t o m o f t h e e n c l o s u r e , t h e y c a n n o t c o n s i s t o f a d s o r b e d gas 

b u t mus t be o f m a t e r i a l s o l i d a t o r d i n a r y t e m p e r a t u r e s . Thus i t i s 

l i k e l y t h a t t h e i o n s w h i c h e v e n t u a l l y cause t h e b u i l d u p , a r e d e r i v e d 

f r o m l a r g e i m p u r i t y m o l e c u l e s . 

I t i s t o be e x p e c t e d t h a t t h e s e i m p u r i t y m o l e c u l e s a r e c o - v a l e n t . 

Thus t h e y can o n l y be i o n i z e d b y t h e b r e a k i n g o f a c o - v a l e n t b o n d so 

t h a t a c o r r e s p o n d i n g n e g a t i v e i o n i s t o be e x p e c t e d . However , e x p e r i ­

m e n t a l o b s e r v a t i o n o f t h e f i l m s sugges t t h a t t h i s n e g a t i v e i o n p l a y s 
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n o m a j o r p a r t i n t h e f o r m a t i o n o f f i l m s . 

A p o s s i b l e sou rce o f t h e s e i m p u r i t i e s i s t h e s i l i c o n e s employed 

i n t h e pump o i l a n d t a p g r e a s e . As a l r e a d y m e n t i o n e d L l e w e l l y n Jones 

and D a v i e s d i d n o t use s i l i c o n e pump o i l a n d t h e y a p p a r e n t l y d i d n o t 

have f i l m f o r m a t i o n . A n o t h e r source c o u l d be g l a s s d e c o m p o s i t i o n 

p r o d u c t s s p u t t e r e d f r o m t h e w a l l s o f t h e e n c l o s u r e , b u t i f t h i s i s so 

i t i s d i f f i c u l t t o see why L l e w e l l y n Jones and D a v i e s d i d n o t have 

f i l m f o r m a t i o n . 

S i l i c o n e s 

S i l i c o n e g r ea se s a n d o i l s c o n s i s t o f p o l y m e r s c o n t a i n i n g t h e 

s i l o x a n e r a d i c a l : -

I I I 
S i 0 S i 

f I f 
D i b e l e r , M o h l e r a n d Reese (1953) have made mass s p e c t r o g r a p h s t u d i e s o f 

t h e i o n s f o r m e d b y e l e c t r o n bombardment o f h e x a m e t h y l d i s i l o x a n e , 

CH CH 
S 3 

CH S i 0 S i CH 
3 3 

CH CH 
3 3 

and o c t a m e t h y l t r i a i l o x a n e , 

CH CH CH 
3 3 3 

i l i 

L I. I. 
CH S i 0 S i 0 — S i CH 

3 3 

CH CH CH 
3 3 3 



T a b l e 11.1 Mass s p e c t r a o f h e x a m e t h y l d i s i l o x a n e ( C H ^ ) ^ S'i 0 

ra I o n R e l a t i v e i n t e n s i t y a t 70 v o l t s Appearance 
e n o m i n a l e l e c t r o n e n e r g y P o t e n t i a l eV 

66 (CH ) S I O-*-1" 
3 4 2 

12. If 25 

73 (CH- W S i + 

3 2 
11.8 15 

1̂ 7 (CH- ) S i 0+ 
x 3*5 a 

100 9.6 

162 ( C H - ) S i 0+ .03 -

T a b l e 11.2 Mass s p e c t r a o f o c t a m e t h y l t r i s i l o x a n e (CH ) S i 0 
3 ' a 3 2 

m I o n R e l a t i v e i n t e n s i t y Appearance 
p o t e n t i a l eV 

63.7 (CH ) S i 0 ++ 
3 5 2 2 

+ 0.35 -
7.3 (CH- ) S i + 

3 2 
1+2.9 12 

103 ( C H - ) S i 0 ++ 
3*6 3 2 

12.8 22, 13.6 

221 (CH- ) -Si-0 + 
3 7 2 2 

100 9.6 

236 ( C H - ) S i 0 + 

3'8 2 2 
.02 -



The r e l a t i v e i n t e n s i t i e s o f t h e i o n s a n d t h e i o n i z i n g p o t e n t i a l s 

( appearance p o t e n t i a l s ) a r e shown i n t a b l e s 11.1 and 11.2. 

F o r b o t h t h e s e compounds t h e mos t p r o b a b l e i o n i s t h a t f o r m e d 

b y t h e l o s s o f a m e t h y l r a d i c l e , CH , w i t h a n i o n i z a t i o n p o t e n t i a l 
3 

o f 9.6 eV. 

S i n c e t h e s e s i l o x a n e s c o n t a i n t h e b a s i c r a d i c a l s l i k e l y t o 

o c c u r i n s i l i c o n e g rease i t w o u l d appea r r e a s o n a b l e t o assume t h a t 

s i l i c o n e g rease v a p o u r may be i o n i z e d i n a p l a s m a i n a s i m i l a r way t o t h e s e 

s i l o x a n e s . The i o n i z i n g p o t e n t i a l w o u l d t h u s appea r t o be o f t h e o r d e r o f 

10 eV. T h i s i s b e l o w t h e minimum i o n i z a t i o n p o t e n t i a l s o f b o t h h y d r o g e n , 

13*59 eV, a n d a r g o n , 15.75 eV, (H -* H + a n d A ->• A + r e s p e c t i v e l y ) . I t i s 

t h u s t o be e x p e c t e d t h a t t h e p r o b a b i l i t y o f i o n i z a t i o n o f t h e g rease 

m o l e c u l e i s g r e a t e r t h a n t h a t f o r a gas m o l e c u l e s i n c e many more 

e l e c t r o n s w i l l have a n e n e r g y g r e a t e r t h a n 10 eV t h a n w i l l have a n 

e n e r g y g r e a t e r t h a n 13 o r 15 eV. 

The v a p o u r p r e s s u r e o f s i l i c o n e i s a p p r o x i m a t e l y 10~5 mm.Hg. I t i s 

shown i n s e c t i o n l l . l t - t h a t t h e r a t e o f b u i l d u p o f t h e f i l m s u g g e s t e d i n 

t h i s s e c t i o n ( l l . h ) c o u l d n o t be a c c o u n t e d f o r w i t h such a s m a l l v a p o u r 

p r e s s u r e o f i m p u r i t y . N e v e r t h e l e s s , t h e d o u b t a t t r i b u t e d t o t h e i n t e r ­

p r e t a t i o n o f t h e s e r e s u l t s i n t h e p r e v i o u s s e c t i o n , sugges t t h a t 

s i l i c o n e g rease need n o t be r u l e d o u t on t h e s e g r o u n d s . 

G l a s s d e c o m p o s i t i o n p r o d u c t s 

B i l l a n d E v e t t (1959) have o b t a i n e d e v i d e n c e t h a t p y r e x g l a s s 

c h e m i c a l l y s p u t t e r s i n t h e p r e s e n c e o f gaseous i o n s , l i b e r a t i n g 

i m p u r i t i e s i n t o t h e s y s t e m . Ttiey have s u g g e s t e d t h a t t h e s e d e c o m p o s i t i o n 

http://ll.lt-
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p r o d u c t s can a c c o u n t f o r i n s u l a t i n g f i l m s o v e r m e t a l e l e c t r o d e s , w h i c h 
p o l a r i z e i n t h e way d e s c r i b e d a b o v e . F a r n s w o r t h (1958) has s u g g e s t e d 
a p r o c e s s o f e l e c t r o d e c l e a n i n g e m p l o y i n g bombardment o f t h e s u r f a c e 
w i t h a r g o n i o n s . B i l l and E v e t t have s u g g e s t e d t h a t t h e v a r y i n g 
e f f e c t i v e n e s s o f t h i s m e t h o d , may be a c c o u n t e d f o r b y t h e d e c o m p o s i ­
t i o n o f g l a s s d u r i n g bombardment and bake o u t . 

I t w o u l d t h e r e f o r e appea r l i k e l y t h a t t h e p r e s e n t f i l m s a r e b u i l t 

U P b y g l a s s d e c o m p o s i t i o n p r o d u c t s . B i l l and E v e t t have f o u n d l i t t l e 

s p u t t e r i n g o f t h e g l a s s b y bombardment w i t h neon i o n s . Thus i t w o u l d 

be i n t e r e s t i n g t o see w h e t h e r such f i l m s a r e b u i l t up i n neon . I f t h e y 

a r e i t w o u l d appear t h a t g l a s s d e c o m p o s i t i o n i s n o t r e s p o n s i b l e f o r t h e 

i m p u r i t y i n v o l v e d . 

The m a t e r i a l o f t h e f i l m 

The m a t e r i a l o f t h e f i l m i t s e l f has n o t been i n v e s t i g a t e d c h e m i c a l l y . 

I t i s , howeve r , o f i n t e r e s t t o see how t h e dependency o f t h e n a t u r e o f 

t h e f i l m on t h e gas u s e d m i g h t be e x p l a i n e d . 

I f t h e i o n s were f o r m e d b y b r e a k i n g o f a c o - v a l e n t b o n d ; on 

n e u t r a l i z a t i o n b y a n e l e c t r o n on t h e e l e c t r o d e s u r f a c e t h e y w o u l d f o r m 

r a d i c a l s w i t h f r e e b o n d s . I t i s w e l l known t h a t such r a d i c a l s a r e 

u n s t a b l e a n d t h u s t h e y w o u l d be e x p e c t e d t o u n d e r g o some c h e m i c a l 

change . P o s s i b l e f o r m s o f change w o u l d b e : 

a ) C o m b i n a t i o n w i t h - o t h e r s i m i l a r r a d i c a l s t o f o r m p o l y m e r i s a t i o n 

p r o d u c t s . T h i s w o u l d appea r t o be u n l i k e l y i n v i e w o f t h e s m a l l 

number o f i m p u r i t y i o n s s t r i k i n g t h e s u r f a c e . 
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b ) C o m b i n a t i o n w i t h i n c i d e n t i o n s o f t h e gas o f t h e d i s c h a r g e . 

H y d r o g e n m i g h t f o r m such bonds b u t n o t a r g o n i n v i e w o f i t s 
i n e r t n a t u r e . 

c ) Some r e a r r a n g e m e n t t o g i v e a n u n s a t u r a t e d m o l e c u l e . 

d ) D e c o m p o s i t i o n i n t o t w o o r more m o l e c u l e s . 

I n t h e case o f h y d r o g e n , t h e r e w i l l be a l a r g e f l u x o f h y d r o g e n 

i o n s t o t h e s u r f a c e , so t h a t h y d r o g e n a t i o n o f t h e i m p u r i t y r a d i c a l i s 

a l i k e l y p r o c e s s . I n t h e case o f a r g o n no such p r o c e s s can o c c u r so 

t h a t r e a r r a n g e m e n t o r d e c o m p o s i t i o n w o u l d be e x p e c t e d . The p a r t i c i ­

p a t i o n o f t h e gas i n t h i s way w o u l d a c c o u n t f o r t h e d i f f e r e n c e s i n 

t h e t y p e o f f i l m o b s e r v e d i n t h e p r e s e n c e o f t h e t w o gases . 

C o n c l u s i o n s 

There i s f i r m e v i d e n c e f o r t h e b u i l d u p o f f i l m s b y a u . h . f . d i s ­

c h a r g e . I t does n o t appea r t h a t t h e s e f i l m s can be a c c o u n t e d f o r i n 

t e r m s o f t h e e l e c t r o d e m a t e r i a l o r t h e n o m i n a l gas . Two p o s s i b l e 

s o u r c e s o f i m p u r i t i e s a r e f r o m s i l i c o n e s i n t h e t a p g rease a n d 

d i f f u s i o n pump o i l o r f r o m t h e c h e m i c a l d e c o m p o s i t i o n o f g l a s s . I n 

s e c t i o n 11.3 i t was s u g g e s t e d t h a t t h e f i l m r e s u l t i n g f r o m a p r o l o n g e d 

d i s c h a r g e i n h y d r o g e n was s i l i c a a n d t h a t t h e m a t e r i a l when s i l i c o n e s 

were u s e d d i f f e r e d f r o m t h a t when A p i e z o n g rease a n d o i l were u s e d . 

T h i s w o u l d sugges t t h a t g l a s s , p r e s e n t i n b o t h ca ses , was n o t p r edom­

i n a n t l y r e s p o n s i b l e . I t i s t h e r e f o r e t h o u g h t t h a t s i l i c o n e s a r e t h e 

mos t l i k e l y sou rce s o f f i l m m a t e r i a l , a l t h o u g h g l a s s may a l s o be a 

c o n t r i b u t o r y f a c t o r . 

The methods o f i n v e s t i g a t i o n d e v e l o p e d h e r e , a r e a p p l i c a b l e t o a 

more s y s t e m a t i c s t u d y . E x p e r i m e n t s o f p a r t i c u l a r i n t e r e s t w o u l d i n c l u d e 
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a c o m p a r i s o n o f f i l m s b u i l t up i n v a r i o u s gas ( p a r t i c u l a r l y n e o n ) 
a n d measurement o f t h e e l e c t r i c a l p r o p e r t i e s o f t h i n f i l m s . 
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CHAPTER 12 
COMCLUSIOHS 

Measurements o f a m p l i f i c a t i o n o f a n e l e c t r o n s t r e a m c r o s s i n g 

a r e g i o n o f u . h . f . f i e l d , have i n d i c a t e d t h e i m p o r t a n c e o f d i f f u s i o n 

i n t h e t r a n s p o r t mechanism. As t h e u . h . f . f i e l d i s i n c r e a s e d , t h e 

d r i f t f i e l d has a s l o w l y d e c r e a s i n g c o n t r o l o v e r e l e c t r o n f l o w . 

Thus as b reakdown i s a p p r o a c h e d t h e d i s c h a r g e i s l a r g e l y d i f f u s i o n 

c o n t r o l l e d and i s e x p e c t e d t o e x h i b i t s i m i l a r p r o p e r t i e s . Two f o r m s 

o f . d i s c h a r g e have been i d e n t i f i e d t h e o r e t i c a l l y , one o c c u r r i n g a t 

l o w a m p l i f i c a t i o n s when t h e d r i f t f i e l d l a r g e l y c o n t r o l s t h e f l p w 

a n d t h e p r e d o m i n a n t e l e c t r o n s o u r c e i s t h e e m i t t i n g e l e c t r o d e ; t h e 

o t h e r a t h i g h a m p l i f i c a t i o n s when d i f f u s i o n l a r g e l y c o n t r o l s t h e 

e l e c t r o n f l o w a n d t h e p r e d o m i n a n t sou rce o f e l e c t r o n s i s c o l l i s i o n 

i o n i z a t i o n i n t h e gas . 

A t h e o r y o f e l e c t r o n f l o w b y a c o m b i n a t i o n o f d r i f t a n d d i f f u s i o n 

ha s been w o r k e d o u t f o r l o w a m p l i f i c a t i o n s . C a l c u l a t i o n s f r o m t h i s 

t h e o r y sugges t t h a t t h e i o n i z a t i o n r a t e s i n p r e s e n t case a r e l a r g e r 

t h a n t h o s e d e t e r m i n e d f r o m d i s c h a r g e s i n u n i d i r e c t i o n a l f i e l d s . 

A t h i g h e r gas a m p l i f i c a t i o n i n s t a b i l i t i e s were o b s e r v e d i n t h e 

u n i d i r e c t i o n a l gap c u r r e n t , w h i c h have b e e n t r a c e d t o t h e p r e s e n c e o f 

p a r t i a l l y i n s u l a t i n g s u r f a c e f i l m s o v e r t h e e l e c t r o d e s . I t has b e e n 

shown e x p e r i m e n t a l l y t h a t a u n i d i r e c t i o n a l f i e l d c a n n o t be m a i n t a i n e d 

a t i t s a p p l i e d v a l u e when s u r f a c e f i l m s a r e p r e s e n t . F u r t h e r , 

e x p e r i m e n t a l e v i d e n c e s u g g e s t s t h a t t h i s . f i l m i s b u i l t up b y t h e 

p r e s e n c e o f a d i s c h a r g e , p r o b a b l y f r o m h e a v y i m p u r i t y m a t e r i a l s i n 
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t h e gap . 

These c o n c l u s i o n s sugges t t h a t i n t h e b a s i c exper iment^ i n w h i c h 

a m p l i f i c a t i o n s a r e measured i n combined u . h . f . a n d d r i f t f i e l d s , t h e r e 

i s c o n s i d e r a b l e d o u b t as t o t h e v a l u e o f t h e d r i f t f i e l d . F o r a g i v e n 

a p p l i e d gap v o l t a g e , V , a n d a g i v e n gap c u r r e n t , i , once t h e f i l m 
2 2 

i s c h a r g e d t h e p o l a r i z a t i o n v o l t a g e i s 2i IL , a n d t h e d r i f t f i e l d i s 

t h e d r i f t f i e l d i n any e x p e r i m e n t . However , s i n c e t h e f i l m i s t h o u g h t 

t o be b u i l t up b y t h e d i s c h a r g e so t h a t R^ i s i n c r e a s e d , t h e v a l u e o f R ,̂ 

i n any case i s a l s o i n d o u b t . 

I t has been s u g g e s t e d t h a t S i l i c o n e v a p o u r s a r e l a r g e l y r e s p o n s i b l e 

f o r t h e b u i l d up o f t h e f i l m . I f t h i s i s so , f o r m a t i o n o f f i l m s c o u l d 

be p r e v e n t e d b y u s i n g a h i g h - p u r i t y vacuum s y s t e m , i n w h i c h a l l such 

i m p u r i t y v a p o u r s were e l i m i n a t e d . However , such a s y s t e m w o u l d s t i l l 

be c o n t a m i n a t e d w i t h g l a s s d e c o m p o s i t i o n p r o d u c t s , e s p e c i a l l y as t h e 

g l a s s w o u l d have t o be b a k e d o u t , a p r o c e s s w h i c h B i l l a n d E v e r t 

c l a i m t o a c c e l e r a t e t h e d e c o m p o s i t i o n o f g l a s s . F u r t h e r i t appea r s 

l i k e l y t h a t such d e c o m p o s i t i o n p r o d u c t s w o u l d f o r m f i l m s o v e r t h e 

e l e c t r o d e s even i n t h e absence o f a d i s c h a r g e . I t , t h e r e f o r e , a p p e a r s 

l i k e l y t h a t i t i s n o t p o s s i b l e t o remove t h e s u r f a c e f i l m s c o m p l e t e l y . 

N e v e r t h e l e s s i t has been shown t h a t e v e n w i t h t h e p r e s e n t vacuum s y s t e m , 

i t i s p o s s i b l e t o r educe p o l a r i z a t i o n t o a n a c c e p t a b l e l e v e l . However , 

a m p l i f i c a t i o n measurements may-be made i n t h e p r e s e n c e o f f i l m s p r o v i d e d 

t h e u n c e r t a i n t y i n t h e v a l u e o f R ,̂ i s r e d u c e d . T h i s may be a c h i e v e d b y 

r e d u c t i o n o f t h e i m p u r i t y l e v e l so t h a t t h e r a t e o f t n i i M up o f t h e 

<V21aV Thus measured v a l u e s o f R^ m i g h t be u s e d t o e v a l u a t e 
d 



f i l m i s r e d u c e d , o r b y t h e d e l i b e r a t e i n t r o d u c t i o n o f f i l m s o f 

r e s i s t a n c e l a r g e compared t o t h a t w h i c h w i l l be b u i l t u p . The 

v a l u e o f Rp may be measured b y t h e methods a l r e a d y d e s c r i b e d a n d 

t h e d r i f t f i e l d a t any i n s t a n t c a l c u l a t e d . 

When i n s t a b i l i t i e s i n gap c u r r e n t a r i s e t h e r e i s a p r o g r e s s i v e 

i n c r e a s e i n a m p l i f i c a t i o n w i t h t i m e w h i c h has been f o u n d t o be t h e 

r e s u l t o f a p r o g r e s s i v e dec rease i n t h e d r i f t f i e l d due t o c h a r g i n g 

o f t h e f i l m s . Thus e f f e c t i v e l y , p l o t s o f a m p l i f i c a t i o n a g a i n s t 

t i m e a r e t o be r e g a r d e d as p l o t s o f a m p l i f i c a t i o n a g a i n s t d r i f t f i e l d 

on some n o n - l i n e a r s c a l e . K n o w i n g C ,̂ a n d R^,, w h i c h can be measured b y 

t h e methods d e v e l o p e d , t h e d r i f t f i e l d a t any i n s t a n t may be c a l c u l a t e d 

f r o m e q u a t i o n 9*12, so t h a t measurements o f a m p l i f i c a t i o n as a f u n c t i o n 

o f d r i f t f i e l d a t c o n s t a n t u . h . f . f i e l d a r e o b t a i n e d . 

Thus i t i s concluded t b A t measurements o f a m p l i f i c a t i o n a n d t h u s 

t h e i o n i z a t i o n r a t e a r e p o s s i b l e i n t h e p r e s e n c e o f s u r f a c e p o l a r i z a ­

t i o n , b y a p p l y i n g a c o r r e c t i o n f o r t h e p o t e n t i a l d r o p r e s u l t i n g f r o m 

t h e u n i d i r e c t i o n a l c u r r e n t f l o w t h r o u g h t h e f i l m . F u r t h e r measure ­

ments o f a m p l i f i c a t i o n w o u l d t h e r e f o r e appea r p r o f i t a b l e , e v e n i f 

s u r f a c e p o l a r i z a t i o n c a n n o t be c o m p l e t e l y r emoved . 
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APPENDIX 1 

The design of a Light-Sensitive Bistable C i r c u i t 

A transistor bistable c i r c u i t of the type shown i n f i g u r e A l . l 

has been treated by Wolfendale, 1957; who showed that the two stable 

states were both controlled by T l , one with T l taking maximum current 

(bottomed) and one with T l taking negligible current (cut o f f ) . When 

T l i s a phototransistor, the treatment of Wolfendale requires modification 

t o include the e f f e c t of l i g h t incident on the base of T l . 

Light incident on the base w i l l , i f the quanta of energy are i n excess 

of the band gap energy, produce hole-electron pairs. Since the minority 

carriers w i l l be swept over the collector base p o t e n t i a l b a r r i e r on 

di f f u s i n g t o i t , these w i l l be extracted by the (collector from the base 

region. Thus the incidence of l i g h t gives r i s e t o an ef f e c t i v e forward 

current injected i n t o the base. A similar process occurs as a re s u l t of 

the thermal production of hole-electron pairs giving r i s e t o a collector 

leakage current i n the ordinary t r a n s i s t o r . The e f f e c t of admitting 

l i g h t may thus be considered as adding a fu r t h e r component to the 

collector leakage current, I c o» 

I t may be shown (Wolfendale) that the loop gain of t h i s c i r c u i t 
R 

at low frequency i s approximately The condition that stable states 
3 

e x i s t i s that the loop gain may be reduced to less than unity. However, 

f o r t r i g g e r i n g action i t i s necessary that the gain rises above uni t y so 

that R must be greater than R . 
2 3 

I n the stable state i n which HI i s bottomed, the gain i s reduced 

to below unity by the following action. The bottomed condition may be 

regarded as a forward bias of the base-collector diode, soihat a 



T a 
re 

1 

Mi f4o if 

1 V ourrsnt 
through 

F i g o A 1o2 
ft 

Cirouit oonditlons it with 5H bottomod 

«T3 

ft 

1 
F i g o A 1o3 

4f 
Cirouit oon&itions f with Tl out off 

i 
i 



current 1^ flows between collector and base. This diode e f f e c t i v e l y 

shunts R with R (figure Al.2) so that the value of the collector 
2 4 

load of T l (R ) i s e f f e c t i v e l y reduced. Provided t h i s current flow 
2 

i s s u f f i c i e n t t o reduce the effective collector r e s i s t o r so that the 

loop gain drops to below uni t y , t h i s state i s stable. Any flow of 

collector leakage current, ^ c o> would mearly increase 1^ and thus 

decrease the loop gain further. Hence the incidence of l i g h t onto T l 

when i n t h i s state, would have no tendency to t r i g g e r the c i r c u i t and 

would i n f a c t increase the s t a b i l i t y of the state. Thus provided the 

c i r c u i t parameters c o n t r o l l i n g the s t a b i l i t y of t h i s state are chosen 

neglecting the collector leakage current, there i s no tendency f o r the 

c i r c u i t to be triggered from t h i s state by either l i g h t or temperature 

variations. 

The s t a b i l i t y of the state when Tl i s cut o f f however, may be 

shown to be dependent on the collector leakage current. When T l i s 

cut o f f , the emitter-base diode may be regarded as being back-biased 

s u f f i c i e n t l y f o r there t o be negligible current flow across i t , so that 

only the collector leakage current flows i n the base c i r c u i t (figure 

A1.3). 

Summing potentials i n the emitter-base c i r c u i t of figure Al.3: 
R I = V, + I R + V , 1 e a b co 4 eb 

I f V , i s the emitter-base voltage required t o back bias the emitter-ebo 
base diode s u f f i c i e n t l y to reduce the loop gain t o uni t y , the condition 

that t h i s state be stable i s that the diode be biased f u r t h e r back than 



t h i s by the flow of the emitter current of T2 through R i.e. 
l 

R . I > V + I R + V , 1 e 2 b co 4 ebo 

or I < J J I R - V, - V . 1 
co R

4 L ea 1 B J 

I f , I > J " J l E -V, - f , 1 ' co R e g i b ebo J 

the loop gain becomes greater than unity and the c i r c u i t switches to 

the states with-Tl bottomed. I h i s increase i n I c q may be arranged 

to be the resul t of illu m i n a t i n g TL, when the c i r c u i t may be triggered 

from the state with T l cut o f f t o that with T l bottomed. 

I f I i s the value of the collector leakage current i n the co 
absence of illumination and I + A I i s that with s u f f i c i e n t 

co co 
ill u m i n a t i o n t o j u s t t r i g g e r the c i r c u i t , A I i s the t r i g g e r 

s e n s i t i v i t y and i s given by 

A I = ^ - i l H - V . - V . 1 - I . co R ^ 2 l b ebo J C O 

I t may be seen from t h i s equation that the l e v e l of il l u m i n a t i o n at 
I R 

which the c i r c u i t triggers may be varied by adjustment of g ^ . I n 
K 
4 

a p r a c t i c a l c i r c u i t t h i s may be achieved by a variable r e s i s t o r i n 

series with either R or R . 
1 4 

Any l i g h t signal w i l l - b e composed of a background i l l u m i n a t i o n 

(noise) superimposed upon the signal i t s e l f . Should the general 

background illumination give variations i n excess of A I c o > the c i r c u i t 

w i l l be triggered by background alone. Thus i t i s necessary that the 

tr i g g e r s e n s i t i v i t y , A I , s a t i s f i e s the condition: A I > i - | l R - (V, + V . J - I R 1- + A I ' co R L 2 1 ebo' co I co 
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when the background il l u m i n a t i o n fluctuates so that I varies i n the 

range from I to I + A I ' • co co co 
I t should be noted that changes i n temperature also contribute t o 

A I 1 • Thus i t i s necessary to include i n A I ' not only maximum 
CO CO 

background fluctuates but also maximum temperature fluctuations. This 

l i m i t s the s e n s i t i v i t y of the c i r c u i t t o small changesin illumination. 

Thus, i t may be concluded, that when T l i s cut o f f t h i s c i r c u i t i s 

triggered by l i g h t pulses of increasing i l l u m i n a t i o n , whereas i n the 

bottomed condition the state of the c i r c u i t may be made insensitive t o 

illumination or temperature fluctuations. 
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APPENDIX 2 

The Analysis of a System 'with Positive Feedback 

Consider a simple loop containing an amplifier, with a gain, G, 

and an attenuator which feeds a f r a c t i o n , p, of the output back to be 

added to the input without phase change round the loop (positive feed­

back). Assume some time constant, t , i n t h i s feedback loop, which may, 

f o r s i m p l i c i t y , be represented as a series r e s i s t o r and shunt capacitor. 

The complete c i r c u i t i s shown i n figure 8.7« 

Let the operational parameter of t h i s c i r c u i t be 8* I t w i l l be 

assumed that 8 i s applied to the loop time constant element as a voltage. 

Thus f o r positive going step inputs, the transfer function of the loop 

time constant element w i l l be ( l - e " ~ ^ T ) . 

Thus, i t may be shown that i f a step function of amplitude, Q^, i s 

put in t o the loop at the input, the output w i l l be a time function given 

by: 

e = e T T I — A2.i 
° 1 (1 - p.G(l - e'Vr)) 

with a maximum value ( t -* oo) of 

8 / \ = 6 T G A2.2 
o(max; I Y"T"pg 

From t h i s equation two conditions of the loop may be recognized. I f 

0G(l - e~ t / / r) < 1, 8 Q w i l l have a f i n i t e value, but i f pG(l - e _ t / T ) = 1 

8 Q becomes i n f i n i t e . I n t h i s l a t t e r case, once the loop i s set up the 

output voltage i s independent of the input voltage. 

Consider the case when a step increase from un i t y t o Ĝ  i s applied 

to the gain of the amplifier, G, where pG^ > 1. Then before the applica-



lU6. 

t i o n of the step, G = 1 so that pG < 1 and there i s a steady output 

given by: 

9 o = 8 i n p A2-5 
On increasing G to a value G , |3G > 1. However, since t i s small, 

( l - e~*^) i s small so that pG ( l - e ~ ^ T ) < 1 and equation A2.1 shows 

that the output i s controlled by the input i n i t i a l l y . 

Thus on applying the step function t o G, t = 0 so that PG ( l - e""^*) 
l 

= 0 and there i s no change i n the value of 8 presented by the feedback loop 

to the adder. Since G = 1 i n i t i a l l y , the output, 6 , i s then the input to 
9 I ° the amplifier, •= Q, (from equation A2.3) amplified by a factor G i.e. l - p x 

e 
6 ( i n i t i a l ) = • = — ~ .G A2.U 
° 1 - P l 

This r i s e i n G w i l l occur instantaneously, o 
Subsequently, pG^(l - e~^r) w i l l increase with time allowing 

increased feedback so that 0 slowly rises. Eventually G p ( l - e -^' T) 
° l 

approaching u n i t y and 8 q then runs to i n f i n i t y . The time required to 

reach the condition when 0 q -* » a f t e r the application of the step, may 

be found by equating G^p(l - e~^r) to uni t y , t o give a time 

T i n { r r r i } 
This shows that as Ĝ  increases, the time t o reach t h i s condition 

decreases. 

Thus, the time v a r i a t i o n of 9 f o r the case of G 6 > 1 may be 
o l 

derived, f o r an increasing step applied to G } from equation A2JL, 

as the curve of figure 8.8b. 
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Repeating the above procedure with 0G < 1, gives the response 

of the stable system.to a step increase of G. I n t h i s case the 

maximum value of 8̂ . w i l l be f i n i t e . On applying the step function to 
there 

G/will be the same instantaneous r i s e as described above, followed by 

a gradual r i s e of QQ, as defined by equation A2.1. This gradually 

approaches_a maximum value of the input amplified by a factor of 
G 

•= jjjpr- (equation A2.2). This i s p l o t t e d i n figure 8.8c. 
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An Experimental Study of the Development of Gaseous Ionization at Ultra 

High Frequencies 

by R.E. Long 

Abstract 

The work i s concerned with the study of ionization and related 

processes occurring during the transition to breakdown at ultra high 

frequencies. Electrons are injected into a parallel plate gap through 

holes in one electrode and d r i f t towards the other under a small uni­

directional f i e l d . A stronger ultra high frequency f i e l d i s superimposed 

upon this d r i f t f i e l d to give collision ionization in the gap. Measurementc 

of the number of electrons crossing the &ap show that as the high frequency 

f i e l d increases the gap current decreases i n i t i a l l y and then rises as break­

down i s approached. A theory i s presented to explain the I n i t i a l drop 

quantitatively in terms of a back diffusion current to the emitting electrode. 

An extention of thia theory to the subsequent rice show that the electron 

density i n i t i a l l y increases exponentially acrosB the gap but as breakdown 

i s approached this changes to a sinusoidal form. A quantitative treatment 

of the f i r s t case i s presented* 

Provision Is made to modulate the emitted electron stream with the 

object of measuring transit times. Preliminary measurements have demon­

strated the f e a s i b i l i t y of the method. I t i s shown that, as a consequence 

of diffusion, the time measured in such experiments i s that for the propaga­

tion of the pulse of electrons rather than the time i t would take individual 

electrons to dr i f t across the gap* 



I n s t a b i l i t i e s and d r i f t of gap current have been traced to the 

presence of partially insulating flirts on the electrodes* I t i s shovn 

experimentally that in combined d r i f t and ultra high frequency f i e l d s , 

the d r i f t f i e l d may be progressively reduced by the charging of these 

films* Methods for measuring film constants and calculating the 

resultant d r i f t f i e l d s are giveii. Firm evidence i s presented that such 

films are built up by discharges from impurities in the gap* 


