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SYMBOIS 

a - Townsend primary coefficient; ion pairs per cm. 
d r i f t i n f i e l d direction. 

V - Townsend's secondary coefficient. 
S - secondary emission coefficient. 
X - wavelength of applied f i e l d , cm. 

-1 
V - quantum radiation frequency, sec. . 
V - collision frequency between electrons and 

gas molecules, sec." . 
- ionization energy of a gas, e.v. 

A - characteristic diffusion length, cm. 
S - work function of surface, e.v. 

-1 

c - mean random electron velocity, cm.sec. 
d - electrode separation, cm. 
e - electron charge, coulomb. 

-1 
f - f i e l d frequency, sec. 
h - Plancks radiation constant, joules.sec. 

- 3 

n - electron density, cm • 
p - gas pressure, mm. Hg. 
u - mean electron energy, e.v. 

-1 

v - d r i f t velocity of electrons, cm.sec. . 
z - ionizing efficiency. 
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electron diffusion coefficient. 
instantaneous f i e l d strength, v o l t . 
effective f i e l d strength, v o l t . cm. 

-1 
peak f i e l d strength, volt.cm. . 

-1 

R.M.S. f i e l d strength, volt.cm. 
electron current, amp. 

- 2 

electron current density, amp.cm. 
probability of collision, 
electron ionizing efficiency. 
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1. PRE-BREAKDOWN PHENOMENA IN GASES AT 
HIGH FREQUENCIES 

1 .1 The Breakdown Criterion 
When a neutral gas is subjected to a weak electric 

f i e l d i t generally possesses good, though imperfect, insulation 
properties. No practical gas-filled electrode system can 
completely prevent "casual" sources of irradiation (e.g. 
energetic cosmic radiations, natural radioactivity) from 
causing local ionization within the gas. Conduction currents 

—19 —16 
of the order of 10 to 10 A. amps, are normally observed. 
By deliberately irradiating the system with high-energy 
quantum radiation, for example y -rays, X-rays, or u l t r a ­
violet l i g h t , the current density can be increased by several 
orders. In none of these cases is the physical nature of the 
gas sensibly altered and an 'insulating state' may be said to 
exist. 

As the applied electric stress i s increased, however, 
a point is reached at which the gas, quite suddenly, exhibits 
a considerable increase i n electrical conductivity. The 
increase i n current is usually accompanied by a characteristic 
visible glow from the gas, and by a drop i n the potential 
difference across the electrode system. Under these conditions 



an electrical discharge or 'break-down' i s said to have occurred. 
A satisfactory definition of the breakdown criterion 

is not, however, as clear-cut as may be supposed. Discharges 
are not necessarily accompanied by strong l i g h t emission or 
by perceptible changes i n a voltmeter reading. Even a 
definition based upon "change i n conductivity" is not altogether 
acceptable, as the pre-breakdown current is not a true 
characteristic of the gas; being dependent on the 
strength of the external ionizing agent. One definition 
makes use of an important physical distinction between currents 
flowing i n the 'insulating' and 'conducting' states: whereas 
pre-breakdown currents cease when the external ionizing source 
is removed, the current i n a true discharge is self-sustained 
i.e. w i l l continue to flow when the irradiation is removed. 

The onset of breakdown can be said to have occurred 
when the current ceases to depend upon the existence of an 
external ionizing source. 

The rapid changes i n electrical conductivity accompanying 
breakdown are brought about by the generation of charged 
particles within the gas and/or at the walls of the discharge 
chamber. Electrons are the most important of the conducting 
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particles, though positive ions and i n certain gases negative 
ions, sometimes play a significant part i n i n i t i a t i n g the 
discharge. 

The motion of the particles i n the body of a gas, 
controlled by such factors as the gas pressure, f i e l d strength, 
frequency and electrode geometry, consists of •random* thermal 
motion with a superimposed mobility ' d r i f t * i n the direction of 
the electric f i e l d gradient. Essentially, the difference between 
the action of weak electric fields on the gas and of fields the 
order of the threshold breakdown value, i s that the l a t t e r must 
be of sufficient magnitude to promote effects, either i n the 
gas i t s e l f or on the walls of the container, which result i n the 
generation of further particles, and i n particular, electrons. 
Moreover, for a discharge to occur, the rate of (electron) 
production must exceed the rate of loss; breakdown may thus 
be conveniently defined from a quantitative standpoint as a 
failure of equilibrium i n the above process, i n the direction 
favouring growth of electron population. 

In developing a breakdown theory the physical problem is 
to account for net growth i n electron density (from a small 
number of i n i t i a t o r y electrons) i n terms of fundamental 
electronic, ionic, and atomic collision processes i n the gas 
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and at the electrode surfaces. Experiments have shown that the 
efficiencies of the processes, controlling electron generation 
and loss are functions of the quantities describing the 
discharge system. As a consequence, the mechanism by which a 
discharge occurs, may become modified, even radically changed, 
as each particular parameter is varied. 

The main purpose of this chapter is to give an account of 
the pre-breakdown and i n i t i a t i o n processes relevant to the 
experimental work carried out. Processes having only an 
indirect bearing upon the subject matter are dealt with b r i e f l y * 
1.2 Generation of Charged Particles i n the body of a Gas 
1.2.1 Motion of charged particles i n a field-free gas 

Classical kinetic theory gives a number of results 
which are quite adequate i n expressing the thermal motion of 
gas molecules i n an enclosure. 

In cases where Maxwellian distributions of molecular 
velocities may be assured, calculations may be made of many 
of the fundamental quantities describing thermal motion e.g. 
B..M.S. velocities and energies, and diffusion rates, as 
functions of temperature and pressure. Determination can 
also be made of energy interchanges between colliding atoms 
and extended to impacts between charged particles, provided 



no change of internal energy ia involved, i.e. the collisions 
must be perfectly elastic* 

When charged particles, particularly electrons, are present 
in a gas the useful application of kinetic theory is limited, 
and resort must sometimes be made to the wave mechanics. 

At normal room temperatures (the usual working conditions 
for experimental glow-discharge studies) the maximum thermal 
velocities of gas molecules are much too low to stimulate 
inelastic collisions. Casual electrons and ions present 
i n a field-free gas are likewise not sufficiently energetic 
and, i f time permits, they eventually acquire thermal 
equilibrium with their surroundings. Usually, however, before 
the equilibrium energy is attained, recombination occurrs, 
either i n the volume of the gas or by a three-body process 
involving the walls of the containing vessel. Under the 
influence of a sufficiently powerful f i e l d mobility d r i f t is 
superimposed upon the random motion of the charged particles 
present. This gives rise to two effects normally characterizing 
a gas discharge, namely optical excitation and collision 
ionization. Excitation, though an inherent accompaniment to 
a discharge, frequently contributes only indirectly to the 
mechanisms of charge multiplication and for this reason w i l l not 



be given the same prominence as the important ionization 
processes. 
1.2.2 Ionization processes 

Ionization of a gas atom may be effected by a variety 
of processes, provided always that the t o t a l energy available 
for transfer to atom (or molecule) exceeds the characteristic 
ionizing energy, e.v. 

The necessary exchanges can be brought about i n the 
following ways: 
(a) by collisions between electrons and neutral atoms. 
(b) by collisions between positive ions and neutral atoms. 
(c) by collisions between neutral atoms. 
(d) by absorption of radiation quanta by neutral atoms and 

ions. 
(e) by cumulative ionization, i n which the necessary energy 

is received by the atom i n two (or more) distinct parcels. 
( f ) by 'thermal' ionization, a term used to describe the 

ionizing action of molecular, ionic and electronic 
collisions and radiation absorptionocourring i n gases at 
high temperatures. 
In the i n i t i a t i o n of a gas discharge the processes may 

occur either singly or i n combinations, with efficiencies 
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determined by the physical conditions imposed* 
1.2.3 Ionization by electron impact 

Contrary to Townsend's original supposition that any 
electron possessing ionizing energy or greater w i l l always 
ionize a gas atom by collision, the effectiveness of electrons 
i n promoting ionization by impact depends upon their energy. 
Experimental evidence * shows that the ionizing 
probability (number of ion pairs produced per electron 
travelling 1 cm. through at gas at unit pressure) rises from 
zero for electron energies the order of the ionizing potential 
V̂ , passes through a relatively broad maximum for energies 
a few times and f a l l s away gradually for impacts involving 
even more energetic electrons. The residual electron kinetic 
energy arising from an ionizing event may, partly, be retained 
by the electron, transferred to the released electron or used 
i n further ionization or excitation. Instantaneous directions 
of both primary and daughter electrons are orientated almost 
at random. I n the absenoe of some external stimulant e.g. 
fitt eleotric f i e l d , i t is not possible for a sustained build­
up of charge to take place. Fast electrons shot into a gas 
may well produce a number of ion-pairs (' ion-pair' used i n 
this context refers to an electron and a positive ion), but 



once t h e i r v e l o c i t i e s f a l l below a minimum value they cease 

t o f u n c t i o n as i o n i z i n g agents and, given time, acquire 

thermal e q u i l i b r i u m w i t h the gas. The same co n d i t i o n s apply 

t o e j e c t e d e l e c t r o n s . 

F i e l d - i n t e n s i f i e d i o n i z a t i o n by e l e c t r o n s 

'When a gas enclosed by a s u i t a b l e container i s subjected 

t o a s t r o n g e l e c t r i c f i e l d , one e l e c t r o n s t a r t i n g a t a 

convenient p o i n t i n t h e gap can i n i t s l i f e t i m e create a l a r g e 

number of i o n - p a i r s , by v i r t u e o f a c q u i r i n g from the f i e l d 

s u f f i c i e n t energy t o i o n i z e a gas atom, subsequent t o a 

previous i o n i z i n g encounter. 

Townsend's primary c o e f f i c i e n t a (number o f ion-pair3 

created by an e l e c t r o n per cm. d r i f t i n t h e negative f i e l d 

d i r e c t i o n ) , i s t h e parameter most wi d e l y used i n d e s c r i b i n g 

m u l t i p l i c a t i o n o f change under t h e a c t i o n o f a u n i d i r e c t i o n a l 

or low-frequency e l e c t r i c f i e l d . B y d e f i n i t i o n i t f o l l o w s t h a t 

n Q e l e c t r o n s s t a r t i n g at a p o i n t x = o, w i l l have created 
rx 

nQ exp. / a dx f r e s h e l e c t r o n s i n t r a v e l l i n g a distance 
^ o 

x cm. i n t h e f i e l d d i r e c t i o n . For a uniform f i e l d , s t r e s s i n g 

a gas enclosed by electrodes o f s e p a r a t i o n cl cm., the number o f 

e l e c t r o n s e n t e r i n g t h e anode, n, i s r e l a t e d t o the number n Q 

generation a t the cathode by 
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n = n exp. 
o 

a dx = % exp ( a d) 

or i n terms o f curr e n t 

1 = 1 exp. ( a d) • • • • • • (1) 

When n Q i s used t o i n d i c a t e a r a t e of generation o f 

i n i t i a t o r y e l e c t r o n s , the term ' e l e c t r o n avalanche' i s used 

t o i n d i c a t e exp.(ad) e l e c t r o n s per second reaching the plane 

of d per e l e c t r o n l e a v i n g the plane x = 0. 

a i s a complex f u n c t i o n o f the reduced f i e l d l / p and 

of the nature o f the gas. Wo theory has y e t been proposed 

which s u c c e s s f u l l y c o r r e l a t e s t h e observed v a r i a t i o n o f a 

w i t h l / p ^, due probably t o l a c k of evidence r e g a r d i n g t h e exact 

form o f the e l e c t r o n energy d i s t r i b u t i o n - assumed Kaxwellian. 

Since 1/a represents t h e average distance t r a v e l l e d between 

i o n i z i n g events, the number o f e l e c t r o n s i n an avalanche, 

exp.(ad), i s e s s e n t i a l l y an average number: the s t a t i s t i c a l 

f l u c t u a t i o n s have been represented by a p r o b a b i l i t y equation . 

No mention has y e t been made o f the p o s i t i v e ions created 

during i o n i z a t i o n . Due t o t h e i r l a r g e mass r e l a t i v e t o the 

e l e c t r o n , they migrate only s l o w l y i n the p o s i t i v e f i e l d 
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d i r e c t i o n , towards the cathode. Under normal l a b o r a t o r y 

c o n d i t i o n s they do not acquire s u f f i c i e n t energy t o i o n i z e 

by c o l l i s i o n , as was o r i g i n a l l y assumed by Townsend. T h e i r 

presence, however, cannot be ignored, both by v i r t u e o f t h e 

space-charge they create i n t h e body o f the gas and t h e i r 

a b i l i t y t o l i b e r a t e f r e s h e l e c t r o n s by impact on the cathode, 

1.2.4 I o n i z a t i o n by quantum absorption ( p h o t o - i o n i z a t i o n ) 

R a d i a t i o n quanta, passing through a gas, may promote 

i o n i z a t i o n provided the c h a r a c t e r i s t i c quantum energy hv i s 

great e r than e V^; i n p r a c t i c e t h i s c o n d i t i o n almost e n t i r e l y 

excludes d i r e c t i o n i z a t i o n by v i s i b l e r a d i a t i o n s . Several 

d i s t i n c t mechanisms are p o s s i b l e , depending upon the o r d e r o f 

energy o f the quanta and the complexity o f t h e extra-nuclear 

s t r u c t u r e of the t a r g e t atoms or molecules. When hy i s the 

same order o f magnitude as eV^ i t i s found^ t h a t t h e 

p r o b a b i l i t y o f an i o n i z i n g event i n a given gas depends upon v 

and the gas pressure p, and t h a t a b s o r p t i o n and i o n i z a t i o n are 

a maximum when the quantum has j u s t enough energy t o i o n i z e . 

The i o n i z i n g c a p a b i l i t i e s o f h i g h l y - e n e r g e t i c quanta 

(e.g. X-rays, Y -r a y s ) depend wery l a r g e l y upon the gas 

undergoing i r r a d i a t i o n . An atom o f low atomic number i s 

p r e f e r e n t i a l l y i o n i z e d by one o f i t s innermost ex t r a n u c l e a r 



electrons absorbing a l a r g e f r a c t i o n o f the energy o f t h e 

i n c i d e n t quantum. The e j e c t e d K-electron thus leaves the atom 

w i t h high v e l o c i t y (corresponding t o n e a r l y the f u l l quantum 

energy) and i s capable o f intense l o c a l i o n i z a t i o n . 

As the atom r e t u r n s t o a s t a t e o f minimum energy quanta 

w i l l be released. They may be p r e f e r e n t i a l l y absorbed and 

an atom may be s t r i p p e d o f s e v e r a l e l e c t r o n s . (Auger e f f e c t ) . 

Photons released by o p t i c a l e x c i t a t i o n o f gas atoms, 

by v i r t u e o f t h e i r possessing energy < v^ e.v. are incapable 

of s t i m u l a t i n g d i r e c t p h o t o - i o n i z a t i o n by any o f the 

mechanisms described above. However, such atoms may be 

i o n i z e d i f they r e c e i v e the necessary energy i n steps. 

1.2.5 Other Processes 

I t has been e s t a b l i s h e d , t h a t energies not less than 

s e v e r a l hundred e l e c t r o n v o l t s must be imparted t o ions before 

t h e i r i o n i z i n g e f f i c i e n c i e s become i n any way comparable w i t h 

e l e c t r o n s . 

The e f f e c t may be neglected under c o n d i t i o n s other 

than high gas temperatures and/or powerful a p p l i e d f i e l d s . 

The v e l o c i t y d i s t r i b u t i o n of n e u t r a l p a r t i c l e s at room 

temperatures precludes d i r e c t i o n i z a t i o n by thermal impact; 

i o n i z a t i o n by atom-atom c o l l i s i o n s becomes important only at 

very h i g h temperatures. 



The p r o p o r t i o n o f gas atoms having r e l a t i v e l y h i gh 

v e l o c i t i e s increases w i t h i n c r e a s i n g temperature, l e a d i n g 

to i o n i z a t i o n a t temperatures exceeding a few thousand °C. 

P h o t o i o n i z a t i o n w i l l i n general occur ( r a d i a t i o n from t h e 

high temperature enclosing w a l l s and the s o - c a l l e d 

"imprisoned" r a d i a t i o n ) , e l e c t r o n s and p o s i t i v e ions w i l l also 

c o n t r i b u t e towards the e f f i c i e n c y o f the process. 

1.2.6 Generation a t s o l i d surfaces 

Possible emission processes from s o l i d surfaces i n c l u d e 

thermionic emission, f i e l d emission, secondary emission, by 

i o n impact, p h o t e l e c t r i c emission and secondary emission as 

the r e s u l t o f e l e c t r o n impact. Of these only t h e l a s t 

mentioned seems l i k e l y t o p l a y a s i g n i f i c a n t r o l e i n t h e 

present work. 

A primary e l e c t r o n which f a l l s on t h e surface o f a 

s o l i d e i t h e r r e t u r n s to t h e gas ( o r vacuum) or penetrates 

i n t o the s o l i d and i s captured or releases secondary e l e c t r o n s . 

For a secondary e l e c t r o n t o be released the energy o f the 

primary p a r t i c l e has t o exceed the work f u n c t i o n , $ , o f t h e 

s o l i d . One p o s s i b l e mode o f secondary emission occurs when 

i n c i d e n t primary e l e c t r o n s t r a n s f e r energy t o the valence 

electrons o f the s o l i d atoms. A l t e r n a t i v e l y , i n t e r a c t i o n 
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between the primary e l e c t r o n s and the f r e e electrons o f the 

s o l i d s atomic l a t t i c e may cause m u l t i p l e c o l l i s i o n s and 

enable secondaries t o pass through the boundary i n t o the gas 

or vacuum. 

Stimulated emission, a t t r i b u t e d t o the f o r m a t i o n o f 

workers using s p e c i a l l y prepared surface l a y e r s . Thin f i l m 

f i e l d emission o f t h i s type i s r e f e r r e d t o as the Malter 

e f f e c t . 

The y i e l d o r c o e f f i c i e n t o f secondary emission, $ , i s 

d e f i n e d as the number o f secondaries per normally i n c i d e n t 

primary p a r t i c l e . 

A l l emission curves show a c h a r a c t e r i s t i c r a p i d r i s e 

o f 8 w i t h i n c r e a s i n g primary e l e c t r o n energy up t o a value 
0 max. : f u r t h e r increase o f primary energy causes a gradual 

descrease i n S (assocaifced w i t h increased primary p e n e t r a t i o n 

i n t o the l a t t i c e ) . For pure metals, max. u s u a l l y l i e s 

between 0.9 and 1.5; the associated values o f primary e l e c t r o n 

energy vary over a wide range. Higher values o f S have been 

observed from metal compounds, p a r t i c u l a r l y from oxides and 

h a l i d e s . Workers have concentrated a t t e n t i o n upon determinations 

o f &max r a t h e r than t h e primary energy values f o r $ « 1. 

ported: by i n t e r n a l e l e c t r i c f i e l d s , has been re number o f 
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Some work has been r e p o r t e d on emission from metal a l l o y s 

and evidence from t h e a v a i l a b l e data i s s i g n i f i c a n t . C e r t a i n 

a l l o y s have been shown t o g i v e e x c e p t i o n a l l y h i g h y i e l d s and 
o 8 9 10 values o f 0 max up t o 16 have been obtained ' ' . 

Monatomic l a y e r s o f absorbed oxygen cause a r e d u c t i o n i n 

secondary y i e l d . With t h i c k e r l a y e r s , S shows e i t h e r l i t t l e 

change or e x h i b i t s a marked increase, p a r t i c u l a r l y f o r metals 

having a s t r o n g exygen a f f i n i t y . 

1.3 Removal processes 

The growth o f e l e c t r o n d e n s i t y by i o n i z a t i o n and o t h e r 

processes i s opposed by a number o f p o s s i b l e depopulating 

mechanisms. 

1.3.1 M o b i l i t y Capture 

This process takes place when an e l e c t r o n i s c a r r i e d t o 

a bounding surface by v i r t u e o f the d r i f t imparted by an 

a p p l i e d e l e c t r i c f i e l d . Impacts t a k i n g place w i t h s u f f i c i e n t l y 

h i gh energy may cause the release o f secondary e l e c t r o n s (1.2.6) 

g i v i n g r i s e t o the p o s s i b i l i t y o f an o v e r a l l increase i n e l e c t r o n 

p o p u l a t i o n . 

1.3«2 Recombination and Attachment 

I f a s u i t a b l e encounter takes place between p a r t i c l e s o f 

opposite charge, recombination may occur, w i t h consequent 
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n e u t r a l i s a t i o n o f charge. 

I n a system c o n t a i n i n g equal numbers o f o p p o s i t e l y charged 

p a r t i c l e s the r a t e o f recombination i s p r o p o r t i o n a l t o the 

square o f the charge d e n s i t y and hence t o the square o f the 

pressure. 

The e f f i c i e n c y o f recombination processes i s thus small 

at low pressures. T h e o r e t i c a l and experimental evidence 

suggests t h a t d i r e c t e l e c t r o n - i o n recombination, i n the body 

of a gas, may be neglected. 

A three body process i s more e f f e c t i v e , eg. t h e f o r m a t i o n 

of a negative i o n and i t s subsequent encounter w i t h a p o s i t i v e 

i o n . Such c o l l i s i o n s are u n l i k e l y at low pressures, however, 

furthermore hydrogen and i n e r t gases are v i r t u a l l y n on-attaching. 

A s p e c i a l type o f d i s s o c i a t i v e recombination has been 
11 

described i n a paper by Fucks . F i r s t l y , d i s s o c i a t i o n o f 

a hydrogen molecule occurs whereby 
h*2 -* H + H * + v 1 

(H * represents an e x c i t e d atom, v ^ a r a d i a t i o n quantum). 

Then three body volume-recombination takes place i n t h e presence 

o f a t h i r d body M, 

H + H * + M -»• H 0 + M + v 0 . 



This process l e a d t o an emission spectrum below 1,100 A and 

gives r i s e t o ' g a s - i o n i z i n g r a d i a t i o n * since the f i r s t i o n i z i n g 

p o t e n t i a l o f hydrogen i s equivalent t o a quantum energy o f 
° 12 X = 805 A . More r e c e n t l y , Corrigan and von Engel have 

shown t h a t a l a r g e p r o p o r t i o n o f the energy o f an e l e c t r o n 

swarm i s used i n the d i s s o c i a t i o n o f hydrogen molecules* 

However, the sequence o f events i s most improbable below a few 

mm.Hg. - Corrigan & Von Engel dismiss volume recombination i n 

the pressure range 0.7 -12 mm.Hg. 

Surface recombination between e l e c t r o n s and ions i s an 

e f f i c i e n t process being a s p e c i a l case o f t h r e e body recombination. 

This mechanism i s f r e q u e n t l y dominant i n the u l t i m a t e 

n e u t r a l i s a t i o n o f charged p a r t i c l e s i n a discharge chamber 

where the w a l l s are remote from the e l e c t r o d e system, i r r e s p e c t i v e 

o f the removal processes t a k i n g place i n the i n t e n s e f i e l d r e g i o n . 

1.3.3 D i f f u s i o n 

tYhen a non-uniform p a r t i c l e d e n s i t y e x i s t s i n a gaseous 

medium, thermal motion gives r i s e t o a net t r a n s f e r o f momentum 

i n t h e d i r e c t i o n o f the negative c o n c e n t r a t i o n g r a d i e n t * 

The p a r t i c l e s thus f l o w as though they possess a d i r e c t e d 

v e l o c i t y , v^, and f o r e l e c t r o n s the f l o w across u n i t area per 

second i s given by 



J = n v = - D V 0 e n 

where D = d i f f u s i o n c o e f f i c i e n t i n cm per sec. 

K i n e t i c theory shovs t h a t D «• 7\ > where 7\ i s the mean 
e e e 

distance t r a v e l l e d by ele c t r o n s between c o l l i s i o n , and t h e r e f o r e 
•\ 

suggests t h a t Dg oc — , though the dependence o f 7s e upon e l e c t r o n 
energy must be taken i n t o account. 

The mean time, t _ , spent by an e l e c t r o n i n d i f f u s i n g from 
D 

i t s p o i n t of o r i g i n t o a given bounding surface i s determined 

by the geometry of the surface and the concentration g r a d i e n t 

(expressed mathematically i n terms o f D ) . 

These q u a n t i t i e s are r e l a t e d by the general expressions: 

t„ D ^ = A ..• •«• ••• ("1 "1) 

13 

v/hers A i s a q u a n t i t y , c a l l e d the D i f f u s i o n Length , having 

u n i t s o f l e n g t h and d e s c r i b i n g the shape o f the bounding surface. 

1.4 Breakdown Mechanisms i n Gases 

1.4.1 Requirements of Breakdown Theory 

A gaseous e l e c t r i c a l discharge i n a given system, occurs 

when the a p p l i c a t i o n o f an e x t e r n a l f i e l d o f s u i t a b l e magnitude 

stim u l a t e s the production of l a r g e numbers of charged p a r t i c l e s 

s r i t h i n the body o f the gas or a t the w a l l s of the c o n t a i n i n g 

vessel, m u l t i p l i c a t i o n s t a r t i n g from a small number of i n i t i a t o r y 
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e l e c t r o n s and leading u l t i m a t e l y t o change from t h e ' i n s u l a t i n g ' 

t o 'conducting' s t a t e ( S e c t i o n 1.1 ) . The t r a n s i t i o n may be 

considered complete when the discharge ceases t o depend upon 

the existence o f the e x t e r n a l i r r a d i a t i n g source. 

The d e s c r i p t i o n s o f i o n i z i n g processes, Sections 1.2.2 -

1.2.5 show t h a t e l e c t r o n s are by f a r t h e most powerful 

agents i n the production o f f r e s h charged p a r t i c l e s . I n 

gpaeral, any breakdown theory must s a t i s f a c t o r i l y account 

f o r a net growth o f e l e c t r o n d e n s i t y w i t h t i m e . F u r t h e r , 

r e l a t i o n s h i p s d e s c r i b i n g the mechanisms o f e l e c t r o n m u l t i ­

p l i c a t i o n and loss must be formulated i n terms o f measurable 

q u a n t i t i e s (e.g. onset f i e l d s t r e n g t h , gas pressure e t c . , 

and atomic data such as charge, mass and mean f r e e path) f o r 

th e purpose o f v e r i f y i n g t h e o r e t i c a l p r e d i c t i o n s . 

1.4»2 Parameters; Order of Pr e s e n t a t i o n 

Disregarding any s p e c i a l p h y s i c a l c o n d i t i o n s imposed, 

the t h r e s h o l d breakdown f i e l d i s i n general a f u n c t i o n o f 

the pressure and nature o f the gas, electrode geometry, 

f i e l d frequency and the nature o f the ele c t r o d e surfaces* 

The v a r i a b l e s are f r e q u e n t l y used i n reduced form e.g. 

a /p» */p» since, t o g e t h e r w i t h t h e q u a n t i t y p.d., 

the a p p l i c a b i l i t y o f the S i m i l a r i t y Rules ' can be r e a d i l y 
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checked* 

I n c e r t a i n case3 o f high-frequency breakdown c o n t r o l l e d 

by d i f f u s i o n , a d i f f e r e n t though analogous set o f v a r i a b l e s 
13 

are employed , namely ?/p, pA , pX • 

Under the a c t i o n of a u n i d i r e c t i o n a l f i e l d , an e l e c t r o n 

i s accelerated by t h e f i e l d between c o l l i s i o n s , whereupon 

i t s instantaneous d i r e c t i o n of motion i s r e d i r e c t e d almost 

at random. The i n f l u e n c e o f the f i e l d t hen r e - o r i e n t a t e s 

the e l e c t r o n i n the f i e l d d i r e c t i o n ( a p a r a b o l i c path i s 

approximately f o l l o w e d ) . The e l e c t r o n t h e n continues t o 

move w i t h the f i e l d u n t i l the t e r m i n a t i o n of i t s f r e e path, 

whence the above process i s repeated. For e l a s t i c c o l l i s i o n s , 

t h e e l e c t r o n w i l l on the average gain a net amount of energy 

per c o l l i s i o n time, notwithstanding the small amount t r a n s f e r r e d 

t o the n e u t r a l atom du r i n g impact. Energy t r a n s f e r between 

f i e l d and e l e c t r o n , a f u n c t i o n o f 5/p, i s completely e f f i c i e n t 

i n s o f a r as t h e p a r t i c l e i s continuously subjected t o an 

a c c e l e r a t i n g f o r c e constant i n magnitude and d i r e c t i o n . I f , 

on the o t h e r hand, the d.c. source i s replaced by an a.c. f i e l d 

o f B..K.S. value equal to t h a t i n t h e d.c. case, the energy 

t r a n s f e r r e d t o the e l e c t r o n can only equal t h a t under the 

corresponding d.c. c o n d i t i o n s i n t h e s p e c i a l cases o f high gas 



pressure and/or low f i e l d frequency. I f e i t h e r the frequency 

i s r a i s e d o r the gas pressure lowered, t r a n s f e r becomes 

g r a d u a l l y less e f f i o i e n t . The cause o f t h i s may be a t t r i b u t e d 

d i r e c t l y t o e l e c t r o n i n e r t i a . Increase i n t h e amplitude o f 

e l e c t r o n o s c i l l a t i o n (due t o decrease i n frequency) or mean 

f r e e path (due t o r e d u c t i o n i n pressure) r e s u l t s i n e l e c t r o n -

atom c o l l i s i o n s o c c u r r i n g too i n f r e q u e n t l y f o r the e l e c t r o n 

motion t o keep i n phase w i t h t h e f i e l d . I t i s t o be expected 

t h a t t h e more out-of-phase t h e e l e c t r o n motion becomes, the 

less energy w i l l be t r a n s f e r r e d , on the average, f r o m t h e 

f i e l d , t o the e l e c t r o n . An extreme l i m i t o f the argument 

leads t o t h e well-known r e s u l t t h a t an e l e c t r o n i n a vacuum 

w i l l o s c i l l a t e i n quadrature w i t h the a p p l i e d f i e l d and w i l l 

take no power from i t . 

An equation expressing t h e above has been d e r i v e d i n 

Section 4.5*2 • 

e E p 10 7 

V = 2 2 i s i n ( cut - a ) (27) 
m(cu + v 0 ) * 

where V i s the average d r i f t v e l o c i t y of el e c t r o n s i n an 

ocean o f gas acted upon by a f i e l d 

E = E„ s i n cu t . 

20 



v i s the c o l l i s i o n frequency o f e l e c t r o n s w i t h gas atoms 

and 

oc = t a n ̂  ~ ... ... ... ... (26) 
c 

Over a range o f e l e o t r o n energies, i n s e v e r a l gases, experimental 
16 

evidence suggests t h a t vQ a p. 

Hence when CO » V q ( i . e . a t h i g h frequencies or low 

pressures) 

-1 7T 
a •* t a n 00 = — rdns. 

i . e . V cc cos co t . 

i . e . v e l o c i t y i s i n quadrature w i t h f i e l d . 

Again when co « V Q , corresponding t o high pressures o r 

low frequencies (which may, w i t h r e s e r v a t i o n s , be taken t o 

in c l u d e d.c.) 

V «• s i n co t . 

i . e . v e l o c i t y i n phase w i t h f i e l d . 
17 

I n terms o f energy t r a n s f e r , an expression by Margeneau 

2 
e 

V 2 

c 
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r e l a t e s " e f f e c t i v e " f i e l d E e t o the R.M.S. value o f t h e 

a p p l i e d f i e l d . I t i s seen t h a t when (t) » v : E = •* 0 

and when co « VQ : E g = E^ 

1.4-«3 Breakdown under c o n d i t i o n s where a> « v 

o 

( a ) d.o. breakdown 

The p h y s i c a l problem has been t o propose a theory t o 

s a t i s f a c t o r i l y e x p l a i n the development of a discharge c u r r e n t 

not dependent upon t h e existence o f an e x t e r n a l source o f 

e l e c t r o n s . R e f e r r i n g t o equation 1 i t i s evident t h a t an 

a - mechanism alone i s not s u f f i c i e n t , since t h e c u r r e n t I , 

being d i r e c t l y p r o p o r t i o n a l t o the r a t e at which 'casual* 

eleotrons are being produced, would cease subsequent t o t h e 

removal o f the i r r a d i a t i n g source, i r r e s p e c t i v e o f t h e 

magnitude of the a p p l i e d f i e l d . 

Townsend o r i g i n a l l y proposed t h a t t h e necessary 'secondary' 

mechanism r e s u l t e d from the i o n i z i n g a c t i o n o f p o s i t i v e ions 

(produced by c o l l i s i o n i o n i z a t i o n ) m i g r a t i n g towards the cathode. 

However, c a l c u l a t i o n s showed t h a t under normal experimental 

c o n d i t i o n s the ions could ndt r e c e i v e i o n i z i n g energy from t h e 

f i e l d ( r e f . s e c t i o n 1.2.5). Subsequently Townsend m o d i f i e d 

h i s ideas and i n t r o d u c e d h i s celebrated y ~ mechanism, i n which 
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secondary emission from the cathode due t o p o s i t i v e i o n s , 

e x c i t e d ions, photons e t c . , was considered t o play the v i t a l 

r o l e i n producing the * i n t e r n a l * source o f secondary e l e c t r o n s . 

Mathematically, t h i s l e d t o t h e well-known Townsend 

equation 

_ I 0 exp (ocd) 
i - r 2 (7.) 

- 1 - Y ( e x P ( a d ) ~ 1 j - 1 

where Y » f o r s i m p l i c i t y , may be d e f i n e d as the number o f 

el e c t r o n s released from t h e cathode per p o s i t i v e i o n impinging 

upon i t , ( t h e general form o f t h e equation i s not a l t e r e d by 

i n c l u d i n g o t h e r e f f e c t s i n t h e d e f i n i t i o n o f Y ) • I t was 

found t h a t f o r low values o f p.d. equation (3) agreed q u i t e 

adequately w i t h experimental p l o t s o f pre-breakdown c u r r e n t . 

On the o t h e r hand, i n v e s t i g a t i o n by Masch^ and P a a v o l a ^ 

i n d i c a t e d t h e absence o f a Y - mechanism, at l e a s t f o r h i g h 

p.d. values. This evidence was based upon I n 3 / l 0 & p l o t s 

i n t h e v i c i n i t y o f breakdown y i e l d i n g s t r a i g h t l i n e s , i n s t e a d 

o f the upcurving o f the r e q u i r e d hyperexponential increase o f 

pre-breakdown c u r r e n t . 

The s i t u a t i o n was f u r t h e r obscured by the studies o f 

time-lags associated w i t h discharge. According t o Townsend's 

theory, the time taken f o r a discharge t o develop subsequent 



to the appearance of a suitable •triggering' electron (the 

formative time, t^,) should be of the order of the t r a n s i t time 

of positive ions across the gap. Oscillographic studies of 

pulsed gaps, however, indicated values of t ^ two or three 

orders l e s s * 

As an alter n a t i v e , photoionization was considered as the 
20 

additional electron m u l t i p l i c a t i o n process. I t was suggested 

that photons produced i n the gap by exciti n g c o l l i s i o n s would 

move ahead of the main avalanche and cause ionization by vir t u e 

of t h e i r absorption by the molecules of the gas mixture having 

low ionization potential. The subsequent creation of fresh 

electron avalanches, a s s i s t e d by f i e l d i n t e n s i f i c a t i o n due to 

positive ion space charges, would cause the gap to be bridged 

i n a time i n t e r v a l corresponding to the observed formative 
20 

period. Support for t h i s view was provided by Raether* s 

cloud chamber photographs of spark development, which enable 

calculations to be made of the diameter of the spark channels 

and the rate of growth of the discharge. Such 'streamer* 

theories were neverl f u l l y developed and post World War I I 

investigations immediately demanded a re-appraisal of ideas. 

I n p a r t i c u l a r , accurate oscillographic studies of formative 

times showed that with threshold f i e l d s applied to a t e s t gap 



(as d i s t i n o t from severe overvolting i n pre-war studies) t^, i s 

large enough to include the p o s s i b i l i t y of p o sitive ions crossing 

the gap, at l e a s t for small separations. Doubt was expressed about 

the interpretations of Raether's cloud chamber tracks, which were 

based upon the assumption that the f i r s t stages of spark 

development had been photographed. F i n a l l y a c r i t i c a l analysis 
22 

of previous work by Llewellyn Jones and Parker revealed that 

incorrect conclusions had been reached concerning lack of 

evidence of the role of p o s i t i v e ions i n a s s i s t i n g the i n i t i a t i o n 

of a discharge. 

Modern views ou the inception of the d.c. discharge owe much 
22 

to a s e r i e s of precision experiments by Llewellyn Jones et a l . 

at Swansea. Using gases of high purity and well-regulated power 

supplies, Jones showed that the development of a discharge could, 

i n f a c t , be s a t i s f a c t o r i l y explained by mechanisms of the 

Townsend type i . e . an a -process sustained by a Y - process. 

Good agreement between theory and experiment i s i n evidence over 
an extended range of p.d. 

23 

Jones concludes that the secondary mechanism must be 

considered complex i n character, with a l l processes, which may 

lead to the supply of f r e s h electrons from the cathode, possibly 

contributing - no single process can be s a i d , i n general, to 
- 25 -



to dominate, r e l a t i v e e f f i c i e n c i e s being governed by such 

factors as cathode surface and geometry. 

By putting the denominator of equation (3) equal to zero, 

a mathematical statement of the breakdown c r i t e r i o n may be 

made, v i z : -

1 - exp. ( a d ) - 1 = 0 (k) 

The above equation may be regarded as representing a 

condition whereby electron production processes replace the 

i n i t i a t o r y electrons, giving r i s e to a self-sustained current. 

Thus, when i n practice the breakdown c r i t e r i o n i s r e a l i s e d , 

I may be reduced to zero, and I should remain f i n i t e with the 

breakdown potential independent of current. The above has been 

adequately v e r i f i e d under s t r i c t experimental conditions. 

This summary of d.c. breakdown acts as an e s s e n t i a l 

preliminary to the study of breakdown under alternating e l e c t r i c 

f i e l d s . 

(b) Low Frequency and High Frequency Breakdown at High Gas 
Pressures 

Ihergy t r a n s f e r between f i e l d and gas i s s t i l l e f f i c i e n t 

under a.c. conditions provided the electron- gas molecule 

c o l l i s i o n frequency i s s u b s t a n t i a l l y greater than the angular 

f i e l d frequency. The c o l l i s i o n frequency has been found by 
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experiment to depend upon electron energy as w e l l as gas 

pressure. We may write 

v0 a P 

= 5*10 sec. -1 mm.Hg." (approximately, f o r a 

number of gases) 

_ 5«1CTP -£u 1Q9p 
2 ir f f 

V 
I n practice a r a t i o TJ2 > 1CX) i s necessary to ensure the 

Hence 10 9P > 1 0 2 condition v > > 0) c 10"P 

i . e . P > f . 10 r 7 

Hence for frequencies the order of a few megacycles, gas 

pressures not l e s s than, a few mm. Hg. must be used to ensure 

e f f i c i e n t energy t r a n s f e r . At these r e l a t i v e l y 'high* pressures 

the breakdown mechanisms over a wide range of frequency are now 

quite w e l l established. 

For convenience i n the description of s t a r t i n g mechanisms, 

a hypothetical t e s t gap w i l l be considered, enclosing a pure 

gas at a suitable pressure and subjected to a voltage source 

of variable frequency. I t may be seen from Figure 1 that for 

low frequencies the B..M.S. s t a r t i n g f i e l d I L r i s e s 3lowly but 
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s t e a d i l y from the corresponding d.c. value , u n t i l a c r i t i c a l 

frequency i s reached, at which shows a small drop; quite 

d i s t i n c t and f a i r l y sudden. At frequencies beyond t h i s value 

a further decrease, more pronounced than the f i r s t , occurs at 

a second c r i t i c a l point. S t i l l higher up the frequency s c a l e 

a further t r a n s i t i o n occurs characterised by a sudden and 

continuous r i s e i n onset f i e l d strength. 

Discussion of t h i s phenomenon (the collision-frequency 

t r a n s i t i o n ) i s referred to the following section, as the 

condition, v . » cu no longer applies* 

Not only are the s t a r t i n g f i e l d strengths s i m i l a r at 

low frequencies and d . c , the discharge mechanism i s also 

e s s e n t i a l l y the same. Here the t r a n s i t times of the electrons, 

and even positive ions across the gap, are short compared 

with the h a l f period of the applied f i e l d . 

Figure 1 shows that as the f i r s t c r i t i c a l frequency fc.j 

i s approached the amplitude of o s c i l l a t i o n of the positive ions 

i s progressively decreased u n t i l they are j u s t unable to reach 

an electrode face during a h a l f - c y c l e of the field. The consequent 
2L 

existence of positive ions within the gap has been shown to 

lead to 'enhanced' values of the primary c o e f f i c i e n t a . 

C l e a r l y a r e l a t i v e l y smaller f i e l d i s s u f f i c i e n t to i n i t i a t e 

the discharge. 
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Comparison between the r e s u l t s of different workers, 

i n t h i s range, i s not easy, but a l l adopt explanations i n 

terms of the e f f e c t of positive space charge. 

U n t i l f a i r l y recently, the experimental data available 

indicated constancy of sparking potential at frequencies 

intermediate between low frequencies and f c ^ . A publication 

by Fuchs, however, suggests the gradual r i s e mentioned 

e a r l i e r . An explanation i s given i n terms of the behaviour 

of p o s i t i v e ions. The frequency fc^ i s not unique, but depends 

upon the nature of the gas and the electrode separation; i n 

many experiments i t i s observed i n the region of a few hundred 

Kc/s. 

The second c r i t i c a l frequency fCg i s associated with the 

non-removal of electrons from the test-gap. Under these 

circumstances the previously dominant agency of electron 

loss-mobility capture by the electrodes - i s no longer 

operative. Hence breakdown, which may be regarded as due to 

the f a i l u r e of equilibrium between rates of electron generation 

and l o s s , can therefore be expected to s t a r t with a r e l a t i v e l y 

l e s s energetic f i e l d . 
2 R ^6 27 

Several workers, >e~ * have confirmed by experiment 

t h i s lowering of the threshold f i e l d value. 
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The o r i g i n of breakdown theory at frequencies exceeding 

the second t r a n s i t i o n i s rooted i n the work of S.C. Brown et a l . 

at the M.I.T. Experimental r e s u l t s on gases confined within 

a resonant cavity and subjected to microwave o s c i l l a t i o n s , l e d 
28 

to the proposition that breakdown i n a non-attaching gas 

could (subject to c e r t a i n l i m i t i n g conditions) be explained 

simply i n terms of electron production by c o l l i s i o n ionization, 

and t h e i r loss from the system by d i f f u s i v e processes. 

The t o t a l flow of p a r t i c l e s from a region of high 

concentration may be written as 
J = - D V n, e ' 

Assuming that an external i r r a d i a t i n g source i s providing 

a small rate of ionization S i n the gap, the continuity 

equation may be written a3 

|S = V.n + S - V - J at x 

= v^n + S + D g V n (5) 

Equation 5 may be modified to include depopulation by electron 

attachment to neutral atoms, (leading to recombination i n the 

volume of the gas) by rewriting the equation i n the form 
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& " ( » 1 - » . ) » * 8 + D V^n 

2 
v a + S + Dfi V n (6) 

v i s the rate of attachment and hence a 
v n i s the net rate of electron generation. 

Assuming that the approach of breakdown i s so slow 

that rgg may be neglected, the equation for a non-attaching 

gas becomes: 

D g V n + v^n = - S (7) 

The solution of equation 7 expresses the electron density 

n at some arbitary distance x from the median plane between 

p a r a l l e l plates of separation d, v i z : 

4 S 7TX 
n = ir c o s d (8) 

e vd' a 

Breakdown may be defined as the condition that the electron 

density goes to i n f i n i t y , i . e . i t occurs when 

v i = D e @ 2 ^ 

- 31 -



An alt e r n a t i v e way of stating the equilibrium condition i s 

that an electron created i n the gap must make one ionizing 

c o l l i s i o n i n i t s mean li f e t i m e , t ^ , a3 limited by diffusion 

i . e . V. = 7 - = a v (10) 

t j j i s r e l a t e d to diffusion length and diffusion c o e f f i c i e n t 

by equation (11 ) , v i z : 

(11) 

A i s a convenient quantity, the 'diffusion' length (introduced 

by McDonald & Brown)^ which describes the geometry of the 

discharge chamber* 

The solution of A^ for a cylinder of length d and 

radius R, i s 

i _ . + (^25)2 ( „ ) 

The f i r s t term on the R.H.S. of the equation describes 

diffusion to the electrodes of a p a r a l l e l plate system, the 

second term r e l a t e s r a d i a l diffusion away from the e l e c t r i c 

f i e l d . 

Prom equations 10, 11, and 12: 



V. 
X 

e D e 
W\2 
( ? ) + • • • • • • (13) 

Comparing equations 9 and 13 i t i s seen that the threshold 

expressions for are i d e n t i c a l for large values of R. i . e . 

the simple equation i s a s p e c i a l case of the more general 

expression i n which sideways di f f u s i o n i s taken into account. 

Herlin & Brown tested the d i f f u s i o n theory at microwave 

frequencies i n the pressure range 1 - 1,000 mm. Hg. Good 

agreement was found between experimental and t h e o r e t i c a l 

values of t within the l i m i t i n g condition of theory. 
29 

Prowse & Clark extended the a p p l i c a b i l i t y of the theory 

into the radio-frequency region. They have shown quantitatively 

that, i f diffusion i s the dominant removal mechanism, the 

curve r e l a t i n g E A to p A w i l l be unique f o r any one gas. 

1.4.4 Breakdown under conditions where Vn i s the same order 
c 

of magnitude as QJ . 

Changes i n disoharge behaviour are to be expected when 

the c o l l i s i o n - and field-frequencies are the same order of 

magnitude. I n t h i s region the change takes place between many 

c o l l i s i o n s per o s c i l l a t i o n ( VQ » cu) and many o s c i l l a t i o n s 

per c o l l i s i o n ( OJ » v ) . Using the data introduced i n Section 

Agreement between theory and experiment 
28 
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1»3,3> i t i s seen that since 

v 1U p 
2 i r f 

then for u = c 

2n 

Hence for a test-gap maintained at a pressure of a few mm.Hg, 
9 

frequencies of the order of 10 c/s. are required to study 
the t r a n s i t i o n region. 

The rapid advances i n microwave techniques during 1939-1945» 

and p a r t i c u l a r l y the development of high-power cavity 

magnetrons, extended the available frequency coverage into the 

desired band; i n 1948 S.C. Brown and h i s colleagues published 
28 

t h e i r f i r s t paper on C.W. breakdown at 10,000 Mc/s. As 

indicated i n Section 1.4.3, plots of breakdown f i e l d against 

gas pressure established diffusion as the controlling method 

of electron l o s s . But whereas, at the higher pressures used, 

E decreased regularly with decreasing p (conforming to simple 

diffusion theory), the f a l l was not maintained and below a 

cer t a i n pressure E was observed to r i s e again quite r a p i d l y . 
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Calculations showed that such minima coincide with the condition 

V q = ex) , confirming predictions that the e f f i c i e n c y of energy 

trans f e r from the f i e l d f a l l s off when the electrons cease 

to make many c o l l i s i o n s during an o s c i l l a t i o n of the f i e l d . 

1.4*5 Breakdown under conditions where vn « a> . 
c 

So f a r , discharge behaviour has only been reported under 

circumstances where the gas pressure has exceeded a few mm. Hg. 

I n f a c t , experimental data, covering an extended range i n the 

low pressure region, are scarce. 
30 

G i l l and Von J&agel" , however, have made important studies 

i n evacuated glass enclosures, using external p a r a l l e l - p l a t e 

electrodes and a variable frequency supply. Breakdown under 

these conditions i s attributed to a type of electron resonance, 

brought about by secondary emission from the glass walls of the 

tube. 

At the low pressures involved (~ 10 ^ mm.Hg.) electron 

motion under the influence of the external f i e l d i s not impeded 

to any s i g n i f i c a n t extent by c o l l i s i o n s with gas molecules. 

The build-up of population requires that electrons leave one 

wall with favourable v e l o c i t y i n a suitable phase with the f i e l d , 

traverse the gap i n a hal f - c y c l e and s t r i k e the opposite wall 

with s u f f i c i e n t energy to cause the near-instantaneous release 
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o f f u r t h e r e l e c t r o n s by secondary emission. (These secondary 

p a r t i c l e s may i n t u r n be r e t u r n e d to the o r i g i n a l face thereby 

causing the release of further- e l e c t r o n s ) . Hence, provided 

t h a t the e f f e c t i v e secondary emission c o e f f i c i e n t $ exceeds 

u n i t y , a r e g u l a r b u i l d - u p w i l l take place c u l m i n a t i n g i n 

breakdown. For the glass vessel i n v o l v e d , impact v e l o c i t i e s o f 

40 e.v. are necessary t o give u n i t emission c o e f f i c i e n t u . 

The experiment a l l y observed values o f break-down f i e l d 

were p l o t t e d as a f u n c t i o n o f wavelength. For a tube o f 

bive s i z e the breakdown f i e l d was observed i n i t i a l l y t o 

decrease w i t h i n c r e a s i n g A . Further increase i n X was 

found to cause an abrupt o u t - o f f , f o l l o w i n g a r e g i o n o f f c i r l y 

constant f i e l d . 

u - i l l and Von 3ngel have based t h e i r q u a n t i t a t i v e study upon 

equations d e r i v e d from the motion of e l e c t r o n s i n vacuo, 

nanely: 

= + 2e ^ cos fi ( u ) 

X o 
n i'j 

and d = (v + 6 % cos j6) ~t + 2 e B p s i n / ... (15) o 
m u) 

TOO 
where i s the impact v e l o c i t y , and VQ the i n i t i a l v e l o c i t y 



of an electron moving with favourable phase i n the f i e l d . 

A constant relationship between and V was assumed, and 

by assigning a suitable value to t h e i r r a t i o (obtained by 

t r i a l and e r r o r ) , a t h e o r e t i c a l curve was obtained and found 

to conform c l o s e l y to the experimental plot. 
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2. INTRODUCTION TO THE BREAKDOWN STUDIES AT 
10 Mo/s. and 20 Mc/a. 

2.1 Radio-frequency breakdown at pressures exceeding a 
few mm. Hg. 

I n discussing a.c. breakdown i n gases (Chapter 1 ) , 

theories concerning the startin g of a discharge were 

categorised i n terms of the ef f i c i e n c y of energy t r a n s f e r 

between the source of e l e c t r i c a l power and the charged 

p a r t i c l e s present i n the gas. 

On the other hand, breakdown under prescribed 

experimental conditions may sometimes be conveniently 

studied by investigating the a p p l i c a b i l i t y of the diffusion 

theory to the r e s u l t s obtained, experience showing that i n 

t h i s way any departues from the theory are more re a d i l y made 
2Q 

explainable. Thus, Prowse and Clark ' investigated the 

onset of e l e c t r i c a l discharges i n a variety of gases, both 

monatomic and diatomic, attaching and non-attaching, with 

a view to establishing the mechanism of breakdown. Only 

r e l a t i v e l y high pressures were employed, (beyond a few mm. 

Hg.). 

Previous to these studies, considerable doubt existed 

as to the nature of such discharges under such conditions 

that electrons both o s c i l l a t e d between the electrode faces 
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during a half-cycle of the field, and made many collisions 

per oscillation ( v

0

> > < y ) . Data from the work of Pim^1, 
25 

and Prowse and Lane , for example, indicate that the 

starting f ield for a gas at a given pressure is independent 

of the electrode separation; the view was taken, therefore, 

that breakdown stress is a constant quantity, characteristic 

of the pressure and nature of the gas in question. These 

results were, however, not in accord with other measurements, 
26 27 notably by Githens and Thompson • In these cases the 

results were consistent with a diffusion-controlled build­

up of electron population. 

% quantitative analysis, Prowse and Clark were able to 

demonstrate that in a gas at constant pressure, breakdown 

over a wide range of electrode geometries can be brought 

about by the application of a high frequency f ie ld whose 

magnitude is sufficient to promote a rate of collision 

ionization just in excess of the losses from the system by 

diffusion. 

The conclusions reached regarding the inconsistencies 

referred to, were that they could be attributed to the use 

of undesirable electrode shapes, and, possibly, impure gases. 

- 39 -



Breakdown Curves f o r Various Gases, Prowse & Clark (1958) 
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t .2 Results of Prowae and Clark at 9.5 Mo/s« 

Typical experimental nans at fixed pressures in hydrogen, 

nitrogen and air are illustrated in Figure 2, with peak 

breakdown stress plotted against electrode separation. I t is 

seen that eaoh curve is characterised by two distinct regions. 

For short gaps Ep decreases rapidly with increasing d. 

However, beyond a certain value of d (determined by the gas 

pressure) further increase in electrode separation is 

associated with a small but steady lowering of f ield strength* 

Diffusion theory was found to apply in the less steep 

parts of the curves. In these regions electrons oscillate 

to and fro within the test gap, their lifetime limited by 

the time taken to diffuse either to the electrodes or radially 

out of the intense f ie ld region. Further, the electrons 

oscillate in phase with the f ield sinoe V >x»j even at the 
c 

lowest pressures used. 

The initiation process on the steep parts of the curve 

is not dominated by diffusion losses. Bearing in mind that 

electron oscillation amplitude is determined by gas pressure, 

field-frequency and field strength - and not by gap width -

a steady reduction in d from a high value (with Ep changing 

only slowly) must result in a cr i t ica l separation 6lq below 
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which the electrons are able to span the electrodes, during 

a half-period of the f ie ld, by mobility motion i .e . the 

transition values of d correspond to the second transition 

region referred to in Section 1 .4«3 . The increases in f ie ld 

strength required to start the discharge for values of d < d„ 

are evidence of the necessity for increased field-intensified 

ionization to counterbalance the increased rate of loss due 

to capture by the electrodes* 

I t is thus seen that the magnitude of the breakdown 

field under diffusion controlled conditions in 'high-pressure' 

gases at short-wave frequencies is characterised by: 

(a) a sharp rise, whenever limiting conditions are such 

that electrons reach the electrodes by oscillatory 

dri f t . 

(b) a slow but steady decrease, for increased electrode 

separation at fixed gas pressures. 

(c) a decrease, whenever pressure i s reduced at constant 

electrode separation. 

2.3. Measurements at somewhat lower pressures 

Having established the ability of a diffusive mechanism 

to operate at radio-frequencies as well as in the micro-
32 

wave region, further measurements were made by Clark at 
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somewhat lower pressures, to enable calculations to be made 

of ionizing efficiencies over an extended range of i /p . 

Typical plots are shown in Figure 3j Air Ĵ <l**®Jj«»%. 

Calculations show that for the two smallest separations, 

5.08 and 7.62 mm. electrons were able to reach the electrodes 

by mobility drift for a l l pressures used. For gap widths 

1Q16 •* 15.24 mm, the transition to diffusion controlled 

breakdown is clearly indicated, at pressures ranging from 

2 ~*6 mm. H.g. (the 'cr i t ica l pressures' p correspond to 
c 

the cr i t ica l gaps d 0 in Figure 2 ) . But, at the largest 

separations, 20 •* 32 mm., the onset f ie ld shows a continuous 

decrease down to the lowest pressures used. This run in 

particular was considered to be of great interest. Values 

of breakdown field recorded were lower than any hitherto 

published under uniform field conditions and were significantly 

smaller than those obtained at micro-wave frequencies. However, 

no firm interpretations could be made regarding the significance 

of the measurements, for two reasons. First ly, the pressure-

measuring device used for the lowest pressures was a simple 

differential gauge, linear scale, which did not permit recordings 

below about 0.3 mm. Bg. Further, the accuracy of the instrument 

below 5 mra.Hg. was questionable. Secondly, the voltage-
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measuring system, based upon square-law detection, though quite 

suitable for measuring voltages in excess of 200 volts, was 

inherently insensitive for values below this figure. 

Thus, only tentative suggestions may be made regarding 

an explanation of why the starting f ie ld can be driven lower 

down at radio-frequencies compared with micro-wave values, 
13 

Analysis by McDonald and Brown shows (Section 

that the collision-frequency transition using micro-wave 

sources occurs at pressure values about two orders higher 

than at short-wave radio-frequencies. Breakdown at pressurss 

below the transition value is characterised by a rise in 

onset f ield values. Hence, given a system at radio-frequencies, 

in which the electrode separation is large enough to enable 

electrons to oscillate within the gap, diffusion control of 

electron loss, with inherent ease of starting a discharge, 

should be expected to operate at lower pressures than is 

possible under microwave conditions. 

Such an explanation could not be tested from Clark's 

measurements for the reasons described. Also, i t was far from 

certain that the rates of electron multiplication and loss 

continued to be dominated by oollision ionization and diffusion, 

respectively, under the conditions of fairly low pressure and 



wide electrode spacing; the possibility of other mechanism 

becoming active could not be ignored. 

2,1+ The experimental problem - breakdown at radio-frequencies 
under low pressure conditions. 

In view of the uncertainties with regard to the physical 

processes involved i t was decided to make a systematic 

investigation of the breakdown of relatively large gaps in 

the radio-frequency region, using pure gases at pressures less 

than 1 mm.H.g., with sensitive and accurate equipment to 

measure the parameters involved. Also, i t was considered 

that measurements involving extremely low values of breakdown 

stress under uniform f ie ld conditions would be of some teehnical 

interest. One example of this was the failure of radio signals 
33 

from high-altitude rockets which led Pa3Ka to study low 

pressure breakdown in air at 77 Mc/3. Interesting results 

were obtained, including lowrumerical values of starting f ie ld. 

However, to slrimulate the transmitting antenna of a rocket, 

concentric cylinder geometry was used, giving radial non-

uniformity of electric f ie ld and undesirable edge effects. Also, 

from the physicist's point of view, air is not the simplest 

gas from which to make deductions regarding fundamental processes. 

The apparatus described in Chapter 3 was designed and 

constructed to meet the requirements previously discussed. 
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3. APPARATUS 

3.1 Baaic Requirements 

The essential requirements of the apparatus were as 

follows: 

( i ) A glass discharge chamber surroim&tng (but 

sufficiently remote from) a pair of uniform f ie ld 

electrodes, and containing the gas under test. 

( i i ) A high frequency voltage source of given frequency 

and variable, but known amplitude, having sufficient 

strength to break down the gas. 

( i i i ) A vacuum system capable of pumping down the test 

line to low pressures, maintaining a given pressure 

under staic conditions and provided with pressure 

measuring equipment. 

(iv) A supply of spectrally pure gases, with faci l i ty 

for pipetting test samples into the main vacuum line 

and thence into the discharge chamber. 

(v) A steady supply of initiatory electrons, to reduce 

statistical time-lags. 

The variable quantities involved included: 

G-as Pressure, 
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Electrode Separation, 

Field frequency, 

Field Strength. 

Care was taken in design to allow the adequate variation 

of these quantities and to measure them with accuracy. 

A schematic diagram of the apparatus i s shown in 

Figure 4. 

3.2 The Discharge Chamber 

3.2.1 Constructional Details 

Design details of the chamber and its accessories are 

given in Figure 5. The vessel was made to specification at 

the Wear Glass Works, from 17.8 cm. ( i .D.) Pyrex pipeline 

17.8 cm. in length with wall thickness 4.7 mm* The open ends 

of the chamber were made parallel and accurately ground. 

Two short arms with B.19 cones were set at right-angles 

in the eentre of the chamber. By making connection from 

both these points to the pumping and gas-injection systems, 

continuous circulation of gas was ensured in dynamic working. 

One of these arm3 also acted as the path for the ultra-violet 

irradiating beam. In addition, two 10 cm. diameter windows 

provided easy access to the interior of the chamber for the 

purposes of assembling and aligning the electrodes. During 



the pumping process these windows were sealed with 4.7 mm. 

thick ground glass cover plates, lightly smeared with Apeizon 

*N' high vacuum grease. 

The ends of the chamber were olosed by mild steel plates, 

accurately turned and ground. Metal-to-glass seat were made 

with Araldite 103 Epoxy Resin, to give vacuum-tight unions. 

These remained leak-free for the whole period during which 

measurements were taken. 

To permit variation of electrode separation without 

disturbing vacuum conditions, 1.27 cm. diamier brass tubes were 

set into the backs of the electrodes and passed out of the 

chamber through brass bushes sealed to the end-plates, into 

specially constructed vacuum bellows. 

The bellows, constructed to specification by Negretti 

and Zambra Ltd. , each consisted of a stack of 10 capsules 

made from reinforced heat-hardened beryllium-copper. CoBirs 

fitted to the ends of the stacks enabled the electrode rods 

to be securely connected to the bellows. Each pair of bellows, 

of diameter 7.4 cm., had a maximum working deflection of 3.5 om. 

giving rise to a maximum electrode separation of 7 cm. 

3.2.2 Variation and Measurement of Electrode Separation 

The distance between electrodes was varied by screwing 
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6. Electrode System <•'•. Bellows 
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t he two p a i r s o f l a r g e b e v e l l e d nu t s (N^ N 2 and ' N 2 * ) on 

the e l ec t rode s h a f t s agains t f i x e d m i l d s t e e l d i s c s (D^ and D 2 ) 

causing the be l lows t o be expanded o r c o n t r a c t e d and hence the 

e l e c t r o d e spacing t o be v a r i e d . 

F igures 6a and 6b show t h e micrometer screw gauges used 

t o m o n i t o r e l e c t rode s e p a r a t i o n . These gauges were f i x e d by 

h o r i z o n t a l arms t o r i g i d v e r t i c a l p i l l a r s (P^ and P 2 ) and c o u l d 

be swung away by r e l e a s i n g the sorewed c o l l a r s on P^and P 2 » 

The micrometers were r e f e r r e d t o s t e e l b a l l s sea led i n t o 

9 0 ° coun te r3 ink ings a t t he ends o f t h e e l e c t r o d e s h a f t s . Zero 

s epa ra t i on was determined e l e c t r i c a l l y u s i n g a d . c . v o l t a g e 

source, c u r r e n t l i m i t i n g r e s i s t o r and a m i l l i a m m e t e r . 

I t was apprec ia t ed t h a t any at tempt t o i s o l a t e t h e 

i n t e r i o r s o f the be l lows f r o m the main chamber would f a i l due 

t o leakage down t h e o u t e r w a l l s o f the e l e c t r o d e s h a f t s . To 

a v o i d t h i s d i f f i c u l t y , a s e r i e s 0.8 mm. holes was d r i l l e d 

th rough the brass bushes i n t o t h e i n t e r i o r s o f the b e l l o w s , 

g i v i n g pressure e q u a l i z a t i o n . 

3 .2 .3 E lec t rode P r o f i l i n g : Stephenson P r o f i l e 

( a ) Importance o f c o r r e c t p r o f i l i n g 

The usefu lness o f much breakdown da ta has been lessened 

by t h e cho ice o f tkndesirable e l ec t rode shapes, p a r t i c u l a r l y 
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p l a n e - p a r a l l e l d i s c s . W h i l s t the ex i s tence o f i n h e r e n t 

f i e l d i n t e n s i f i c a t i o n a t t h e e leo t rode edges has been r e a l i z e d , 

s eve ra l workers have concluded t h a t s ince such discharges are 

commonly observed w i t h i n t h e u n i f o r m c e n t r a l r e g i o n , they were 

34 

i n i t i a t e d t h e r e . More r e o e n t l y , evidence s t r o n g l y suggests 

t h a t t h e l o c a l i t y i n which a discharge i s i n i t i a t e d cannot 

be r e a d i l y deduced f r o m the p o s i t i o n o f a sus ta ined d i s cha rge . 

The i d e a l u n i f o r m f i e l d e l e c t r o d e system would c o n s i s t 
35 

o f a p a i r o f i n f i n i t e p a r a l l e l p l a t e s . I n 1926 Eogowski 

demonstrated mathemat ica l ly t h a t e lec t rodes o f f i n i t e s i z e may 

be s u i t a b l y shaped t o f u l f i l the c o n d i t i o n t h a t e l e c t r i c f i e l d 

s t r e n g t h i s nowhere g r e a t e r than i n the c e n t r a l u n i f o r m f i e l d 

r e g i o n . Such e l ec t rodes have f r e q u e n t l y been used : 

e l e c t r o l y t i c t ank t e s t s c o n f i r m a g radua l decrease i n f i e l d 

i n t e n s i t y away f r o m t h e cent re* 

Prom a p u r e l y e m p i r i c a l approach Stephenson has d e r i v e d 

e l ec t rode p ro f i l e s which f u l f i l t he same c o n d i t i o n s as Rogowski 

p r o f i l e s b u t which have t h e advantage t h a t they are s imp le r t o 

c o n s t r u c t g e o m e t r i c a l l y . I n a d d i t i o n , t he Stephenson p r o f i l e 

o f f e r s , per u n i t area o f t h e e l e c t r o d e , a g r e a t e r constant f i e l d 

r e g i o n t h a n t h e Rogowski envelope. I n essence, t h e Stephenson 

p r o f i l e ha3 a plane c e n t r a l r e g i o n , l e a d i n g t o a s e c t i o n wh ich 
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f o l l o w s a s i n e curve and culminates i n an arc o f a c i r c l e . 

The shape and dimensions o f t h e adopted Stephenson 

p r o f i l e are shown i n F igure 7 . 

( b ) Choice o f E lec t rode M a t e r i a l 8 P r o f i l i n g 

A t the t ime o f c o n s t r u c t i o n o f t h e apparatus i t was no t 

b e l i e v e d t h a t the p h y s i c a l p r o p e r t i e s o f t h e e l e c t r o d e su r faces 

would have any impor t an t e f f e c t upon t h e i n i t i a t i o n o f 

discharges - i n most cases o f h i g h - f r e q u e n c y breakdown t h e 

e lec t rodes serve o n l y t o s t ress t h e gas and l i m i t t h e ex t en t 

o f t h e d i scha rge . 

Brass was, t h e r e f o r e , s e l e c t e d , l a r g e l y because o f t h e 

ease w i t h which i t c o u l d be t u r n e d and g round . 

This choice was l a t e r a source o f t r o u b l e because secondary 

emission f r o m the e l e c t r o d e faces became an impor tan t p a r t o f 

the breakdown mechanism a t 20 Mc/s and n o t da ta are a v a i l a b l e 

f o r secondary emiss ion f r o m brasses . 

A t i n p l a t e fo rmer o f h a l f an e l ec t rode p r o f i l e was 

c o n s t r u c t e d . Cy l inde r s o f brass were t u r n e d i n t h e l a t h e u n t i l 

t h e i r p r o f i l e s r o u g h l y corresponded t o t h e f o r m e r . 

An accurate curve r e p r e s e n t i n g the d e s i r e d p r o f i l e 

envelope ( m a g n i f i e d t e n t i m e s ) was drawn on a screen. O p t i c a l 

means were used whereby a p a r a l l e l beam o f l i g h t f r o m a s m a l l 
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i n t ense source (passed th rough a good q u a l i t y condenser lens) 

p r o j e c t e d an image o f t h e rough p r o f i l e on t o the screen ( v i a 

another l e n s ) . Very c a r e f u l a l ignment was made o f t h e source, 

l enses , e l ec t rodes and sc reen . 

The e l eo t rode i n t h e l a t h e was c a r e f u l l y f i l e d u n t i l t h e 

p r o j e c t e d image corresponded more c l o s e l y t o t h e a c c u r a t e l y 

drawn p r o f i l e on t h e screen. P i n a l accuracy ( l i m i t e d by the 

d i f f r a c t i o n edge o f the l i g h t beam) was ob t a ined by a s e r i e s 

o f g r i n d i n g m a t e r i a l s . F i r s t l y , emery paper o f v a r y i n g 

grades, f o l l o w e d i n t u r n by o p t i c a l g r i n d i n g paste and f i n a l l y 

me ta l p o l i s h u n t i l t h e p r o j e c t e d p r o f i l e corresponded to t h e 

master p r o f i l e . The e l ec t rodes were c leaned u s i n g carbon 

t e t r a c h l o r i d e , aoetone, and f i n a l l y d i s t i l l e d wa te r , b e f o r e 

be ing c a r e f u l l y d r i e d . 

3 . 2 . 4 Attachment o f E lec t rodes 

A ' t u f n o l ' d i sc was sunk i n t o a recess a t the back o f the 

upper e l ec t rode ( F i g u r e 6a) and f i x e d w i t h n y l o n screws. The 

d i sc was i n t e r n a l l y tapped to accommodate t h e e l ec t rode s h a f t . 

F igu re also shows t h a t t h e d i sc and the back o f the e l ec t rode 

were d r i l l e d and tapped f o r t h e 16 S.W.&. copper w i r e used t o 

f e e d the h i g h f requency supply t o the e l e c t r o d e . 

Care was taken t o ensure t h a t the f e e d w i r e was c o a x i a l 
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w i t h the e l ec t rode s h a f t , though as an added p r e c a u t i o n aga ins t 

a p o s s i b l e sho r t c i r c u i t , a ho l low P .V.C. tube was i n s e r t e d 

between the w i r e and the i n n e r w a l l o f the s h a f t . The remain ing 

space con ta ined a i r a t atmospheric p ressu re . A vacuum s e a l o f 

epoxy r e s i n was used (around the t u f n o l d i s c ) t o prevent 

leakage o f a i r i n t o t h e discharge chamber. The p o s s i b i l i t y o f 

e l e c t r i c a l breakdown between w i r e and s h a f t was most u n l i k e l y . 

For geometries s i m i l a r t o these employed, a v o l t a g e o f between 

2O-30KV i s r e q u i r e d to i n i t i a t e a d ischarge a t atmospheric 

pressure , many t imes i n excess o f the maximum va lue used . 

Breakdown between c o a x i a l c y l i n d e r s under A . C . c o n d i t i o n s 

4.6a 
has been s t ud i ed by Uhlmann . 

The attachment o f the lower e l ec t rode i s shown i n F igure 

6b . A brass d i sc was f i x e d , by A l l e n screws, i n t o t h e d r i l l e d 

hole i n t h e back o f t h i s e l ec t rode . A 1/40 cm. rubber d i s c 

was f i t t e d between the brass d i s c and the e l ec t rode ( w i t h 

s u i t a b l e holes f o r the passage o f t h e f i x i n g screws) so t h a t 

the e l ec t rodes c o u l d be accu ra t e ly a l i g n e d h o r i z o n t a l l y , when 

the f i n a l assembly was made. This was done by us ing the f i x i n g 

screws as a d j u s t i n g screws, t h e rubber d i s c p e r m i t t i n g a sma l l 

amount o f angular r o t a t i o n . E l e c t r i c a l connec t ion between t h i s 

e l ec t rode and the ea r thed s ide o f the atupply was made by e x t e r n a l 
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connec t ion t o t h e e l e c t r o d e s h a f t * 

3 .2 .5 Al ignment 

The two end p l a t e s were d r i l l e d t o g e t h e r t o ensure t h a t 

the e l ec t rode s h a f t s and hence the e lec t rodes themselves would 

be a l i g n e d v e r t i c a l l y a f t e r f i n a l assembly. 

Since the two c e n t r a l 10 cm. windows i n t h e chamber were 

a t r i g h t - a n g l e s t o one another , a s t r a i g h t f o r w a r d o p t i c a l 

method o f checking the e l e c t r o d e a l ignment was p o s s i b l e , u s ing 

a cathetometer mounted i n t u r n i n f r o n t o f each window. Only 

a f r a c t i o n a l adjustment t o the a l ignment was f o u n d necessary. 

3«3 The Vacuum System : Pressure Measurement 

3 . 3 . 1 Seneral Features 

F igu re 8 shows the f i n a l des ign o f t h e system. 

The main vacuum l i n e s were c o n s t r u c t e d f r o m 20 mm. 

Pyrex t u b i n g , ensur ing r a p i d throughput when ou tgass ing t h e 

system. Continuous c i r c u l a t i o n o f the gas was ensured by the 

i n c l u s i o n o f an i n l e t and an o u t l e t arm i n t h e cen t re o f t h e 

discharge chamber. 

Permanent ground j o i n t s and m e t a l - t c - g l a s s unions f r o m 

the pumps t o t h e g lass vacuum l i n e were sealed w i t h Apiexon 

wax. 20 mm. bore high-vacuum stopcocks were used on t h e main 

vacuum l i n e ; o therwise 10 mm. bore stopcocks were i n c o r p o r a t e d . 
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Both types were f i t t e d w i t h sea led h o l l o w p l u g s . Any s e c t i o n 

o f t he system cou ld be i s o l a t e d ; a l l taps were r e a d i l y a c c e s s i b l e . 

I n i t i a l pressure r e d u c t i o n was ob ta ined u s ing an Edward* s 

"Speedivac" r o t a r y o i l pump, and the h i g h vacuum f r o m an a i r -

cooled two-s tage "Speedivac" s i l i c o n e o i l d i f f u s i o n pump, 

f i t t e d w i t h an i s o l a t i o n b a f f l e . 

Var ious methods were used t o remove occluded gases f r o m 

the w a l l s o f the system: 

( a ) by wrapping " E l e c t r o t h e r m a l " h e a t i n g tapes round the 

w a l l s o f t h e system. 

Using energy r e g u l a t o r s a temperature o f 325°C was 

o b t a i n a b l e , which i s the optimum temperature f o r the 

removal o f occluded gas f r o m Fyrex g l a s s . 

Temperatures were measured u s ing thermocouples and 

a c a l i b r a t e d galvanometer . 

( b ) by runn ing a • Tes la ' c o i l a long the g lass w a l l s o f the 

system. 

( c ) t he e l ec t rodes were cleaned by a p p l y i n g a glow discharge 

between them a t r e g u l a r i n t e r v a l s . 

( d ) a l i q u i d a i r t r a p was i n s e r t e d between t h e pumps and the 

main vacuum l i n e . 

( e ) a phosphorous pentoxide t r a p was p laced i n the vacuum l i n e , 
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s i t u a t e d on t o p o f the backing pump. 

I t was found t h a t an u l t i m a t e pressure o f less t h a n 

10 ^ mm.Hg. was o b t a i n a b l e . No observable change i n pressure 

occixred d u r i n g breakdown measurement, w i t h the discharge ohamber 

i s o l a t e d f r o m the pumping system. 

3 . 3 « 2 Gas supp l i e s 

Samples o f s p e c t r o s c o p i c a l l y pure gases were ob ta ined 

f r o m B.O.C. L t d . i n 1 l i t r e f l a s k s . The f l a s k s were f i t t e d 

t o t h e system us ing B 19 cones. The seals were broken 

m a g n e t i c a l l y when r e q u i r e d . 

Smal l q u a n t i t i e s o f gas were i n t r o d u c e d i n t o the system 

v i a the p i p e t t i n g l i n e shown i n F igure 8 . 

The whole system was r e g u l a r l y f l u s h e d w i t h samples o f 

gas to a s s i s t p u r i f i c a t i o n , p a r t i c u l a r l y when a change o f gas 

was i n p rocess . 

Doubt as to t h e p u r i t y o f the neon samples i s discussed 

i n Chapter 6 . 

3 .3 .3 Pressure measurement 

Dur ing a l l exper imenta l runs an Edwards P i r a n i Gauge 

was used (GS/2) f i t t e d w i t h two gauge-heads. Gas pressure i n 

the d ischarge vesse l was moni tored by one head s i t e d near the 

chamber ( F i g u r e 8 ) . The second head, f i x e d above the d i f f u s i o n 
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pump, was used s imp ly as an i n d i c a t o r and s a f e t y check. 

Accurate measurements were pos s ib l e i n t h e range 0.0001 

mm. Hg. to 0.1 mm.Hg. Measurements were a lso p o s s i b l e between 

0.1 mm. Hg. and 1 mm. Hg. bu t no grea t accuracy c o u l d be 

cla imed i n t h i s r e g i o n due t o scale cramping. 

C a l i b r a t i o n o f the gauge was c a r r i e d out by the 

manufacturers f o r d r y a i r ; corresponding pressures f o r o the r 

gases were ob t a ined by r e f e r e n c e t o c a l i b r a t i o n curves 

p r o v i d e d . The c a l i b r a t i o n was checked i n the l a b o r a t o r y u s i n g 

a McLeod gauge. 

3 .4 The Hkh-Frequenoy Vol tage Generator 

3 . 4 . 1 General D e s c r i p t i o n 

B a s i c a l l y the requirement o f t h e generator was t o p rov ide 

a s t a b l e source o f a l t e r n a t i n g v o l t a g e w i t h low harmonio 

con ten t across the t e s t gap, w i t h f a c i l i t y f o r v a r y i n g and 

measuring the ampli tude and f requency o f t h e s u p p l y . 

Severa l designs were cons ide red . I t was f i n a l l y decided 

t o base t h e genera tor upon a c r y s t a l - c o n t r o l l e d master 

o s c i l l a t o r . I t was f e l t t h a t the disadvantage o f b e i n g 

r e s t r i c t e d i n f requency coverage ( t o the fundamenta l and one 

o r two harmonics) was overshadowed by the advantages o f suoh 

a system i . e . p u r i t y o f waveform, f requency s t a b i l i t y over 
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l a r g e t i m e i n t e r v a l s and when s u b j e c t e d t o v a r y i n g l oads , and 

less compl ica ted tuning; c i r c u i t s . 

A schematic diagram o f t h e genera tor i s shown i n F igures 

9 and 10 . The master o s c i l l a t o r s tage , based upon a 10 Mc/s 

quar tz c r y s t a l i n an evacuated mount and an EF 80 v a l v e , was 

designed as a C o l p i t t s harmonio o s o i l l a t o r w i t h r e f e r e n c e t o 

the p r e f e r r e d c i r c u i t suggested by the Quartz C r y s t a l C o . L t d . 

A high-Q tuned anode l o a d ensured s e l e c t i v e h i g h g a i n a t the 

fundamenta l f r equency . I n a d d i t i o n , t h r e e o t h e r p r e - s e t 

c o i l s were a v a i l a b l e f o r s w i t c h i n g across C^. By s u i t a b l y 

t u n i n g Ĉ  the p a r a l l e l c i r c u i t c o u l d be made t o resonate 

a d d i t i o n a l l y a t the second, t h i r d and f o u r t h harmonics o f the 

c r y s t a l i . e . 20 Mc/s , 30 Mc/s and kO M c / s . 

By means o f R-C c o u p l i n g t h e ou tpu t was f e d t o the 

b u f f e r - a m p l i f i e r . Using t h i s s tage , f a l l - o f f i n a m p l i f i c a t i o n 

due t o t h e M i l l e r e f f e c t was min imised . S e l e c t i v e g a i n a t t he 

fundamental o r des i r ed harmonic was again e f f e c t e d u s ing 

t u n e d - c i r c u i t elements, as descr ibed above. 

Stage t h r e e , employing an 807 v a l v e , per formed e s s e n t i a l l y 

as a d r i v e r c i r c u i t t o f eed the f i n a l power s t age . Transformer 

c o u p l i n g was used to t r a n s f e r the ou tpu t t o the f i n a l s tage o f 

t h e genera to r . Coax ia l f e e d prevented the appearance o f unwanted 
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s i g n a l s . 

The power a m p l i f i e r used two DET 18 h igh - f r equenoy 

t r i o d e s , work ing i n l i n e a r p u s h - p u l l o p e r a t i o n . N e u t r a l i s a t i o n 

by way o f preset c apac i t o r s l i n k i n g the anode and g r i d c i r c u i t s 

prevented i n s t a b i l i t y and the r i s k o f p a r a s i t i c o s c i l l a t i o n . 

A high-Q tuned c i r c u i t l i n k i n g the anodes was used t o combine 

the a .c . outputs o f t h e v a l v e s . 

Standard de -coup l ing techniques were employed i n a l l 

stages t o guard aga ins t c i r c u i t i n s t a b i l i t i e s . Bach stage 

was s u i t a b l y sh i e lded and screened heater leads were used t o 

a l l va lve s . Anode c u r r e n t s were moni tored f o r ease o f genera tor 

t u n i n g . 

The e a r l y stages were s u p p l i e d by a 300 v . s t a b i l i s e d 

power supply u n i t . A s i m i l a r source p r o v i d e d nega t i ve b i a s 

t o the fcrids o f the power v a l v e s . E .H .T . f o r t h i s stage was 

drawn f r o m a 1200 v . power supply u n i t , employing meta l 

r e c t i f i e r s and 1T - t y p e smoothing f i l t e r . Anode vo l t age was 

v a r i e d by adjustment o f t h e mains i npu t to the E .H.T . u n i t , 

us ing a ' V a r i a c ' i n the p r imary c i r c u i t o f t h e i n p u t t r a n s f o r m e r * 

O s c i l l a t i o n s developed across the tuned c i r c u i t o f the 

power stage were f e d by way o f magnetio coup l i ng t o t h e t e s t 

c i r c u i t , as descr ibed be low. 
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3.4*2 Osc i l l a to r output c i r c u i t 

The c i r c u i t by which h . f . voltage of var iable strength 

was made available to the electrodes, i s shown i n Figure 11» 

LgCg represent the output tuned elements of the power 

a m p l i f i e r . C o i l Lg plugged i n t o a low-loss ceramic former 

attached to the f r o n t panel of the generator (see photograph). 

A magnetic coupling c o i l was s i tua ted coaxia l ly w i t h 

respect to Lg and beneath i t . Var i a t ion of the distance 

between Lg and L^ , and hence of t h e i r mutual inductance, was 

used to a l t e r the voltage applied to the tes t gap. Tests 

were carr ied out to es tabl ish the pos i t i on of c r i t i c a l coupl ing. 

This was never exceeded. 

A mechanical device, shown i n the diagram, enabled Lj 

to move i n a s t r i c t l y v e r t i c a l plane. By means of a f l e x i b l e 

mechanical dr ive , f r a c t i o n a l adjustments could be made to the 

pos i t i on of L^(an important requirement i n changing the tes t 

voltage i n the v i c i n i t y of breakdown). At the same time a 

quick release mechanism allowed Ly to fal laway r a p i d l y . This 

was found use fu l i n extinguishing a maintained discharge across 

the electrodes. 

The electrodes (capacitance Cg formed part of the p a r a l l e l 

c i r c u i t L^ , Cy, C-,' and Cg. Va r i a t i on of Cy was used to tune 
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the c i r c u i t to resonance at the desired frequency. P lug- in 

inductance c o i l s were avai lable to a l t e r L ^ . Stray capacitance 

was reduced to a minimum to keep the c i r c u i t Q as high as possible . 

The tuned c i r c u i t of which the electrodes formed part* 

was energised by magnetio coupling between and Lg. Low-

capacitance, f fex ib le , coaxial cable l inked Lg w i t h the moveable 

c o i l Ly . 

A Marconi TP 10V) B valve voltmeter was used f o r voltage 

measurement (0-»300 v . R.M.S. i n 6 ranges, w i t h a 10 voltage 

m u l t i p l i e r adaptor ava i l ab l e ) . This instrument possesses very 

desirable input charac te r i s t i cs , having an equivalent input 

impedance of 2p.P. i n p a r a l l e l w i t h high resistance. 

Tests showed tha t a t frequencies of 10 Mc/a. and 20 Mc/s. , 

the maximum R.M.S. voltage available was about 400 v . The 

s t a b i l i t y of the o s c i l l a t i o n s was excel lent , and no evidence 

of frequency p u l l i n g was found. At 30 Mc/s. and 40 Mc/s. only 

a small voltage could be derived, due pa r t l y to reduction i n 

c i r c u i t , Q, (high L/C r a t i o could not be maintained owing to 

capacitance of leads, electrodes, e t c . ) and also to M i l l e r 

e f f e c t at tenuation i n the early stages. 

I n view of the time f ao to r , i t was decided to confine 

measurements to the lower frequencies. 
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3«5 I r r a d i a t i o n 

3.5»1 General Commenta 

The t ime-lag between the appl ica t ion of a voltage of the 

necessary magnitude and the consequent breakdown of a gap may 

be separated i n to two components. 

(a) the s t a t i s t i c a l t ime- lag , a consequence of the need f o r 

an i n i t i a t o r y e lectron (or electrons) to appear at a 

su i tab le point i n the gap, and 

(b) the formative t ime- lag , the i n t e r v a l between the a r r i v a l 

of such an e lect ron and the incept ion of the discharge. 

The formative t ime-lag i s independent of external 

conditions (other than the strength o f the applied f i e l d ) and 

w i t h the threshold f i e l d applied i s usual ly o f the order of 

1 0 ~ 5 - 1 < f 6 sec. 

S t a t i s t i c a l lags, on the other hand, can vary from small 

f r a c t i o n s o f a second up to several minutes, depending l a rge ly 

upon the i n t ens i ty of the external i r r a d i a t i n g source. 

I r r a d i a t i o n may be e f fec ted using 'casual ' means, e .g. 

na tura l r a d i o a c t i v i t y and cosmic rays . I t i s usual, however, 

to supply eleotrons at a f a s t e r and more steady ra te , t o reduce 

s t a t i s t i c a l lags . Examination of the l i t e r a t u r e revealed 

tha t use has been made o f the f o l l o w i n g methods: 
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( i ) u l t r a v i o l e t i r r a d i a t i o n of electrode surfaces, 

( i i ) i r r a d i a t i o n using radioact ive materials , 

( i i i ) i r r a d i a t i o n by spark and corona discharges, 

( i v ) i r r a d i a t i o n by X-rays. 

3.5»2 Discussion o f avai lable methods 

The requirement o f an i r r a d i a t i n g system i s t o produce 

a steady source of electrons, without s i g n i f i c a n t l y a f f e c t i n g 

breakdown condit ions. 

For d .c . breakdown, U-V i r r a d i a t i o n of the cathode appears 

to be sa t i s f ac to ry , p a r t i c u l a r l y i n view of the f a c t that the 

secondary ( y ) source of electrons i n such a discharge i s rooted 

i n the cathode. I n many types of h . f . discharge, however, 

electrons and ions are unable to reach the electrodes by 

mob i l i t y motion. Under such condit ions, a supply of i n i t i a l 

electrons w i t h i n the body of the gas i 3 perhaps desirable t o 

reduce lags to a minimum. 

A beam of U-V across the middle of the gap may produce 

electrons by photoionizat ion. Such a system, or ig ina ted by 

37 

Prowse and J a 3 i n s k i , has been successfully used by several 

workers. I n Prowse's method, a discharge (g iv ing r i s e to 

U-V qaanta) i s maintained i n pulsed form across a short gap 

s i tuated i n a side-arm o f the discharge chamber. The merit o f 
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th i3 is that absorption o f the hard U-V quanta by quartz windows 
32 

e tc . , i s avoided. Unfortunately, Clark found tha t f o r 

pressures below 1 mm. Hg. the i r r a d i a t i n g spark becomes d i f f u s e 

i n character and tends to spread i n t o the main chambers. 

Radioactive sources, though widely used, have the 

disadvantage that the radiat ions cannot be col l imated w i t h 

ease or con t ro l led i n i n t e n s i t y . Further, strong sources tend 

to a f f e c t the threshold f i e l d value . 

Since none o f the available methods were e n t i r e l y f ree 

from object ions, i t was decided to t r y a s l i g h t l y d i f f e r e n t 

method. 

3.5*3 Mid-gap i r r a d i a t i o n using external U-V source 

I n the system adopted, a col l imated beam of U-V l i g h t was 

passed through a t h i n quartz window (oen t ra l ly s i tua ted i n a 

sidearm o f the discharge chamber) and directed in to the mid-gap 

region of the tes t electrodes. 

The lamp used wa3 a mains-operated 125 W high-pressure 

mercury arc lamp ( p h i l i p s MBl/V) w i t h quartz envelope, which 

produced an arc 30 mm. long and 2 mm. wide. A metal housing 

was used to a f f o r d protec t ion from the r ad ia t ions . By 

mounting the assembly on a moveable t r o l l e y and by the use of 

co l l ima t ing cylinders of var iable length and bore, con t ro l o f 



beam width and in t ens i ty was obtained. A metal cap was used 

to block the radia t ions , when required . 

The method worked surpr i s ing ly w e l l . Careful t es t s 

showed conclusively that a substant ia l reduction i n s t a t i s t i c a l 

time-lags was e f fec ted without changing the threshold f i e l d . 

Although the times d id tend to increase w i t h reduction i n gas 

pressure, the change was not large even at the lowest pressures 

encountered. (10~^ - 10~̂ " mm. Hg . ) . 

Since t h i s method of i r r a d i a t i o n may be of in te res t to 

other workers, a short discussion o f the possible sources of 

the electrons w i l l now be given. 

3»5»k I r r a d i a t i o n mechanism 

As stated, radia t ions from the mercury arc column were 

coll imated by small hole3 d r i l l e d i n metal cy l inder s . The 

beam entered the chamber cen t r a l l y through a quartz window. 

Geometrically, a s l i g h t l y divergent beam passed through the 

interelectrode space about the mid-gap p o s i t i o n . 

I t was f i r s t thought that phot ionizat ion through absorption 

of a single U-V quantum by a gas molecule could account f o r the 

supply o f i n i t i a t o r y electrons. I n f a c t , considerable doubt 

exists as to the p o s s i b i l i t y of such a mechanism. 

A photon i s known to ionize an atom w i t h a maximum 



p r o b a b i l i t y at a cer ta in c r i t i c a l quantum energy s l i g h t l y i n 

excess of the f i r s t i on i za t i on energy, 

i . e . E 

but V 

Hence f o r molecular hydrogen, X < 805i • 

Using the manufacturer's transmission chart f o r quarts 

of the thickness and composition used i n the side-arm window, 
o 

radiat ions i n the U-V region below 1800A are strongly absorbed 
o 

wi th a ' c u t - o f f around 1600A. I f i t be accepted tha t 

absorption i s complete below t h i s value i t i s obvious tha t 

photo- ionizat ion i s inopera t ive . On the other hand, i t may be 

possible tha t a few high energy photons pass through, s u f f i c i e n t 

to provide a l e v e l of photoionizat ion but too small to be 

detected by spectroscopic methods. The f a c t that time-l^gs 

increased only slowly w i t h decreasing pressure would indicate 

tha t such events are u n l i k e l y . 
. 0 

An a l t e rna t ive to the above i s that radiat ions of 1600A 

and above enable gas molecules to be ionized i n steps. Examples 
- 65 -

oh 

h v > e V. x 

c 



of cumulative i on i za t i on of t h i s type are r ead i l y found where 

molecules possess metastable exc i t a t ion l e v e l s . The mechanism 

i s an u n l i k e l y one, however, since i n none of the gases used 

are metastable states to be found (other than neon) and once 

again a dependence between s t a t i s t i c a l time-lags and pressure 
2 

would be necessary ( the p r o b a b i l i t y o f the process « p at 

low pressures). 

I f photoionizat ion be ru l ed out, the source of electrons 

must have been derived from ei ther the electrodes or the glass 

walls of the chamber opposite the quartz window. 

Photoelectric emission from a s o l i d i s possible f o r 

quantum energies exceeding the work f u n c t i o n , ©, of the 

surface. Although no value f o r © is avai lable f o r Pyrex glass, 

a value of about 4.4 e.v. i3 common f o r many insu la to r s . Since 
. o 

the quantum energy of a 1600A r ad i a t i on i s 7.7 e .v . , emission 

from the glass wal ls appears to be a very l i k e l y source o f 

e lect rons . 

The f i n a l p o s s i b i l i t y , photoelectr ic emission from the 

electrodes, cannot be e l iminated. Two sources of quanta are 

possible; from the o r i g i n a l beam and by r e - r ad i a t i on from the 

glass w a l l . Since the i r r a d i a t i n g source successfully 

provided a regular supply o f s t a r t i n g electrons, no f u r t h e r 
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experimental work was attempted to deduce t h e i r t rue o r i g i n 

( s ) . Such a study would be use fu l i n view of the essent ia l 

s i m p l i c i t y of the system. 



4. EXPERIMENTAL RESULTS IN HYDROGEN AT 
10 Mc/s and 20 Mo/s : BASIC EQUATIONS 

4.1 Experimental procedure 

Most of the experimental ' runs ' involved determining 

R.M.S. breakdown f i e l d as a f u n c t i o n of gas pressure; a 

given set of readings being taken at constant electrode 

separation. 

Gas pressure was var ied by i n i t i a l l y f i l l i n g the 

discharge chamber wi th hydrogen at the highest pressure to 

be used (about 1 mm.Hg.) and subsequently reducing pressure 

i n convenient steps. 

With the gas i n equi l ibr ium at a required pressure, 

i r r a d i a t i o n was introduced and the applied f i e l d slowly 

increased u n t i l a discharge occurred. The threshold voltage 

was determined by re-applying the f i e l d at a s l i g h t l y smaller 

amplitude than that at which breakdown had f i r s t occurred, 

t h i s process being repeated u n t i l a minimum value was 

established. Upwards of two minutes was allowed between 

successive readings to ensure charge n e u t r a l i z a t i o n . Breakdown 

f i e l d s lower than the t rue threshold were observed when 

discharges were s tar ted quickly fo l l owing a previous discharge. 
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I r r a d i a t i o n was removed during such periods. 

Before each run the system was cleaned, as described i n 

Chapter 3 . I n t h i s way, breakdown values at given electrode 

spacing and pressure were found to be i n close agreement when 

runs were repeated. P r io r to adopting t h i s s t r i c t procedure, 

a spread of experimental resul ts had been noted. 

4.2 Breakdown curves at 10 Mc/s and 20 Mo/3 

Two f ami l i e s of experimental curves r e l a t i n g EMS breakdown 

f i e l d f o r d i f f e r e n t pressures at 10 Mc/s and 20 Mc/s, and 

f o r d i f f e r e n t electrode spacings, are shown i n Figure 12. 

At 20 Mc/s breakdown at constant gap width i s 

characterised by a s^ow f a l l i n f i e l d strength w i t h reduction 

i n pressure, to an almost constant value which persis ts 

down to the lowest pressure invest igated, 10 ^ mm.Hg. With 

f i x e d gas pressure, decrease i n electrode separation i s seen 

to require an increase i n s t a r t i ng f i e l d . 

Using 10 Mc/s o s c i l l a t i o n s , abrupt changes i n breakdown 

behaviour occur. The onset f i e l d strength at constant electrode 

separation i n i t i a l l y shows a gradual decrease as gas pressure 

i s reduced from the highest value used (somewhat less than 

1 mm.Hg.). This decrease i s not maintained, however. With 

f u r t h e r reduction i n pressure, the s t a r t i n g f i e l d f a l l s to 
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a broadly-defined minimum value. At pressures below the 

minimum, f i e l d - s t r e n g t h ?jas found to increase sharply, 

culminating i n an abrupt ' c u t - o f f . I n s u f f i c i e n t voltage 

was available to r e s t a r t a discharge at s t i l l lower pressures. 
29 

I n the work reported by Rrowse & Clark , breakdown i n a wide 

pressure range down to a few mm.Hg. has been shown to conform 

w i t h the requirements of the d i f f u s i o n theory. Departures 

from the l i m i t s of a p p l i c a b i l i t y of the theory - discussed 

i n Section 5«4.1 - are t o be expected w i t h reduction i n gas 

pressure. Such changes i n breakdown behaviour are 

dependent upon electrode geometry. 

The observed c u t - o f f s i n the 10 Mc/s curves occur at 

pressures determined by electrode geometry and an explanation 

of these e f f ec t s i n terms of departures from d i f f u s i o n -

cont ro l led breakdown is at once suggested by qua l i t a t i ve 

examination of the r e s u l t s . 

Although l i t t l e information regarding the mechanisms 

of breakdown can be deduced by inspection, i t i s clear that 

the i n i t i a t i o n of a discharge according to d i f f u s i o n theory 

requirements i s not possible at the lower pressures. Simple 

calculat ions show tha t over much of the pressure range the 

electron mean f r ee path i s i n excess of the electrode 
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separation. The p r o b a b i l i t y of an electron making an 

i on i z ing event i n i t s mean l i f e t i m e must therefore become 

progressively more remote, as the pressure i s reduced. 

I n Chapters 5 and 6 explanations are put forward of 

breakdown at 20 Mc/s and 10 Mc/s respect ively . 

Before o f f e r i n g quant i ta t ive in te rp re ta t ions , however, 

i t i s necessary to present ce r t a in basic equations of e lectron 

motion i n high frequency f i e l d s , and also to deduce, or 

s tate , relevant information regarding atomic data such as 

mean f r ee paths, c o l l i s i o n frequencies e tc . , under 

experimental condi t ions . 

4.3 Electron mean f r e e path 

Calculat ion of electron mean f r e e path X g as a f unc t i on 

of gas pressure i s complicated by the Ramsaeur e f f e c t , i . e . 

the v a r i a t i o n i n c o l l i s i o n p r o b a b i l i t y w i t h electron energy. 

The term "p robab i l i t y of c o l l i s i o n " , P , introduced 
o 

16 

by Brode , i s defined as the number of c o l l i s i o n s made by 

an electron i n t r a v e l l i n g 1 cm. through a gas at a pressure 

of 1 mm.Hg. and at 0°C# 

Hence X g and gas pressure p are re la ted by the 

expression 
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Changes i n magnitude o f P w i t h e lectron energy var ia t ions 
c 

16 

have been studied experimentally by Brode . The published 

curve f o r molecular hydrogen shows a complex and l a rge ly 

i r r egu l a r v a r i a t i o n between c o l l i s i o n p r o b a b i l i t y and electron 

v e l o c i t y . However, f o r aiergies below 4 e .v . , P„ decreases 
c 

only slowly w i t h reduced ve loc i t y and has an approximate -1 -1 value of 49 cm. mm.Hg. • 
Using the approximation 

^ e = 4^p *** *** *** 0 7 ) 

Of special in te res t i n the hydrogen resu l t s are the pressures 

at which electron mean f r e e paths coincide w i t h the separation 

o f the electrodes. Applying equation 17 these events are 

p lo t t ed graphical ly i n Figure 1£, and<dre l i s t e d i n Table 1 . 

I t i s seen that w i t h i n the range of experimental 

observation, f o r each of the separations used, breakdown 

f i e l d measurements were recorded at pressures both below and 

above the values at which electron mean f r ee path equals the 

gap wid th . 

These t rans i t ions are s i g n i f i c a n t i n the development of 

an account of the mechanisms of breakdown; even at t h i s stage 

i t i s apparent that i on i za t i on by electron c o l l i s i o n w i t h gas 
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molecules i s unable i t s e l f to promote breakdown of the gas 

over the f u l l pressure range used. 

koh- C o l l i s i o n frequency/field frequency calculations 

I t has been shown i n Section 1.4.2 that f o r electrons 

o s c i l l a t i n g under the influence of an a.c. f i e l d the p r i n c i p a l 

factor governing the e f f i c i e n c y of energy t r a n s f e r between 

f i e l d and gas i s the r a t i o of f i e l d frequency to c o l l i s i o n 

frequency, c • Margeneau's concept of the 'effective* 

e l e c t r i c f i e l d , equation (2), i s an expression of the above 

statement. 

I t follows that i n cases where electron motion i s not 

disturbed other than by the applied f i e l d , changes i n 

breakdown behaviour are to be expected i n the region surrounding 

that corresponding to (0 and V being the same order of 

magnitude. 

Exact calculations of c o l l i s i o n frequencies are not 

possible since v , i n a s i m i l a r way to m.f.p., i s a function 

of electron energy. An i n d i r e c t method of calculation has 

been found. This r e l a t e s c o l l i s i o n frequency and gas pressure 

over a f a i r l y broad range of electron energy, and i s given 

below. 

Prom the d e f i n i t i o n of c o l l i s i o n frequency i t r e l a t e s 
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to mean free path and mean (random) electron v e l o c i t y c by 

the equations: 

V Q = • (18) 
e 

Substituting for X i n equation (16) 
6 

V = cp P 
c e c 

V 
• • O P s ••• ••• ••• (19 ) 

c p 

Brode's experiment r e l a t e s c o l l i s i o n probability and 

electron energy for hydrogen gas, the curve being shown 

in Figure 13. 

From the figure i n region A-'B 

_ 1 2 P ( u ) 2 = constant =10 c 

u = mean electron energy, expressed i n e.v. 

I n c.g.s. units 

£ m ( c ) 2 10~ 7 = e u 

JL 

\ 2 e 1 0 V 

- 74 -

file:///2e10V


Hence from (19) 

( 2eIo 7) 

v c = 5.9 10 9
P s e c - 1 (21) 

( i n close agreement with the value derived by Brown & 

MaoDonald ) . 

The c o l l i s i o n frequency may be considered constant 

( a t fixed gas pressure) for electrons i n the energy range 

corresponding to A-B, i . e . 4 - 5 0 e.v., equivalent to a 
8 8 

v e l o c i t y range 1.2.10 - 4.10 cm./sec. 

I t must be admitted that the energy ranges used i n the 

calculations of mean free path and c o l l i s i o n frequency do 

not coincide; unfortunately more complete experimental data 

i s lacking. 
The gas pressure corresponding to conditions under which 
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the average electron makes one c o l l i s i o n per o s c i l l a t i o n i s 

obtained by equating V i n equation (21) to the f i e l d 
c 

frequency 

i . e . w _ 5.9. 109 p 
c . i . 

2if . 2.10^ 
.*. P. f. = - — ! — t - q - = 0.021 mm.Hg. at 20 Mc/s. 

0 , 1 * 5.9. 10* 

p „ may be c a l l e d the pressure corresponding to the 

collision-frequency t r a n s i t i o n . 

Assuming for the moment that electron motion i s not 

hampered by c o l l i s i o n s with the electrode faces, i . e . i s 

determined bnly by the f i e l d modulating thermal movement, 

i t i s possible to calculate the e f f e c t i v e It.M.S. f i e l d which 

delivers the same energy to the gas as a unidirectional f i e l d 

under corresponding conditions. The relevant equation, 

already introduced i n Section 1.4.2 i s 

*̂e ~" ... ... ... ... (2) 
2 2 

v + or c 
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usin<f the appropriate valves f o r v and CO . 

A dou'V] e-log p l o t of 7C/S v.s. n i s given i n Figure 1.'.., 

covering the lo"' pressure end of the experimental range s t u d i e d . 

C a l c u l a t i o n s , using eouation 52, shov t h a t f o r pressures 

i n e x c e s s o f about 0.1 mm.Hg., E becomes almost i d e n t i c a l 

w i th the applied. R.K.5. f i e l d E . However, the r a t i o hh,/tl 

increases r a p i d l y '.with r e d u c t i o n i n gas pressure and at 10 ̂ ' c>m. 

(the lowest recorded i n p r a c t i c e ) the e f f e c t i v e f i e l d i s oo^y 

about 1/200 o f the ap p l i e d s t r e s s . 

The f a c t t h a t the hydrogen discharges a t 20 K.c/s. b.pve 

beer: observed to s t a r t w i t h comparable f i e l d strengths over 

the .-.hole pressure range - f o r given values o f electrode 

separation - a ...pears at f i r s t s i g h t to c o n t r a d i c t the s t a t e ­

ments and c a l c u l a t i o n s made above regarding energy t r a n s f e r 

considerations. however, the ' e f f e c t i v e ' f i e l d concept i s 

only r e l e v a n t i n cases "here the ho-and-fro movement o f 

el e c t r o n i s not r e s t r i c t e d by ( f o r example) tV e v;aHs of the 

contai n i n g vessel. 



An expression for the amplitude of electron o s c i l l a t i o n 

has been deduced i n Section 4.5.2. 

4.5 Equations of electron motion i n high-frequency f i e l d s 

4.5.1 Electron D r i f t Velocity 

Studies of discharge phenomena i n gases are frequently 

made from the point of view of the behaviour of the 

(imaginary) 'average' electron. As explained below, the 

motion of such a p a r t i c l e i s unlike that of any individual 

electron i n a swarm or avalanche, but represents the mean 

properties of such a swarm. Agreement between experiment 

and theory developed along such l i n e s has, i n many cases, 

proved s a t i s f a c t o r y . 

Electrons i n a gas not subjected to an e l e c t r i c f i e l d 

have random thermally-directed paths and as time goes on 

diffuse away from t h e i r points of o r i g i n . Knowledge of the 

amplitude of electronic o s c i l l a t i o n i s , therefore, most 

important i n interpreting breakdown behaviour. I t i s 

commonly assumed that the p a r t i c l e s t r a v e l i n straight l i n e s 

between successive c o l l i s i o n s . The mean free path 7\ i s 
e 

defined as the average r e c t i l i n e a r distance between impacts 

- i t does not represent a probable value around which the 

actual paths are cl o s e l y grouped. 
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Random motion i s altered when an e l e c t r i c f i e l d i 3 

made to st r e s s the gas. Considering a cloud of electrons 

the f i e l d may be considered as moving the swarm bodily 

through the gas. The average speed of the centre of the 

swarm i n the f i e l d direction gives the (average) d r i f t 

v e l o c i t y , v, and defines the d r i f t speed of the ' average 1 

electron. This picture i s applicable even i n cases where the 

d r i f t v e l o c i t y i s only a small f r a c t i o n of the mean random 

ve l o c i t y . 

Attempts have been made to re l a t e v to unidi r e c t i o n a l 

reduced f i e l d strength E/p. At high pressures (low E/p) 

theory predicts v « ( E / p ) 2 i n accordance with experimental 

observations i n many gases . Studies at higher E/p are 

complicated by increasing numbers of i n e l a s t i c c o l l i s i o n s -

both exciting and ionizing - occurring i n the body of the 

gas. The dependence of electron random v e l o c i t y and mean 

free path upon the reduced f i e l d presents a d i f f i c u l t y common 

to a l l such problems. Satisfactory correction terms are not 

available over an extended range of E/p and the approximation 

i s usually taken that such terms as mean free path s.re 

invariant. Experimentally, a considerable weight of evidence 

suggests that d r i f t ve3.ocity i s d i r e c t l y proportional to E/p 
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over a wide range of the l a t t e r , 

4.5.2 Amplitude of o s c i l l a t i o n and d r i f t v e l o c i t y expressions 

An expression for the amplitude of electron o s c i l l a t i o n 

with the breakdown f i e l d E^ applied w i l l now be derived by 

considering the high-frequency f i e l d E = E s i n cot applied 
J? 

to electrons moving i n an unbounded gas. The effects 

of f i n i t e electrode geometry w i l l then be taken into account 

by the i n s e r t i o n of suitable boundary conditions. 

The ordered motion of an electron i n a gas subjected 

to an alternating f i e l d i s determined by the equation of 

motion: (Lorents), 

m 4 r + mv. v - e E = eE s i n cut ... (23) 

To solve for v, l e t the integrating factor = exp( V dt) 

dt c P 

V 

= exp(v c.t) 

exp(v t ) |J + V exp(v t ) . v = — E exp(v t ) sinCUt *̂  c dt c r v c ' m p c ' 

n — 

— e x p ( v t ) . v = — E exp(v t ) . sinCUt dt ^ x c ' m p r v c ' 
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since dt exp(vct)v„ = v. V c exp(wot) + e x p ( v c t ) . g 

Hence expt(v t ) , v = - E / exp(v t ) s i n dt, 

eE 
. v = — — s - (V s i n ^ t - CUcosOJt) + Cexp(-V t ) 

(24) 

Equation (24) may also be written 

eE 
V = 

m(o>2+V 2 ) 
(cu2

+v 2)2 v c ' 
1 v 

1 sincu t - 1 COSO>t 

+ Cexp (-v ot) 

whence, v = 
eE 

P , s i n (art - oc) + Cexp(-v t ) 
9 o i C m(cu 2

+v 2) 2 
s c ' 

. (25) 

where -1 /<U \ 
tan C-^) 

c 
«.» «• • • < (26> 

The electron v e l o c i t y i s seen to have two components. The f i r s t 

i s o s c i l l a t o r y due to the action of the f i e l d ; the second i s 

- 81 -



unidirectional and decays exponentially with time. 

Considering for the moment the o s c i l l a t o r y term alone 

e£ 
v = —£-t s i n (at - a ) ... (27) 

m(aT+vo ) 2 

Equation (27) shows that the average electron d r i f t v e l o c i t y 

v a r i e s sinu30idally at the f i e l d frequency with a phase 
.-|. W. 

difference a = tan \rr~) between the two. 
c 

Two simple checks can immediately be made which indicate 

that the equation i s of a form compatible with accepted 

electron behaviour under a.c. conditions. 

tfhen CO » Vq, tan ot ** 00 , i . e . a -* T / 2 . 

Hence v Ct cos Wt:, i . e . an electron i n a vacuum w i l l 

o s c i l l a t e i n quadrature with the applied f i e l d . 

On the other hand when <x) « V , corresponding to high 
c 

pressures or low frequencies, tana"* 0, i . e . a •* 0. 
eE 

i . e . v = — s i n c u t . 

The d r i f t velocity, therefore, follows the f i e l d 

variations, a r e s u l t w e l l established i n high-frequency work : 

the equation agrees exactly with that derived by Brown & 
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13 McDonald , using a different approach. 

The v e l o c i t y equation can be used to determine the 

electron displacement and hence the amplitude of o s c i l l a t i o n 

V 
From equation (27) 

eE 
v = % s r r sin(cut - a ) 

eE 

m ( c u 2 + v c
2 ) 2 

2 2 ro(cu +VQ ) 

~1 
V sincut -cucoscut c 

- eE 

CUm(cu +V ) 5 
v c ' 

where oc = . -1 / CO N 
tan ( — ) 

When x = x , v = 0, i . e . cut = a o' * 

eE 
. x 

CUm 
+ A« 

• a X ss 
_ e E p cos(cut - a ) 

cun(cu2 + V ) 2 

eE_ 

£Um(cu +v 0 ; 
<:\? O ... (28) 

dv 
'//hen x = 0, v = maximum, x.e. *j£ = o. 
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dv 6 , 8 E 

i . e . ^ = g P g , cos («t - a ) = o 
m(aJ> +v ) 

*. cos (wt - a ) = o. 

,*. Substituting these conditions i n equation (28) 

e £ 
X^ = s~T (29) 

0 n ^ c A v 2 ) 2 

Since c o l l i s i o n frequency V i s calculable from equation (21), 
c 

the amplitude of electron o s c i l l a t i o n may be determined for 

any given f i e l d strength and gas pressure. 

Calculations of t h i s type have been used to produce 

Figure 15. The curves r e l a t e electron amplitude x Q as a 

function of pressure for the breakdown f i e l d s encountered i n 

hydrogen at 20 Mc/s, with electrode separation as the parameter. 

The electron ambit, i . e . the t o t a l traverse i n the f i e l d 

direction during a cycle of the f i e l d , i s equal to 2 X q . Hence, 

i f for a given f i e l d strength and electrode separation, 

> X q , electrons w i l l tend to o s c i l l a t e within the t e s t 

gap without suffering c o l l i s i o n s with the electrodes. 
cL 

The arrows drawn i n Figure 15 indicate the ^ positions 
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corresponding to each of the experimental curves. I t i s 

seen that i n a i l cases, for pressures < 0.2 mm.Hg., the 

electron ambit exceeds electrode separation. 

4.5.3 Summary 

Summarising the analyses presented i n Sections 4.1 -

4.3 the following deductions may be made: 

Mean free path determinations. The fa c t that electron 

m.f.p. exceeds electrode separation at the lower pressures 

i s evidence that single-stage ionization by c o l l i s i o n i s 

unable, by i t s e l f , to promote an increase i n electron 

population leading to breakdown. 

Co3-lision-frequency/field frequency determination. The 

effic i e n c y of energy transfer between an a.c. f i e l d of given 

strength and electrons o s c i l l a t i n g within the gas depends 

upon the r a t i o w/v , Calculations given i n Section 4.2 and 
c 

shown diagrammatically i n Figure 14 indicate that the average 

energy transferred to an electron during a cycle of the 

applied f i e l d f a l l s off quickly with reduction i n pressure 

below 0.1 mm.Hg. Thi3 effect i s d i r e c t l y associated with 

electron i n e r t i a . However, deductions based upon energy 

tr a n s f e r can only have r e a l significance when the electron i s 

'free* i n the sense that i t i s not impeded other than by 



c o l l i s i o n with gas molecules. 

E lec tron ambits. The ca lcu la t ions based upon equation (27) 

show that for a l l but the highest pressures used, an e l ec tron 

s t a r t i n g at any point i n the gap must s t r i k e an electrode 

during a period of the supply, provided i t does not d i f fuse 

l a t e r a l l y away from the inf luence of the f i e l d . 

Secondary emission of electrons ; d iscuss ion 

I f the e lectron a r r i v a l ve loc i ty i s s u f f i c i e n t l y high, 

with consequent secondary-electron emission from a surface , 

the p o s s i b i l i t y a r i s e s that c o l l i s i o n s with the electrodes 

can a s s i s t the growth of e lectron population. 

The work of ( J i l l & Von S h g e l 5 0 (Sect ion 1.4.5) has 

establ ished that high frequency e lectrodeless discharges can 

be s tarted under 'vacuum' conditions by progressive build-up 

of e lectron population by secondary emission. Such a 

generation process i s not encountered i n the inception of 

e i ther d . c . glow discharges or under high-frequency conditions 

which conform to d i f fus ion- theory requirements. 

The d i f f u s i o n theory implies that there i s no need to 

look beyond single-^tage ion iza t ion by c o l l i s i o n as the 

e lectron generation mechanism. Hence, e lectrons whose thermal 

motion takes them to the electrodes must be supposed ' l o s t ' 
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from the system. I t i s reasonable to suppose that they e i ther 

su f f er surface recombination with pos i t ive ions or are 

accepted into the r e s e r v o i r of ' f r e e ' e lectrons near the metal 

sur face . The contribution of any secondary e lectrons towards 

an o v e r a l l build-up of e lec tron density would appear to be 

neg l ig ib ly smal l . Further evidence of a d irect nature i s 

a v a i l a b l e . 

29 

Browse & Clark have shown by funct ional analysis that 

the r e l a t i o n between E A and pA depends only on the nature 

of the gas. (The d i f f u s i o n length, A , i s defined i n 

Section 1.3.3)* Hence the curve r e l a t i n g E A and p A 

should be unique f o r any one gas. This has been v e r i f i e d by 

su i tab le comparison of the r e s u l t s of severa l workers. 

S i g n i f i c a n t l y , a l l measurements l i e on a s ingle uurve, 

i r r e s p e c t i v e of the nature of the metal surfaces of the electzx>des. 

Thus i n d i f f u s i o n theory the electrodes serve to s tress the 

gas wi th the high-frequency f i e l d , and l i m i t the extent of the 

maintained discharge, but play no important ro l e i n the 

development of breakdown. Again in d .c . discharge tubes, 

numbers of energetic secondary electrons are re leased from the 

anode but are returned to i t by the u n i d i r e c t i o n a l f i e l d . Loca l 

i on iza t ion and exc i tat ion does take place but the r e a l l y 



e s s e n t i a l processes occur i n the cathode region. 

The j u s t i f i c a t i o n for de ta i l ing the point i s tha t , 

contrary to the above, secondary emission from the electrodes 

by e lectron impact i s considered to play an important ro l e 

i n i n i t i a t i n g low pressure discharges i n hydrogen at 20 Mc/s , 



5. BREAKDOWN I K HYDRO&EN AT 20 Mc/s 

5.1 I n i t i a t i o n of the low pressure discharge 

An interpretat ion of breakdown at the lower pressures 

used w i l l now be given, in terms of a progressive build-up 

of e lectron population governed by secondary emission from 

the electrode f a c e s . 

For the e f f e c t s of secondary emission to be cumulative, 

a necessary condition f o r the development of a discharge i s 

that e lectronstraverse the in ter -e lec trode space i n a h a l f -

cycle of the applied f i e l d . 

Equation (24) i s used as a s t a r t i n g point i n the 

quantitat ive expression of the breakdown c r i t e r i o n . 

5.1.1 Ve loc i ty and displacement equations 

The above equation describes the inf luence of f i e l d 

strength, f i e l d frequency, and gas pressure upon the d r i f t 

motion of electrons i n an ocean of gas. The expression 

becomes appl icable to the experimental arrangement used when 

su i table boundary terms are imposed. 

The u l t r a - v i o l e t i r r a d i a t i n g source used i n the hydrogen 

experiments provided a small but steady supply of casual 

electrons wi th in the gap. Let i t be assumed that at a time 
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t = ,4 subsequent to the breakdown f i e l d passing through 

a zero value such an e lectron be moving with d r i f t v e l o c i t y 

V q away from an electrode s u r f a c e . 

v = 
e E 

—= (v n sircut 
m(co2

+v£) 0 

OJcos&Jt ) + C exp ( -V t ) . . . (21+) 
c 

Since v = v when t . i . 
CO 

e E 

ml CO +V ) 
cocos / ) + C exp(- — ) 

e E 
and hence v = 0 ^ -0 (v s i n cut - cocoscut) 

V -
e E 

jjE—5 (v s i n / - cucos/) 
m(co +v ) 0 

o 

e x p ( — ) e x p ( - V o t ) 

»•« . » • «•• (30) 

Considering those cases of breakdown in which the e lectron 

ambit exceeds the electrode separation (see Figure 15), l e t 

the phase angle / be such that the e lectron j u s t traverses 



the gap i n a h a l f - p e r i o d of the f i e l d , W/<U . 

Then at a time t = V + ^ 0) , the other electorde w i l l be 

reached with ve loc i ty v^, given by 

v . = a 

e E 

m(co +v ) L 
o 

v s i n ( ir + -cucos (ir + / ) 

[ v -
o 

e E 
P 

m((t) +v„ ) c 

(v s in^ - a> cos/0 
v w 

exp ( - f j - ) 

v w cue E 
v. = v o « p ( - — ) + £ 

m(w + V 0 ) 
1 + exp(- — ) 

v 
( c o s / - — s 

. . . (31) 

Again, the e lec tron displacement a f t e r a time t 

equal to the electrode separation d. 

Therefore from equation (30 ) 

CO I S 

e E 
dx = 

i 2 2̂  
N(CO +H. ) c 

( v sincu t - cucosoo t ) dt* 

00 
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e E 
0 P v> (v s i n / -CO co s / ) / ^ <-\ c 

m(cu +v ; 
e x p ( - V c t ) dt 

i 

2e E 
. \ d 

mCcu2+v 2 ) 
(—'• cos / + s x n / ) 

v -
e E (V s i n / -0>cos/)" p c 

mCco2 + v 2 ) 

I—t r- V W —i 
• exp(- - £ - ) - 1 . . . (33) 

Equation ( 3 1 ) expresses e lec tron impact v e l o c i t y i n 

terms of emission ve loc i ty V q , phase angle / and f i e l d strength 

E . I f v. i s of s u f f i c i e n t magnitude, energy t r a n s f e r between 
P 

an impinging e lec tron and electrons i n the electrode surface 

w i l l r e s u l t i n the re l ease of secondary e lectrons back into 

the gas , 

A build-up of e lectron concentration by secondary emission 

i s possible provided that the re leased electrons also cross the 

gap i n a h a l f - p e r i o d of the applied f i e l d i . e . they return to 

the opposite electrode face at time ^ with v e l o c i t y v^, 

and i n t h e i r turn cause the re l ease of secondaries . 

Continuation of the process may u l t imate ly r e s u l t i n breakdown. 
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The a p p l i c a b i l i t y of such a mechanism to the r e s u l t s i n 

hydrogen i s now considered. 

5.1«2 Relat ionship at very low pressures 

The fol lowing quant i t ies involved i n equations (31) 

and (32) are known 

peak breakdown f i e l d E ^ ) 

Angular f i e l d frequency OJ ) experimental measurements 

eleotrode separation d j 

c o l l i s i o n frequency V q - from measured pressure 

s p e c i f i c e l ec tron charge e/m - from atomic data. 

Three quanti t ies remain unknown: v^, V q and /6. 

Solutions f o r v^ must, therefore , be 3emi-empirical and can 

be made i n the fol lowing way by: 

( a ) assigning a r b i t a r y values to j6 i n equation (32) and 

hence solving for v Q . 

(b) in ser t ing the ca lcu la ted values f o r v Q i n equation (31) 

and hence deducing v^ as a funct ion of /6» 

S i m p l i f i e d expressions f o r V q and d may be obtained 

under c e r t a i n imposed condit ions . Discharges at very low 

pressures are of p a r t i c u l a r i n t e r e s t i n t h i s respect . 

I n such cases V « O) . so that c * 



Hence from equation (2C>), to a f i r s t order approximation 

v i = v

0

 + p cos fi (14) 
ma> 

and from equation (21 ) , to a second order approximation 

2 e E r- e E. 
d = g s i n /> + 

mcu 
v„ + — i f cos 

0 
I - 05) 

These formulae are i n agreement with expressions derived by-

G i l l & Von Engel"*°( Section 1 .4 .5) i n t h e i r study of the growth 

of e lectrodeless discharges i n evacuated glass containers 

/ -4 \ 

^pressures< 10 m m . H g . T h e i r equations may be regarded 

as s i m p l i f i e d forms of the general expressions - equations 

(31 ) and (32) - with the condition v „ «(t) r e a l i s e d by the 

use of extremely low gas pressures . 
5«1«3 Impact ve loc i ty ca lcu la t ions ; secondary emission 

c o e f f i c i e n t 

Using the method indicated i n the previous sect ion , 

ca l cu la t ions were made of e lectron a r r i v a l v e l o c i t y v^, as a 

function of phase angle j6, using equations (14) and (15)» 
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1 6 . V a r i a t i o n ox E l e c t r o n I m p a c t ane iy-y w i t h Phase A n g l e . 
H y d r o g e n a t Low P r e s s u r e s , 20 fcc/s. 



The r e s u l t s are displayed i n terms of e lectron energy, 

i n Figure (16 ) , and r e f e r s p e c i f i c a l l y to measurements at 

electrode separations of 4 cm. and 3 cm. taken at the lowest 

-3 -4 pressures used, 10 mm.rig. - 10 mm.Hg. where V « CO • 
c 

A s t r i c t t e s t of the mechanism of an increase i n e lectron 

population dominated by secondary emission could be made i f 

experimental data were a v a i l a b l e regarding secondary emission 

c o e f f i c i e n t , & , as a function of primary e lectron energy 

for the brass electrodes used. I t would be expected that 

electrons leaving one surface at a su i tab le time / / C O , and 

a r r i v i n g at the opposite face at time • " , would s t r i k e the 

surface wi th s u f f i c i e n t energy to cause the re lease of more 

than one secondary e lec tron per primary i . e . the emission 

c o e f f i c i e n t <f must be s l i g h t l y i n excess of un i ty , when 

account i s taken of losses from the system. 

Examination of published l i t e r a t u r e revealed that a few 

measurements of secondary emission y i e l d s have been made 

involving c e r t a i n a l loys ; unfortunately no information regarding 

brass could be found. However, comparison between the 

ca lcu la ted a r r i v a l v e l o c i t i e s and data obtained from secondary 

c o e f f i c i e n t measurements involving metal a l l o y s (given below), 

indicates that ca lculated a r r i v a l energies are s u f f i c i e n t to 
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give a y i e l d in excess of un i ty . 

I n Figure 17» the c o e f f i c i e n t & i s plotted as a funct ion 

of primary e lectron energy, expressed i n e lectron v o l t s , f or 

a v a r i e t y of pure metals, metal a l l o y s and oxidised metal 

sur faces . The dotted l i n e corresponds to a value cf = 1 . 

Table 2, derived from the same sources, l i s t s primary energies 

corresponding to S = 1 and also gives the maximum S values 

obtainable . 

R e l a t i v e l y low y i e l d s are obtained from pure metals' . 

The primary energy required to re lease one secondary e lectron 

var ies from metal to metal e .g . 70 e-v (Thal l ium) , 100e-v 

(Copper); i t usua l ly l i e s i n the range 100-200 e-v . A l l o y s , 

on the other hand, can give r i s e to higher values of S , and 

the energy values for cf = 1 (obtained by extrapolat ion of the 

data) are correspondingly lower, ly ing between about 25 e-v 

( n i c k e l - beryl l ium) and 60 e-v (beryl l ium-copper) . The curves 

for magnesium and magnesium oxide i l l u s t r a t e the large increases 

i n S which can be brought about by surface oxidation - an 

e f f e c t p a r t i c u l a r l y associated with metals having a high 

oxygen a f f i n i t y . 

The brass electrodes used i n the present work had an 

approximate composition of 60/1 copper and 4-0/2 z i n c . Standard 



chemical surface - cleaning processes were used, as described 

in Sect ion 3 . 2 . 3 ; i n addit ion, routine clean-up using a gl07.r 

discharge was frequently c a r r i e d out. A l l the e a r l y measurements 

were taken i n the reducing gas hydrogen and during th i s period 

( l a a t i n g many weeks) the electrodes were continuously immersed 

in the gas. nevertheless , the exact state of the surfaces 

was not known and they may have contained absorbed oxygen. 

Although conclusive evidence i3 not ava i lab le due to lack 

of data regarding the electrode materials used, a comparison 

between the ca lcu la ted a r r i v a l energies, Figure 16 and the 

emission curves shown i n Figure 17 suggests that a range of 

/ values ex i s t which w i l l give r i s e to a secondary emission 

c o e f f i c i e n t s u f f i c i e n t l y greater than uni ty to enable breakdown 

to take place by the to-and-fro motion of an o s c i l l a t o r y 

e lectron stream. 

5.1.4 Calculat ions at smaller electrode separations 

Electrons moving away from an electrode at time 

( / negative) are retarded i n t h e i r progress along to pos i t ive 

d i rec t ion of x u n t i l at a time subsequent to t = o, when the 

f i e l d p o l a r i t y i s reversed. Under c e r t a i n phasing condit ions, 

at the l arger electrode separations, e lectrons may in fac t be 

drawn back for a short distance towards t h e i r parent e lectrode, 
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before the acce lerat ing f i e l d f i n a l l y sweeps them to the 

opposite e lectrode. 

A deta i l ed study of e lectron motion i n t r a n s i t across 

the gap, given below, shows that for separations below 3 cm., 

electronsmay be returned to t h e i r parent electrode surface , 

making the straightforward phasing meehanism inapp l i cab le . 

I n order to invest igate e lectron displacement as a 

funct ion of t r a n s i t time, i t i s f i r s t necessary to ca l cu la te 

e lectron ve loc i ty at times intermediate between //co and 

IT I- 6 
—tr -

Modifying equation (30) f or very low pressures 

v = v. = T i ( c o s 4 - cos tot) + v 
e E 

E 
mCU o 

. . • (33) 

I f x be the e lectron displacement at time t , then by 

integrat ion 

mco 

e E 
cos 4 + v e E 

R ( t 
0) 

s incut s i n / 

• • • (34) 

( x = o when t A ) 
cu ' 

The v a r i a t i o n of v with x can thus be c a l c u l a t e d . 
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An analysis is given below ( typical of the low separation 

Substituting known values into equation (34) 

x = 0.27 + (4.if9 10 8 t - if.74 s inWt) 

The curve relat ing x and t is shown i n Figure 18a. 

I t is seen that an electron released from electrode A 

f i r s t moves across the gap to point G (a displacement of 

about 0.8 cm.), whereupon i t s motion is reversed by the f i e l d . 

At t = o, corresponding to point D, change i n f i e l d polar i ty 

is incapable of preventing return to the parent electrode 

at time 0*24. 10 sec. (point E). Mathematically derived 

values beyond this point using equation (34) which assumes 

electron motion to be conditional only by theapplied f i e l d -

cannot therefore have any real significance; the curve 

beyond E is shown dashed, 

A modified breakdown mechanism w i l l now be considered. 

I f n starting electron give rise to n(f . electrons due to 

results) f o r d = 2 cm., / = -80°, p = 10 mm.Hg. 

secondary emission from impact at electrode A and *B = * * £ B 

due to emission from electrode B, then fo r bredcdown, 

i . e . fi.S- > 1 
A B 



The velocities corresponding to both impacts may be 

calculated. For electrons returning to electrode A (point 

E, Figure 18 a) the a r r iva l velocity V"A may be obtained by 

direct substitution i n equation (33). 

New boundary conditions must be f i t t e d to equation(lZf ) 

to enable impact velocity v_ at electrode B to be determined. 

In i t s s implif ied form, f o r low pressures, equation (25) 

may be writ ten as 

e B_ 
— c o s W t + C m(0 

Let the emission velocity of electrons s t r ik ing the parent 

electrode, at time t^ , be v

0 j -« 

e E 
Then v _ = £ cos cot + C 

6 S 
. * • v = V q E + £ (cos cut - C O S 0 ) 0 (35) 

mcu 

When t = t p = S±A , v = v. = v f i 

•*' V B = v o E + 2 (ooawtj, - cos ftltE) (36) 
mcu 

For the case considered: 
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Impact velocity on parent electrode 

VA = 3 * 9 5 * 1 ° 8 c m ' /sec.(From (33)) 

(44 e-v) 

v., = 6.72. 10 8 cm./sec.(from (36) 

(128 e-v) 
neglecting V Q A ) 

From the available secondary emission data i t would appear 

that the velocity values are large enough to sustain a 

growth i n electron population, though once again a c r i t i c a l 

test of the mechanism is not possible. 

The displacement-time curve for the period t ^ - ^ t - , 

obtained by integrating equation (35) is shown by the 

broken curve in Figure 18b. 

Here 
e E e E 

x = —Tp- (sintut - sin t £ ) ^ cos £ut £ ( t F - t E ) . . . (37) 

In the above calculations i t has been assumed that the 

time interval between an electron s t r ik ing a metal surface, 

and a secondary electron leaving i t , is small compared with 

a period of the applied f i e l d . The emission interval has, i n 
-12 

fact , been found experimentally to be about 10 sec, 
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negligibly small compared with the f i e l d period; 2 x 1 0 sec. 

5.2 Breakdown at intermediate pressures 

5.2.1 Effect of increasing gas pressure 

The breakdown f i e l d values at 20 Mc/s show no abrupt 

changes f o r increased gas pressure. However, i t w i l l be 

shown that the i n i t i a t i o n of a discharge through a mechanism 

dominated by secondary emission from the electrode faces 

cannot be sustained at pressures corresponding to the electrons 

making many collisions i n t ransi t across the gap. For the 

highest pressures used, the breakdown data conforms with the 

di f fus ion theory of high frequency breakdown. From the 

absence of discontinuities i n the breakdown curves, i t would 

appear that a smooth transit ion takes place between the two 

mechanisms. 

Quantifetive analysis of results i n this region proved 

very d i f f i c u l t and i t must be admitted that i t has not been 

possible to formulate a complete picture of events leading 

to breakdown. Nevertheless, i t can be shown that as the 

pressure is increased beyond values for which the mean free 

path is small compared with electrode separation, the 

efficiency of ionization increases, and the impact velocity 

of electrons on electrode faces decreases. The points are 
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established below. 

Changes i n impact velocity v^ as a function of pressure 

are calculable from equation 31> namely, 

V fl- e E_ 
r = V q exp (- -£-) + | 2 ' . . 

m(o) +<y) L w 

c 

1 + exp( ——) 
V 

(cos/ - ~ 

Also v = 5.93. 10 9 p (21) 

Using known atomic data together with experimentally 

determined values of E^, v^ c a n be found at a given phase 

angle fo r a range of gas pressures. 

A set of results is shown in Figure 19. The impact 

velocity is seen to remain substantially constant at i t s ' f ree 

space' value f o r pressures up to the point at which the mean 

free path f i l l s the tube and thereafter exhibits a steady 

decrease with further increase i n pressure. Thus the 

contribution of secondary electrons towards a build-up of 

electron population becomes progressively less effect ive . 

5*2.2 Change of ionizing efficiency with gas pressure 

Collision ionization i n a gas is usually described i n 

terms of Townsend's primary coefficient a , or i n related 

terms such as ionization rate v^ and ionizing efficiency S g . 
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Both theory and experiment show that i n a given gas OC /p is a 

continuous function of the reduced f i e l d E/p. 

In evaluating the increase i n ionization due to increase 

i n gas pressure, recourse must be made to the experimental 

data available. 

Two approaches were made, one based upon Von Sngel 
5 

& Steenbecks" ionizing efficiency - electron energy curve, 
the other using Von Sngel's^ — - — p lo t . In each case 

P P 
analysis was complicated by the necessity of introducing 

the time variation of electric f i e l d strengh. 

(a) Evaluation based upon the ionizing efficiency-electron 
energy curve 

At a given pressure, the number of ion pairs produced 

by an electron i n a l i fe t ime l imited by mobility capture 

may be deduced from the breakdown data by finding 

( i ) electron velocity (and hence, energy) as a function 

of displacement aoross the gap, 

( i i ) ionizing efficiency SQ as a function of 

displacement x, and 

( i i i ) integration of S. dx over the whole gap. 

( i ) Electron velocity at various times i n t ransi t across 

the gap is given by the generalised equation 
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e E 
v = rp-—k (v sincot - cocos cot) 

m (co 2

+ v ^) 0 

e E 

m(co +v ) 
cucos/ 

! 

J 

x exp (-^j-) exp (-v c t ) (30) 

To obtain a displacement-time relationship i t is necessary 

to integrate the above equation i . e . 

x 

/ 
e £ 

dx = 
* ( " 2

+ v 2 ) 
J ( V q sin art; - co cos cut) dt 
'I 
CO 

e E 
v - P a ( f sin^ - COcos/) 

m(C0 +v ) exp(-g-) J exp(-Vt) dt 

CO 

e E_ 
. . x = / 2 2N m(C0 +V ) 

(̂ o cos j6 + s±n/6) - ( J J J cos cot + sin cot) 
co co 

V 
e E 

J? 0 (v sin/5 -cocoso') 
m(co2+V2) ° 

exp(Vo^ ) 
CO 

exp(-vt) 

- exp(- ) 
co 

• • • • • • • • • (38) 
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To produce a continuous v - x curve at a particular 

pressure, tedious calculation is required to obtain sets 

of values of v and x at corresponding times, using equations 

(30 and (38). 

For the case d = 4 cm., j6 = - 60°, p = 0.005 mm.Hg., 

the velocity-time is given i n Figure 20a and the velocity-

displacement i n Figure 20b. The early decrease i n velocity 

is a result of the f i e l d i n i t i a l l y retarding the electrons. 

Since mv = e V, an energy displacement curve msy 

be drawn. This is shown in Figure 21 . 

( i i ) The electron ionizing efficiency S is defined as the 

number of ion pairs produced by one primary par t ic le , 

reduced to 1 mm.Hg. 

I f the probability of a co l l i s ion resulting i n 

ionization is f , i t is related to Se by e e 

a function of electron energy. The curve rises sharply 

from zero V = (as expected on Bohr theory), reaches a 

maximum at energies a few times V. and then decreases. 

Q. which is the cross-section 

f o r ionization by electron 

col l i s ion) 

Von Engel reproduces measured values of S_ in hydrogen as 
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Due to double-log p lo t t ing , values of SA cannot 
e 5 easily be read from the curve. However, i t i s found that 

fo r energies below the maximum, the rise i n Sg is 
approximately linear, obeying the empirical equation: 

So = ap (V - V.) (39) 
e 1 

where 'a* is a constant fo r a particular gas. 
-2 

For hydrogen 'a ' = 21.10 in appropriate uni ts . 

Using equation (38) in conjunction with f igure 21, i t 

i s , therefore, possible to calculate values of Sg at 

various points in the gap. This is shown i n Figure 22. 

I t is seen that fo r x < 2.3 cm., 3 g = 0. This 

separation corresponds to V = V^. Between 2.3 and 4 cm., 

S rises steadily as the electron gains energy. The dotted 

curve i n the figure shows the ionizing effect of an electron 

t ravel l ing i n the reverse direction. 

( i i i ) The number of ion pairs produced per electron i n 

t ransi t across the gap is given by n^ = / Sg dx. 

• o 

By graphical method, for the case considered, = 0.02 ion 

pairs. 
The above anatysis affords calculation of the number of 
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ion pairs produced i n the gap and could be extended to other 

pressures. However, i n view of the lengthy nature of the 

calculations, an alternative approach was made, making use 

of known variations of a /p with E/p. 

(b) Evaluation using q /p - E/p curve 

From the def in i t ion of Townsend* s primary coeff ic ient , 
x 

n = exp ( f a dx) where n is the normalised number of 

electrons emerging from a plane 

x cm. from the or ig in , i n the f i e l d 

direction. 

Hence n ,̂ = exp ( / a dx) - 1 (40) 

For a given gas p = F - j ( * / P ) 

The instantaneous value of a i n an h . f . f i e l d may be 

considered the same as the steady value in a steady f i e l d of 
31 

the same strength (see, fo r example, Pim ) • 

Using this concept, 
a = P „ (B A I N A ) T ) 
p 1 v p p ' 

Experimentally^0, the variation of a/p with increasing E/p i n 

hydrogen shows an i n i t i a l increase up to an E/p value of about 
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600; for higher values of E/p values of a / p remain 

approximately constant. 

Mathematically the curve i s represented by a semi-
5 

empxrical relation , 

^ m A exp ( - | ^ ) (41) 

A and B being constants. 

Range of va l id i ty of E/p, 

22 - 1000. 

| a d x = pA J exp ( ^ a i l L V p ) V * d t ( 4 2 ) 

Values of v i n t ransi t across the gap are given by 

equation (30). Hence, by calculation of v and the experimental 

term at various times i n transit across the gap, the integral 

may be evaluated by graphical method, 

A simplif ied, though less exact, form of equation (42) 

w i l l now be considered. 

At the lower pressure i t is seen that fo r a l l but very 

sms.ll values of cot (and hence E = Ep sino>t), a/p remains 

almost at a value close to A. (5 ion pairs/cm. mm.Hg.). The 
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slope of the curve indicates that at the high 5/p values 
encountered during most of a cycle of the applied field, 
almost a l l collisions v f i l l result in ionization, making a/p 
vi r t u a l l y independent of the reduced f i e l d strength. The 
curve plotted for a pressure of 0.005 mm.Hg. is similar, 
although the f l a t portion of the curve i s reached more 
gradually and the maximum value of ot/p is slightly smaller. 

Over much of the intermediate pressure range a/p 
may be considered roughly constant, independent of both 
time variation of the electric f i e l d and of li/p i.e. the 
exponential term i n equation (41) tends to unity. 

Hence ce/p "* A. 
Equation (34) then reduces to 

d 

f a dx = Ap I v dt = Ap F dx = Apd. 

n̂ , = exp (Apd) - 1 ... ... (43) 

i.e. the number of ion-pairs created i n the gap rises steadily 
with increasing gas pressure. 

For the 4 cm. gap, the variation of n^ with gas pressure 
i n the intermediate region, as expressed by equation (43)» is 
shown i n Figure 24. At higher gas pressures, the n^ values 
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are undoubtedly too large, due to the approximations 
introduced. Agreement between the two calculations at 

_2 
p = 0. 005 mm.Hg. is not good (n^ values being 2.10 and 
10 for the f i r s t and second calculations, respectively) 
probably due to the fact that the 2/p value at this pressure 
is well outside the quoted range of validity of equation (41 ) . 
5.3 Electron losse3 

To establish a regular increase i n electron population, 
their net rate of increase must exceed the rate of loss. 

In a build-up dominated by secondary emission, removal 
from the system, at the lower pressures, is accounted for 
by the primary electrons entering the electrodes. In the 
general case the effective secondary emission coefficient 
of the electrode surfaces must be sufficiently i n excess 
of unity to replace any further losses. 

Depopulation - i n terms of t o t a l removal from the 
cylinder of gas contained by the electrodes - is largely 
pressure dependent. A qualitative account of the possible 
processes w i l l now be given, 
(a) Volume Recombination 

Volume recombination was considered to be unimportant 
i n the range of pressures employed. 
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N e u t r a l i s a t i o n by way of d i r e c t i o n - e l e c t r o r ; c o l l i s i o n 

i s an i m p r o b a b l e event, due t o the high r e l a t i v e v e l o c i t i e s 

i n v o l v e d . Three-body p r o c e s s e s are i n g e n e r a l irore e f f e c t i v e . 

Jiuch c o l l i s i o n s are u n l i k e l y a t l o u p r e s s u r e s ar..d hpdrogen i s 

v i r t u a l l y a. n o n - a t t a c h i n g (;as. 

The s p e c i a l t y p e o f d i s s o c i a t i v e r e c o m b i n a t i o n d e s c r i b e d 

by bucks''', and d i s c u s s e d i n S e c t i o n 1.3.2., can f i v e r i s e t o 

e l e c t r o n g e n e r a t i o n . d o r e v e r , t h e n e c e s s a r y seque^ee o f 

e v e n t s i s most i m j i r o b a b i e below a fevr mm.Kg. O o r r i g a n X, Yon 

b n g e l , rr.o have s t u d i e d e x c i t a t i o n and d i s s o c i a t i o n i n hydrogen 

by an e l e c t r o n s'varri, n e g l e c t volume r e c o m b i n a t i o n i n the 

p r e s s u r e range 0.7 mm.Hg. - 12.mrr. Hg. 

.on 

Thermal d i f f u s i o n o f e l e c t r o n s i n a gaseous nediun, 

may be p i c t u r e d as a 'random w a l k ' o f t h e p a r t i c l e s away f r o m 

r e g i o n s o f h i g h c o n c e n t r a t i o n . E l e c t r o n d r i f t i s t h e r e f o r e 

accompanied by a r a d i a l spread o f c h a r g e . 

By i t s v e r y n a t u r e , l o s s e s f r o m the system shoidJ d be v e r y 

mull i n t h e lo-a p r e s s u r e r e g i o n VF. < OJ > c o r r e s p o n d i n g to ranch 

o f the e x p e r i m e n t a l range. A t h i g h e r p r e s s u r e s .d?ere e l e c t r o n s 

make many c o l l i s i o n s per o s c i l l a t i o n , d i f f u s i o n 'becomes i n c r e a s i n g l y 

1.'ip o r t a r i t , p a r t i c u l a r l y uhen e l e c t r o n s are unable t o r e a c t t h e 

e l e c t r o d e s by o s c i l l a t o r y d r i f t . "-'esulis a t the " i g h e r p r e s s u r e s used 

are seen i n the f o l l o w i n g s e c t i o n to conform t o sue]:, b e h a v i o u r . 



Quantitatively, l i t t l e headway could be made at the 
low pressures. The basic diffusion equations were found 
to be inapplicable under experimental conditions. 

5.4 Applicability of diffU sion theory at higher pressures 
5.4.1 Limits of the diffusion theory 

For the highest pressures investigated, breakdown may 
be expected to conform with the diffusion theory of high-
frequency breakdown. 

The requirements of the diffusion theory- that under 
threshold conditions the gain i n electron population due 
to collision ionization shall just replace diffusive losses -

13 
demand a number of experimental conditions to be observed, 
namely: 
(a) that each electron make at least one ionizing collision 
before i t leaves the tube. 

In the limiting case, the electron mean free path A 
becomes equal to the characteristic diffusion length A and 

The characteristic diffusion length A is determined by 
the geometry of the electrode system and for a cylinder of 

13 
height d and radius R has been evaluated as: 

to conform with theory X g ^ A . 

1 (?) 
A 
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TABLE J 

C H A R A C T E R I S T I C DIFFUSION L E N G T H S . 

D (cm.) A fen,.) 

4 1 08 

3 0-87 

2 O-M 

1 03O 



T A B L E 4-. 

PRESSURES A T WHICH / \ } 

FOR V A R I O U S qAP Wit>rHS. 

d to p (mm H3) 

4 
3 0-023 

2 O- 032 

1 0 0 6 8 



Calculations of A for various values of electrode 
separation d are given i n Table 3. The proper value of R 

is a matter of some doubt, since the f i e l d strength 
gradually decreases away from the f l a t central region of 
the electrodes: the value used is that between the centre 
and periphery of an electrode. 

Since ^ e = r r — (over a f a i r range of electron 
P 

energies) (1?) 

the condition becomes: 

P > hk 

Hence the limiting pressure for various electrode separations 
d may be calculated. These are given i n Table 4. 
(b) that uniform f i e l d conditions are obeyed. 

A further requirement can be written i n terms of the size 
of the discharge tube permissable to sustain a single loop of 
a standing wave of the applied f i e l d i.e. ^ > A . 

Since d « A for a l l the electrode separations used, the 
uniform f i e l d condition is obeyed. 
(c) that electrons, by virtue of their oscillatory motion, 
oscillate within the confines of the gap. 

Hence x_ < 
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TABLE S. 

d (°*) 

4 Au- PRESSURES 

3 35". i ° " 2 

2 1-3. 10"' 

1 OS. tO"' 



Alternatively, defining the electron ambit d e as the 
displacement i n a half-cycle of the f i e l d 

d D = 2x e o 
d e < d. 

From equation (29) 
e E 

X _ E ± 

° nf*Ka)2+v 2)2 c ' 

the variations of x Q with p under experimental conditions 
have been plotted i n Figure 15. ( i t should here be restated 
that the accuracy of the plot - and a l l calculations 
involving the collision frequency term - is dependent upon 
the assumption that Vcc p (Section 4•-'+))• 

c 
Using Figure 15, the lim i t i n g pressures corresponding 

to equality of equation ( 4 4 ) are given i n Table 5. 
The limiting pressures thus decreases with increasing 

separation, as expected. 
For the 4 cm. gap, the electron ambit and electrode 

separation are almost equal for pressures below about 
5. 10 ^ mm.Hg. However, i n this range electrons are s t i l l 
capable of crossing the gap during a half-cycle under suitable 
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i n i t i a l conditions, as previous analysis has shown -
values given i n the table refer specifically to motion 
which is purely oscillatory. 

I t is evident from the calculations based upon 
diffusion theory requirements that the oscillation amplitude 
condition effectively l i m i t s the pressure range under which 
diffusion theory may be applied. To test the theory use 

29 
may be made of the expression derived by Prowse & Clark , 
namely that under diffusion controlled conditions. 

and F 2 are functions depending upon the nature of the 
gas. The curve relating E A and p A is thus unique for 
any one gas and provides a stringent test for the applicability 
of the theory. For low gas pressures where V q i s comparable 
with <o , the E.M.S. f i e l d i n equation (45) should be 
modified to read E : where E i s the effective f i e l d for 

e e 
energy transfer (see Section 4.4). 

1 
* 2 Q l ) m 

pA 
• • • • • • (45) 

PA 

Ee i s related to Eg by 

E 
E (22) 
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5.4.2 E A - pA Results e 
Since the E A - pA curve i s unique for hydrogen i n 

the diffusion controlled region, and therefore independent 
of frequency, the experimental results at 20 Mc/s should 
be on the same curve as measurements taken by other workers, 
using different electrode geometries and f i e l d frequencies* 

The plot i s shown i n Figure 25, using the author's 
13 27 

results and those of Brown and McDonald , Thompson and 
Clark 3 2. 

I t i s seen that by a short smooth extrapolation of the 
other worker's data, the 20 Mc/s results are i n reasonable 
conformity with the diffusion theory. 

For constant pA f corresponding values of E A for 
© 

different gap widths tend to exhibit a small but character­
i s t i c increase as d i s decreased. I t is d i f f i c u l t to 
conclude whether or not this change i s significant - the 
spread of results i s l i t t l e more than that between those on 
the common curve at higher p A values. Also, pressures 
measured above 0.1 mm.Hg. were subject to error due to a 
cramping of the Pirani gauge near the l i m i t of i t s scale. 
Apart from this reservation, i t may be concluded that 
breakdown at the high pressures i s i n i t i a t e d when the loss 
of electrons by diffusion i s slightly more than made up by 
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p r o d u c t i o n t h r o u g h c o l l i s i o n i o n i z a t i o n . 

^.If.'j Onset f i e l d v a l u e s i n d i f f u s i o n c o n t r o l l e d d i s c h a r g e s . 
— s c u s s i o n 

Cne o f t h e f e a t u r e s o f t V r y l c o g e n r e s u l t s sho.:n i n " i n g ^ s 

12, i s t h a i , t h e minimum v a l u e s o f l i s l e s t r e n g t h r e c o r d s ! f o r 

breakdown under d i f f u . s i o n - l i mined c o n d i t i o n s a r e ?.o-. e r t h a n have 

been h:i t h s r t o r e p o r t e d . A comparison n i t b . t he r e s u l t s o b t a i n e d 

a t miex'ovrave f r e q u e n c i e s i s p a r t i c u l a r l y i n t e r e s t i n g . 
29 

I t . has a l r e a d y beer men-honed t h a t the curve r h l a t x n j 

3T;A and oA i s u n i q u e , f o r a, r i v e n gas, '.'ben break5.c-.-'n 

c o n d i t i o n s a c c o r d w i t b t h e d i f f u s i o n t h e o r y . F o r a .system v.-ith 

f i x e d e l e c t r o d e geometry ( A and hence d c o n s t a n t ) r e d u c t i o n 

i n gas p r e s s u r e g i v e s r i s e t o a p r o g r e s s i v e l o w e r i n g o f on s e t 

f i e l d s t r e n g t h , p r o v i d e d t h a t the e l e c t r o n s make many c c l l i s j on?/ 

o s c i l l a t i o n . T h i s i s a consequence o f the f a c t t h a t as p r e s s u r e 

i s r e duced, e l e c t r o n mean f r e e p a t h i s i n c r e a s e d , arr! < e n c f 'ho 

em-rgy g a i n e d f r o m t h e f i e l d p e r c o l l i s i o n r i s e s . 

bnder such c o n d i t i o n s f i e l d f r e q u e n c y i s n o t s i g n i f i c a n t 

and s i n i l a r f i e l d v a l u e s are r e c u i r e d f o r breakdown i n a 

f r e p j e n c y I'ange e x t c r b ' i n g f r o m a fe,- megacycles up t o t h e 

n i oroaave r e g i o n (as evidenced by r e s u l t s a t n i d e l y '^event 

:a> i':rfva: i.es l y i n g or. ? common "A - p A c u r v e ) . 

A t microwave fre-us>:A cs, r e d u c t i o n o f f i e l d , s t r e n g t h i t h 
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decreasing pressure i s not continuous, even within the l i m i t s 
of diffusion control. For a frequency of 3000 Mc/s., the 
Collision Frequency transition ( V = OJ) occurs at p = 3.2 Mm.Hg, 

c 
(Case (a), Table 6). Further reduction i n p necessitates a rise 
i n f i e l d strength, since transfer of energy between fiield and 
gas becomes less e f f i c i e n t . 

On the other hand, at 20 Mc/s, the transition occurs at 
_2 

p a 2.10 mm.Hg. Hence, providing the natural l i m i t s of the 
diffusion theory are complied with within the range 3.2 mm.Hg. 

-2 
-2.10 mm.Hg. lower ultimate values of breakdown stress are 
possible at this frequency. 

Table 6 relates the l i m i t i n g pressure values for the 
gap ( A = 1.08 cm.) with reference to the Mean Free Path and 
Oscillation Amplitude lim i t s (cases (b) and (c))j i t i s seen 
that diffusion control i s limited by the mean free path f i l l i n g 
the tube at p a 1.8.1^ mm.Hg.Rvalue close to that for the 
Collision Frequency transition. 

Increase i n size of the discharge tube - and hence 
increase i n A - causes a reduction i n threshold f i e l d strength, 
since diffusion losses from the system are reduced. The scaling 
process i s limited, however, by the frequency-dependent Uniform 
Field l i m i t , i f the diffusion theory i s to be applicable. Maximum 



values of are given i n Table Case (d) and show that a 

value A = 1.6 cm. must not be exceeded at 3000 Mc/s, The 

corresponding value at 20 Mc/s, on the other hand, i s much 

larger than has yet been used i n practice. 

I t may be concluded that the low breakdown f i e l d s 

here reported i n hydrogen arise from a choice of f i e l d frequency 

and electrode geometry which enable the d i f f u s i o n theory, i n 

the region where electrons make more than one c o l l i s i o n per 

o s c i l l a t i o n , t o be complied with down t o r e l a t i v e l y low 

pressures* 
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6. BREAKDOWN IN HYDROGEN AT 10 Mc/s, 
RESULTS FOR OTHER GASES 

6«1 Breakdown i n hydrogen at 10 Mo/s. 

6.1.1 Ebcperimental procedure 

The experimental techniques employed i n recording 

breakdown measurements at 10 Mc/s were very similar to 

those described f o r 20 Mc/s experiments. The tuned c i r c u i t 

master o s c i l l a t o r , based upon a 10 Mc/s quartz c r y s t a l , was 

tuned to resonate i n the fundamental mode and the dr i v e r , 

power and coupling c i r c u i t s appropriately adjusted. 

U l t r a v i o l e t i r r a d i a t i o n of the gap was again used. 

The threshold f i e l d was established by increasing the 

applied f i e l d i n small steps u n t i l a discharge occurred; 

the process being repeated a number of times. Adequate 

intervals were allowed to take into account s t a t i s t i c a l lags 

and deionization times* 

6.1.2 Variation of breakdown f i e l d w ith gas pressure at 
10 Mc/s 

The experimental plots are shown graphically i n Figure 

12, w i t h R.M.S. breakdown f i e l d given as a function of 

gas pressure f o r di f f e r e n t electrode separations. 

The form of the breakdown curves d i f f e r markedly from 
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the corresponding results at 20 Mc/s. .-?ith decreasing 

pressure the onset f i e l d strength rises sharply a f t e r an 

i n i t i a l l y uniform region, measurements terminating i n an 

abrupt cut- o f f . 

At pressures above cu t - o f f , f i e l d values were observed 

to decrease as the electrode separation was increased, i n 

a manner similar to recordings at 20 Mc/s. Again, the 

cut-off pressures showed a characteristic decrease as the 

separation was increased, 

6.1.3 I n t e r p r e t a t i o n of the 10 Mc/s results 

As described i n Section 5»4»1 the application of the 

d i f f u s i o n theory of high-frequency breakdown i s r e s t r i c t e d 

to certain ranges of the parameters involved (electrode 

separation, gas pressure, f i e l d frequency), i n accordance 
13 

with the l i m i t s prescribed by Brown & McDonald . 

At 10 Mc/s, the experimental results l i e w i t h i n the 

mean free path and uniform f i e l d l i m i t s . 

However, i t w i l l now be shown that the increases i n 

f i e l d strength culminating i n cut-offs may be a t t r i b u t e d to 

departures from the d i f f u s i o n theory, caused by progressive 

increases i n the amplitudes of electron o s c i l l a t i o n to the 

points at which the ambits completely f i l l the spaces between 
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the electrodes. 

Prom equations (29) and (hh) 

de = 2 x o = ^ / M 
mojUa +v ) 2 

v c ' 

Using the data from fi g u r e 3 i n conjunction with equation 

(46)} changes i n electron ambit w i t h gas pressure may be plot t e d , 

and are given i n Figure Z$. From these curves, the c r i t i c a l 

pressures at which the electron ambits f i l l the interelectrode 

spaces may be located; these are marked i n the fi g u r e using 

dotted l i n e s . t r a n s f e r r i n g these calculations to the 

experimental E - p curve (see Figure 3) i t i s seen that f o r 

each value of electrode separation, the c r i t i c a l pressure l i e s 

on the sloping part of i t s relevant curve, at a point some­

what above the cu t - o f f value. 

From t h i s evidence i t seems reasonable to suppose that 

the characteristic r i s e of E with decreasing p i s brought 

about by the gradual removal of electrons from the te s t gap 

by mobility capture, removal commencing at apressure 

corresponding to the foot of the slope and being complete at 

the c u t - o f f value. 

I t should be pointed out that although precise 

th e o r e t i c a l information is lacking regarding the d i s t r i b u t i o n 

of i n d i v i d u a l amplitudes i n a swarm of electrons o s c i l l a t i n g 
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at high frequency, & large body of experimental evidence 

indicates that the o s c i l l a t i o n amplitude l i m i t of the 

di f f u s i o n theory i s a gradual process covering a f i n i t e 

range of the parameter involved - i n t h i s case, gas pressure, 

6,2 Results i n other gases 

6,2,1 Experimental procedure 

Breakdown measurements were also recorded i n a second 

diatomic gas (nitrogen) and a monatomic gas (neon). 

Spectroscopically pure samples of gas provided by the 

B r i t i s h Oxygen Company Ltd. were used; no additional 

p u r i f i c a t i o n was attempted. I n t h i s respect the neon results 

must be treated w i t h some reserve. (A. von Engel, i n 

conversation with J.L. Clark, pointed out th a t small but 

si g n i f i c a n t amounts of argon must be expected i n neon samples 

used from the above source. Additional ionization due to the 

Penning effect w i l l , therefore, take place, causing variations 

i n breakdown f i e l d values). 

Standard methods of flushing the vacuum system were 

undertaken, as described inSection 3 .3 . I n i t i a t o r y electrons 

were again provided by u l t r a v i o l e t i r r a d i a t i o n ; s t a t i s t i c a l 

lags were found to vary between a few seconds and a minute or 

two, i n extreme cases. There appeared to be no significant 
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relationship between s t a t i s t i c a l times and the nature of 

a p a r t i c u l a r gas, 

6,2,2 Results i n Nitrogen and Neon 

Several runs were taken using these two gases. As 

i n previous cases the v a r i a t i o n of threshold f i e l d was obtained 

as a function of pressure, f o r various f i x e d electrode spacings. 

A number of experimental, curves are shown i n Figure 27.; r e s u l t s 

i n hydrogen are also given f o r comparison. 

At 10 Mc/s, cut-offs were again observed, though the 

tr a n s i t i o n s were not quite so abrupt as i n hydrogen. The 

cut-off pressures, however, varied s i g n i f i c a n t l y from gas 

to gas at constant electrode separation. 

Assuming that the nature of the cut-offs i s associated 

w i t h the amplitudes of electron o s c i l l a t i o n increasing to 

f i l l the gap, as i n hydrogen, the variations i n c u t - o f f 

pressures are to be expected, since properties such as collisfan 

p r o b a b i l i t y , mean free path etc., are dependent upon the 

nature of the gas as w e l l as i t s pressure. 

For nitrogen, using the c o l l i s i o n p r o b a b i l i t y - electron 

energy curve of Erode,1^, and su b s t i t u t i n g the proper 

variables, i t i s found that over a range of electron energies 

from 4 - 50 e.v. c o l l i s i o n frequency and ga3 pressure are 
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r e l a t e d by the equation: 

V = 1.28. 10 1 0p (47) 

(the numerical value varies w i t h i n 1C$ of the va-jue over 

the range given above). 

According to equation (29) the amplitude of electron 

o s c i l l a t i o n increases with decreasing c o l l i s i o n frequency, 

and hence wi t h decreasing pressure. 

I n q u a l i t a t i v e agreement w i t h experimental observations, 

i t i s to be expected that cut-offs i n nitrogen occur at 

r e l a t i v e l y lower pressures than i n hydrogen, since at a given 

pressure the respective o o l l i s i o n frequencies are i n a r a t i o 

of more than two to one (2.16 : 1 ) . Quantitatively i t can 

be shown that at cut-off the r a t i o (^-) should be 
c 

approximately constant whatever gas i s used, at constant 

electrode separation. Unfortunately, t h i s could not be tested 

due to the abrupt nature of the c u t - o f f s . 

No simple relationship appears to exist between c o l l i s i o n 
16 

frequency and gas pressure i n neon, as shown from Erode's 

pr o b a b i l i t y curve. The reasoning given above suggests that the 

c o l l i s i o n frequency should l i e between the values f o r hydrogen 

and nitrogen ( a t constant pressure). 
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At 20 Mc/s, results i n nitrogen show that the breakdown 

f i e l d s at low pressures are similar i n magnitude to those 

encountered i n hydrogen at the same frequency and gap width. 

This may be regarded as evidence i n support of the analysis 

of the hydrogen results at low pressures, i n which breakdown 

i n i t i a t i o n was explained i n terms of a build-up of electron 

density through secondary emission at the electrode surfaces. 

Such a mechanism is dependent upon the nature of the eleotrodes 

rather than upon the nature of the gas and would give r i s e 

to similar breakdown values. 
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7 DISCUSSION OF RESULTS 

The d i f f u s i o n theory of breakdown proposes a 

breakdown mechanism whereby the rate of growth of electron 

popiilation w i t h i n a test gap, i s r e s t r i c t e d by a rate of 

deionization dominated by d i f f u s i v e losses of electrons from 

the system. Within the natural l i m i t s of the theory, Brown 

et a l . of M.I.T. have demonstrated the v a l i d i t y of the 

theory i n a v a r i e t y of gases i t frequencies i n the microwave 

region. 
29 

More recently, Prowse & Clark have v e r i f i e d by 

measurements at 9.5 Mc/s that the theory i s applicable to 

breakdown i n the radio-frequency region. 

Using microwave sources, decrease i n gas pressure w i t h i n 

an electrode system of given geometry re s u l t s i n an i n i t i a l 

decrease i n threshold f i e l d values. However, such decreases 

are not usually maintained below pressures of a few mm.Hg., 

since reduction i n pressure has the e f f e c t of causing departures 

from d i f f u s i o n theory requirements. Breakdown f i e l d s r i s e , 

because outside the d i f f u s i o n controlled region either the rate 

of electron loss i s increased or the rate of production becomes 

less e f f e c t i v e . Similar evidence of departures from the theory 

have been observed by several workers at radio frequencies. On 
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the other hand, measurements by Clark , at 9.5 Mc/s suggested 

that w i t h suitable electrode geometries the theory might hold 

at pressures below 1 mm.Hg., with a fu r t h e r decrease of 

breakdown f i e l d values below the minima obtainable i n the 

microwave region. 

The work here reported i n hydrogen shows that departures 

occur at somewhat lower pressures than have hitherto been 

reported. At 10 Mc/s analysis has indicated that the cut-offs 

may be a t t r i b u t e d to the fact that the amplitudes of electron 

movement can be no longer confined to the inter-electrode distance. 

Mobility capture greatly enhances the net rate of loss of electrons 

and demands an increase i n applied f i e l d strength to break down 

the gap. 

At 20 Mc/s breakdown f i e l d s decrease slowly w i t h reduced 

pressure ( a t f i x e d electrode separation) to an almost constant 

value. The absence of sudden changes i n breakdown f i e l d 

strengths and the lack of basic data regarding the properties 

of the electrode surfaces has led to a semi-empirical analysis 

of breakdown f o r low pressures at t h i s frequency. 

By w r i t i n g down the basic equation of electron motion 

i n an alternating f i e l d , a theor e t i c a l picture of breakdown has 

been b u i l t up i n terms of a to-and-fro movement of electrons 
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across the interelectrode space. Electron density i s 

considered t o increase largely by secondary emission from 

the electrode surfaces. At vey low pressures (corresponding 

to breakdown i n a 'vacuum') the f i e l d equations are i n agreement 
30 

with those of G i l l & Von Engel , who have explained the 

inception of electrodeless discharges at very low pressures i n 

terms of secondary emission from the walls of the glass 

discharge capsule. 

A basic requirement of breakdown under such conditions 

i s that electron motion be suitably phased w i t h respect to 

the sinusoidal applied f i e l d and that the interelectrode 

space be traversed i n a h a l f period of the supply. Assuming 

that breakdown occurs at a f i e l d value such that a net gain 

i n electron density i s j u s t maintained during each half period, 

knowledge of the secondary emissive properties of the electrodes 

would enable a c r i t i c a l t e s t of the theory to be made. As 

previously mentioned, t h i s has not proved possible. However, 

calculations of impact v e l o c i t i e s etc. suggest that the observed 

breakdown f i e l d values are s u f f i c i e n t to permit an increase i n 

electron populations, leading ultimately to breakdown. For the 

smaller electrode spacinga a modification to the s t r a i g h t ­

forward to-and-fro mechanism, i s proposed, whereby electrons 
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traverse the gap in. a half-period during which they r e s t r i k e 

the parent electrode. 

With increasing gas pressure, calculations 3how that f o r 

pressures below the region i n which the electron mean free path 

becomes comparable with the electrode spacing, breakdown behaviour 

approximates closely to 'vacuum' conditions. For f u r t h e r 

increase i n pressure, the mechanism becomes progressively less 

e f f i c i e n t and f a i l s when electrons make numbers of c o l l i s i o n s 

i n t r a n s i t across the gap. At the same time the amplitude of 

electron o s c i l l a t i o n ( i n the purely o s c i l l a t o r y sense) decreases 

wit h increasing pressure, giving r i s e , at pressures between 

about 10 " mm.Hg. to 5.10 mm.Hg. (depending on the gap 

spacing) to breakdown i n reasonable conformity with the d i f f u s i o n 

theory. Intermediate conditions have not been explained 

quantitatively but results indicate a smooth t r a n s i t i o n between 

the two. 

For a given electrode separation and f i e l d strength, the 

electron o s c i l l a t i o n amplitude (one half the t o t a l distance 

moved i n a half-cycle of the f i e l d , d ) i s given by equation 18, 

namely 
d e E x = e = p 
2 m (fit + V

 dY 
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Also V oc p. c 
The pressure at which an electron j u s t crosses a gap of 

length d, i n a half-period, thus increases as f i e l d frequency 

decreases. At 10 Mc/s pressures corresponding to d = d are 
e 

too high to give electrons s t r i k i n g the electrode faces 

s u f f i c i e n t energy to release surface electrons by secondary 

emission. Hence electrons s t r i k i n g the walls are l o s t from 

the system and 'cut-offs' occur. With 20 Mc/s o s c i l l a t i o n s , 

the corresponding pressures are low enough and hence impact 

v e l o c i t i e s s u f f i c i e n t l y high to permit suitably phased electrons 

to release further electrons from the electrodes. 

No t h e o r e t i c a l treatment was attempted f o r the r e s u l t s , 

i n other gases. Qu a l i t a t i v e l y results support the work i n 

hydrogen. At 20 Mo/s, f i e l d values at low pressures f o r 

corresponding electrode separations are very sim i l a r , supporting 

the view that breakdown i s not s i g n i f i c a n t l y influenced by the 

nature of the gas. The characteristic changes i n cut-off 

pressures at 10 Mc/s are as expected from considerations of 

departures from the d i f f u s i o n theory. 
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