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LIST OF PRINCIPAL SYMBOLS USED 

V = Peak value of breakdown p o t e n t i a l , v o l t s . 
,Vr = R.M.S. breakdown p o t e n t i a l , v o l t s . 
E = Peak value of breakdown s t r e s s , v o l t s cm~l 
Er = R.M.S. breakdown stress, v o l t s cm~l 
d = Electrode separation, mms. 
dc = C r i t i c a l electrode separation, mms. 
de = Amplitude of e l e c t r o n , o s c i l l a t i o n , mms. 
P = Gas pressure, mras. Hg. 
A = Wave-length of applied f i e l d , cms. 
f - Frequency of applied f i e l d cycles sec -1 

n = El e c t r o n density, c c . - l 
Vi = Frequency of i o n i s a t i o n , i o n i s a t i o n s , s e c ~ l 
Va = Frequency of el e c t r o n attachment, attachments, 

sec-1 
9f. = Townsends f i r s t i o n i s a t i o n c o e f f i c i e n t , 

i o n i s a t i o n s per e l e c t r o n , per cm. t r a v e l 
^ = Number of attachments per el e c t r o n per cm. 

t r a v e l 
D = D i f f u s i o n c o e f f i c i e n t f o r electrons, d i f f u s i o n s 

through 1 cm* seo~l 
= E l e c t r o n m o b i l i t y , v e l o c i t y i n u n i t f i e l d 

A = C h a r a c t e r i s t i c d i f f u s i o n length of electrons, cms. 



1. 
CHAPTER 1. INTRODUCTION 

1.1. General c o n s i d e r a t i o n j 3 

Knowledge of high-frequency breakdown has 
increased considerably i n recent years, and though 
s t u d i e s are being i n c r e a s i n g l y pursued from a purely 
p r a c t i c a l standpoint; much research has been devoted 
towards a b e t t e r understanding o f the fundamental 
mechanisms both preceding, and f o l l o w i n g , the passage of 
a luminous conducting channel i n a gas. I n t h i s chapter 
a b r i e f summary i s given of high-frequency^ breakdown, as 
r e l a t e d t o the work reported i n the t h e s i s . 

An e l e c t r i c a l discharge i n a gas r e s u l t s from 
the movements of large numbers of ions and electrons, and 
breakdown theory must p o s t u l a t e a mechanism whereby ions 
are m u l t i p l i e d w i t h i n the gas under the influence of an 
e x t e r n a l f i e l d . The p r i n c i p l e s of e l e c t r i c a l conduction 
i n gases may be studied by expressing the e l e c t r i c a l and 
o p t i c a l p r o p e r t i e s of the discharge i n terms of atomic data 
such as charge, mass, mean f r e e path, gas pressure etc. 

1 . 2 . (a.p. dlag^argep. 
Conditions are favourable f o r breakdown when 

the gain i n e l e c t r o n population due t o i o n i s a t i o n processes 
becomes equal to the loss of electrons from the system. 

16 MAR 1957 
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The primary f a c t o r governing the production o f electrons 
i s g e n e r a l l y c o l l i s i o n i o n i s a t i o n between electrons 
and gas molecules. I n a d.c discharge, the production 
rate/cm. t r a v e l (Townsend's oC ), i n a l i f e t i m e l i m i t e d by 
m o b i l i t y d r i f t t o the p o s i t i v e electrode i s i n s u f f i c i e n t 
t o account f o r the abrupt increase i n e l e c t r o n density 
immediately preceding breakdown, and a secondary source 
o f electrons i s necessary t o i n i t i a t e a discharge. 
I t was considered by Townsend (1947) t h a t secondary 
i o n i s a t i o n r e s u l t e d from a number of mechanisms, notably 
e l e c t r o n emission from the cathode due t o photon and 
excited-atom bombardment*, i o n i s a t i o n due, e i t h e r d i r e c t l y 
or i n d i r e c t l y , t o p o s i t i v e ions, and cathode emission 
due t o p o s i t i v e i o n bombardment. Experiments i n the 
1930's designed t o measure the magnitude of these 
secondary e f f e c t s were not successful, and led some 
workers t o r e j e c t the i n t e r p r e t a t i o n put forward by Townsend, 
and t o the i n t r o d u c t i o n of 'streamer' t h e o r i e s . 
Secondary electrons were considered t o be generated by 
p h o t o - i o n i s a t i o n due t o photons produced i n the el e c t r o n 

avalanche (Loefet & Meek (1940), Zeleney ( l 9 4 l ) ) ; such 
new electrons could i n i t i a t e new avalanches at points 
remote from the source of the photons, producing such a 
r a p i d propagation of the avalanche across the gap as t o 



exclude the p o s s i b i l i t y of secondary i o n i s a t i o n due t o 
the r e l a t i v e l y slow-moving p o s i t i v e i o n s . I n 1952 however 
a s e r i e s o f p r e c i s i o n measurements by Llewellyn Jones and 
h i s co-workers a t Swansea (1952 a, b & c) showed t h a t the 
development of a discharge could, i n f a c t , be explained 
s a t i s f a c t o r i l y by a mechanism o f the Townsend type. They 
concluded t h a t no s i n g l e secondary process can be, said t o 
dominate, t h e i r r e l a t i v e importance being governed by such 
f a c t o r s as cathode surface and geometry. Quantitative 
p r e d i c t i o n s o f breakdown using u n i d i r e c t i o n a l f i e l d s are 
t h e r e f o r e somewhat complex, since they r e q u i r e numerical 
data on the e f f i c i e n c y of i o n i s a t i o n due t o a number of 
processes. Breakdown r e s u l t i n g from the a p p l i c a t i o n of 
a high-frequency f i e l d , however, i s somewhat simple'in 
character. 

1.3* Breakdown w i t h a l t e r n a t i n g f i e l d s 
The breakdown c r i t e r i o n i n a gas stressed by 

an a l t e r n a t i n g f i e l d may be described by a f a i l u r e of 
the .equilibrium between the formation o f electrons w i t h i n 
the t e s t gap, and t h e i r e f f e c t i v e removal from the intense 
f i e l d r e g i o n . A s l i g h t l y higher f i e l d than t h a t necessary 
to balance the opposing processes w i l l cause breakdown to 
occur. 

At a given f i e l d frequency the physical nature 

o f e l e c t r o n generation, and hence the breakdown s t r e s s , 



i s a f u n c t i o n of pressure and nature o f gas, and the 
separation o f the electrodes. The importance of such 
a d d i t i o n a l terms as electrode shape and s i z e , and the 
nature o f the enclosing discharge chamber, has not been 
f u l l y r e a l i s e d u n t i l a comparatively recent date, and tends 
t o cloud some o f the e a r l y observations. 

h. f . breakdown may be broadly c l a s s i f i e d i n t o 
three main frequency bands, though the precise frequencies 
a t which these t r a n s i t i o n s occur, and the e f f i c i e n c y of 
e l e c t r o n i c processes l e a d i n g to breakdovm w i t h i n the ranges 
bounded by these t r a n s i t i o n s are functions of the 
parameters mentioned above. S t a r t i n g w i t h a gas at 
given pressure contained between f i x e d electrodes ( i . e . 
constant pd), breakdown a t low frequencies less than about 
10^ c/s i s s u b s t a n t i a l l y the same as f o r d.c. discharges. 
Considering f o r example a 1 cm. a i r gap a t atmospheric 
pressure (Morgan 1953)» the t r a n s i t times of electrons 
=it ' O sees, and even the slower-moving p o s i t i v e ions, 
•s^ I0~^ sees, are shor t compared w i t h the h a l f - p e r i o d 
o f the applied f i e l d , and breakdown occurs at the peak 
o f the voltage wave, a t a p o t e n t i a l s i m i l a r to t h a t under 
corresponding d.c. c o n d i t i o n s . This region i s defined 
as the low frequency, or l . f . region^ (Recent observations 
by Fucfes (1956) suggest t h a t breakdown at the high -
frequency end o f t h i s region i s characterised by a r i s e 



o f sparking p o t e n t i a l above the d.c. valu e ) . 
As the applied f i e l d frequency i s increased, 

the q u a s i - s t a t i c c o n d i t i o n i s followed by a progressive 
r e d u c t i o n of onset voltage t o a f a i r l y constant value. 
This lowering o f V i s explained by the incomplete 
removal o f p o s i t i v e ions d u r i n g a h a l f cycle o f the 
f i e l d . A p o s i t i v e space-charge w i l l therefore be 
b u i l t up s u f f i c i e n t to d i s t o r t the e l e c t r i c f i e l d 
w i t h i n the t e s t gap, producing enhanced values of oc 
(Reoikema, 1928), and correspondingly lowering the 
breakdown p o t e n t i a l . W i t h i n the frequency range 
d e s c r i b i n g these conditions high frequency ( h . f . ) 
breakdowp. i s said t o occur. 

When a frequency o f the order of 10 c/s i s 
reached, a f u r t h e r lowering o f V, r e l a t i v e l y much 
grea t e r than before, i s encountered, due t o the non-
removal o f electrons during each h a l f - c y c l e o f the f i e l d . 
T heir accumulation w i t h i n the gap increases the i o n i s i n g 
e f f i c i e n c y o f the gas and consequently a lower f i e l d i s 
necessary t o i n i t i a t e a discharge. At f a r higher 
frequencies, ̂  10 c/s, a f u r t h e r t r a n s i t i o n i s reached 
when the frequency o f c o l l i s i o n between electrons and 
gas molecules approaches the same order o f magnitude as 
the f i e l d frequency. Here the electrons make many 
o s c i l l a t i o n s / 6 o l l i s i o n and t h e i r i n a b i l i t y to i o n i z e i s 
charac t e r i s e d by a sudden increase i n V. 



6. 

I n the region where the amplitude of electron 
o s c i l l a t i o n i s confined to the inter-electrode 
space* ultrahigh frequency, or u.h.f. breakdown, i s 
said to exist. 

1.4. High-frequency breakdown 
The region i n which positive ion space-

charge affects the sparking potential has been 
investigated quite thoroughly i n a i r and hydrogen. 
Some of the early work was inconclusive because of the 
r e l a t i v e l y low frequency range then available, and i n 
some cases unreliable, owing to non-uniformities i n f i e l d 
d i s t r i b u t i o n (caused by undesirable electrode shapes), 
and contamination of the gas by mercury vapour. The 
l a t t e r would tend to give spurious values of breakdown 
p o t e n t i a l due to the Penning (1927) e f f e c t . Recent 
observations by a number of workers, however, notably 
Seward (1939), Ekatrand (1940), Pim (1949) and Bright 
(1950), confirm a gradual lowering of onset voltage up 
to 13% below the corresponding 50 c/s value. 
Quantitative i n t e r p r e t a t i o n of results i n this region 
are complicated by the inherent f i e l d d i s t o r t i o n w i t h i n 
the gap, though the breakdown c r i t e r i o n has been derived 
approximately by both Pim and Bright. 

1.5 . Ultrahigh-frequency breakdown 
Under u.h.f. conditions, with electrons 



o s c i l l a t i n g w i t h i n the gap, the secondary sources of 

electrons necessary f o r the i n i t i a t i o n o f a d.c. 
discharge, are no longer a p r e r e q u i s i t e of breakdown. 
Except at very low pressure the production of electrons 
i s c o n t r o l l e d almost e n t i r e l y by i o n i s a t i o n caused 
by c o l l i s i o n s between electrons and gas molecules. 
The breakdown c o n d i t i o n at w.h.f. i s thus less 
complicated than at lower frequencies or d . c , and may 
be defined i n terras of the generation o f electrons by 
primary i o n i s a t i o n and t h e i r loss by one or more of a 
number of removal processes. 

The t r u e nature of the u'-.h.f. t r a n s i t i o n was 
f i r s t established by G i l l and Donaldson (1931)» who 
used a long c y l i n d e r i c a l discharge tube arranged 
e i t h e r p a r a l l e l , or at r i g h t - a n g l e s to the external 
electrodes. Breakdown observations using both 
c o n f i g u r a t i o n s showed a minimum i n the V-p curves; 
the transverse arrangement also r e s u l t e d i n a second 
minimum, caused by electrons o s c i l l a t i n g w i t h i n the 
confines of the gap. 

Since 19^6 a considerable body of experimental 
evidence has accumulated of breakdown i n the microwave 
reg i o n , using both pulsed and sustained o s c i l l a t i o n s a t 
frequencies up t o 10,000 Mc/s. A q u a n t i t a t i v e p i c t u r e 
o f breakdown under s p e c i a l i s e d c o n d i t i o n at these 
frequencies has been developed by H e r l i n and Brown (1948) 
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i n the United States; discussion o f r e s u l t s i n t h i s 
f i e l d i s reserved u n t i l l a t e r . 

1.6. Low-pressure breakdown 
At low gas pressures, the mean fr e e 

path o f electrons becomes large compared w i t h the 
dimensions of the c o n t a i n i n g vessel, and c o l l i s i o n 
i o n i s a t i o n becomes h i g h l y u n l i k e l y . Using exte r n a l 
electrodes, breakdown under these conditions has been 
st u d i e d by G i l l and -vem Engel (1948). Discharges 
are i n i t i a t e d by electrons generated by d i r e c t 
e l e c t r o n bombardment of the w a l l s . Because of t h i s 
the breakdown p o t e n t i a l i s shown t o be independent 
o f the nature of the gas, but i s a f u n c t i o n o f the 
nature of the walls of the c o n f i n i n g vessel. 

1.7» The experimental problem -u^.h.f. breakdown 
mechanism \ 

Conditions are g e n e r a l l y favourable 
f o r an e l e c t r i c a l discharge i n a gas when the r a t e o f 
increase of e l e c t r o n population due t o c o l l i s i o n 
i o n i s a t i o n becomes equal t o the loss of electrons 

from the system. I n a d.c discharge, t h i s loss i s 
due p r i m a r i l y t o the m o b i l i t y motion due to the steady 

f i e l d . Under i ^ . h . f . c o n d i t i o n s , however, e l e c t r o n 
removal must be accounted f o r by such fac t o r s as 

d i f f u s i o n , recombination and attachment. 
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I n the d i f f u s i o n theory, developed by 
H e r l i n and Brown (1948), d i f f u s i o n i s considered 
t o be the l o s s mechanism c o n t r o l l i n g the discharge^ 
and i t i s possible t o c a l c u l a t e the breakdown f i e l d 
by equating the gain i n e l e c t r o n density due to 
c o l l i s i o n i o n i s a t i o n t o removal by d i f f u s i o n . 
The theory has b e e n s a t i s f a c t o r i l y tested i n a 
v a r i e t y o f gases a t microwave frequencies.. Subject 
t o c e r t a i n l i m i t s , discussed by McDonald & Brown 
(1949), the f a c t o r s involved i n a d i f f u s i o n - c o n t r o l l e d 
system should be independent o f frequency, and a 
wide a p p l i c a t i o n o f the theory over a considerable 
frequency range might be expected. An analysis 
o f the r e s u l t s o f several workers, i n p a r t i c u l a r 
those o f Githens (194-0) and Thomson (1937), at 
frequencies up to 100 Mc/s shows s a t i s f a c t o r y 
agreement w i t h the d i f f u s i o n theory when treated w i t h 
respect to the proper v a r i a b l e s . On the other hand, Pim 
(1949), has obtained data at 200 Mc/s which suggest 
t h a t breakdown s t r e s s i s independent of electrode 
separation i n the ur.h.f. region. This i s at variance 
w i t h the d i f f u s i o n theory, which demands a dependence 
o f breakdown s t r e s s on gap wi d t h . Pim confined h i s 
measurements t o a i r , and the discrepancy may p a r t l y 
be explained by considering electron attachment t o the 
oxygen atoms present. However, the p o s s i b i l i t y of 
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V.h.f. breakdown stress being a c h a r a c t e r i s t i c of 
the gas independent of gap width has been supported 
by the r e s u l t s of-P'ucks, firaf & Muller (1956), and 
Prowse and Lane (1955)* I n the l a t t e r case, r e s u l t s 
o f an e x p l o r a t o r y nature suggested constancy of 
breakdown s t r e s s i n both a t t a c h i n g and non-attaching 
gases a t frequencies up t o 10 Mc/s. 

The s i t u a t i o n has been f u r t h e r obscured 
by breakdown measurements i n v o l v i n g s h o r t - d i ^ t i o n 
i r . h . f . pulses. Under breakdown conditions governed 
by d i f f u s i o n an e l e c t r o n may be considered t o have a 
mean l i f e - t i m e d u r i n g which i t achieves a Brownian 
d r i f t t o the electrodes or l a t e r a l l y out of the 
s t r o n g f i e l d r e gion. A discharge w i l l occur i f during 
i t s l i f e t i m e an e l e c t r o n creates at l e a s t one new ion 
p a i r by c o l l i s i o n i o n i s a t i o n ; thus i t would be 
expected t h a t the time taken f o r an appreciable growth 
o f e l e c t r o n density t o be considerably greater than 
the mean life°/an e l e c t r o n . Oscillographic measurements 
o f breakdown i n a number o f polyatomic gases by Prowse 
& J a s i n s k i (1951), however, have established t h a t a 
discharge can occur i n time i n t e r v a l s the order of 
10"^ sec. a f t e r the a p p l i c a t i o n of the f i e l d , too 
sho r t f o r electrons to have d i f f u s e d from the gap. 
Again pulsed measurements by Labrum (1947) suggest a 
mechanism whereby the onset of a discharge i s governed 
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by the b u i l d up of e l e c t r o n population to a 
c e r t a i n c r i t i c a l value, without any removal taking 
place. 

I n view o f the anomalies i n breakdown 
behaviour presented above,, i t was decided to make 
a systematic i n v e s t i g a t i o n o f t r . h . f . breakdown i n 
a number of gases, both monatomic and diatomic, 
a t t a c h i n g and non-attaching, using properly 
p r o f i l e d p a r a l l e l p l a t e electrodes, and a frequency 
range a d m i t t i n g of d i r e c t measurement of applied 
v o l t a g e . 

y-̂ The work reported i n t h i s t h e s i s describes 
a'..h.f. breakdown i n hydrogen, ni t r o g e n , neon and 
a i r , and i s concerned p r i n c i p a l l y w i t h the i n t e r p r e t a t i o n 
o f the breakdown measurements i n terms o f the mechanisms 
preceding the onset of a discharge. 
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F i g , 2. General View of Apparatus. 

(a) 
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CHAPTER 2. APPARATUS 

The e s s e n t i a l p a rts of the f i n a l apparatus 
developed are shown schematically i n P i g . l . Care 
was taken i n design t o allow v a r i a t i o n , over as wide 
a range as possible, o f a l l the important parameters, 
namely: 

Pressure and nature of the gas. 
Electrode separation and s i z e . 
F i e l d frequency. 

A p r e r e q u i s i t e of breakdown i s t h a t a 

t r i g g e r i n g , or casual, e l e c t r o n be present w i t h i n the 

gap. A s u i t a b l e means of i r r a d i a t i o n was therefore 

employed capable o f s a t i s f y i n g t h i s c o n d i t i o n . 

The general l a y - o u t o f the apparatus i s shown i n 

Pigs. 2 (a) and ( b ) . 

2.1. The discharge chamber and accessories 
A glass p i p e l i n e formed the basis o f the 

discharge chamber, the complete apparatus being shown 
M n Pig.3. The electrodes were c e n t r a l l y s i t u a t e d 
i n the chamber, t h e i r spacing being varied by the use. 
o f s p e c i a l l y - c o n s t r u c t e d bellows, and measured by 
micrometer heads r e f e r r e d t o s t e e l b a l l s sunk i n t o 
the top of threaded shafts i n t e g r a l w i t h the bellows. 



Pig. 3« Discharge Chamber, Electrodes, and Accessories. 
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2»1»1» T^e discharge chamber 
!nie chamber, Pig» 4» consisted o f 

a t h i c k - w a l l e d Pyrex p i p e l i n e , 6" long and 3" diameter, 
s p e c i a l l y made at the Wear Glass Works, Sunderland. 
The h o r i z o n t a l open ends, fine-ground and p a r a l l e l 
t o one another, were vacuum-sealed to mild s t e e l 
base p l a t e s using the epoxy r e s i n A s a l d i t e 103 (Johnson 1954)• 
These metal=glass unions remained le a k - f r e e f o r a period 
o f two years. 

Continuous c i r c u l a t i o n o f gas i n 
the system was ensured by p r o v i d i n g two o u t l e t vents 
i n the discharge chamber* One of these openings, 
c e n t r a l l y s i t u a t e d , also provided a path f o r the 
i r r a d i a t i n g pulses, whose generation i s described i n 
Section 2«6.2« Access t o the i n t e r i o r o f the chamber was 
made possible by a 3" diameter glass window, n o m a l l y 
sealed by a ground glass cover p l a t e . 

2.1.2. V a r i a t i o n of electrode separation 
An e s s e n t i a l feature of discharge 

chamber c o n s t r u c t i o n was t h a t electrode spacing be 
va r i e d without d i s t u r b i n g vacuum c o n d i t i o n s . For t h i s 
reason the s i l v e r - s t e e l shafts c a r r y i n g the electrodes 
were attached t o a p a i r o f bellows. F i g . 5, whose 
end connections were designed to the requirements o f 
the system t o allow v e r t i c a l traverse of the s h a f t s . ,̂  



Pig. k» The Discharge Chamber. 

F i g . 5. Electrodes and Supporting Arrangement. 
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The bellows were made by N e g r e t t i & Zambra Ltd., 
and incorporated the f o l l o w i n g f e a t u r e s . 

Each p a i r consisted of a stack o f 9 Cu/Be 
diaphragm capsules. The normal working d e f l e c t i o n / 
capsule, .05", gave a t o t a l movement (and hence 
maximum electrode s e p a r a t i o n ) of .9" at 22.5 nms. 

The ends of each stack were not of the 
normal type. At one end was: 
( i ) A r i n g o f metal, height 3/l6", thickness 

.015", and i n t e r n a l diameter .8", used t o 
seal the open end o f the bellows to the 
i n s u l a t i n g bush c e n t r a l l y s i t u a t e d i n each 
base p l a t e . 

( i i ) A c e n t r a l bush, 3/8" diameter, to support 
the electrode s h a f t . 

At the other end: 

( i ) An i n t e r n a l thread 1/4" B.S.F., and .3" 
deep, i n t o which the sha f t was screwed. 

( i i ) , A s t e e l s p i n d l e , e x t e r n a l l y threaded 3/8" 
B.S.F. and of length 2|", which passed 
through a clearance hole i n a r i g i d s t e e l 
p l a t e and c a r r i e d two s p e c i a l nuts, 
bevelled c i r c u m f e r e n t i a l l y and s i t u a t e d 
one on e i t h e r side o f the support. 
This provided a s u i t a b l e means of compressing 
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or c o n t r a c t i n g the bellows, and 
hence varying the electrode 
separation. 

2.1.3. Measurement o f electrode separation 
Micrometer heads w i t h a v e r t i c a l 

t r a v e r s e were used t o measure the electrode 
separation, and r e f e r r e d to the s t e e l b a l l s , 
cemented i n t o 90° counter-sinkings, at the 
top of each s p i n d l e . The micrometers were 
s u i t a b l y adjusted at zero gap width, t h i s 
p o s i t i o n being determined e l e c t r i c a l l y using a 
d.c. voltage source and m i l l i a m e t e r . 

2.1.4. Vacuum and other considerations 
I n a l l the breakdown experiments, 

measurements were taken w i t h the discharge chamber 
p a r t i a l l y evacuated. Since the s t e e l shafts passed 
through the bellows t o the chamber, a small gas leak 
from the bellows to the chamber was i n e v i t a b l e . 
To overcome t h i s , i t was decided to ensure t h a t the 
gas pressure w i t h i n the bellows be at a l l times the 
same as t h a t i n the discharge chamber, and a device 
s i m i l a r to t h a t used by IHiomson (1937) was adopted. 
The shafts were hollowed-out along t h e i r axes, and 
r a d i a l s l o t s then d r i l l e d at s u i t a b l e p o i n t s . 
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p r o v i d i n g an adequate gas vent between the chamber and 
bellows. 

The chamber and f i t t i n g s were mounted on 
a r i g i d earthed s t e e l s t r u c t u r e . High-frequency 
f i e l d connections were made t o the bellows and tr a n s m i t t e d 
i n t h i s way t o the electrodes. A l l other metal parts o f 
the system were earthed to the supporting s t r u c t u r e . 

2.2. Rogowskl p r o f i l e d electrodes. 

2.2.1. Importance o f c o r r e c t p r o f i l i n g 
I n breakdown measurements employing 

simple p l a n e - p a r a l l e l disc electrodes, an undesirable 
non-uniformity o f e l e c t r i c f i e l d d i s t r i b u t i o n arises from 
'edge' e f f e c t s at the periphery o f the electrodes. 
P r o f i l e s o f s p e c i a l shape, however, have been derived 
by Rogowski (1923) t o simulate a p a i r of i n f i n i t e 
plane conducting sheets, and so g r e a t l y reduce t h i s 
source o f e r r o r . Such p r o f i l e s were used i n a l l the 
breakdown measurements and are mushroom-shaped surfaces 
w i t h plane tops joined t o the stem by t r a n s i t i o n surfaces 
o f g r a d u a l l y i n c r e a s i n g curvature. 

2.2.2. Construction o f p r o f i l e s 

S o l i d brass c y l i n d e r s were used as 

the electrode m a t e r i a l , p r o f i l e d to the c o r r e c t shape i n 

a l a t h e by o p t i c a l l y p r o j e c t i n g the image of the electrode 



P i g . 6(a) Apparatus f o r c o n s t r u c t i o n of Rogowski P r o f i l e s 
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surface on t o a d i s t a n t screen upon which were drawn 
• 

Rogowski p r o f i l e s of d i f f e r e n t sizes, corresponding 
t o the diameter o f each set o f electrodes r e q u i r e d . 
A diagram of the apparatus i s shown i n Pig. 6 ( a ) . 
Such f a c t o r s as lens m a g n i f i c a t i o n , distance between 
lens and screen, optimum i l l u m i n a t i o n , e t c , were 
determined by a set of p r e l i m i n a r y experiments. 

The p r o f i l e envelopes dravm on the screen 
were constructed from a Master P r o f i l e contained i n 
a r e p o r t by Jones (1953)* scaled t o give surfaces 
o f the required s i z e . 

A f t e r c a r e f u l l y a l i g n i n g the various components 
the electrode m a t e r i a l was f i l e d i n the l a t h e u n t i l 
the image of the p r o f i l e almost coincided w i t h i t s 
corresponding surface dravm on the screen. 
Coincidence was then approached using succeedingly 
f i n e r graides o f emery paper, and f i n a l l y by metal 
p o l i s h . Given p a i r s of electrodes were then ground 
w i t h alumina, i n conjunction w i t h a reference f l a t , 
u n t i l plane top surfaces were obtained. 

An i n t e r n a l screw thread was sunk i n t o the 
back of each electrode.: f o r attachment to the s t e e l 
s h a f t s ; t o reduce o v e r a l l weight the electrodes were 
hollowed out as f a r as p o s s i b l e . TyPlcal electrodes 
are i l l u s t r a t e d i n Pigs. 6 ( b ) and 6 ( c ) . Four p a i r s 
o f electrodes were used; t h e i r dimensions are given i n 
Table 3* 
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2*3• The vacuum system and pressure measurement. 

2.3.1* Main vacuum system 

The vacuum system. Figs. 7 & 8» 
was designed t o f u l f i l the f o l l o w i n g requirements: 

( i ) Be s u i t a b l e f o r use w i t h d i f f e r e n t 
gases. 

( i i ) Have p r o v i s i o n f o r p i p e t t i n g small 
volumes o f gas i n t o the system. 

( i i i ) Have an accurate means o f measuring 
pressure. 

( i v ) Be f r e e from mercury contamination. 

Wide-bore I ^ r e x glass was used 
throughout the system t o ensure a high pumping speed; 
stopcocks were vacuum-tested wit h 10 mms. plug bores 
and sealed hollow plugs. Standard pumping procedure 
was adopted, the backing pressure being derived from 
a 'Speedivac' r o t a r y o i l pump, and the fiire-vacuum from 
a single-stage 'Metrovac' o i l d i f f u s i o n pump, g i v i n g 
an u l t i m a t e vacuum o f 10~5 mms.iig., w i t h a pumping 
speed o f 7 l i t r e s s e c ~ l . Permanent ground j o i n t s 
were sealed w i t h b l a c k Apiezon wax; the stopcocks 
were treated w i t h Dow Coming high vacuum grease. 
Two gas o u t l e t s i n the discharge chamber ensured 
continuous c i r c u l a t i o n o f gas through the apparatus. 

A d.c. discharge tube was used 
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to give, a rough, i n d i c a t i o n 0 f yacut^ i n 
e i t h e r the t e s t or d i f f u s i o n pump sides o f the system, 
the glow discharge 'blacking out' below a pressure 
o f about 10~2 mms.lig. The tube was stressed by a 
7 Kv. d.c. supply, w i t h l a r g e series r e s i s t o r s 
t o l i m i t the c u r r e n t . 

Gas occlusion on the walls was reduced as 
f a r as possible by passing a Tesla c o i l along the 
system, and the electrodes cleaned by maintaining 
a low pressure glow discharge between them. Liquid 
n i t r o g e n traps were also incorporated. 

A f t e r sustained pumping f o r 2-3 hours, a 
'black' discharge could be maintained, w i t h the pumps 
shut o f f , f o r a period o f time f a r exceeding the 
d u r a t i o n o f an e xperimental run. 

2.3.2. Gas supplies 
Provision was made f o r the i n l e t o f 

d i f f e r e n t gases i n t o the apparatus v i a the p i p e t t i n g 
system shown i n Pig. 8. S p e c t r a l l y pure supplies of 
the gases used were provided by the B r i t i s h Oxygen 
Company i n 1 l i t r e glass containers. The a i r used was 
d r i e d by bubbling through concentrated sulphuric acid 
contained i n Dreschel b o t t l e s , and f i n a l l y through a 
glass wool t r a p to c o l l e c t any spray before being 
p i p e t t e d i n t o the.system, as shown i n Pig. 7» 
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Hydrogen could also be generated by the electrolysis 

of barium hydroxide i n a similar manner to that 

used by Thomson (1937); i n practice, however, this 

method was seldom adopted* 

2.3»3» Pressure measurement 

In order to avxDid mercury contamination 

of the gas resulting i n the undesirable (Penning(1927) 

e f fec t , d i f f e r e n t i a l gauges were used fo r pressure 

measurement. Fig 9 (a)» shows the modified Bourdon 

gauge, most frequently used i n the experiments. 

The gauge was calibrated against a mercury manometer 

situated i n the reference side of the vacuum system, 

using the following procedure. 

( i ) The inner portion of the gauge was evacuated by 

the test side of the vacuum system. 

( i i ) The outer casing of the gauge, sealed;to the 

reference side of the apparatus, was also 

evacuated. Since no pressure difference 

existed between the inner and outer 

compartments the gauge then read zero; 

the mercury manometer registered atmospheric 

pressure. 

( i i i ) A small quantity of a i r was admitted into 

the reference side via a fine je t , and 

readings taken of both the Bourdon gauge 
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and mercury manometer. Further readings 
. . were then taken u n t i l a i r i n the reference 

side reached atmospheric pressure, 
( i v ) The calibration curve so obtained is 

given i n Pig.10. The curve is seen to 

be linear from 400 mms.Hg. down to 15 

mras.Hgj below which the gauge became less 

sensitive. For this reason low pressure 

measurements were taken using the Dial 

Gauge described below. 

A small moving bellows gauge. Pig. 9 (b), was 

also used, though on account of i t s l imited range i t 

was u t i l i sed mainly to indicate equality of pressure 

between the test and reference sides of the system i n 

the above calibration. 

Low pressures were recorded on a direct-reading 

Edwards Model CGI Dial Gauge. 

2.4. y^e Q§glU^1^9r 
Preliminary measurements were taken i n 

hydrogen using a simple tuned-amode tuned-grid osci l lator , 

but for the majority of gases the peak voltage available, 

1000 V , was insuf f i c i en t to break down the test gap i n the 

w.h. f . region. 

A second osci l la tor was therefore used. 
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based on an ex-R.A.P. Transmitter T.115Vk, and 
suitably modified. Details of the osci l lator are 
given i n Appendix 1. 

Ma:d.mum voltage across the test gap can best 

be developed by using a tuned c i rcu i t c r i t i c a l l y 

coupled to the dr iving osc i l la tor . This is shown i n 

Pig. 11. 1*2 formed the output elements of the 

osc i l l a to r . 0x3 variable, and I12 could be set i n 

one of nine positions using 32. The oscillations 

developed across I12 C^^ were transferred to the tuned-

element Ir j 0^6 ^17 using the magnetic coupling loop 

M. A single loop of 13 gauge wire was employed, and 

formed part of the inductive element of the c i r c u i t . 

The setting-up procedure was as follows. 

The master osci l lator was tuned to the 

required frequency (normally 9*5 Mc/^c ) , L2 aiid C13 

then being adjusted to give the approximate condition 

f o r resonance, the accurate setting then being 

effected by the trimming condenser C15. The position 

of M was then adjusted for c r i t i c a l coupling and the 

coupling element L3 0-^^ 0x7 ^^^^^^ to the frequency 

of the master osc i l la tor . Pinal tuning for maximum 

output voltage was then performed using the trimmer 

0x7* Under experimental conditions, Ô j and 0x6 

were pre-set i n the positions described above, the 
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voltage required being coarsely and f i n e l y 

adjusted by G13 and C15 respectively. Working 

under these conditions, the power iniput associated 

with a given pre-breakdown voltage across the 

electrodes was as small as possible. 

' A maximum voltage, of 2,200 volts,peak was 

obtainable, the amplitude remaining constant at 

any required value. 

2.3* Tifr? V9?.tag9 M^^gyiyjLpfi g^rg^iil; 

The output voltage was measured by employing 

a diode voltmeter c i rcu i t similar to that used by 

G i l l & Von Engel (1948), being based on two VR.78 

diodes and an electrcBbatic voltmeter, the reading 

of the l a t t e r being half the peak voltage applied. 

This method has disadvantages at both low voltages 

(cramped scale) and high frequencies (Williams 1952), 

but was found to work quite sa t i s fac tor i ly . 

The electrodes AB, Pig.12, formed part of 

the osci l latory c i rcu i t L5 C^g, tuned by C^g 

to the frequency of the osci l la tor as previously 

described. Sect. 2.4* To ensure that the diodes 

had a very small inter-electrode capacitance, 

indirectly-heated valves of the acorn type (VE.78) 

were used. The anodes were connected to A «& B and 



24. 

both cathodes joined to the mid-points of two 
2 M-ĵ  resistances. These resistances were 
s u f f i c i e n t l y large not to disturb the oscillatory 
c i r c u i t but passed ample current to work the voltmeter. 

The mid-point M being a potential node, 

when a voltage Esioot ig applied across AB the 

potentials between T2 and A or B is ± ^ Csinwfc 

with peak values±-^E. The valves pass current u n t i l 

at the peak there i s no voltage across the valve, 

which results i n the voltmeter reading 5E. 

Screened leads were used, arranged so that no 

E.M.P. was induced i n them from the generator. 

Since the scale of an electrostatic voltmeter 

i s cramped at i t s lower end, three voltmeters of 

d i f f e r en t ranges were used i n the breakdown 

experiments. Oalibration cU?v^ for the meters are given 

i n Chapter 7» 

( i ) Ayrton-Mather electrostatic voltmeter (low range) 

This instrument covered a voltage range 

0-130volts . , and was sensitive above 4O vol ts . 

Measurements i n neon and low pressure hydrogen were 

recorded using this meter. 

( i i ) Ayrton-^rtather electrostatic voltmeter (medium 
. range) 

This voltmeter was most commonly used i n the 

breakdown experiments, being sensitive i n the range 100-

600 vo l t s . 
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( i i i ) Pye Scalalamp electrostatic voltmeter (high 
, EsassI 

Having a sensitive range from 500-2,000 

vol ts , this instrument was used f o r recording high-

voltage breakdown. The scale was calibrated i n 100 

vol t intervals only (compared with 5 volt intervals 

i n ( i i ) and 1 volt intervals i n ( l ) above,) and to 

enable intermediate voltages to be read with accuracy 

the measuring c i r cu i t was modified to the form shown 

i n Pig.13. The voltage developed across the 

potentiometer by the 120 vo l t s . H.T. battery was 

used to bias the electrostatic voltmeter and so 

return i t to nearest 100 vol t in terval , the bias 

voltage being measured on the test meter V2* Since 

the electrostatic meter passed no current, flow was 

confined to the closed c i rcu i t consisting of the 

potentiometer and H.T. source, and never exceeded 

1mA . The test meter recording the bias had a 
- I 

resistance of 20,000-^ volt and passed very l i t t l e 

current. The divideJ;; f rac t ion of the voltage 

across A B could therefore be added or subtracted to 

the r ec t i f i ed voltage by closing S .̂ 

This provided a precise method of sub

divid ing the electrostatic voltmeter scale, and 

enabled small variations i n breakdown voltage to be 

i d e n t i f i e d . 



Fig« l U . The I r radia tor Spark Gap 

DlSCHfll^SE CHflMBEfc 

IRKADIA,TC^ EARTH. 
P u c s E . -I- -

SflS O o U E T Cvuf^o£;? iCf l ' -

CoPrEK Sl.E£VE 

PER Le/«o 

S L A S S T U B E . 



26. 

2.6. I rradiat ion 

2.6.1 T(ie i r radia t ing spark gap 

A necessary prerequisite of breakdown 

i s that a triggering, or casual, electron be present 

wi th in the test gap. S ta t i s t ica l time lags 

associated with a discharge are usually determined by 

the a r r i va l of this electron. The condition may 

be achieved by photo^irradiation of the gap. 

I r radia t ion by small radio-active capsules placed 

behind an electrode is favoured by many workers, 

but the poss ib i l i ty of secondary electrode effects 

cannot be overlooked i n this case. Mid-gap 

i r rad ia t ion by means of a small subsidiary spark 

i n a side-arm of the discharge chamber was therefore 

used; i t has already been shown by Prowse & Lane 

(1955) that i f such a spark i s generated at a 

suitable distance from the gap, onset values of 

breakdown stress are unaffected and s t a t i s t i c a l 

lags considerably reduced. 

The i r radiator spark-gap, shown i n 

Pig . 14, had cylinderical steel electrodes urtiich 

enabled i t s position to be moved magnetically i n the 

side-arm without disturbing the enclosing vacuum. 

Leads of thick copper wire connected the 

electrodes to the spark gap; the glass tube 



Fig, 1 5 . Neon, 9 . 5 Mc/s, Breakdown Potential as a 
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joining the two electrodes served as insulation 
and prevented auxil iary sparking. High-voltage 
recurring pulses, su f f i c ien t to break down the 
gap, were applied to a pair of external copper 
sleeves, concentric with the electrodes, and 
the pulses transferred to the electrodes by 
capacitative coupling through the dividing glass 
wal l of the side-arm. Subsidiary glass arms 
f i t t e d to the i r radiator tube by-passed the 
electrodes and f a c i l i t a t e d evacuation of the 
apparatus. 

Breakdown observations in a number of 

gases confirmed that onset potentials were 

unaffected by i rradiator position i n the 

neighbourhood of that commonly used (28 cms. 

from raid-gap). Tjrpical results fo r neon are 

given i n Pig.l5« 

2.6.2. Irradiator pulsing c i rcui t 

The c i r cu i t , designed to supply 

high voltage pulses of known frequency to the 

i r rad ia tor spark gap, is given i n Pig . l6 . 

A t r a in of negative pulses from the multivibrator, 

whose pulse recurrence frequency as governed by the 

G.R. time of the grid c i r cu i t , was normally 1,000 

pps. passed to the control grid of the power pentode 



Fig . 16. I r radia tor Pulsing Circui t 
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PT.15* Assuming the pentode to be o r i g i n a l l y 

i n a conducting s t a t e , the a r r i v a l o f the leading 

edge o f a pulse at the g r i d \ras s u f f i c i e n t to cause 

c u t - o f f . The anode of the pentode being 

i n d u c t i v e l y loaded w i t h a heavy duty (4 Kv.') choke, 

L., the change i n current caused by c u t - o f f induced 

an E.M.P. Ldi across i t . At the end o f the pulse 
d t 

from the m u l t i v i b r a t o r , the valve reverted once 

again t o i t s conducting s t a t e . High-voltage pulses 

were t h e r e f o r e developed i n the anode c i r c u i t of the 

pentode at a frequency deteiTnined by the pulse 

recurrence frequency of the m u l t i v i b r a t o r . An 

earthed c o a x i a l feed c a r r i e d the pulses, v i a the 

i r r a d i a t o r switch t o the e x t e r n a l sleeves o f the 

i r r a d i a t o r spark gap. 
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CHAPTER 3* 

BREAKDOWN IN HYDROGEN 

The breakdown measurements i n hydrogen f a l l 

i n t o t hree main groups: 
( a ) the v a r i a t i o n o f breakdown stress 

w i t h electrode separation and gas 
pressure 

( b ) the v a r i a t i o n o f breakdown stress 

w i t h gas pressure f o r d i f f e r e n t 

electrode geometries, using f i x e d 

gaps 

( c ) low pressure breakdown measurements. 

3 » 1 » Experimental procedure 
The procedure adopted was f a i r l y -

standard f o r each o f the gases used* A f t e r pumping 
down the t e s t side o f the vacuum system f o r two 
t o three hours, using the d i f f u s i o n pump, backing pump, 
and l i q u i d n i t r o g e n t r a p s , samples of hydrogen were 
successively p i p e t t e d i n t o the system, and allowed to 
c i r c u l a t e before being flushed out by the pumps. 
F i n a l l y a pure sample o f the gas, at the required 

pressure was introduced. A f t e r the u l t r a - v i o l e t 



I 
o 

• 
CO 
© 
o 
U 
•p 
o 
0) 

iH 

• 
o 

•H 
• -p 
03 
P̂  
CtJ 
P-
03 
W 

O 

o 
su +3 o 

iH 

-P 
•H 

CO 
CO 
03 
u p 
CO 

o 
• 

CO 
\ , cd 
o 

m i n 
• <w 

o 

o 
o •H 
bO -P 
O OS 
u •H 

!>j > 
* 

• 
•H 

CO 

»0 

E 
e 
•I 

O 

£ 
£ 

<5 

I- TJ 
0 

• t 

to 

hs9 

0 

•J 
LLl 

2. c 
s 
of 

8 
N 

^ 3 F 

I • 
g 
oo 

o o 0 o o 
o 0 

>0 

0 
0 N J ^ 



30. 

i r r a d i a t i n g source had been switched on a small 

f i e l d was applied to the gap. This stress was 

increased i n small regular steps u n t i l breakdown 

occurred. 

The threshold voltage f o r breakdown was 

determined by re-applying the f i e l d a t a s l i g h t l y 

s maller amplitude than t h a t at which breakdown had 

occurred, t h i s process being repeated u n t i l the 

minimum value was found. I t was found necessary 

t o wait a minute or two between successive readings 

t o allow the gas t o 'recover'. S t a t i s t i c a l 

lags were encountered, u s u a l l y of the order o f 

seconds. These times were r e l a t i v e l y shorter i n 

hydrogen than i n the other gases i n v e s t i g a t e d , 

agreeing q u a l i t a t i v e l y w i t h measurements by Prowse 

& J a s i n s k i ( 1 9 5 2 ) . 

3 . 2 . V a r i a t i o n of breakdown stress w i t h electrode 
gep^ratipp Ftfl? pr^ggupe. 

A t y p i c a l f a m i l y of curves r e l a t i n g 

peak breakdown stress and electrode separation at a 

frequency o f 9 .5 Mc/s i s shown i n P i g . l 7 « I n each 

case an increase i n the electrode spacing causes a 

r a p i d f a l l - o f f i n stress up t o a c e r t a i n c r i t i c a l 

value o f the gap da.':,-, d i f f e r e n t f o r each pressure, 

beyond which the onset s t r e s s decreases slowly w i t h 
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i n c r e a s i n g gap w i d t h . Measurements i n gaps 
gre a t e r than the c r i t i c a l value, Mo,, r e f e r to 
t r u e w.h.f. breakdown, the electrons o s c i l l a t i n g 
w i t h i n the .gap each h a l f - c y c l e o f the applied f i e l d . 
The separation d e c corresponds to the p o i n t at 
which electrons j u s t reach an electrode as the 
e l e c t r i c f i e l d reverses i t s s i g n . 

The increase i n stress a t shorter gaps i s due 
to the f a l l - o f f i n i o n i s i n g e f f i c i e n c y r e s u l t i n g 
from the removal o f electrons t o the electrodes. 
Nevertheless i o n i s a t i o n i n t h i s region i s s t i l l 
more e f f e c t i v e than i n the corresponding d.c. case, 
because the slower-flioving p o s i t i v e ions are notremoved. 
The space-charge so b u i l t up i s s u f f i c i e n t t o d i s t o r t 
the f i e l d and so produce 'enhanced' values o f oL 

(Reukema 1928 ) . 

3 * 2 . 1 . Numerical c a l c u l a t i o n s o f e l e c t r o n ambits 

R e f e r r i n g once more to c o n d i t i o c e i n the 
t r . h . f . region, the t o t a l amplitude o f electron 
o s c i l l a t i o n ( e l e c t r o n ambit) may be c a l c u l a t e d a t 
any p o i n t on a p a r t i c u l a r curve from the breakdown 
data and a knowledge o f the el e c t r o n d r i f t v e l o c i t y . 
The e l e c t r i c f i e l d may be w r i t t e n as Et = Epsinwt, 
and i f i t i s assumed t h a t the e l e c t r o n d r i f t v e l o c i t y 
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i s i n jyjace w i t h the f i e l d v a r i a t i o n , then: 

= Vsiout. 

The e l e c t r o n ambit, - J e . , defined as the distance 

t r a v e l l e d i n one h a l f - c y c l e o f the f i e l d , i s given by: 

t, fc. 
t 

I 

= z 
/ V^inut.oLfc 

2^ _ 0 

The qu a n t i t y V must now be replaced by data a v a i l a b l e 

from the breakdown curves, namely E and p. G i l l and 

Van Engel (1949) point out that the value of V at the 

peak o f E/p i s the d e c i s i v e f a c t o r . Accurate 

v a l u e s o f d r i f t v e l o c i t y i n hydrogen are not 

a v a i l a b l e for the e n t i r e range of E/p measured; 

however a s u f f i c i e n t l y accurate r e l a t i o n s h i p can be 

deduced by e x t r a p o l a t i n g the r e s u l t s of Bradbury 

and Nielson (1936), and may be presented a s : 

M J S S x I o ^ . f / .U = I fSxIo"". Ey cms. 

The t r a n s i t i o n from h . f . to ir . h . f . c o n d i t i o n s must 

i n e v i t a b l y occur at a f i n i t e range of gap width 

r a t h e r than at an i d e a l c r i t i c a l value, due to a 
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d i f f u s i o n spread o f electrons crossing the gap. 
A 'step' i n the E-d curves would t h e r e f o r e be 
expected, a t the bottom end o f ̂ ioh e l e c t r o n 
removal would be complete. The top o f the 'step' 
i s not c l e a r l y i n d i c a t e d i n the hydrogen r e s u l t s , 
and c a l c u l a t i o n s o f e l e c t r o n ambits, Table 1, are 
based on breakdown data a t poi n t s wherB the curves 
begin t o smooth out. 

TABLE 1. CAICUIATI0N3 OF ELECTRON AMBITS 

E de(ca/e.) 
ninis. mms. 

820 26 31 .4 3 . 7 5 

1400 54 38 .6 4.45 4 .5 

2280 114 2 .0 2.3 3 . 8 

2560 139 1.9 2.2 

1 
4.0 

I t i s seen from the t a b l e t h a t thecalculated values 
o f d.c. are i n each case numerically less than the 
elec t r o d e separation. Hence e l e c t r o n removal o f 
these points i s complete and at these and la r g e r gaps 
breakdown i s under u.h.f. c o n d i t i o n s . 



Pifi« 18. Hydrogen, 9»5 Mc/s, V a r i a t i o n of Breakdown S t r e s s 
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3 • 2 . 2 . Q u a l i t a t i v e i n t e r p r e t a t i o n of hydrogen 
r^g^Xt9y , 

Before discussing the r e s u l t s i n 
a q u a n t i t a t i v e manner, i t i s possible from the 

geometry of the curves t o o b t a i n some inf o r m a t i o n 
regarding.the breakdown.mechanism. A ' d i r e c t 

J comparison-with the r e s u l t s o f Browse & Lane (1955) 
and Pucks (1956) immediately shows a s i g n i f i c a n t 

d i f f e r e n c e i n the form o f the curves, f o r whereas 
the r e s u l t s o f Pig.17 show a small but steady 

decrease i n E w i t h i n c r e a s i n g d. Prowse and Lane 
found breakdown stress to be independent of p l a t e 

s e p a r a t i o n i n the u.h.f. r e g i o n . As stated i n 
the i n t r o d u c t i o n , t h e i r observations were o f a 
p r e l i m i n a r y nature, and the anomalous r e s u l t s 
may p o s s i b l y be a t t r i b u t e d t o f i e l d d i s t o r t i o n at 
the edges o f the electrodes. Moreover, i f i n 
f a c t vi.h.f. breakdown stress was a c h a r a c t e r i s t i c of 
the gas independent o f gap width, i t would be 
necessary f o r the E-P curve to e x h i b i t a single 
s t r a i g h t l i n e f o r a l l gaps i n the i i . h . f . region. 

Measurements were taken employing the variables, 
and are given i n Pig.18. I t i s evident from these 
r e s u l t s t h a t the breakdown s t r e s s , though a l i n e a r 
f u n c t i o n o f pressure f o r any given gap, nevertheless 
decreases w i t h i n c r e a s i n g d, supporting the r e s u l t s 
o f P i g . l 7 * 
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Since a gas breaks down when the gain i n 
e l e c t r o n density caused by i o n i s a t i o n j u s t exceeds 
t h e i r l o s s , a discharge i s c o n t r o l l e d by the 
r e l a t i v e magnitudes o f the removal processes. I n 
a d.c. discharge, t h i s loss r e s u l t s p r i m a r i l y from 
t c a p t u r e by the electrodes caused by the 
u n i d i r e c t i o n a l f i e l d . Under a.h.f. conditions 
where electrons remain w i t h i n the gap, t h e i r loss 
must be accounted f o r by such f a c t o r s as d i f f u s i o n , 
recombination and attachment. Hydrogen i s a 
non-attaching gas. Recombination, discussed l a t e r 
( 3 . 4 ), should only become important at pressures 
of atmospheric order and above, f a r greater than those 
employed. The d i f f u s i o n o f electrons i n the 
d i r e c t i o n o f the negative concentration gradient 
towards the electrodes or away from the intense f i e l d 
r e g i o n , must now be considered. 

An analysis^ o f the r e s u l t s i n the l i g h t o f the 

D i f f u s i o n Theory proposed by H e r l i n & Brown (1948) 

i s t r e a t e d i n Section 3«5»3L» but i t i s at once 

evident t h a t the form o f the curves do not c o n t r a d i c t 

the conception o f a loss mechanism c o n t r o l l e d by 

d i f f u s i o n . I n p a r t i c u l a r , reference may be made to 

the l o w e r i n g o f the breakdown f i e l d at l a r g e r 

separations, c l e a r l y shown i n Figs . ^ 1 7 & 18. 
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This lowering would be expected i n a d i f f u s i o n -
c o n t r o l l e d system, since e l e c t r o n losses are 
n e c e s s a r i l y lower at l a r g e r separations. 
Such a r e d u c t i o n i s a f a c t demanded by the 
D i f f u s i o n Theory. 

3 . 3 * General considerations at u l t r a - h i g h 
frequencies. 

Under u.h.f. c o n d i t i o n s , w i t h an 
e l e c t r o n able t o move only a f r a c t i o n of the 
distance between the electrodes during a h a l f -
c y c l e o f the applied f i e l d , the phy s i c a l mechanisms 
governing both production and removal of electrons 
d i f f e r from the corresponding d*c. case. 
Electrons accelerated by a u n i d i r e c t i o n a l f i e l d 
r e t a i n most of t h e i r k i n e t i c energy during t h e i r 
s c a t t e r f o l l o w i n g c o l l i s i o n s w i t h gas molecules, 
since the mass of the molecule i s large compared 
w i t h t h a t o f the e l e c t r o n . The mndomly-directed 
v e l o c i t i e s immediately a f t e r c o l l i s i o n c o n t r i b u t e 
n o t h i n g t o the f l o w o f electrons i n the f i e l d 
d i r e c t i o n . Only the small component o f v e l o c i t y 
i n the d i r e c t i o n o f f i e l d c o ntributes t o an 
e l e c t r o n c u r r e n t . 

The motion o f electrons i n a v.h.f. 

f i e l d must be considered i n terms of two components. 
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the o s c i l l a t o r y d r i f t motion and the 
random motion due to s c a t t e r a t c o l l i s i o n s . 

I t i s inherent t h a t at high frequencies 
and/or low pressures, electrons w i l l tend 
t o o s c i l l a t e out o f phase w i t h the f i e l d , 
and the t r a n s f e r o f energy from f i e l d to 
elec t r o n s w i l l be incomplete. 

The e f f i c i e n c y of energy 
t r a n s f e r , a f u n c t i o n o f applied frequency 
and c o l l i s i o n frequency, was f i r s t studied 
by G i l l and Donaldson (1931)» and more 
r e c e n t l y by Margeneau (1946) who derives 
an ' e f f e c t i v e f i e l d ' Eg , r e l a t e d t o the 
applied f i e l d by the equation: 

Ft^ - C o l l i s i o n P«-«<joencij o f «J*ctvons. 
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The f r a c t i o n a l loss i n energy i s thus governed by 
the magnitude o f P . fo varies w i t h pressure, and 

Fc 
t o some extent w i t h the gas used. 

I n hydrogen, f o r example, f c = 1.02 x 10^ p sec--'-
(see s e c t i o n 3 . 5 . 2 . ) . At microwave frequencies the 

f r a c t i o n £, i s thus q u i t e large, but at the 
f c 

frequency, 9*5 Mc/s, and pressures (always >• 1 mn.llg'), 
used i n the experiments, i t s maximum value given by: 

i s s m a l l enough t o be neglected. 
Breakdown under the conditions described above 

occurs vdien the net gain i n e l e c t r o n population 
due to c o l l i s i o n i o n i s a t i o n j u s t exceeds the net lo s s . 
Under the experimental c o n d i t i o n s , the f a c t o r s most 
l i k e l y to c o n t r i b u t e to e l e c t r o n removal are 
recombination and d i f f u s i o n . 

3•4" Recombination under experimental conditions. 
The extent t o which volume recombination 

between electrons and p o s i t i v e ions influences the 
growth o f primary i o n i s a t i o n has been st u d i e d by a 
number o f workers, notably Brown (1948) , under 
c o n d i t i o n s s i m i l a r t o those used, who conclude t h a t 
the density o f the e l e c t r o n cloud at breakdown i s 
low enough f o r recombination e f f e c t s w i t h i n the volume 
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o f the gas (the r a t e o f which i s p r o p o r t i o n a l t o 
the square o f the i o n concentration) t o be 
neglected. The problem has been treated 
t h e o r e t i c a l l y by Hartman (1948). An i n f i n i t e 
medium was considered ( i n which d i f f u s i o n losses 
are, by necessity, zero) and breakdown computed 
w i t h volume recombination as the c o n t r o l l i n g 
mechanism. Such a system would require extremely 
h i g h gas pressures and very l a r g e , widely-spaced 
p l a t e s - conditions w e l l removed from the 
experimental range considered. 

Three-body recombination a t the walls o f the 
discharge chamber and the electrode faces would be 
expected to occur more r e a d i l y , but since an 
e l e c t r o n would need to be transported there by a 
d i f f u s i v e process such e f f e c t s need not be considered 
here. 

Removal by d i f f u s i o n w i l l now be considered and 
i t w i l l be shown i n the f o l l o w i n g sections th a t the 
r e s u l t s obtained i n hydrogen may be i n t e r p r e t e d by 
ap p l y i n g the D i f f u s i o n Theory t o breakdown at lu.W.f, 
frequencies. 

3 . 5 . Breakdown i n hydrogen i n terras o f a d i f f u s i o n -
controi;Led mechanism 

( T h e o r e t i c a l considerations i n t h i s s e c t i o n 

are based on that contained i n the paper by B e r l i n 

and Brown (1948)) . 



39. 

3 . 5 . 1 . p^ff^s^pQ l ^ e o r y 

I f e l e c t r o n losses before 
breakdown are assumed to be due t o d i f f u s i o n 
processes alone, the breakdown c r i t e r i o n a t 
u l t r a - h i g h frequencies lends i t s e l f t o mathematical 
treatment i n a r e l a t i v e l y simple manner. Such 
a theory has been proposed by H e r l i n & Brown (1948) 

t o e x p l a i n breakdown a t microwave frequencies. 
Considering the f l o w of electrons from a volume o f 
hig h concentration, the t o t a l flow o f p a r t i c l e s 
may be w r i t t e n as: 

where: = e l e c t r o n c u r r e n t d e n s i t y , electrons 
sec"-'- cm~2 

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

n = e l e c t r o n density 
The second term i n Bqn. 3 .1 . i s 

i n s e r t e d t o include the p o s s i b i l i t y of non-
u n i f o r m i t y i n the f i e l d r e s u l t i n g i n a k i n e t i c -
energy gradient (C.H. Kennard 1938). The b u i l d 
up o f i o n i s a t i o n l e a d i n g to breakdown may be 
studied by considering the c o n t i n u i t y equation 
f o r e l e c t r o n s . Under the experimental c o n d i t i o n s 
employed, t h i s may be w r i t t e n as: 
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i s the i o n i s a t i o n rate per e l e c t r o n , i . e . the 

number o f new i o n p a i r s formed w i t h i n the gap i n 

u n i t time by one e l e c t r o n ) . 

The o r i g i n a l electrons i n the i n t e r -
e l e c t r o d e space (provided by a f l a s h o f u.v. 
from the i r r a d i a t o r ) may be included as an 
a d d i t i o n a l term i n the above equation, but since 
they are no longer necessary once c o l l i s i o n i o n i s a t i o n 
has set i n , w i l l not be included here. 

S u b s t i t u t i n g the value o f given i n Equation 3 . 1 . , 
I I d 

and l e t t i n g ^ = Dn (the current d e n s i t y p o t e n t i a l ) : 

1) i> 

As the e l e c t r i c f i e l d i s raised a point i s 
reached where the i o n i s a t i o n j u s t replaces d i f f u s i o n 
l o s s e s . Any increase i n the f i e l d w i l l then cause a 
f a i l u r e i n the e q u i l i b r i u m , and the breakdown c r i t e r i o n 
may thus be d e f i n e d by the c o n d i t i o n : 

I n e x p l a i n i n g the r e s u l t s a t 9 .5 Mc/s by a 

d i f f u s i o n - c o n t r o l l e d mechanism, i t i s f i r s t necessary 

t o e s t a b l i s h t h a t c e r t a i n assumptions, basic to the 

D i f f u s i o n Theory, are j u s t i f i e d under the experimental 
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conditions used. Tbese l i m i t s to the theory, 

( BroTvn & McDonald 1949,) are conveniently analysed by 

r e f e r r i n g the breakdown data to a set of proper 

var iables . 

The breakdown f i e l d at high frequencies i s a 

f u n c t i o n of gas pressure ( ) , wavelength ( ^ ) , and 

a parameter A describing the electrode conf igura t ion . 

A very use fu l set o f variables invo lv ing the 

fundamental un i t s , vo l t s andcentimdtt^es i s : 

E A , f> A , -cL p X 

The analogy between these variables and those 

f a m i l i a r to d.c. i s r e a d i l y seen, EA = V, 

pA s pd; f Xj has no meaning i n d.c. The length 

parameter A i s cal led the character is t ic d i f f u s i o n 

length , and i s a measure o f the l i f e - t i m e of an 

e lect ron i n the gap as l i m i t e d by d i f f u s i o n either 

to the electrodes or l a t e r a l l y away from the intense 

f i e l d region. 

3.3*2. Examination of d i f f u s i o n theory l i m i t s 

( i ) m^97^ l l tail^ 

The so lu t ion of Eqn. 3»4» f o r the case 

o f a uniform f i e l d may be given as; 
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Where A = Constant, x = Distance, from one 
electrode to some point i n the gap. A l i m i t 
exis ts to th i s uniform f i e l d condi t ion i n that 
the size of the discharge vessel must be able to 
sustain a s ingle loop of a standing wave of the 
f i e l d . 

This may be w r i t t e n as: 

or X ^ 2-TrA the l i m i t being 

described by equa l i ty . 

The largest value o f 2'irA , calculated from 

Section 3»5»3.» i s I . 3 cms. When th i s i s 

compared w i t h the wavelength of osc i l l a t ions at 

the highest frequency used, X = 3»150 cms. i t i s 

seen that the uniform f i e l d l i m i t i s readi ly 

complied w i t h , 

( i i ) Mean f r ee path l i m i t 

The d i f f u s i o n theory i s not applicable where 

the electron f r ee path becomes comparable w i t h the 

dimensions o f the discharge tube. 

That i s , i n a l l cases: 

A > 

The mean f ree path may be obtained from the 

r e l a t i o n " / f ^ , where Pc = c o l l i s i o n 

p r o b a b i l i t y . 
p A V Hence: P A > 4" 
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Using the value of Pc measured by Erode (1933)» 

the cond i t ion becomes: 

lu9 

I t can be seenfl»om Table 2 that at the extreme 

pressure and plate separations used, the m . f . p . 

i s always very small compared w i t h the d i f f u s i o n 

l eng th . 

M P g ^m pATp m i y 

(JJondition f o r . 
mean-free path 

l i m i t 
p A > 

p , rr\rn . . cms p A . 

26 0.215 5.6 

54 0.194 10.4 

114 0.155 17.6 

139 0.155 21.5 

( i i i ) Cf fUig ipn fregyi^npy tp^ngi t ipp 

A f u r t h e r departure from d i f f u s i o n -

governed breakdown occurs when the c o l l i s i o n 

frequency, ^4 = ^rr Pt , between electrons and gas 

molecules equals the f i e l d frequency. 

The pressure at which th i s occurs 

(corresponding to the change from many co l l i s i ons per 

o s c i l l a t i o n to many osc i l l a t i ons per c o l l i s i o n ) can 
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be approximately predicted from the formula 

f c = p\̂ Pc 

where \) i s the random ve loc i t y corresponding 

to the average electron energy. 

Using Tpwnsend's (1947) value f o r V, given as 5 .x 10^ 

cm. sec."-'-, and the value of Pc given i n ( i i ) above. 

f c = 1*02 X lO^p 

This i s the l i m i t i n g case and f o r the theory to apply: 

f c < 1.02 X 10^ p 

P y f c mma • l i g 
1.02 X 10^ 

In se r t i ng the maximum frequency used, 9.5 Mc/s. 

p ) • 1.02 X 10"^ mms.H-g. 

Since the minimum pressure used was above 1 mms.lig, 

i n no case was the imposed l i m i t approached. 

3*5.3* AppXiQ t̂?U 1̂?y 9t (^iffii^igfi 
I n a d.c. discharge breakdown curves as 

a func t ion o f pressure (at constant gap width) or 

electrode separation (at constant pressure) are of ten 

drawn as Paatfien Curves, i n which breakdown voltage, 

V = Ed, i s p lo t ted against pd. I t i s found that a l l 

such curves have the same shape, i . e . the breakdown 

voltage at a given value of pd. i s independent of 

e i the r p or d . The same quantit ies can be related 

to high-frequencies, and Pig.19 shows V plot ted against 
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pd f o r a va r i e ty of pressures and electrode 
separations a t 9*5 Mc/s. A minimum indicates a 
po in t on a pa r t i cu l a r curve where the electron 
ambit just f i l l s the tube. I t i s seen that 
i n the v . h . f . region the breakdown curves be 
approximately p a r a l l e l to one another but do not 
coinc ide . The amplitude of V at a f i x e d value of 
pd i s thus dependent upon the r e l a t i v e magnitudes 
o f p & d. Ttiia i s consistent wi th the demands of 
the d i f f u s i o n theory, i n which breakdown voltage i s 
a f u n c t i o n of electrode separation. 

I t i s more informative ' ^ • h . f . , however, 

to express breakdown i n terms of the proper variables 

derived by McDonald & Brown (1949)» and i n th i s way 

a d i r e c t test o f the D i f f u s i o n Theory may be made. 

I n a d i f f u s i o n - c o n t r o l l e d discharge the dis t inguishing 

fea ture i s that the l i f e - t i m e of an electron i n the 

gap i s l im i t ed by i t s removal by d i f f u s i o n to the 

boundaries, namely, the electrode faces or l a t e r a l l y 

out o f the intense f i e l d region. This l i f e - t i m e 

may be expressed d i r ec t i n terms of the parameter A , 
which f o r a p a r a l l e l plate electrode system i s a 

f u n c t i o n of electrode diameter and gap wid th . 

I f breakdown i n a pa r t i cu l a r system i s d i f f u s i o n 

con t ro l l ed , p lo ts of e f f e c t i v e breakdown voltage (E A ) 
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(against pA give a unique curve, the magnitude 

o f E A at any point being independent o f the 

r e l a t i v e values o f \ or p . This provides a 

quant i t a t ive tes t o f the a p p l i c a b i l i t y of the 

d i f f u s i o n theory. I f d i f f u s i o n i s the removal 

mechanism of electrons, then plots of E A 
against p A f o r various pressures and electrode 

configurat ions should ^ v e a smooth continuous 

curve, values of A having been computed on the 

assumption that the mean l i f e of an electron created 

i n the gap i s l i m i t e d by d i f f u s i v e processes alone. 

Calcula t ion of D i f f u s i o n Lengths 

The charac ter is t ic d i f f u s i o n length of an 

e lect ron may be calculated exactly f o r the p a r a l l e l 

p la te spark-gap used i n the experiments. 

At short gaps, electron removal to the 

electrodes dominates, -sriiereas f o r larger separations 

l a t e r a l d i f f u s i o n away from the intense f i e l d region 

i s the important f a c t o r . 

Incorporating both these terms, the d i f f u s i o n 

length A may be w r i t t e n , (Brown & McDonald 1949) as: 

where ' a ' i s the radius of the electrodes. 



0 

<D 

o 
-p o 
<D 

H 



47« 

For a given pa i r o f electrodes the d i f f u s i o n 

length i s consequently a func t ion of electrode 

separation. The'A'-type Rogowski-profiled electrodes 

used i n the above experiments were of maximum diameter 

3.69 cms. and uniform f i e l d diameter 2.67 cms. 

La te ra l losses were considered to be e f fec t ive a f t e r 

the electrons had d i f fused from the uniform f i e l d 

boundary. 

Inse r t ing the appropriate value o f 'a', i n 

equation 3» 6..'J a curve was constructed. F ig . 20, w i t h 

d i f f u s i o n length p lo t ted as a func t ion of electrode 

separation. 

V a r i a t i o n of B A w i th v A 
By computing the breakdown data i n tenns of E A 

and pA , the series of curves displayed i n P ig . 2 1 . , 

was constructed. I t can be seen that points i n the 

lA.h . f . reg ion l i e on a common curve, approximately 

s t r a i g h t , which can be drawn so that.no experimental 

point varies from i t by more than 4?S. Each 

d i s con t i nu i t y appearing describes the condi t ion that , 

as the electrode separation i s decreased at a given 

pressure, a point i s reached \rtiere the electron ambit 

f i l l s the tube. 

The results agree wi th the d i f f u s i o n theory i n 

that points i n the t r . h . f . region l i e on a smooth 

continuous curve, and i t i s evident that breakdown i n 
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hydrogen at 9*5 Mc/s i s con t ro l l ed by d i f f u s i o n processes-

V^y^ftttop gf gA Y4th, pX 

At high frequencies a f u r t h e r variable must be 

considered, the wave-length X of the applied 

o s c i l l a t i o n s . This term may be included as the 

parameter p X • 

•Where the data f o r a set of breakdown measurements 

includes frequency va r i a t i on as we l l as va r i a t i on o f 

p ijb d, a three-dimensional p lo t may be made of the 

variables E A » p/y andi j>X , and the data may be 

represented by a single surface. Within the u . h . f . 

frequency range, bounded at one end by the c o l l i s i o n 

frequency t r a n s i t i o n and at the other by the electron 

ambit l i m i t , there i s no reason to expect any va r i a t ion 

o f E / V wi th p X . This has been demonstrated by 

several workers, and i s c l ea r ly shown on the so l id 

modSl constructed by Brown (1955)• 

The frequency v a r i a t i o n was not included i n the 

hydrogen resu l t s , but a set o f measurements. Pig.22, 

were taken at a constant frequency of 5»5 Mc/s showing 

the same pat te rn as those at the higher frequency. 

Spot values from the 5*5 Mc/s results are included i n 

P i g . 21, these are seen to l i e on the general curve, 

and indica te that breakdown i n the radio frequency region 

i s independent of X . 
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3 .6 . E f f e c t of varying the electrode size 

3 . 6 , 1 . imppptance i n view of previous results 

Ihe resul ts of varying the gas pressure 

and electrode separation, discussed i n Sections 3.2 -

3 .5 . , indicated that breakdown i n hydrogen i n the 

i r . h . f . region i s control led by d i f f u s i o n . 

I n these experiments one important parameter, the 

size of the electrodes,was kept.constant. 

Since the magnitude of the electrode radius plays 

an i n t e g r a l part i n c o n t r o l l i n g the l a t e r a l 

d i f f u s i o n of electrons, p a r t i c u l a r l y at large 

p la te separations, i t was considered that a series 

o f breakdown measurements involv ing electrodes of 

various sizes was essential as a confirmation of 

the a p p l i c a b i l i t y of the d i f f u s i o n theory i n the 

i V i j j h ^ r frequency range. 

3 .6 .2 . ExperjLmental considerations 

Electrons of four d i f f e r e n t sizes 

were employed, a l l p r o f i l e d to the Rogowski 
f 

pa t t e rn . Their method of construction has been 

described i n Section 2.2. The di f ference i n 

size between the largest and smallest pa i r of 

electrodes used was made as great as possible, 

the upper l i m i t being r e s t r i c t ed by the diameter 

o f the Pyrex discharge chamber. 
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Table 3 tabulates the dimensions of the 

electrodes employed, the l e t t e r s appearing 

i n the le f t -hand column are introduced to 

discr iminate between separate pa i r s . 

TABLE 3 . R0G0W3KI - PROPIIxED ELECTRODES 

Electrode Mater ia l 
- brass 

Electrode 
Type 

A 

B 

C 

D 

Maximum 
diameter Cms. 

3.69 

3.15 

1.58 

0.63 

Unifora 
f i e l d , 
diameter Cms . 

2.67 

2.06 

0.9 

0.39 

I t was decided to observe breakdown as a func t ion of 

pressure at two gap separations, 7*62 mras and IO.16 mms., 

f o r each pai r of electrodes, making a t o t a l of eight 

sets o f readings. •The character is t ic d i f f u s i o n 

length f o r each set o f conditions was calculated by 

transforming equation 3.6 i n t o the form: 

A 

and the calculated values shown i n Table 4. 
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TABLE CHARACTERISTIC DIPFUSION LENGTHS 

Electrode 
Type 

A, cms 
(d=7.62 
mms. ) 

A , cms 
(d=10.l6 
mms* ) 

A 0.215 0.2792 

B 0.205 0.2585 

C 0.146 0.162 

D 0.0748 0.0775 

3 » 6 . 3 . Experimental resul ts 

(1) At d -':7^62-mms.- The fami ly of curves 

shown i n Pig.23 are the runs taken f o r the 

d i f f e r e n t electrode sizes at a constant electrode 

separation of 7*62 mms. The voltage required 

to break down the gap at constant pd i s seen to 

increase progressively wi th deci^easing electrode 

diameter. This i s an expected trend i n a system 

governed by d i f f u s i o n ; electron losses by l a t e r a l 

d i f f u s i o n being necessarily greater from the 

smaller sized plates, a greater stress i s needed 

to i n i t i a t e a discharge. 

( i i ) At d = 10.16 mms. Similar sets of measurements. 

P ig 24, were observed when the separation was increased 

to 10.16 mma. A comparison of breakdown f i e l d s 
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between s i m i l a r electrodes separated by the 
d i f f e r e n t gaps shows t h a t a smaller s t r e s s was 
necessary t o i n i t i a t e breakdown i n the l a r g e r 
gaps* This phenomenon has already been 
encountered - F i g IS - and may be explained by 
con s i d e r i n g r e l a t i v e d i f f u s i o n losses t o the 
el e c t r o d e s . 

3.6.4. Presentation o f r e s u l t s w i t h respect 
to the proper v a r i a b l e s . 
When the breakdown measurements are 

presented as functions o f E A and p A , Pig. 25> 

the data l i e on a continuous curve w i t h i n the 

l i m i t s o f experimental e r r o r (Section ? ) • 

Results taken f o r the d i f f e r e n t electrode sizes 

and separations over-lap one another over a 

considerable range. 
These r e s u l t s confirm t h a t u.h.f. breakdown i n 
hydrogen at u>,:hijf(i frequencies i s governed by 
a mechanism i n which the growth o f e l e c t r o n 
p o p u l a t i o n w i t h i n the gap due to c o l l i s i o n i o n i s a t i o n 
i s r e s t r i c t e d by the d i f f u s i o n of electrons, (a) to 
the electrode faces and ( b ) l a t e r a l l y out of the 
intense f i e l d region i n t o the surrounding gas 
and u l t i m a t e l y t o the w a l l s o f the discharge 
chamber. The r e l a t i v e magnitudes o f e f f e c t s (a) 
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and ( b ) are functions o f electrode s i z e and 
separation. 

3«7» Low pressure breakdown 

3»7»1» Value o f low pressure data 
The range o f gas pressure studied 

i n the experiments described, 10 rams - 130 rams., 
enabled an i n t e r p r e t a t i o n o f breakdown to be 
made over a wide range o f the variables involved. 
A . f u r t h e r parameter f r e q u e n t l y used i n gas discharge 
s t u d i e s i e the reduced value o f the e l e c t r i c f i e l d , 
E^tVp* and i t i s u s e f u l t o discuss breakdown i n 
terms o f t h i s q u a n t i t y . This applies i n p a r t i c u l a r 
t o studies o f i o n i s a t i o n c o e f f i c i e n t . At high 
pressures, E/p at breakdown was found to change 
o n l y slowly f o r considerable changes of p^ , 
and at the highest pressures used approached the 
constant value E = 10 p. Studies of i o n i z i n g 
e f f i c i e n c y were t h e r e f o r e confined t o a range 
B^yp l i m i t e d from 10 - 20, and gr a p h i c a l 
p r e s e n t a t i o n o f such r e s u l t s were u n s a t i s f a c t o r y 
owing t o the i n s e n s i t i v e nature of the curves. 
Breakdown measurements were thus recorded at 
r e l a t i v e l y low pressures, where small changes i n 
p would cause s u b s t a n t i a l v a r i a t i o n s i n En/p. 
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3»7»2. Experimental detai I s 
The Bourdon Gauge, normally used 

f o r pressure measurements, proved unsuitable 
f o r r e c ording low pressures, being rather 
i n s e n s i t i v e below 1 5 mms.H.g (See c a l i b r a t i o n 
curve. Section 2»3»3*)» As a r e s u l t , a new 
gauge was f i t t e d t o the vacuum system - the Pye 
C C j . 1 D i a l Model. The scale, c a l i b r a t e d from 
0-40 m i i i s . l i g . , was l i n e a r throughout the range. 
Below 3 mms.Hg., the i r r a d i a t i n g spark i n the 
side-arm o f the discharge chamber became d i f f u s i v e 
i n nature and spread considerably. The i n t e n s i t y 
was reduced by a d j u s t i n g the output impedance 
o f the m u l t i v i b r a t o r c i r c u i t (Section 2 .6.2.) 

and so lowering the amplitude o f the i r r a d i a t o r 
p u lse. Subsidiary observations, described i n 
Section 2 . 6 . 1 . , established t h a t the breakdown 
f i e l d remained unaffected by these 0hahges. 
3.7.3 . Results o f low pressures 

Breakdown measurements at three 
electrode separations are presented i n Fig* 26, 

as functions o f gas pressure i n the range 0.3 mms.Hg 
- 20 mms.tig. The curves e x h i b i t the same general 
p a t t e r n as those at higher pressures. Minima l 
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correspond to the e l e c t r o n ambit j u s t 
f i l l i n g the tube; the progressive 
l o w e r i n g of onset f i e l d w i t h i n c r e a s i n g gap 
separation i s again a r e s u l t o f the slower 
removal o f electrons by d i f f u s i o n . 

3.7.4. High-frequency i o h i s a t i o n c o e f f i c i e n t 
The e f f i c i e n c y of i o n i s a t i o n i n a 

gas subjected to an e l e c t r i c f i e l d i s conveniently 
described i n terms o f an i o n i s a t i o n c o e f f i c i e n t . 
I n a d.c. f i e l d the primary c o e f f i c i e n t of 
i o n i s a t i o n (Townsend's oO i s defined interms of 
the e l e c t r o n d r i f t motion towards the p o s i t i v e 
e lectrode, by the number o f new electrons 
created by an e l e c t r o n t r a v e l l i n g one centimeter 
i n the f i e l d d i r e c t i o n , 
i . e . 

or ^ = ^ 

oc i s thus the 
number o f new 
electrons produced 
(by c o l l i s i o n 
processes) i n each 
cm. o f the gap, and 
hence may be w r i t t e n 
as: e/ = :>L 

IT 

V 

V 

Re w r i t i n g t h i s as i o n i s a t i o n s / v o l t : 

But since 
V 

Where 
= Average ele c t r o n 

d r i f t v e l o c i t y 
And 
= i o n i s a t i o n rate 

per e l e c t r o n 
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r El. 
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Under w.h.f. c o n d i t i o n s , the d r i f t v e l o c i t y 
o f electrons i s produced by d i f f u s i o n instead 
o f m o b i l i t y motion, and a 'high frequency' 
i o n i s a t i o n c o e f f i c i e n t may be introduced (Brown 
1951), analagoHs t o the f i r s t Townsend 
c o e f f i c i e n t ^ 5 • 

For p a r a l l e l p l a t e electro_des: 
t . (1) 

Hence w i t h u n i t e V o l t - 2 . . S.*?. 

Numerical values o f ^ were computed from the 
low pressure breakdown data, and are presented 
i n F i g 27., as a f u n c t i o n of Et</p. The curves 
correspond t o breakdown at the three d i f f e r e n t 
gap widths. A f u r t h e r set o f values i s 
included, taken from the higher pressure 
measurements ., Section 3 .2 . 

The curves f o m a common envelope at low values 

o f Erv^p, corresponding t o high pressures when 

the electrons make many c o l l i s i o n s / o s c i l l a t i o n s . 

As Eii^/p increases thef curves begin to diverge; 
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f o r a given value of E'^p the i o n i s i n g e f f i c i e n c y 
i s greater at the l a r g e s t value o f p l a t e 
separation, i n d i c a t i n g once again the r e l a t i v e 
decrease i n d i f f u s i o n losses w i t h increasing d. 
Typ i c a l cases are i l l u s t r a t e d i n Table 5. 

TABLE 5. HIGH-FREQUENCY I0NI3ATI0H COEFFICIENT 

•"Ep/P "• h Volts-2 

d = 15.24 
mms 

d = 12.7 
mms. 

d = 7*62 
mms. 

13 7 X 10-5 7 X 10-5 7 X 10-5 

16 2.2 X 10-^ 1.9 X 10-k 1.5 X 10-4 

20 4.6 X 10-^ 4.2 X 10-4 3.1 X 10-4 

25 7.2 X 10-4 6.7 X 10-4 4.6 X 10-4 

These curves may be used t o p r e d i c t breakdown i n 
system using d i f f e r e n t f i e l d c o n f i g u r a t i o n s . 

3.7 .5 . Low values of breakdown f i e l d 
Examples are given i n Table 6 o f t y p i c a l 

measurements of breakdown stress and voltage 

recorded i n the low pressure measurements. 
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TABLE 6 VALUES OF BREAKDOWN FIEID 

d = 12.7 rams. i d = 15.24 rams. 
r 

mm ̂ 5 Voll-s Cm 
1 Vr 

V o l K C i ^ ' 

2.4 96 122 
1 

1.25 77 117 

4.75 118 150 2.5 86 131 

6.0 133 169 3.7 97 148 

7.2 145 185 5.0 113 172 

These values are considerably smaller than are normally 
associated w i t h spark discharges i n hydrogen. From 
a t e c h n i c a l p o i n t o f view a more thorough i n v e s t i g a t i o n 
o f optimum breakdown i n t h i s r e g i o n may be o f i n t e r e s t , 
and given the c o r r e c t c o nditions i t i s thought l i k e l y 
t h a t breakdown w i l l occur at very low voltages. 
This problem i s discussed more f u l l y i n the case of 
breakdown i n a i r (Chapter 6) . 

3 .8. Comparison of r e s u l t s w i t h those of other 
workers. , • 

High frequency breakdown measurements 

have been recorded i n hydrogen by a number of 

workers over a frequency range varying from 10 mc/s 

t o the microwave region. When these r e s u l t s l i e 

w i t h i n the prescribed l i m i t s f o r a d i f f u s i o n -

c o n t r o l l e d breakdown, a d i r e c t comparison o f data 

may be made. 
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The r e s u l t s described a t 9*5 Mc/s conform w i t h 
those of McDonald and Brown ( 1 9 4 9 ) , J. Thomson 
( 1 9 3 7 ) and S . Githens ( 1 9 4 0 ) ; t h i s agreement 
i s c l e a r l y i l l u s t r a t e d i n Pig 28., i n which 
breakdown has been computed as a f u n c t i o n of 
Ejr/p. The po i n t s l i e on ia smooth curve, w i t h 
Eji^/p tending t o a constant value at high 
pressures given by E = 10 p. This i s i n 
agreement w i t h the value derived by McDonald 
and Brown ( 1 9 4 9 ) . Prom the evidence presented, 
based on a q u a n t i t a t i v e p r e d i c t i o n from the 
D i f f u s i o n Theory, and by comparison w i t h the 
r e s u l t s o f a number of independent workers, i t 
i s concluded t h a t the breakdown mechanism o f 
discharge i n hydrogen at tt.h.f. i s c o n t r o l l e d 
by d i f f x i s i o n processes. 

3 * 9 . V i s u a l appearance o f the discharge 

3.9 .1 . General observations 

The form o f the discharge was 

observed to e x i s t i n one of four possible 

modes. Each mode was characterised by such 

v i s i b l e features o f the discharge as colour, 

i n t e n s i t y and extent. A tabulated d e s c r i p t i o n 

o f these modes i s given i n Table 7. 
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TABLE 7 CLASSIFICATION OF DISCHARGES 

Mode D i f f u s e 
or 

Intense 

Colour 
of 

discharce 

Extent 
o f 

Discharge 
A Intense Milky-white Thin p e n c i l , 

broadening a l i t t l e 
at electrode faces 

B D i f f u s e . White w i t h 
trace of 
blue 

Confined t o i n t e r -
electrode space, 
diameter L 

P 

Di f f u s e Pale, Milky F i l l s inter-electroae 
space and extends 
l i t t l e beyond i t . 

D D i f f u s e Light Purple Extends i n t o 
surrounding gas 

Another s t r i k i n g d i f f e r e n c e e x i s t e d . The onset o f 
the intense Mode A discharge was always accompanied 
by la r g e and sudden drop i n the voltmeter reading 
whereas the d i f f u s e discharges, B, C cSc D, caused 
on l y a small reduction. This drop i n voltage, due 
t o the e x t e r n a l c i r c u i t being loaded by the gap, i s 
r e f e r r e d to by Llewellyn, Jones & Morgan ( 1 9 5 l ) , 
i n a study of maintainance and e x t i n c t i o n p o t e n t i a l s . 
F u r t h e r , when the gas broke down i n the form of Modes 
B or C, an Increase i n the power supplied u s u a l l y 
caused an abrupt change t o Mode A. 



Pig. 29. Hydrogen, 9.5 Mc/s. Form of Discharge as a 

Function of Gas Pressure and Electrode Separation. 
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A record was kept, f o r each o f the several hundred 
discharge measurements i n hydrogen, of the form 
o f the discharge; the mode appearing under a given 
set o f conditions was found t o be a f u n c t i o n of 
gas pressure, electrode separation and frequency. 
I n terms of the above parameters, i t was found 
pos s i b l e t o construct phase diagrams, i n d i c a t i n g 
the mode of the discharge at any given value of 
p, d, or f . 

I n F i g . 29, the appearance of the discharge as a 
f u n c t i o n of pressure and electrode separation 
i s shown a t a constant frequency at 9.5 Mc/s. 
The boundaries i n d i c a t i n g t r a n s i t i o n s from one 
modeto another have been marked as accurately 
as possible using the a v a i l a b l e data. .A s i m i l a r 
surface. Pig. 30, was constructed at a constant 
pressure of 114 mms.H-g., g i v i n g the form of the 
discharge as a f u n c t i o n of frequency and electrode 
sep a r a t i o n . Fewer measurements were a v a i l a b l e 
f o r t h i s second surface, and consequently the 
boundaries could not be defined so c l e a r l y . 

3 .9 .2 . Q u a l i t a t i v e i n t e r p r e t a t i o n of v i s u a l e f f e c t s 
The mode of the discharge i n r e l a t i o n 

t o the change from h.f. to u.h.f. conditions i s now 
examined, and reference made t o the t y p i c a l E - d curves 
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i n Fig. 31« An inspection of the curves indicates 
that at separations just larger than the c r i t i c a l 
gap, the form of the discharge changes from Mode B 
(Diffuse) to Mode A (intense). I t would, therefore, 
appear that the change i n i n t e n s i t y and extent of 
the discharge i s related i n some way to the physical 
t r a n s i t i o n from h.f. to u.h.f. conditions. A 
q u a l i t a t i v e i n t e r p r e t a t i o n of th i s t r a n s i t i o n i s 
now considered i n terms of the mechanisms c o n t r o l l i n g 
a maintained discharge. On the h.f. (low gap) 
side of the t r a n s i t i o n , electrons are removed from 
the system by electrode capture. At u.h.f. (large 
gap), some at least of the electrons are not lost 
to the electrodes, and i n a non-attaching gas 
recombination i s necessarily the removal mechanism. 
Ambi-polar d i f f u s i o n (Townsend 1928) w i l l r e s t r i c t 
the outward movement of electrons, but the situ a t i o n 
i s distinguished from that i n a discharge restricted 
by the walls of the tube i n that no question of 
surface recombination enters (except at the 
electrodes). I t i s thus considered that volume 
recombination i n the plasma i s the removal 
mechanism f o r most of the length of the tube. 
Measurements by Biondi and Brown (1949 (a) and (b)) 
have shown that at pressures greater than a few 
mms.Hg. electron losses are mainly of the 
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recombination type. This case has been studied 
t h e o r e t i c a l l y by Davydov (1943)» whose studies 
are exemplified by a characteristic curve, 
reproduced i n Pig. 32. 

Dews IT/ 

Fig.32. 
Dayydov,(1943). 
Change i n electron 
density i n a 
homogeneous 
electric f i e l d . 

I t i s seen that the electron population increases 
slowly with E up to a c r i t i c a l value A, (depending 
on the conditions of the experiment), upon which 
breakdown occurs. The magnitude of 
then increases rapidly along AB. I t i s to be 
expected that when the t o t a l number of ions 
rises beyond a c r i t i c a l value, the current density 
must show a sudden increase. l i t h a given power 
supply this should cause a decrease i n the discharge 
column. Although visual indications are not to be 
r e l i e d upon as precise evidence of current density, 
nevertheless the co-existence of a narrow bright 
column with a non-luminous surrounding (the column 
being narrow with respect to the electrode size) 
i s s u f f i c i e n t evidence of the contraction required 



64. 

by Davydov's theory. 
The quantitative considerations i n Davydov's 
paper are based on the occurrence of stepwise 
i o n i s a t i o n , and indicate that without such 
processes the i n s t a b i l i t y referred to would not 
occur. The contraction of the luminous column 
i s therefore considered to be evidence of 
existence of stepwise ionisation processes i n 
t h i s kind of discharge. 
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CHAPTER 4 - BREAKDOWN IN NITROGEN 

Breakdown studies i n nitrogen were conducted at 
pressures up to 80 mms.lrig. using various electrode 
separations from 2 to 20 mms. The same pair of 
electrodes (Tyye A) were used throughout the 
experiments. 

4.1. Experimental procedure 
The experimental techniques employed 

i n recording breakdown measurements i n nitrogen 
were very s i m i l a r to those described for the 
hydrogen experiments. S t a t i s t i c a l lags were 
evident; at the higher pressures p a r t i c u l a r l y 
these sometimes approached a minute i n duration. 
Due to t h i s factor great care was necessary to 
pinpoint accurately the threshold potential of 
the discharge, and a run i n the gas required 
several hours' recording. As with hydrogen, 
the visual appearance of the discharge was 
observed to transfer successively through a series 
of well-defined modes during each set of 
measurements; the appropriate characteristics were 
recorded. 

4.2. Results at 9.5 Mc/s 
4 » 2 . 1 . Variation of breakdOY/n stress with electrode separation -

Typical results, with peak breakdown 
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stress plotted as a function of electrode 
separation, are given i n Pig.33» Each curve represents 
breakdown at a given value of gas pressure. The 
f a m i l i a r sharp drop i n the f i e l d E as i t approaches 
a c r i t i c a l value, followed by a gentle lowering of 
the stress with increased electrode separation, i s 
again observed. 

In order to establish that conditions i n 
gaps greater than the c r i t i c a l value correspond 
to true u.h.f. breakdown, i t i s necessary to show 
that w i t h i n t h i s region the amplitude of 
electron o s c i l l a t i o n i s always numerically less 
than the electrode separation. The electron 
ambit at and beyond the c r i t i c a l value of gap 
width may be calculated by ins e r t i n g the appropriate 
data i n equation 3»1» The required relationship 
between electron d r i f t velocity and E/p i s obtained 
from measurements by Ni^ o n (1936), which show that: 

)̂ = 3.22 X io5 K E/p 
Since de = 

irF 
then at 9.5 Mc/s, de = ^.22 x 105 = 1.08 x 10"^ 

X 9.5 X 1 0 ^ ,E 
P 

Table 8 (a) compares the observed values of gap width 
at which the curves begin to smooth out with the 
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calculated values of (dc. at these points. 

TA^LE 8 (a) 
d.e near c r i t i c a l values of 
electrode separation 

p rams . E E/ de d 
1 volts P calcu observed 

cm."-'- lated mms 
mms 

14 660 47.3 5.1 8.9 

39 1,340 35.7 3.9 7.6 

57 2.000 55.0 3.8 6.36 

TABLE 8 (b) 
Values of de wel]i-within isr.h.f. 

p = 3,4 mmg.M̂ pr 

B 
volts 
cm."l 

% de 
mms 

d 
mms. 

600 43 4.64 10.16 

500 35.7 3.85 15.24 

470 35 iS 3.61 

I t i s seen that i n each case the amplitude of 
electron o s c i l l a t i o n i s considerably less than 
the electrode separation, showing that breakdown 
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at these points i s within the u.h.f. region. 
The gaps at which electrons are just removed 
from the system, corresponding to the change 
from h.f. to u.h.f. conditions, are not 
cl e a r l y indicated i n the E-d results i n nitrogen. 
In Table 8 (b) the amplitude of electron 
o s c i l l a t i o n at gaps w e l l beyond the c r i t i c a l 
value i s shown f o r the t y p i c a l • run at 
14 mms.lig., and demonstrates that under these 
circumstances electrons move only a small 
f r a c t i o n of the distance between the plates 
before t h e i r d i r e c t i o n of motion i s reversed 
by the f i e l d . 

Results at lower f i e l d frequencies were 
r e s t r i c t e d . d'̂ -o* rises sharply with decreasing 
frequency ^d^j* «̂  1. j and consequently either 

high pressures or large gaps were required to 
f u l f i l u.h.f. conditions. The electrode separation 
could not be increased beyond 20 mms., and at high 

pressures ( 80 mms.Hg) even the maximum potential 
available, nearly 3 Kv., was i n s u f f i c i e n t to break 
down the gap. However, the lim i t e d measurements 
taken indicated that the general pattern of breakdown 
was similar to that at the higher frequency. 



Fig. 3k» Nitrogen. Variation of Breakdown Stress with Pressure 
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4 .2.2. Variation of breakdown stress with gas 
. pr^gg^re. 

Results of breakdown observations at 
two fixed gaps f o r various gas pressures i s shown 
i n Fig. 34. At the plate separation of 6.35 

mm8._ ,f the sharp drop i n f i e l d occurring at . 
39 mms.lig readily shows the t r a n s i t i o n from h.f. 
to u.h.f. conditions, and 39 mms.Hg may be defined 
as a c r i t i c a l pressure Pc, analagons to the c r i t i c a l 
electrode separation* 

When the pressure i s increased to 
43.5 mms.Hg., a l l electrons o s c i l l a t e within 
the inter-electrode space. I n the larger (10,I6 

mms) gap, iv.h.f. breakdown persists to a much 
lower pressure, the minimum being a t about 7 rans.Hg. 
Equation 4.I can be altered to the form: 

Tp = 1.08x10-1 ^ = Fo (at t r a n s i t i o n ) 
d 

and used to calculate Pc. This gives a value of 
Pc = 37.2 mms.Hg., compared with observed pressure 
of 39 irnns.Hg* In view of the approximations used 
i n deriving the above equation (Section 3*2.) 

the agreement i s considered quite satisfactory. 

4.3. Breakdown mechanism i n nitrogen 
4.3.1. Breakdown po t e n t i a l as a function of B3. 

Both nitrogen and hydrogen are non-



Fig. 35. Nitrogen. Breakdown Potential as a Function of pd. 
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attaching diatomic gases, and the close 
s i m i l a r i t i e s i n breakdown behaviour observed 
i n the two gases at once suggests a s i m i l a r i t y 
i n breakdown mechanism, namely d i f f u s i o n . 
The dependence of breakdown f i e l d on electrode 
separation i s c l e a r l y indicated i n Pigs. 33 and 
34» Further information can be obtained by 
computing breakdown as a function of Pd. This 
i s shown i n Pig. 35; i n four of the curves d 
i s varied at a constant pressure; a t y p i c a l 
run at a fixed plate separation i s also included. 
Minima correspond to electrons ^nst i n the gap 
each half-cycle of the f i e l d ; breakdown at 
greater values of Pd i s i n the tr.h.f. region. 
At a fixed value of Pd. i n the u.h.f. part of the 
system i t i s seen that breakdown voltage lowers 
progressively as the pressure i s increased. 
(This difference, though small, i s si g n i f i c a n t ). 
The value of V required for breakdown i s governed 
by the rate at which electrons are removed from 
the gap, and the fac t that the observed values 
of V f o r each curve do not coincide at a given 
Pd indicates that electron losses vary i n each case. 
Since the value of d is unique i n each curve at the 
same pd, the differences i n electron losses may be 



Fig. 36. Nitrogen. Variation of E.A with pA 

'If 

1 1 1 1 1 j -
o e ^ G T /o 

p A , mms ^ Cms 
- r 

lb 



71. 

a t t r i b u t e d to differences i n electrode separation. 
This i s consistent with the demands of the 
d i f f u s i o n theory, i n that removal of electrons i s 
a function of electrode separation (equation 
3 . 6 ) . 

4 .3 .2. Interpretation of resul t s on the dif f u s i o n 

The most effective way of testing the 
conformity of the nitrogen results to the diffusion 
theory i s by calculating values of K (the characteristic 
d i f f u s i o n length) on the assumption that diffusion i s 
the c o n t r o l l i n g removal mechanism, and transferring 
the breakdown data to the variables EAand p A • 
As described i n Section 3.5.3*, i n considering 
u.h.f. discharges i n hydrogen, the d i f f u s i o n 
theory requires that when breakdown measurements 
i n a p a r t i c u l a r gas are plotted i n terms of these 
parameters, a l l points shall l i e i n a continuous 
curve. 

This relationship i s tested i n Fig. 36., 

i n which effective breakdown voltage BA i s plotted 
as a function of p A f o r four separate runs 
at pressures varying from 14 - 57 mms.Hg. Points 
i n the cr.h.f. region are seen to l i e on a smooth, 
almost linear,, curve,the scatter of the points being 
very small. 
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As previously stated. Section 4»2., i t 
was not possible with the apparatus employed to 
record series of u.h.f. measurements at frequencies 
f a r removed from 9.5 Mc/s. However, i n view of 
the close s i m i l a r i t y i n form between the hydrogen 
and nitrogen results, i t i s not considered l i k e l y 
that the pattern of measurements i n nitrogen would 
vary with frequency. I t i s concluded that under 
Of.h.f. conditions the c o n t r o l l i n g factor r e s t r i c t i n g 
the cumulative growth of ionisation I n nitrogen 
i s d i f f u s i o n of the electrons, either to the 
electrodes or sideways out of the intense f i e l d 
region. 
4* i f High-freauencv ionising oo-effioient 

Owing t o the r e l a t i v e l y high pressures 
used i n the nitrogen experiments, the range of Biv^p 
encountered was rather small, varying from E^p = 34 

(at the lowest pressure) to a l i m i t i n g value given 
by E r = 21 p at high densities. Values of 
the high frequency ionising c o - e f f i c i e n t ^ 
( i o n i s a t i o n s / v o l t ^ ) i n t h i s region are given i n 
Table 9», and indicate the efficiency of ionisation 
i n nitrogen as a function of E^P f o r two t y p i c a l 
electrode separations. 
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TABLE 9. VALUES OF ^ * I0NISATION3. VOLT-2 

d = 6.35 mms d = 10.16 rams 
E/p 7 E/p f 

35.7 1.34 X 10-5 

23.7 1.24 X 10-5 

22.8 9.8 X 10-6 
22.0 8.55X 10-6 

21.2 7.53X 10-6 

33.8 6.2 X 10-5 

28.2 3 . 5 2 x 1 0 - 5 

26.0 2.11x10-5 

22.4 1.82x10-5 

21.2 1.13 xlO-5 

No comparison between ^ and the 
corresponding d.c co-e f f i c i e n t i s possible, 
as values of 3 available i n the range 
of EH/p used* 

4 . 5 . Visual aspects of the discharge 
The vi s u a l foiro of a discharge 

was observed to f a l l i n t o one of several discrete 
modes. Each form d i f f e r e d from i t s neighbours 
i n colour, volume, and i n t e i i s i t y . Table 10 
cl a s s i f i e d the various modes and describes the 
visual characteristics. 
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TABLE 10> DISCHARGE CHARACTERISTICS. 

Mod e D i f fu se 
or 

Intense 

Colour Volume of 
Discharge. 

A Intense Purple near 
electrode, 
orange-red 
between* 

Intense f i lament , 
confined to 
f a i r l y narrow 
channel near 
centre of 
electrodes* 

B Di f fuse Milky-blue Narrow channel 
w i t h i n i n t e r -
electrode 
space 

C Intense Purple Pour luminous 
segmental 
bands near 
electrode edges 

D Di f fuse Milky-blue P i l l s i n t e r -
electrode space 

E D i f f u s e Purple Extends i n t o 
volume of 
surrounding 

I t was noticed that , as i n hydrogen, the 

mode o f discharge appearing was a func t ion of gas 

pressure and electrode separation, and i t was again 

found possible from the considerable number o f 

observations taken to construct a 'phase' diagram. 

Pig* 37*» r e l a t i n g the form of the discharge to p and d« 



The general pattern can be seen to indicate that 

at the high values of pd, corresponding to 

breakdown w i t h i n the u . h . f . region, the form 

of the discharge changes from a d i f f u s e glow 

to an intense conducting f i l ament . Any 

i n t e r p r e t a t i o n made from the above observations 

regarding physical conditions i n a maintained 

ni t rogen discharge must necessarily be 

t en ta t ive and qua l i t a t i ve i n manner. Nevertheless, 

i t i s considered l i k e l y that the suggestion made 

i n Section 3 .9»2 . i n dfecussing the re la t ionship 

between the form of the discharge i n hydrogen 

and the physical mechanisms maintaining i t , 

apply s i m i l a r l y to breakdown i n ni t rogen. 
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CHAPTER 5 - BREAKDOWN IN NEON 

Measurements i n neon were conducted at a 

constant frequency of 9»5 Mc/s, over a wide 

range o f pressure varying from 40 - 350 mms. 

Hg«» and using the 'A ' type Rogowski-profiled 

electrodes. 

5.1. Experimental procedure 

Owing to the low values of 

breakdown po ten t i a l encountered, s l i gh t modi f i c 

at ions to the apparatus were necessary. I n the 

voltage-measuring c i r c u i t a new e lec t ros ta t ic 

voltmeter was i n s t a l l e d , reading O-13O v. 

(See Section 2 .5 . ) The i r r a d i a t i n g spark 

tended to spread too much at low pressures. 

This was counteracted by reducing the current 

through i t . Discharges at the shorter gap 

separations were d i f f i c u l t to see, being 

characterised by a glow of very f a i n t luminosity. 

For t h i s reason a l l the neon results were recorded 

w i t h the room darkened. 

5.2. Breakdown measurements 

Curves showing the va r i a t ion of 

breakdown stress wi th gap width are given i n Pig. 

38. 
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The low-range voltmeter was available only 
f o r l a t e r measurements i n neonj resul ts 
previous to th i s were res t r i c t ed to conditions 
i n which breakdown occurred at potent ials 
200 v o l t s , peak, corresponding to high pressures 
and large plate separations.- The breakdown 
curves at 272 rams, and 3^0 mms.Hg. are 
t y p i c a l of such resu l t s , and exhibi t the 
f a m i l i a r gentle decrease i n f i e l d as the 
electrode separation i s increased. AVhen i t 
became possible to record smaller voltages 
breakdown studies were extended to lower 
pressures and smaller gaps; three such runs 
are included i n F i g . 38 . The form of these 
curves at short gaps i s somewhat d i f f e r e n t from 
the other gases investigated, E changing 
qu i te rap id ly wi th d. An explanation of th i s 
phenomenon, i n terms of ion i s ing e f f i c i e n c i e s , 
i s considered i n Section 5«5» Values of the 
e lectron ambit at speci f ied points may be 
calculated from a knowledge of the electron 
d r i f t ve loc i ty at the appropriate values of 
E/p, and using the equation: 
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9 
The most accurate determinations of 
i n neon, made by Nielson (1936) only cover a 
range of E/p from 0-1.6. Extrapolation of 
t h i s graph i s necessary to determine V> 
at the experimentally determined values of 
E/p, values of de calculated i n th i s manner are 
given i n Table 11, and compared with the 
observed values of electrode separations at the 
points considered. 

TABLE 11 ELECTRON AMBITS IN NEON 

p mms. E E/p 

46 265 5.76 

46 177 3.84 

46 137 3.0 

217 386 1.78 

129 417 3.24 

Nlelaon (19^6). (Extrapolated) de = 0.537 x E/p 
' - ^ ' - ' d (observed 

mms» 
de mms. 

3.1 

2.1 

1.6 

0.96 

1.74 

3.8 

5.1 

6.35 

2.54 

2.54 

The calculat ions indicate that i n each case the 

amplitude o f electron o s c i l l a t i o n i s less than the 

gap wid th . These values, however, must be 

treated with considerable reserve since the 

y) E/p curve was only approximately l inear , and 
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the s t r a i g h t - l i n e extrapolat ion must necessarily 

lead only to f a i r l y approximate r e su l t s . 

C r i t i c a l values of electrode separation 

may also be found by p l o t t i n g breakdown 

p o t e n t i a l as a func t ion of gap width . Ih is i s 

done i n Pig . 39* Voltage minima on these 

curves represent electron capture by the 

plates and indicate approximately the values of 

dec» These t rans i t ions are marked i n Pig 38., 

and i t i s evident that i n neon the breakdown 

f i e l d at separations immediately beyond the 

c r i t i c a l value shows a sharp drop before 

smoothing out to the pattern f a m i l i a r i n the 

other gases. An in t e rp re t a t ion o f . t h i s 

phenomenon i n terms of the rate of growth of 

i o n i s a t i o n i s given i n Section 5»5» 

Breakdown at constant electrode separation 

i s i l l u s t r a t e d i n P ig . 4o and shows E as a 

func t i on of p f o r two separations, 

7.62 mms and 12.7 mms. At 42 mms.Hg* a 

minimum occurs i n the 7*62 mms. p l o t , i nd ica t ing 

a c r i t i c a l value of pressure. 

5.3. Qual i ta t ive examination of results 

Breakdown occurs v*ien the ion i sa t ion 
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produced by the f i e l d jus t exceeds the net loss of electrons 
f rom the gap. I n a d i f f u s i o n - c o n t r o l l e d system, t h i s 
loss resul ts from d i f f u s i o n , both to the electrodes and 
l a t e r a l l y out of the intense f i e l d region. The rate of 
removal under such conditions i s governed by the mean l i f e 
t ime, t o , of an e lectron i n the gap. I n experiments 
conducted wi th electrodes of constant size to i s a func t ion 
of d alone. Under such conditions the breakdown stress 
i s thus a f u n c t i o n of electrode separation. Neon i s a 
non-at tacking, raonatomic gas, and f o r a given value of p . 
P ig 1+0, a decrease i n E i s observed as the plate separation 
i s increased, immediately suggesting d i f f u s i o n as the 
e lec t ron removal f a c t o r . Similar evidence i s provided by 
p l o t t i n g breakdown po t en t i a l against pd to form the f a m i l i a r 
Paschen Curves. I n P ig . U1, V - pd p lo t s have been 
constructed from data at 46- , 129-, and 217-rams Hg. 
Unlike the d.c. case, i t i s seen that the breakdown curve 
i s not unique, but d i f f e r s f o r each pressure run, ind ica t ing 
that V at a given value of pd i s dependent upon the parameter 
d, as required by the d i f f u s i o n theory. 

5.4 . A p p l i c a b i l i t y of D i f f u s i o n Theory 

The a p p l i c a b i l i t y of the d i f f u s i o n theory to u . h . f . 

breakdown i n neon may be tested, i n a s imilar manner to 

hydrogen, by computing e f f e c t i v e breakdown voltage, E/\ , as 

a f u n c t i o n of p A f o r a number of sets of breakdown 
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measurements, using values of A determined on the 

assumption that the mean l i f e of an electron wi th in the gap 

i s l i m i t e d by d i f f u s i o n processes alone. Since "A"-type 

Rogowski electrodes were used i n a l l the neon measurements, 

values of A i n terms of the electrode separation were 

calculable d i r e c t l y from Pig . 2o , 

The E A - P K p lo t s are shown i n P ig . k2. Although 

the overlap of data from d i f f e r e n t runs does not cover a 

very wide range, points i n the u . h . f , region l i e on the 

same smooth curve; ' from t h i s evidence i t i s concluded that 

breakdown i n neon under u . h . f . conditions occurs when the 

gain i n e lectron population by ion i sa t ion just exceeds the 

loss due to d i f f u s i o n . 

5.5. l o n i s a t i o n i n Neon 

As mentioned i n Section 5.2, the rate of lowering of 

E w i t h d i s seen to be r e l a t i v e l y greater i n neon (reference 

to P ig . 38), than i n hydrogen, ni t rogen, or a i r . An 

explanation o f t h i s i s now considered. I n the d'iscussion 

an important f a c t o r i s a comparison of ion i s ing e f f i c i e n c i e s , 

as a f u n c t i o n of E / p , between neon and the other gases 

examined. Values of ion i sa t ion coe f f i c i en t s calculated 

from the breakdown data at 9.5 Mc/s are r e s t r i c t ed owing to 

the short ranges of E / p encountered. Measurements over 

extended ranges of E / p are, however, available from the 

resu l t s of other workers. d .c , measurements, i n terms of 
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ion p a i r s / v o l t 3» are compared f o r the four gases i n 

F i g . 14 .3(3), and the corresponding high frequency 

c o e f f i c i e n t s ^ s imi la r i n form to the above, i n P ig . U3('b). 

The range of E/p encountered during breakdown studies i n 

each gas i s marked i n P ig . i+3(a); i t i s evident from the 

curves that i n the neighbourhood of breakdown the ion is ing 

e f f i c i e n c y r i ses more sharply wi th E ^ / P i n the polyatomic 

gases than i n neon. 

The condi t ion f o r a favourable increase i n electron 

populat ion leadii ig to breakdown i s that an electron must 

create one new " ion .pa i r " during i t s l i f e - t i m e as l i m i t e d 

by d i f f u s i o n . 

This may be expressed as 

Vi to = 1 5 . 1 . 

where to = mean l i f e of electron, sees. 

Vi = no. of ion pairs created/sec, 

V'i = fl^^ E; where ^ = electron mob i l i t y 

Therefore Vi «< . 

The durat ion to i s governed, by the electrode conf ig 

u r a t i o n , and f o r electrodes of constant size i s a func t ion of 

electrode separation (Equation 3*6.) 

I n the polyatomic gases, where '= /̂p r ises sharply 

w i t h E/p i n the neighbourhood of breakdown, a v a r i a t i o n i n 

t o caused by a given v a r i a t i o n i n electrode separation w i l l 

require only a small compensating va r i a t i on i n E to s a t i s f y 

equation 5 . 1 . Such a sequence has been observed i n hydrogen 
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ni t rogen and a i r . 

I n neon, however, a s imi lar change i n d would require 

a r e l a t i v e l y larger v a r i a t i o n i n the stress required to 

i n i t i a t a t e breakdown; t h i s would account f o r the form of 

the E - d curves shown i n P ig . 38. 

Further evidence regarding the r e l a t i v e l y slow r i se of 

^ /p w i t h E/p i n neon compared wi th the other gases may be 

deduced from the pulsed breakdown measurements of Labrum (1947), 

and Prowse and Jasinski (1952). Measurements i n neon 

s imi l a r to those given i n P ig . 38 have been recorded by 

Rowbotham (1956). 





_CHAPTER_6 _ 

__BREAKDpWN_IN_AIR__ 

The breakdovm i n v e s t i g a t i o n s i n a i r may conveniently 

be d i v i d e d i n t o two s e c t i o n s : -

(a) Breakdown as. a f u n c t i o n of p and d i n the pressure 

range 15 mms.Hg - 70 mms.Hg. 

(b) Low pressure measurements at f i x e d gaps. 

"A" - type Rogowski e l e c t r o d e s were used. The f i e l d 

frequency, u n l e s s otherwise s t a t e d , was kept constant at 9.5 

Mc/s. 

6.1 Experimental procedure 

The gas samples used were drawn from the atmosphere, 

and c a r e f u l l y d r i e d as i n d i c a t e d i n Sect . 2 .3 .2 . S t a t i s t i c a l 

l a g s a s s o c i a t e d with the discharge v a r i e d i n duration from 

a few seconds to upwards of a minute, and were more 

pronoiinced at the higher p r e s s u r e s . A feature of the low 

pre s s u r e measurements was the small s t r e s s required to 

i n i t i a t e a discharge; the s i g n i f i c a n c e of t h i s i s discussed 

i n S e c t . 6 .5 .2 . 

6 .2 . V a r i a t i o n of breakdown s t r e s s with electrode separation 

A typical family of curves r e l a t i n g peak breakdown 

s t r e s s and el e c t r o d e separation i s shown i n P i g . Uk» At 
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small gaps E drops s h a r p l y as d i s increased, u n t i l the 
se p a r a t i o n reaches a c r i t i c a l value, d i f f e r e n t f o r each 
curve, beyond which an abrupt "step" appears. As d i s 
s t i l l f u r t h e r i n c r e a s e d , E f a l l s o f f gently i n the f a m i l i a r 
manner. The "step" i n each curve gives a v i s i b l e 
i n d i c a t i o n of the change from h.f, to u.h.f, conditions; 
t h i s can be confirmed by numerical c a l c u l a t i o n s of the 
amplitude of e l e c t r o n o s c i l l a t i o n at points bounding the 
t r a n s i t i o n . An examination of Noelson and Bradbury' s (1937) 
curve f o r values of E/p i n terms of e l e c t r o n d r i f t v e l o c i t y 
show that a f a i r approximation may be obtained from a 
s t r a i g h t - l i n e e x t r a p o l a t i o n of the form 

= 3.57 X 10^ E/p 

S u b s t i t u t i n g f o r i n equation 3 .1 . at 9,5 Mc/s gives 

de = ,12 E/p 6 .1 . 

I n Table 12, t h i s r e l a t i o n s h i p i s used to derive de at the 

top and bottom of " s t e p s " i n t y p i c a l E - d curves. 

TABLE 12. ELECTRON AMBITS IN AIR 

Pmms 
Hg 

Top or 
bottom of 

"step" 
E 

volts/cm. E/p 
de 

mms 

d 
observed 

mms 

1U Top 1300 93 11 7.3 
II Bottom SkO 45.7 5.5 9.5 

29.5 Top 2380 81 9.7 5.8 
II Bottom 32 3.9 8.9 

U4.5 Top 2920 65 7.8 5.6 
II Bottom 1620. 36 k.3 7.6 
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The c a l c u l a t i o n s confirm that at the top of each "step" 
the amplitude of e l e c t r o n o s c i l l a t i o n i s very close to the 
gap spacing; at the bottom e l e c t r o n s are f r e e to o s c i l l a t e 
w i t h i n the gap each h a l f - c y c l e of the f i e l d . Discharges 
at s e p arations exceeding t h i s value c o n s t i t u t e true u.h.f. 
breakdown. 

6 .3 . V a r i a t i o n of breakdown s t r e s s with gas pressure and 
f i e l d frequency 

The e f f e c t on E of v a r y i n g the pressure at f i x e d 

p l a t e separations i s shown i n P i g . i+5. I n the u.h.f. 

p a r t s of the curves the onset f i e l d at a given pressure i s 

seen to decrease with i n c r e a s i n g gap width, a feature 

encountered i n each of the gases i n v e s t i g a t e d . I n the 

runs at d = 7.62-mms. and 9,27 mms.,. c r i t i c a l p r e s s u r e s 

p , are i n d i c a t e d at 18.5 mmsHg and 8mnisHg r e s p e c t i v e l y . 

These compare very c l o s e l y with the v a l u e s 18.3 mmsHg and 

7.9 nimsHg as c a l c u l a t e d from the equation 

The frequency v a r i a t i o n f o r three electrode s p a c i n g s a t 

a p r e s s u r e of 27.5 mmsHg i s shown i n P i g . ̂ +6. As f i s 

in c r e a s e d the e l e c t r o n ambit de i s correspondingly reduced, 

e v e n t u a l l y j u s t f i l l i n g the gap; t h i s accounts f o r the 

observed v a r i a t i o n s i n E . Under conditions removed from 

t h i s t r a n s i t i o n , the breakdown s t r e s s i s a f f e c t e d only 

s l i g h t l y by change of frequency over the range i n v e s t i g a t e d . 
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6.4. Breakdown mechanism i n a i r 

An encounter between a f r e e e l e c t r o n and an oxygen 

molecule can l e a d to the formation of a negative ion. 

The p o s s i b i l i t y of such attachments must therefore be 

examined when c o n s i d e r i n g f a c t o r s c o n t r o l l i n g the growth 

of e l e c t r o n d e n s i t y preceding an e l e c t r i c a l discharge i n 

a i r . An a n a l y s i s of the r e s u l t s at 9.5 Mc/s given below, 

shows t h a t any removal process other than d i f f u s i o n has 

l i t t l e e f f e c t upon the b u i l d up of e l e c t r o n population 

w i t h i n the gas. However, i n view of the f a c t that the 

p r o b a b i l i t y of attachment i s a f u n c t i o n of gas pressure, 

the c o n c l u s i o n that u.h.f. breakdown i n a i r i s d i f f u s i o n -

c o n t r o l l e d must be reserved to pressure conditions not 

exceeding 70 mmsHg, the highest d e n s i t y used. I n an 

attempt to deduce some p o s i t i v e information regarding the 

r o l e of attachment i n a i r , and a l s o to e x p l a i n some of 

the apparently anomalous r e s u l t s obtained i n t h i s gas by 

v a r i o u s workers, the problem i s d i s c u s s e d more f u l l y i n 

S e c t . 6 .5 . 

The r e l a t i o n s h i p between breakdown voltage V and the 

parameter pd f o r a i r i s given i n P i g . 47. F i v e curves 

have been drawn f o r d i f f e r e n t values of p at 9.5 Mc/s. 

I n each case V i n c r e a s e s s t e a d i l y with pd u n t i l a c r i t i c a l 

value i s reached at which there i s an abrupt decrease i n 

p o t e n t i a l down to the u.h.f. p a r t of the curve. The 
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breakdown p l o t s i n t h i s region are s i m i l a r to those observed 
i n the other gasesj (the i n t e r s e c t i o n of the separate 
curves w i t h a chosen ordinate corresponds to d i f f e r e n t 
v a l u e s of p d ) . The s t a t i c (d.c.) breakdown curve f o r a i r , 
as measured by Pirn i^^k^), i s included f o r comparison; 
u.h.f. onset p o t e n t i a l s are seen to be approximately h a l f 
the d.c. v a l u e s at s i m i l a r magnitudes of pd (though i t i s 
seen that the- two s e t s of curves are not p a r a l l e l to one 
another); values i n the h.f. region are a l s o l e s s than 
\mder d.c. c o n d i t i o n s owing to the non-removal of p o s i t i v e 
ions from the gap. 

When the data i s t r a n s f e r r e d to the proper v a r i a b l e s 

E ^ and pA > p o i n t s i n the u.h.f. region f a l l on a s i n g l e 

smooth curve. P i g . 1+8. T h i s i s i n agreement with the 

requirements of the d i f f u s i o n theory. 

6 .5 . Comparison of r e s u l t s with other observers -
c o n s i d e r a t i o n of e l e c t r o n attachment 

The r e s u l t s described i n the previous s e c t i o n are i n 

q u a n t i t a t i v e agreement with those of '•HLerlin and Brown (19i+8) 

at a frequency of 3>000 Mc/s. They appear to be a t 

v a r i a n c e , however, with those of Pim (1948 and k9), and 

Prowse and Lane (1355)> who observed constancy of breakdown 

s t r e s s with i n c r e a s i n g p l a t e separation f o r discharges i n 

the u.h.f. region. I t i s impossible to r e c o n c i l e t h i s 

independence of E and d with a d i f f u s i v e mechanism, i n 
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which the two q u a n t i t i e s are r e l a t e d , Eqn. 3 .8 . E l e c t r o n 
attachment to oxygen molecules i n a i r may, e i t h e r wholly 
or p a r t i a l l y , account f o r the d i f f e r e n c e s i n breakdown 
behaviour; t h i s p o s s i b i l i t y i s now considered. 

I f e l e c t r o n attachment i s included as a p o s s i b l e l o s s 

mechanism i n the build-up of i o n i s a t i o n i n addition to 

d i f f u s i o n , the c o n t i n u i t y equation 3 .2 . may be modified. 

Brown (1955)> to the form 

= (V - ^ a ) n - VTT 

where ^ a = i s the frequency of attachment 

F o r a p a r a l l e l p l a t e electrode system, t h i s leads to the 

breakdown c r i t e r i o n 

^ = V̂ a + 6 .2 . 
d"̂  

^ may be w r i t t e n , i n terms of the f i r s t i o n i s a t i o n 

c o e f f i c i e n t o(, , and the average e l e c t r o n d r i f t v e l o c i t y , as 

^ = ^ (see Sec t . 3.7.^+.) 

Hence V = <^ E ^ j ^ . 

By analogy with the above equation, the p r o b a b i l i t y of 

attachment/cm, i s 

Va = f E^^ 
Hence by s u b s t i t u t i o n i n eqn. 6 .2. 

d( ^ . BtC , 1 
^ ^ r (Er/^) (pd)^ 

. . . . 63 • 

Equation 6 . 3 . , though r e l a t i n g di and ̂ , was not found 

s u i t a b l e f o r c a l c u l a t i n g ' t h e attachment e f f i c i e n c y under 
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exper4iiiental conditions owing to a l a c k of r e l i a b l e 
information regarding numerical values of the r e l a t e d 
q u a n t i t i e s . However, a comparison between eqn. 6 .3. and 
experimental data i n a i r has been made g r a p h i c a l l y by 
Brown (1955), i n t e r n s of E/p and pd. I n the low pressure 
region, where E/p i s shown to be a functi o n of pd, e l e c t r o n 
d i f f u s i o n c o n t r o l s the discharge. The high pressure 
r e s u l t s of Pim are a l s o included. I n t h i s region of low 
E/p breakdown becomes p r a c t i c a l l y independent of pd, 
i n t e r p r e t e d by Brown as corresponding to to volume l o s s 
of e l e c t r o n s from attachment. 

T h i s q u a l i t a t i v e a n a l y s i s appears at f i r s t s i g h t 

quite s a t i s f a c t o r y i n c o r r e l a t i n g the r e s u l t s of d i f f e r e n t 

workers. A clo s e i n s p e c t i o n of Pim's 200 Mc/s curves 

shows that at high p r e s s u r e s of atmospheric order, true 

constancy of breakdown s t r e s s e x i s t s f o r a l l gaps i n the 

u.h.f. region, whereas a t lower values of pressure, the 

breakdown f i e l d decreases slowly with increased electrode 

s e p a r a t i o n i n a s i m i l a r manner to the 9*5 Mc/s r e s u l t s and 

a l s o those of H e r l i n and Brown, each of whose measurements 

were taken at pr e s s u r e s 70 mmsHg. Thus an E - d curve 

at constant pressure i s not t y p i c a l of u.h.f, breakdown i n 

a i r throughout the pressure range. E l e c t r o n l o s s e s would 

t h e r e f o r e appear to be dominated at low pressures by 

d i f f u s i o n and at high p r e s s u r e s by attachment. 

Measurements of the attachment c o e f f i c i e n t ^ have 
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been made by Geballe and Harrison (1953)> and although 

the numerical r e s u l t s are s t i l l somewhat uncertain, i t 

t r a n s p i r e s that as E/p r i s e s , ^ /p passes through a 

minimum, • at ^v/p = 30, and subsequently i n c r e a s e s . T h i s 

somewhat s u r p r i s i n g t r a n s i t i o n , which occurs at a value 

of E/p near to the minimum encountered at breadown, 

i n d i c a t e s that w i t h i n the experimental range the attachment 

p r o b a b i l i t y decreases with increased p r e s s u r e . 

T h i s i s i n the opposite sense to the general assumption 

made above. I t must be s t r e s s e d , however., that Geballe 

and Harrison's measurements are not conclusive and were 

recorded over only a small range of E/p. 

A p a r t i a l explanation of the discordant r e s u l t s may 

a l s o l i e i n the choice of e l e c t r o d e s of the d i f f e r e n t 

observers, Rogowski^ e l e c t r o d e s , used i n the 9.5 Mc/s 

r e s u l t s , are p r o f i l e d to simulate an i n f i n i t e p a i r of 

p a r a l l e l p l a t e s ; the c y l i n d r i c a l c a v i t i e s used by B e r l i n 

and Brown a l s o approximated conditions of i n f i n i t e p l a t e s 

with a uniform e l e c t r i c f i e l d . Pim, on the other hand, 

used spark gaps, domed very s l i g h t l y towards the centre, 

w h i l s t Prowse and Lane adopted a p a i r of p l a n e - p a r a l l e l 

d i s c s . The p o s s i b i l i t y of f i e l d d i s t o r t i o n a f f e c t i n g the 

breakdown measurements of these workers cannot be disregarded. 
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6.6. Low Pressure r e s u l t s 

6 .6 .1 . Advantages of low pressure measurements 

AJ: low pressure the reduced value of the breakdown 

f i e l d E/p changes quite r a p i d l y f o r small changes i n p. 

Between 1 mmsHg and 20 mmsHg the range of E/p encountered 

was. quite considerable, and measurements i n t h i s region 

were p a r t i c u l a r l y u s e f u l f o r determining q u a n t i t i e s r e l a t e d 

to E/p, notably the i o n i s a t i o n c o e f f i c i e n t . The numerical 

values of breakdown s t r e s s recorded were considerably 

s m a l l e r than have been observed at microwave frequencies. 

They a r e , however, i n q u a l i t a t i v e agreement with values 

reported by Paska (1955); t h e i r s i g n i f i c a n c e i s discussed 

i n the f o l l o w i n g s e c t i o n . 

6 .6 .2 . V a r i a t i o n of breakdown, s t r e s s with gas pressure 

The curves shown i n F i g . k3 represent breakdown at a 

number of f i x e d gaps over a pressure range ,3 mmsHg -

20 mmsHg. Discharges i n the smaller gaps are confined to 

the h.f, region; at l a r g e r separations the u.h.f, t r a n 

s i t i o n s are c l e a r l y i n d i c a t e d . 

The form of the curves i s s i m i l a r to those at higher 

p r e s s u r e s , being c h a r a c t e r i s e d by a f a l l i n breakdown f i e l d 

at constant pressure w i t h i n c r e a s i n g separation of the 

p l a t e s . Only small values of f i e l d were required to break 

down gaps i n the u.h.f. low-pressure region. T y p i c a l 

v a l u e s of V and E are given i n Table 13. • 
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TABLE 13. U.H.P. BREAKDOWN AT LOW PRESSURES 

d = 20.32 mras d = 15.24 mras 

PmmsHg Vjj v o l t s E R v o l t s PmmsHg V R v o l t s E R v o l t s 

0.3 1i+6 71 1 . 5 1 7 6 1 1 6 

0 . 8 155 7 6 2.0 1 8 4 121 

1 . 3 1 7 6 8 7 3.0 2 2 8 151 

Even smaller breakdown p o t e n t i a l s have been observed 

by Paska (1955), who has studied the breakdown strength 

of a i r between c a s u a l c y l i n d e r s at a frequency of 7 7 Mc/s 

w i t h i n a p r e s s u r e range 0.01 ramsHg - 5 mmsHg. These 

v a l u e s , lower than are obtainable u s i n g microwave 

o s c i l l a t i o n s , are explained as fo l l o w s . Using geometrically 

s i m i l a r systems, microwave breakdown voltages are somewhat 

l e s s than those f o r r a d i o frequencies (Prowse (1950)) . V 

i s determined by the e l e c t r o d e separation, gas pressure, 

and f i e l d frequency, and l i m i t e d by two main f a c t o r s , the 

c o l l i s i o n frequency ( S e c t . 3 . 5 . 2 . ) and e l e c t r o n ambit 

t r a n s i t i o n s . The e l e c t r o n ambit l i m i t i s seldom encountered 

i n microvmve breakdown, (the e l e c t r o n s move only a f r a c t i o n 

of a m i l l i m e t r e before t h e i r v e l o c i t i e s are reversed by the 

f i e l d ) , and can be avoided at radio frequencies by using 

s u f f i c i e n t l y l a r g e gaps. However, the c o l l i s i o n - f r e q u e n c y 

t r a n s i t i o n at microwave frequencies occurs at a considerably 
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higher pressure than at r a d i o freguencies, and since the 
e f f i c i e n c y of, i o n i s a t i o n i s greater at lower pressures, 
i t i s p o s s i b l e f o r r . f . breakdown voltages recorded near 
the minimum t o be lower than those obtainable at micro
wave frequencies. 

Thus, by c a r e f u l choice o f frequency, gas pressure, 
and electrode separation, i t seems l i k e l y t h a t the break
down p o t e n t i a l o f the gap would not be greater than a few 
v o l t s , A thorough i n v e s t i g i a t i o n of optimum breakdown i n 
the radio-frequency region may be of considerable t e c h n i c a l 
importance. 

6 . 7 . I o n i s i n g e f f i c i e n c y i n a i r 
The breakdown data i n a i r were used t o c a l c u l a t e 

values o f the high-frequency i o n i s i n g c o e f f i c i e n t ^ , 
usi n g equation 3 . 8 . 

P l o t s of ̂  as a f u n c t i o n o f ER/P are given i n Pig. 5 0 ; 

each curve corresponds t o a pressure run at constant 
e l e c t r o d e separation. On the high pressure (low Eg/p) 
sid e , they come together t o form a common envelope, 
departure from t h i s occurs at values of E^/p determined by 
the i n d i v i d u a l gaps. For a given Ej^p the i o n i s i n g 
e f f i c i e n c y i s seen t o increase w i t h electrode separation, 
and may be a t t r i b u t e d t o the lengthening o f the l i f e - t i m e 
of e lectrons w i t h i n the gap. These curves could be used, 
i n c o n j u n c t i o n w i t h eqn, 3 . 8 . t o p r e d i c t breakdown at 
various pressures using d i f f e r e n t electrode c o n f i g u r a t i o n s . 
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6 . 8 . V i s u a l c h a r a c t e r i s t i c s o f the discharge 
Observations o f breakdown i n a i r showed t h a t under a 

pre s c r i b e d set of conditions the discharge was v i s i b l e i n 
one o f f o u r d i f f e r e n t modes. I n Table Ik each mode i s 
s p e c i f i e d by i t s c o l o u r , i n t e n s i t y , and volume. 

TABLE 1 4 . DISCHARGE CHAEACTERISTICS IN AIR 

1 
Mode Intense 

or D i f f u s e 1 Colour Extent of discharge 

A Intense Pink, white 
spots on 
electrode 

Confined w e l l w i t h i n 
i n t e r - e l e c t r o d e space. 

B D i f f u s e B r i g h t pink W i t h i n i n t e r - e l e c t r o d e 
space; dark spaces 
round electrodes. 

C Intense Pink W i t h i n i n t e r - e l e c t r o d e 
space. 

D D i f f u s e Paint pink Extended beyond i n t e r -
electrode space but 
dark space i n c e n t r a l 
r e g i o n o f gap. 

I n the neighbourhood of the u.h.f. t r a n s i t i o n , the 
form of the discharge changed from mode B t o the intense 
mode A, and was accompanied by a sharp drop i n the voltmeter 
reading, i n d i c a t i n g a heavy loading of the c i r c u i t . Pig, 5 1 , 

constructed from a large number of observations, shows the 
change i n form of discharge i n r e l a t i o n to electrode 
separation and gas pressure. This phase-diagram can be 
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used t o p r e d i c t the discharge appearance under a given 
set of c o n d i t i o n s . 

An explanation s i m i l a r t o t h a t given f o r hydrogen. 
Sect. 3 . 9 . 2 . , i s thought l i k e l y t o e x p l a i n the change i n 
nature of the spark i n the v i c i n i t y of the u.h.f, 
t r a n s i t i o n . 
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_GHAPTER 7_ 

EXPERIMENTAL ERRORS 

I n a l l of the diagrams, the values of e l e c t r i c stress 
are based on-indicated voltages. The meters used were 
c a l i b r a t e d i n tenns of the electromotive force of two 
standard c e l l s . 

I n a l l cases the percentage e r r o r decreased w i t h 
i n c r e a s i n g v o l t a g e , as shown i n Table I 5 , 

TABLE 15* VOLTMETER ERRORS 

Meter. Instrument 
Range (V o l t s ) 

E r r o r 
(per cent) 

Pye Scale-Lamp 
e - s t a t i c 1000 - 500 . 3 - 1.2 

Ayrton-Mather 
(hig h range) 530 - 1 1 0 ,k - 1.8 

Ayrton-Mather 
(low range) 120 - UO . 6 - 1.1+ 

I t w i l l be r e c a l l e d t h a t measurements of breakdown 
voltage were made by using stepwise increases i n the 
ap p l i e d voltages. I n the higher voltage range the l a s t 
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increase between no-breakdown and breakdown d i d not exceed 
5 v o l t s , and i n the lowest range 2 v o l t s . 

Precautions were taken t o ensure t h a t the f i n i t e 
l e ngths of the connections to the electrodes and to the 
diodes should not Introduce an e r r o r . A p a r a l l e l - w i r e . 
transmission l i n e was connected between the f i n a l tuned 
c i r c u i t and the electrodes; the side-branch taken from 
p o i n t s near the electrodes t o the diodes was so adjusted 
t h a t the t o t a l run to the electrodes was equal to the t o t a l 
run t o the diodes. This t o t a l r-un was i t s e l f only a small 
f r a c t i o n (5%) of the shortest wavelength used. 

Pressures were read to-5 mmsHg, i n the higher range 
(above 15 mmsHg) by means of the modified Boundon Gauge. 
The c a l i b r a t i o n (Section 2.3.3.) was repeated a t regular 
i n t e r v a l s , and no p o i n t ever departed from the o r i g i n a l 
curve by more than»5 mm Hg. The diaphragm gauge used 
f o r the low-pressure measurements i n hydrogen and a i r 
was subject to an e r r o r not exceeding 2^% of the f u l l - s c a l e 
reading (40 mm Hg), I n the f i g u r e s the pressures used 
are In d i c a t e d pressures not corrected f o r f l u c t u a t i o n s 
i n l a b o r a t o r y temperatures, and t h i s may account f o r 
occasional departures from r e g u l a r i t y , such as appear.in 
the V-pd curves f o r a i r . Pig. 47. 

The electrode separation could be measured w i t h 

a l t o g e t h e r greater accuracy than the voltage or the gas 

pressure, and no sensible e r r o r arose i n t h i s connection. 
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Also no appreciable e r r o r occurred i n connection w i t h 
frequency measurements; the wavemeter readings agreed, 
w i t h i n the p r e c i s i o n of reading, w i t h the indi c a t e d 
frequency o f the o s c i l l a t o r . 

oooOOOooo 
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APPEiroiX 1 

THE OSCILLATOR 
The o s c i l l a t o r c i r c u i t i s shown i n Pig. 52. Three 

frequency ranges were a v a i l a b l e , 5,5 Mc/s - 10.5 Mc/s; 
3 Mc/s - 5.5 Mc/s; and 200 Kc/s - 500 Kc/s. ' The 
c i r c u i t of Pig. 52 only Includes components re l e v a n t 
to the highest frequency range. 

O s c i l l a t i o n s were generated by a series-fed Hartley 
o s c i l l a t o r , based on value ¥]_ and the tuned elements 
E1C2C3. Condenser Cg was v a r i a b l e , and w i t h G^^^ was 
f i t t e d w i t h a UNI s l i c k 7-stop mechanism, arranged so 
t h a t pre-determined frequencies could be r i g i d l y held or 
ret-urned t o . These stops could be released at w i l l . 
The condenser was trimmed to allow f i n e adjustment of 
frequency. The o s c i l l a t i o n s ' were f e d , v i a S]^, to the 
c o n t r o l g r i d of the power a m p l i f i c a t i o n ' v a l v e s Vg and V3, 

strapped i n p a r a l l e l . H.T. f o r these valves, r200 v o l t s , 
was d e l i v e r e d through c u r r e n t - l i m i t i n g r e s i s t o r s and 
H.P.C. 1. A m i l l i a m e t e r i n the anode c i r c u i t , M̂ ,̂ 
provided a u s e f u l guide f o r determining resonance 
c o n d i t i o n s . 

The o s c i l l a t i o n s were d e l i v e r e d to the output tuned 
c i r c u i t L 2 C]i3 through Ĉ . 
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i. C i r c u i t . t Components 
Valve 3 V i 

V2 and V3 

Chokes H.P.C.l 
H.P.C.2 
H.P.C.3 

VT104 (ML6) 
VT105 (PT15) 

8.8 mH 
2.5 mH 

15.5 mH 

Resistors 

Cl .oo4^ P ^8 .003^ P 

C2 10 P C9 .004^ F 

C3 11-135/^yv P °10 .0002y. P 

C4 .005^ P Gi l .5^ P 

% .005y^P ^12 .004^ P 

.0002^P Cl3 .Oly- P 

Q7 .0003^ P ^14 . 0041^ P 

Ri 1.5-^ ^8 50K-i_ 

R2 2 0 K ^ R9 15K ^ 

R3 10 - V . % 0 7.5K-^ 
R4 19.5. 
R5 20K -a 

Rg 75K 
Rrj 12K 

Rl2 5.1K-
Rj3 350-.-
R2_4 20-^ 

oooOOOooo 
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