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CHAPTER - I 

INTRODUCTION. 

1.1 G e n e r a l C o n s i d e r a t i o n s . 

S t u d i e s i n t h e h . f . d i s c h a r g e i n g a s e s have a r o u s e d 

i n t e r e s t i n r e l a t i v e l y r e c e n t y e a r s compared t o s t u d i e s 

i n d.c. d i s c h a r g e . The p r o c e s s e s o f i o n i s a t i o n and 

d e i o n i s a t i o n and hence the maintenance c o n d i t i o n s i n 

the h . f . and d.c. c a s e s a r e f u n d a m e n t a l l y d i f f e r e n t i n 

many i m p o r t a n t r e s p e c t s ; t h o s e i n t h e former typ e o f 

d i s c h a r g e a p p e a r t o be much l e s s c o m p l i c a t e d compared 

to t h o s e i n t h e l a t t e r t y p e . I n f a c t , t h e r e i s a 

domain o f the h . f . d i s c h a r g e where t h e r e a r e o n l y two 

p r o c e s s e s competing w i t h e a c h o t h e r , namely, g a i n by 

c o l l i s i o n a l i o n i s a t i o n and l o s s by d i f f u s i o n . T h i s i s , 

t h e r e f o r e , t h e s i m p l e s t type of t h e h . f . d i s c h a r g e . T h i s 

happens when both t h e mean f r e e p a t h o f t h e e l e c t r o n s 

and t h e i r a m p l i t u d e of o s c i l l a t i o n a r e much s m a l l e r t h a n 

the gap d i m e n s i o n s . 

Numerous e x p e r i m e n t s have been performed t o e x p l o r e 

t h e mechanism o f h . f . breakdown. T h e r e a r e t h r e e major 

v a r i a b l e s and t h e i r r e l a t i v e v a l u e s d e t e r m i n e t h e r e l a t i v e 

i m p o r t a n c e of t h e v a r i o u s p h y s i c a l p r o c e s s e s o p e r a t i n g . 
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These a r e : ( a ) t h e gas p r e s s u r e p (and hence t h e mean 

f r e e p a t h o f e l e c t r o n s and t h e i r c o l l i s i o n f r e q u e n c y v 

w i t h the gas m o l e c u l e s ) ; ( b ) the d i m e n s i o n s o f t h e gap 

and ( c ) t h e f r e q u e n c y u o f t h e a p p l i e d f i e l d . 

The mechanism o f d i s c h a r g e f o r v a r i o u s r a n g e s o f p, 

v and u may be so d i f f e r e n t t h a t i t i s d i f f i c u l t , i f not 

i m p o s s i b l e , t o f o r m u l a t e a unique t h e o r y c o v e r i n g t h e 

e n t i r e range o f o b s e r v a t i o n s done so f a r . The problem 

has been a t t a c k e d by d i f f e r e n t s c h o o l s o f w o r k e r s by 

means o f v a r i a t i o n s i n r e s p e c t o f t h e gap geometry, 

a m p l i t u d e and f r e q u e n c y o f t h e a p p l i e d f i e l d , t h e n a t u r e 

and p r e s s u r e o f t h e g a s , n a t u r e and shape o f t h e e l e c ­

t r o d e s ( b o t h i n t e r n a l and e x t e r n a l ) and t h e i r s e p a r a ­

t i o n s . N e v e r t h e l e s s , one i s not s u r e how, when t h e 

d i s c h a r g e has s t a r t e d and r e a c h e d e q u i l i b r i u m c o n d i t i o n 

t h e boundary v o l t a g e drop compares w i t h t h e v o l t a g e drop 

i n t h e gas and what t h e i r phase r e l a t i o n s h i p i s . One 

may, f u r t h e r , a s k a s i m p l e q u e s t i o n a s t o how t h e conduc­

t i v i t y o f t h e gas changes w i t h gap c u r r e n t , t h e answer 

t o w h i c h i s f a r from s i m p l e . I t i s known t h a t t h e con­

d u c t i v i t y o f the gas i s a complex q u a n t i t y , t h e r e b e i n g 

both an i n phase ( r e a l ) and an out o f phase ( i m a g i n a r y ) 
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component o f c u r r e n t . I n o r d e r t o a s c e r t a i n the conduc­

t i v i t y o f t h e gas a t any s t a g e a f t e r breakdown, one needs 

to know the c u r r e n t - v o l t a g e c h a r a c t e r i s t i c s o f the con­

d u c t i n g g a s , o f which v e r y l i t t l e i s known. 

The c u r r e n t - v o l t a g e r e l a t i o n s were examined by the 

Townsend ( 1 ) s c h o o l o f w o r k e r s . T h e i r e x p e r i m e n t a l 

r e s u l t s , w i t h e x t e r n a l e l e c t r o d e s f i t t e d t o c y l i n d r i c a l 

v e s s e l s of d i f f e r e n t gap geometry show t h a t w i t h i n a 

l i m i t e d range o f p r e s s u r e and gap c u r r e n t , t h e c h a r a c t e r ­

i s t i c i s a p p r o x i m a t e l y a s t r a i g h t l i n e . O b s e r v a t i o n s 

were a l s o made w i t h i n t e r n a l e l e c t r o d e s . I n o r d e r t o 

compare the r e s u l t s w i t h t h e e l c t r o d e l e s s c a s e c o n s i d e r a ­

t i o n s o f t h e v o l t a g e drop between t h e e x t e r n a l e l e c t r o d e s 

and t h e i n n e r s u r f a c e o f t h e d i s c h a r g e tube was n e c e s s a r y . 

Townsend and h i s a s s o c i a t e s t r e a t e d t h i s i n a s i m p l e way, 

n e g l e c t i n g t h e i n h e r e n t phase q u a d r a t u r e between t h i s 

drop and t h a t a l o n g t h e gas column so t h a t an e r r o r o f 

u n c e r t a i n magnitude was i n t r o d u c e d . The r e s u l t s p r e s e n t e d 

i n t h i s t h e s i s a l l t a k e a c c o u n t o f t he phase r e l a t i o n 

between t h e d i e l e c t r i c v o l t a g e drop (between t h e e x t e r n a l 

e l e c t r o d e s and t h e i n n e r s u r f a c e o f t he d i s c h a r g e t u b e ) 

and t h e v o l t a g e drop a l o n g t h e gas column. 
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As a r e s u l t of study by a great many workers, pl e n t y 
o f experimental data are a v a i l a b l e now r e l a t i n g the 
breakdown and maintenance p o t e n t i a l s and f i e l d s t o the 
various s i m i l a r i t y parameters, e.g. pA, pX, EA, e t c . , 
where E and A are the magnitude and wave-length o f the 
applied f i e l d r e s p e c t i v e l y and A i s the c h a r a c t e r i s t i c 
d i f f u s i o n l e n g t h of the discharge vessel. For a c y l i n ­
d r i c a l discharge tube o f radius r and len g t h £ , the 
c h a r a c t e r i s t i c d i f f u s i o n length A i s defined by 

From a study of extensive data obtained from various 
sources i t i s possible t o d i s t i n g u i s h c e r t a i n l i m i t i n g 
regions of the d i f f u s i o n - c o n t r o l l e d h . f . discharge. These 
l i m i t s are concerned w i t h ( i ) the u n i f o r m i t y o f the f i e l d ; 
( i i ) the e l e c t r o n i c mean free path, ( i i i ) the o s c i l l a t i o n 
amplitude of the elec t r o n s and ( i v ) c o l l i s i o n frequency. 
A good review on t h i s aspect has been given by S.C.Brown ( 2 ) . 
Data have been c o l l e c t e d and shown to be l y i n g w i t h i n 
these various l i m i t s . I t has also been shown t h a t even 
when the breakdown i s other than d i f f u s i o n - c o n t r o l l e d , 

(!) • W A* 
(1.1) 
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i t i s possible to represent a l l data by a pA - pA - EA 
surface model. For each gas such a surface i s unique. 
This surface model i s such a u s e f u l t h i n g t h a t not only 
pure h . f . discharges but also those w i t h superposed d.c. 
and/or a.c. and/or magnetic f i e l d s can be taken account 
of by such surfaces, by using modified values of the 
c h a r a c t e r i s t i c d i f f u s i o n lengths (A) under corresponding 
c o n d i t i o n s . 

One of the important problems of the h . f . discharge 
i s t h a t of determining the e l e c t r o n i c c o n c e n t r a t i o n N i n 
the gap and i t s s p a t i a l d i s t r i b u t i o n . A few other funda­
mental q u a n t i t i e s l i k e the breakdown and maintenance 
p o t e n t i a l s , frequency of i o n i s a t i o n v^, the e l e c t r o n 
temperature T e, the c o e f f i c i e n t o f d i f f u s i o n D, the 
e l e c t r i c a l c o n d u c t i v i t y o e t c . are also of importance. 
The values of a l l these parameters at any p o i n t i n the 
gap are known to be f u n c t i o n s of the s p a t i a l co-ordinates 
of the p o i n t i n the gap, as w e l l as of the r a t i o E/p, 
where E i s the breakdown f i e l d . 

We are, however, here concerned w i t h the maintenance 
c o n d i t i o n s of the sustained discharge r a t h e r than the 
c o n d i t i o n s leading to breakdown. I n f a c t , one does not 
know how the voltage i n the gap adjusts i t s e l f t o the 
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steady s t a t e c u r r e n t f l o w i n g i n the gap. Does the gap, 
a f t e r breakdown, behave as a pure r e s i s t a n c e , or a pure 
reactance, or a simple L,C, R c i r c u i t , or a combination 
of some or a l l o f them, i n a simple or i n t r i c a t e manner? 
Disregarding d r i f t , recombination or attachment we can 
a r r i v e at a reasonable answer to these questions by 
assuming t h a t d i f f u s i o n i s the only loss process t o 
compete w i t h e l e c t r o n generation by the a p p l i e d f i e l d . 
One has also t o bear i n mind t h a t when the steady s t a t e 
i s a t t a i n e d the charge density i s favourable f o r the 
t r a n s i t i o n of f r e e e l e c t r o n d i f f u s i o n t o the s o - c a l l e d 
ambipolar d i f f u s i o n , which a r i s e s as f o l l o w s ( 3 ) . 

Let us assume t h a t the applied f i e l d i s s l i g h t l y 
less than t h a t necessary f o r breakdown. There may be 
only a few e l e c t r o n - i o n p a i r s produced by the small 
energy t r a n s f e r from the f i e l d t o the chance e l e c t r o n 
and the loss by d i f f u s i o n stops the development o f the 
discharge, which, t h e r e f o r e , cannot maintain i t s e l f . 
When the a p p l i e d p o t e n t i a l i s of the r i g h t value f o r 
breakdown to occur, the loss by d i f f u s i o n i s equal t o 
the gain from the f i e l d . With the onset of breakdown, 
the concentration of e l e c t r o n s and ions i n the plasma 
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reaches a very high value q u i c k l y . Now, the ele c t r o n s 
d i f f u s e out of the gap very much f a s t e r than the ions. 
This causes a gradual b u i l d i n g up o f a p o s i t i v e space 
charge and thus creates an e l e c t r o s t a t i c f i e l d between 
the body of the plasma and the w a l l s of the container. 
This means t h a t soon a f t e r breakdown the electrons are 
slowed down and the p o s i t i v e ions are speeded up by 
t h i s e l e c t r o s t a t i c f i e l d , and a f t e r a w h i l e , there i s 
a compromise so t h a t both the ele c t r o n s and p o s i t i v e 
ions d i f f u s e out of the gap at the same r a t e . This f a c t 
has been taken account o f , by d e f i n i n g an e f f e c t i v e 
d i f f u s i o n c o - e f f i c i e n t of both electrons and p o s i t i v e 
i o n s , the ambipolar d i f f u s i o n c o - e f f i c i e n t D̂ . I n the 
fr e e l i m i t , t h e r e f o r e , when the discharge j u s t s t a r t s 
or i s about to s t a r t , the l o s s i s purely by e l e c t r o n 
d i f f u s i o n , the charge density i n the gap i s low and 
d i f f u s i v e v e l o c i t y high. I n the ambipolar l i m i t , on 
the other hand, when the discharge reaches a steady s t a t e , 
the loss i s by ambipolar d i f f u s i o n , the charge density i s 
high and d i f f u s i v e v e l o c i t y i s one or two orders of 
magnitude lower than i n the former case. The d i f f u s i v e 
losses i n the steady s t a t e being thus much reduced, the 
maintenance p o t e n t i a l i s much less than the breakdown 
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p o t e n t i a l . 
I n the d i f f u s i o n - c o n t r o l l e d , steady-state, h . f . 

discharge as has been studied by the author, i t i s , 
t h e r e f o r e , the value of the ambipolar d i f f u s i o n , and not 
t h a t o f the f r e e e l e c t r o n d i f f u s i o n t h a t i s of the utmost 
s i g n i f i c a n c e . The r o l e o f the ambipolar d i f f u s i o n i n 
various discharge c o n f i g u r a t i o n s has been studied i n 
great d e t a i l s i n recent years. A knowledge o f t h i s i s 
e s s e n t i a l f o r the i n t e r p r e t a t i o n of experimental r e s u l t s . 

The v a r i a t i o n of has been mostly studied i n 
the a f t e r g l o w of various gases mainly by microwave 
techniques. For example, f o r a plasma c o n s i s t i n g o f 
ele c t r o n s and one type of p o s i t i v e i o n , Oskam and 
M i t t l e s t a d t CO found t h a t D i s independent of time; 

3. 

f o r plasma co n t a i n i n g electrons and several types of 
p o s i t i v e i o n s , however, decreases w i t h time and 
approaches the value corresponding t o t h a t i n the presence 
of the slowest type of p o s i t i v e i o n ; i n a plasma consis­
t i n g of both p o s i t i v e and negative ions and e l e c t r o n s , 
D i s found t o increase w i t h i n c r e a s i n g r a t i o of negative a 
i o n t o e l e c t r o n concentration. Mulcahy and Lennon (5) 
have studied also the v a r i a t i o n of t h i s c o - e f f i c i e n t w i t h 
pressure. Further, i n many h . f . discharges, the s p a t i a l 
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d i s t r i b u t i o n of e l e c t r o n s has a maximum a t the centre 
and approaches zero a t the w a l l s . Thus, there i s a 
t r a n s i t i o n region on e i t h e r side of the c e n t r a l plasma 
where ambipolar d i f f u s i o n changes i n t o f r e e e l e c t r o n 
d i f f u s i o n ( 6 ) . Owing to these important f a c t s , a review 
of recent l i t e r a t u r e on t h i s c o - e f f i c i e n t w i t h p a r t i c u l a r 
a t t e n t i o n t o the h . f . discharge phenomena would be u s e f u l 
and i s given i n Chapter I I . 

I n Chapter I I I , the d e s c r i p t i o n o f the experimental 
conditions imperative w i t h our main assumption t h a t 
ambipolar d i f f u s i o n i s the only loss process w i l l be 
given. An o s c i l l a t o r of the d i e l e c t r i c heater type 
capable o f d e l i v e r i n g high power (3.5 KW) at 17 Mc/s was 
a v a i l a b l e i n the l a b o r a t o r y ; f o r t h i s frequency the 
necessary pressure range and the gap dimensions are 
discussed. 

Chapter IV deals w i t h the i n s t r u m e n t a t i o n . This i s 
a major p a r t of the work; as t h i s was a new experiment 
a l t o g e t h e r , everything had t o be assembled from the very 
s t a r t . The development of the voltage and c u r r e n t 
measuring c i r c u i t s , e f f e c t i v e screening of the discharge 
tube and i t s associated c i r c u i t e t c . are described 
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c h r o n o l o g i c a l l y as f a r as possib l e . 
I n Chapter V, some observations on the s t a t i o n a r y 

and moving s t r i a t i o n s are reported. The explanation of 
t h e i r formation i n an h. f . discharge i s f a r from c l e a r . 
Their study i s i n i t s e l f an important subject and should 
be taken separately. Nevertheless, some i n t e r e s t i n g 
photographs are presented as a matter of general i n t e r e s t . 
A short discussion of the e x i s t i n g l i t e r a t u r e on the h . f . 
s t r i a t i o n s has also been included. 

I n Chapters VI - IX, the main r e s u l t s of the e x p e r i ­
ments are shown g r a p h i c a l l y . As w i l l be explained i n 
se c t i o n 1.2 below, our basic assumption was t h a t ambipolar 
d i f f u s i o n i s the major e l e c t r o n removal process and i f 
t h a t i s so, one should expect a constant p o t e n t i a l g r a d i ­
ent i n long c y l i n d r i c a l tubes and a constant c u r r e n t 
d e n s i t y i n f l a t c a v i t i e s , where r e s p e c t i v e l y , the cur r e n t 
and voltage are maintained constants. The experimental 
r e s u l t s are i n good agreement w i t h these expectations. 

F i n a l l y , i n Chapter X, general discussion o f r e s u l t s 
has been made. Values of some important q u a n t i t i e s , 
namely, the ambipolar d i f f u s i o n c o - e f f i c i e n t , the h.f. 
i o n i s a t i o n c o - e f f i c i e n t and the number density of electrons 



- 11 -

i n the c e n t r a l plasma have been c a l c u l a t e d as a f u n c t i o n 
of the gap curr e n t and the gas pressure. The meaning of 
the end-drop of p o t e n t i a l , possible a p p l i c a t i o n of the 
Langmuir probe theory, t r e a t i n g the electrodes as probes, 
f o r determining the e l e c t r o n concentration and e l e c t r o n 
temperature i n the plasma, comparison of power d i s s i p a t i o n 
i n the long c y l i n d r i c a l tubes and f l a t c a v i t i e s and l a s t l y , 
a p p l i c a t i o n of Poisson's equation to f i n d the density 
of charges near the ele c t r o d e s , have been discussed i n 
d e t a i l . Also, some o f the l i m i t a t i o n s of the present 
experiments have been pointed out. 

1.2 The Problem 
Results of i n v e s t i g a t i o n s on the h . f . discharge by 

previous workers ( 1 ) , ( 7 ) , ( 8 ) , reveal a few th i n g s 
which are common i n them: (a) there e x i s t two sharply 
defined regions i n the discharge space, the end regions 
where the f i e l d i s high and the charge den s i t y low, and 
the c e n t r a l region where the f i e l d i s low and the charge 
de n s i t y h i g h ; (b) the two p o t e n t i a l drops, large a t the 
ends and small a t the centre, have a phase r e l a t i o n s h i p 
between them. One of the problems i s what t h e i r phase 
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r e l a t i o n i s . Also, one does not know how the c u r r e n t -
voltage r e l a t i o n i n the gap i s determined by the pressure 
and nature of the gas, or by the gap geometry. 

Let us make the hypothesis t h a t the maintenance 
of discharges a t u l t r a - h i g h frequencies i n s u i t a b l e 
c o n d i t i o n s i s a matter of the balance between genera­
t i o n of ele c t r o n s and ions by i o n i s i n g c o l l i s i o n s on the 
one hand and t h e i r removal by ambipolar d i f f u s i o n t o the 
wa l l s or the end plates on the other. Two types of 
geometry are s u i t a b l e f o r t e s t i n g the above hypothesis, 
e.g. long c y l i n d r i c a l tubes of which the radius i s small 
i n comparison w i t h the l e n g t h , and p a r a l l e l p l a t e systems 
i n which the radius of the plates i s large compared w i t h 
the separation. 

I n the long c y l i n d r i c a l geometry, d i f f u s i o n t o the 
c y l i n d r i c a l w a l l s i s the operative removal process and 
i t i s to be expected t h a t , provided the e l e c t r o n popu­
l a t i o n i s not too dense, one le n g t h of the tube should 
be l i k e any other l e n g t h , since, as can be seen from 
Eq. ( 1 . 1 ) , when r<<^, the c h a r a c t e r i s t i c d i f f u s i o n l e n g t h A 
i s r/2.405 and i s , t h e r e f o r e , independent o f l e n g t h . One 
can, t h e r e f o r e , expect constant p o t e n t i a l gradient along 
the column. Here, we must make the assumption t h a t we are 
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dealing w i t h discharges i n which the e l e c t r o n temperatures 
are the same. This i s t o be expected w i t h discharges i n 
which the same c u r r e n t i s used f o r a tube of a given radius 
whatever the len g t h of the tube, provided the expected 
r e s u l t i s obtained, namely, t h a t the p o t e n t i a l gradient 
i n the tube i s , i n f a c t constant. I n p a r t i c u l a r , discharge 
observations on the p o t e n t i a l gradient i n tubes of various 
diameters should t e l l us whether i n f a c t d i f f u s i o n i s the 
c o n t r o l l i n g process. I t i s expected t h a t i n experiments 
of t h i s type the regions around the electrodes w i l l have 
d i f f e r e n t p r o p e r t i e s from the column as a whole, and 
observations of t h i s k i n d are valuable. 

When p a r a l l e l p l a t e electrodes are employed, i t i s 
conceived t h a t i n the case o f plates whose distance apart 
i s small compared t o t h e i r r a d i i , d i f f u s i o n to the plates 
themselves i s the operative removal process. I n t h i s 
case, since r>>£ , the c h a r a c t e r i s t i c d i f f u s i o n l e n g t h A 
i s £/n, and i s , t h e r e f o r e , independent of the r a d i u s . 
Thus, f o r a given f l a t c a v i t y , i f the p o t e n t i a l drop 
between the electrodes i s the same, one should expect 
constant current density f o r a l l electrode areas, t o 
s a t i s f y the assumption t h a t e l e c t r o n temperatures must 
be the same i n comparable systems. 
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I t i s expected t h a t these d i f f u s i o n - c o n t r o l l e d 
discharges w i l l f i l l the whole of the i n t e r e l e c t r o d e space 
i n most cases. But a t higher pressures, the discharges 
are much more l i k e l y t o be f i l a m e n t a r y than d i f f u s e i n 
form and i t w i l l be a matter o f great i n t e r e s t to observe 
the t r a n s i t i o n , i f any, from the uniform glow type of 
discharge t o the f i l a m e n t a r y one and t o t r y t o a s c e r t a i n 
the mechanism f o r t h i s t r a n s i t i o n . 

I t i s l i k e l y t h a t these simple conceptions w i l l be 
i n t e r f e r e d w i t h and the experimental r e s u l t s masked by 
occasional incidence of plasma o s c i l l a t i o n s . 
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CHAPTER - I I 

REVIEW OF LITERATURE ON AMBIPOLAR DIFFUSION 

2.1 The Basic Concepts. 

The c o e f f i c i e n t o f ambipolar d i f f u s i o n i s r a t h e r a 
concept than a separate p h y s i c a l e n t i t y , which takes i n t o 
account the m o b i l i t y and d i f f u s i o n c o e f f i c i e n t o f el e c t r o n s 
and p o s i t i v e ions. I f M + , H ~ are the m o b i l i t i e s and 
D+, D~, the c o e f f i c i e n t s o f d i f f u s i o n o f ions and 
electrons r e s p e c t i v e l y , then the c o e f f i c i e n t of ambipolar 
(meaning "on both sides of the ax i s " ) d i f f u s i o n i s defined 
by 

D = DV+DV ( 2 A ) 
U +y 

This d e f i n i t i o n a r i s e s from the f o l l o w i n g considera­
t i o n s : I f N + be the number density ( i . e . number per 
u n i t volume) of p o s i t i v e i o n s , then the number o f 
p o s i t i v e ions d i f f u s i n g per second through u n i t area 
perpendicular t o the x-axis (say) i s 

N + V d i f f = - D + d 2 i + ( 2* 2 ) 

dx 
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where dN i s the concentration gradient necessary f o r 
dx 

d i f f u s i o n t o occur. The negative sign appears because 
d i f f u s i o n takes place i n the d i r e c t i o n of decreasing 
concentration. 

Now, i f the ap p l i e d f i e l d E i s also i n the x - d i r e c -
t i o n , then the d r i f t v e l o c i t y v^ (say) of the p o s i t i v e 
ions i s defined by 

(2.3) 

Thus, considering d i f f u s i o n . t a k i n g place only along 
the f i e l d d i r e c t i o n , the t o t a l v e l o c i t y o f the ions i s 
given by 

v = v d i f f + v d < 2 ' k ) 

Therefore, the p o s i t i v e , i o n i c c u r r e n t density 

j + = NV=-D +f + + N% +E (2.5) 

S i m i l a r l y , i f N 
one can w r i t e 

j"=N~v~ = 

be the number dens i t y of e l e c t r o n s , 

-P - d£ - N'y~E (2.6) 
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I n the steady s t a t e , the flo w ( o r the p a r t i c l e 
c u r r e n t d e n s i t y ) of both types of p a r t i c l e s i s the same 
i . e . j + = j ~ = j (s a y ) . Assuming t h a t 

dN + = dN" = dN (say) (2.7) 
dx d x d x 

one can eli m i n a t e E from (2.5) and (2.6) and o b t a i n 

i • - ( ° * ) f (2.8) 

which i s of the same form as ( 2 . 2 ) . 
The expression w i t h i n brackets on the r i g h t hand 

side of ( 2 . 8 ) , t h e r e f o r e , can be shortened i n t o D so 
c i 

t h a t 

D = DV+DV ( 2.D 
cL T ™* p + U 

I t i s an e f f e c t i v e d i f f u s i o n c o - e f f i c i e n t of both electrons 
and p o s i t i v e ions. 

I t may not be i r r e l e v a n t i f a few notes on Eq.(2.1) 
and the concept of the ambipolar d i f f u s i o n are added 
here. These are enumerated o v e r l e a f : 
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( i ) The values of the m o b i l i t y and d i f f u s i o n c o - e f f i c i e n t 
of electrons i n terms of the e l e c t r o n i c mean f r e e path Xg 

and mean v e l o c i t y c are r e s p e c t i v e l y given by 

e\ e 
mc 

(2.9) 

and 

c.X 
D" = (2.10) 

so t h a t 

— — r, KT 
= mc2 = e 3e (2.11) 

where T g i s the e l e c t r o n temperature. This d e f i n i t i o n 
o f T assumes t h a t the v e l o c i t y d i s t r i b u t i o n of ele c t r o n s e J 

i s Maxwellian. 
For p o s i t i v e i o n s , one can s i m i l a r l y w r i t e 

4̂ = — (2.12) + e 
M 

T + being the p o s i t i v e i o n temperature, again assuming 
t h a t the v e l o c i t y d i s t r i b u t i o n of ions also i s Maxwellian, 

Now, experi m e n t a l l y , y~>>u +. Therefore, when 
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i t f o l l o w s from (2.1) t h a t 

D KT D + D u D u I 1 (2.13) 

When, however, T = T +, 

D 2KTe
 + • (2.14) a 

i . e . twice the value given by (2.13). 

( i i ) I n the body o f the plasma, N+-N~<<N+ or N~. I f 
t h i s i s not so, the d i f f e r e n c e s i n N + and N~ may create 
a space charge f i e l d o f such a magnitude as can po s s i b l y 
annul the gradient o f concentration responsible f o r the 
d i f f u s i v e f l o w ; i . e . the system i s s e l f - a d j u s t i n g . 

( i i i ) Though one f r e e l y uses the term ' e l e c t r o n i c 
m o b i l i t y 1 i n h . f . f i e l d s , i t must be r e a l i s e d t h a t the 
concept i s r a t h e r a f i c t i o n than a r e a l i t y . F urther, 
even i n the d.c. case, except i n the molecular gases, the 
r a t i o o f the d r i f t v e l o c i t y o f electrons t o the ap p l i e d 
f i e l d , t h a t i s , the m o b i l i t y i s not a constant q u a n t i t y . 
Since constant e l e c t r o n i c m o b i l i t y has been assumed above, 
the i m p l i c a t i o n i s t h a t e i t h e r the e l e c t r i c f i e l d v a r i a t i o n 
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should be small or the curvature o f the e l e c t r o n i c d r i f t 
v e l o c i t y f u n c t i o n against E/p should be n e g l i g i b l e , as 
i s t r u e i n the case of molecular gases. I f , i n s tead o f 
w r i t i n g u~E i n Eq.(2.6) one w r i t e s c/E (where c i s a 
constant) f o r e l e c t r o n s , which.is probably i n b e t t e r 
agreement, w i t h experiment, the r e s u l t i n g expression f o r 
the ambipolar d i f f u s i o n becomes r a t h e r cumbrous and 
inconvenient f o r p h y s i c a l i n t e r p r e t a t i o n . I n h . f . f i e l d s 
n early a l l e l e c t r o n d r i f t takes place near the peak of a 
sine-curve, i . e . the e r r o r introduced by d i s r e g a r d i n g 
the higher m o b i l i t y a t low f i e l d s i s smaller than might 
be expected. 

( i v ) T £ i s known to have a s p a t i a l v a r i a t i o n ; t h i s 
means t h a t D should vary i n the same way and t h a t when 

Si 

we t a l k of ambipolar d i f f u s i o n c o - e f f i c i e n t Da, we r e a l l y 
mean a s o r t of average value of i t w i t h i n the discharge 
system. 

(v) At very low .pressures, the idea of d i f f u s i o n i s 
no longer v a l i d , since then there r e a l l y occurs many more 
c o l l i s i o n s on the w a l l s of the discharge tube than i n the 
volume. The loss o f e l e c t r o n s t o the w a l l s i s s t i l l 
governed i n t h i s case by the random v e l o c i t y o f the e l e c t r o n s 
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but i t i s not the value of the pressure alone, but 
r a t h e r the r a t i o u>/p, (where u i s the angular frequency 
of the a p p l i e d f i e l d ) t h a t determines the h . f . d r i f t loss 
f a c t o r . At low charge d e n s i t i e s f r e e e l e c t r o n d i f f u s i o n 
operates. Since the concept of ambipolar d i f f u s i o n r e f e r s 
t o a s t a t e of s t a t i s t i c a l e q u i l i b r i u m i n the discharge, 
there should be high enough gas density t o provide 
s u f f i c i e n t number of c o l l i s i o n s per second. 

I f , however, the plasma i s too dense, i . e . i f = N~ 
i s too h i g h , the d e n s i t y o f n e u t r a l molecules may be so 
small t h a t e l e c t r o n - i o n c o l l i s i o n w i l l f a r exceed those 
w i t h the n e u t r a l s . The d i f f u s i o n then i s b e t t e r known 
as the plasma d i f f u s i o n r a t h e r than ambipolar d i f f u s i o n . 
Thus, ambipolar d i f f u s i o n i s midway between the e l e c t r o n 
d i f f u s i o n and the plasma d i f f u s i o n on the low and high 
charge density regions r e s p e c t i v e l y ( 9 ) ( F i g . 2 . 1 ) . I t may, 
f u r t h e r be noted t h a t when the charge density i s too high 
i . e . i n the plasma d i f f u s i o n r e g i o n , the assumption of 
Maxwellian d i s t r i b u t i o n f o r e l e c t r o n i c and i o n i c v e l o c i t i e s , 
i s no longer v a l i d and hence we cannot p r o p e r l y t a l k of 
the terms l i k e T +, T e t c . . 

e 
( v i ) As p i s r a i s e d , atomic ions are s a i d t o be replaced 
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by molecular i o n s . As we s h a l l see l a t e r , when there are 
two types o f i o n s , there w i l l be two values Daj and Da2 of 
ambipolar d i f f u s i o n c o - e f f i c i e n t . I n a d d i t i o n , the 
presence of negative ions w i l l also introduce another 
ambipolar d i f f u s i o n c o - e f f i c i e n t f o r them. 

( v i i i ) R e f e r r i n g t o Eq. (2.13), one should note t h a t 
both theory and experiment have es t a b l i s h e d the inverse 
dependence of u + w i t h pressure, and hence D p i s constant. 

( v i i i ) Some workers (5) have experimentally found t h a t 
D decreases w i t h increase of the molecular weight o f a 
the experimental gas. 

( i x ) The concept of ambipolar d i f f u s i o n i s only a 
method o f e l i m i n a t i n g the use of the r a d i a l f i e l d . 

A f t e r enumerating the basic f a c t s concerning t h i s 
c o - e f f i c i e n t , i t i s now proposed t o give a short review 
of l i t e r a t u r e where ambipolar d i f f u s i o n i s the primary 
e l e c t r o n removal process under d i f f e r e n t experimental 
c o n d i t i o n s . 

2.2 The Review 
As e a r l y as 1928-29, Townsend and h i s associates (1) 

i n v e s t i g a t e d c e r t a i n p r o p e r t i e s o f the h . f . discharge 
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under c o n d i t i o n s where ambipolar d i f f u s i o n i s the main 
operating process. They used long c y l i n d r i c a l tubes 
f i t t e d w i t h e x t e r n a l electrodes i n the form of s l i d e a b l e 
sleeves as w e l l as w i t h electrodes immersed i n the 
experimental gases which were He, N 2 and Ne. They not 
only measured the s t a r t i n g and maintenance p o t e n t i a l s , 
but also extended t h e i r i n v e s t i g a t i o n s to o b t a i n c u r r e n t -
voltage c h a r a c t e r i s t i c s i n the discharge f o r a uniform 
glow. They found t h a t these c h a r a c t e r i s t i c s were 
p o s i t i v e ( F i g . 2.2); a l s o , t h a t over a l i m i t e d range of 
currents the f i e l d i n the gap was found t o be independent 
of the cu r r e n t and the frequency o f the applied f i e l d . 
With l a r g e c u r r e n t s , however, the f i e l d was found t o 
dimin i s h w i t h the c u r r e n t . The change of f i e l d w i t h the 
current was found t o be smaller i n wide tubes than i n 
narrow tubes under otherwise unaltered c o n d i t i o n s . This 
f a c t l e d Townsend t o propose t h a t the change i n the f i e l d 
was probably due t o the increase of temperature w i t h the 
large c u r r e n t s ; an increase o f temperature means a 
decrease i n the density o f the gas, which, i n t u r n , means 
a d i m i n u i t i o n i n pressure and hence a smaller f i e l d t o 
maintain the c u r r e n t , since at low pressures, the f i e l d i s 
less when the temperature i s constant. 
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An explanation of the mechanism o f the h. f . discharge 
was given on the same p r i n c i p l e s as the d.c. discharge. 
They a f f i r m e d t h a t the mean value o f the e l e c t r i c f i e l d 
i n the uniform h . f . glow should be the same as t h a t i n 
the uniform p o s i t i v e column of a d.c. discharge. The 
e l e c t r i c f i e l d i n the l a t t e r i s governed by the c o n d i t i o n 
t h a t supply of ions by c o l l i s i o n a l i o n i s a t i o n i s balanced 
by the loss due t o d i f f u s i o n . Townsend remarks t h a t t h i s 
hypothesis means "there must be a p o s i t i v e charge i n 
the gas which repels p o s i t i v e ions towards the surface 
and r e t a r d s the r a t e a t which the ele c t r o n s reach the 
surface by d i f f u s i o n so t h a t the p o s i t i v e ions reach 
the surface a t the same r a t e as e l e c t r o n s " . This i s 
p r e c i s e l y ambipolar d i f f u s i o n , though Townsend d i d not 
use the term. 

+ — + — + — Thus, N exceeds N , but the d i f f e r e n c e N -N <<N or N . 
Also, the charge e(N +-N~) i s independent of N + or N~. 

Therefore, there are two f i e l d s i n the p o s i t i v e 
column, the a x i a l f i e l d and the r a d i a l f i e l d . The l a t t e r 
e f f e c t i v e l y increases the c o n d u c t i v i t y of the gas by 
reducing the d i f f u s i o n loss o f e l e c t r o n s . * There i s also 
a charge, Townsend s t a t e s , on the inner surface o f the tube 
which tends t o become d i s t r i b u t e d so t h a t the a x i a l f i e l d i s 

" See bottom of next two pages 
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uniform i n the uniform glow. The explanation o f the h. f . 
discharge i s based on the above p r i n c i p l e s of a d.c. 
discharge. 

An e m p i r i c a l r e l a t i o n between the observed p o t e n t i a l 
d i f f e r e n c e V and the cu r r e n t i was given i n the form 

V = E g ( x + a ) + bXi 1 ( 2 > 1 5 ) 

= E x + E a + bAi ) g g J 

where E i s the a x i a l f i e l d i n the c e n t r a l plasma and a,b g 
are constants depending upon the pressure o f the gas and 
the diameter of the tube and A i s the wave-length of the 
applied f i e l d . Eq. (2.15) i n d i c a t e s t h a t the t o t a l 
p o t e n t i a l i s d i v i s i b l e i n t o a f a l l along the column corres­
ponding t o a gradient dv = E , together w i t h a component 

dx g 

(E a+bAi) of the general nature of an end-effect (namely, 
the drop between the sleeves and inner surface o f the 
tube and i n the gas near the electrodes where the e l e c t r i c 
f i e l d i s d i f f e r e n t ) . This i s supported by the observation 
t h a t Eg was found to be the same whether i n t e r n a l or 
e x t e r n a l electrodes were used. 
This means t h a t there i s probably another cause of the 

re d u c t i o n of f i e l d i n t e n s i t y w i t h increase i n c u r r e n t . The 
charge density increases w i t h c u r r e n t and t h i s probably 
reduces the value of Da (F i g . 2 . 1 ) . The loss of charged 
p a r t i c l e s being thus reduced, the maintaining f i e l d should 



- 26 -

I t may be remarked here t h a t Townsend's p r o p o s i t i o n 
of the two p o t e n t i a l drops i n phase ( i . e . i n the column 
and a t the ends) i s an o v e r - s i m p l i f i c a t i o n of the r e a l 
s i t u a t i o n : t h a t a t l e a s t one of them (the p o t e n t i a l 
drop between the sleeve electrodes and the inner surface 
of the tube) being a drop across the tube capacitance 
should be i n phase quadrature w i t h the voltage drop i n 
the c e n t r a l plasma. This i s f u r t h e r discussed i n Chapter V I . 

When the c u r r e n t i s h i g h , both E and b i n Eq. (2.15) 
decrease w i t h f u r t h e r increase i n c u r r e n t . These changes 
are enhanced a t higher pressures. 

Townsend's r e s u l t s i n n i t r o g e n w i t h e x t e r n a l and 
i n t e r n a l electrodes show t h a t at pressures above 1.6 cm, 
the p o t e n t i a l d i f f e r e n c e between the i n t e r n a l electrodes 
i s smaller than t h a t between e x t e r n a l electrodes. Below 
1.6 mm, the reverse i s t r u e . No explanation of t h i s was 
given by the authors. 

For a given c u r r e n t , the p o t e n t i a l V i s greater i n the 

• be l e s s . Yet another possible cause may be the secondary 
emission from the electrodes or the w a l l s of the tube, or 
even the thermal i o n i s a t i o n i f the temperature of the 
plasma i s high enough at the l a r g e c u r r e n t s . 
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electr o d e l e s s case than t h a t w i t h immersed electrodes. 
This d i f f e r e n c e i s a t t r i b u t e d t o the p o t e n t i a l drop across 
the tube capacitance, which i s p r o p o r t i o n a l to the 
cu r r e n t . Since the e f f e c t i s small w i t h small c u r r e n t s , 
the maintenance of the c u r r e n t , i t i s s t a t e d , cannot be 
due t o the secondary emission from the i n t e r n a l e l ectrodes, 
unless i n the e l e c t r o d e l e s s case too there i s secondary 
emission from glass, which, according t o Townsend, i s 
h i g h l y improbable. Subsequent works by von Engel and h i s 
associates (10-11) and Hatch and Williams (12^ however, 
have beyond doubt e s t a b l i s h e d t h a t secondary emission from 
glass i s q u i t e a probable phenomenon. 

Some q u a l i t a t i v e observations were also made by Townsend 
and Jones(13) regarding the i n t e n s i t y c h a r a c t e r i s t i c s of 
the glow as a f u n c t i o n o f the change i n c u r r e n t . For 
example, the glow i s uniform along the whole le n g t h o f 
the tube and i t s i n t e n s i t y increases w i t h the c u r r e n t . 
The glow, however, disappears from the middle p a r t o f 
the tube, when the current i s below a c e r t a i n value, the 
two ends remaining luminous. The minimum p o t e n t i a l necessary 
to maintain a cu r r e n t o f uniform glow can be e a s i l y 
determined. When the applied power i s reduced, there i s an 
abrupt d i m i n u i t i o n o f curr e n t and an increase i n the 
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p o t e n t i a l drop between the electrodes. 
Regarding the q u a l i t a t i v e study of the h. f . e l e c t r o d e -

less glow discharge ( w i t h movable e x t e r n a l electrodes 
f i t t e d t o c y l i n d r i c a l discharge tubes) the work of R.L. 
Hayman (14) (1929) i n He and Ne contains some valuable 
i n f o r m a t i o n . He observed t h a t 

(a) the r a d i a l d i s t r i b u t i o n of the l u m i n o s i t y i n the 
discharge i s dependent upon the pressure of the gas as 
w e l l as the cur r e n t f l o w i n g through the gap. 

(b) the r a t i o of the i n t e n s i t y near the axis t o t h a t 
near the w a l l i s greatest a t high pressure and weak 
discharges; also i t appears t o increase w i t h the wave­
length . 

(c) the colour of the discharge depends upon the pressure 
as w e l l as the e l e c t r i c f i e l d i n t e n s i t y — f o r higher 
pressure and low f i e l d , there i s a s h i f t towards the red 
end and f o r lower pressure and high f i e l d , towards the 
blue end of the spectrum. 

Some of the main problems of the h.f. discharge are 
the determination of the d i s t r i b u t i o n of the f i e l d i n the 
gap, v a r i a t i o n o f the i o n i s a t i o n rates i n the d i f f e r e n t 
regions of the discharge space, and the s p a t i a l d i s t r i b u ­
t i o n o f the e l e c t r o n d e n s i t y . A l l i s , Brown and Everhart (8) 
studied these problems i n systems where ambipolar d i f f u s i o n 
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i s the main operating mechanism. I t i s known t h a t when 
an h . f . f i e l d i s applied t o a plasma of high e l e c t r o n 
c o n c e n t r a t i o n , plasma resonance maximises the f i e l d 
i . e . the f i e l d i n t e n s i t y tends t o become a maximum where 
the plasma i s resonant. The e f f e c t of t h i s resonance on 
the e l e c t r o n d i s t r i b u t i o n and i o n i s a t i o n i n the simplest 
case of a p a r a l l e l plane discharge was c a l c u l a t e d . Their 
c a l c u l a t i o n s are i n agreement w i t h the f a c t t h a t the 
i n t e n s i t y o f the high-frequency glow i s a minimum a t the 
centre ( F i g . 2 . 3 ) . 

This phenomenon of plasma resonance can be very 
important. I n a valuable paper dealing w i t h phenomena 
of t h i s k i n d , Schneider(7) has shown t h a t the discharge 
i n the case o f plane p a r a l l e l electrodes can be represented 
by an equivalent c i r c u i t (Fig.2.4) which possesses both 
series and p a r a l l e l resonances. The p a r a l l e l resonance 
frequency <DV i s given by t h a t p a r t of the equivalent 
c i r c u i t representing the body of the plasma and i s the 
same as the ord i n a r y plasma resonance frequency, given by 

Ul 2 N Qe 2 

me P (2.16) 

where N Q i s the maximum density of the electrons i n the 
centre o f the plasma and e r i s the p e r m i t i v i t y of the 
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discharge space. According t o Schneider, one i s , however, 
more concerned w i t h the series resonance given by the 
e n t i r e e q uivalent c i r c u i t i . e . the c e n t r a l plasma (zone 
I I ) as w e l l as the two end regions (zone I ) , the series 
resonance frequency u^being given by 

N e 2 2d! 
u> 2 = - 2 — - i jt- (2.17) 
r meo d2 ~ 

which i s of the same form as Eq. (2.16); d] and d 2 are 
the breadths of zones I and I I r e s p e c t i v e l y . The plasma 
resonance frequency i s , t h e r e f o r e , modified by the f a c t o r 
2 d 1 / d 2 - 2 d i . I t i s evident t h a t occurrence of plasma 
resonance necessitates the existence of the two and zones 

if 

( f o r i f di = 0,u>r = 0 ) and vice versa. F u r t h e r , / d 2 ~. 2 d i , 
the plasma resonance frequency i s very high. 

A p a r t i c u l a r p o i n t should be s p e c i a l l y noted here, 
namely t h a t Schneider's s t a r t i n g equation f o r j ~ i s 
modified by the a d d i t i o n of an e x t r a loss term axN, where 
N i s the plasma de n s i t y and ax i s the p r o b a b i l i t y t h a t 
an e l e c t r o n w i l l be swept out of the discharge space by 
the h.f f i e l d , x being measured from the centre of the 
plasma ( F i g . 2.5). The o r i g i n of t h i s loss term has been 
explained by him as f o l l o w s : 
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I n the gap el e c t r o n s which are a t a distance less 
than t h e i r amplitude of o s c i l l a t i o n from e i t h e r electrode 
w i l l touch the electrode and be l o s t , whereas those much 
f u r t h e r away, r i g h t i n t o the middle o f the gap, w i l l not 
be cleared by d r i f t motion. This means t h a t i n the steady 
s t a t e , the e l e c t r o n density i n the middle region of the 
gap should be independent o f time. The greater the f i e l d 
s t r e n g t h , the greater the random motion of the e l e c t r o n s , 
and hence the greater i s the p r o b a b i l i t y of d i f f u s i o n 
t o the w a l l s i . e . t h i s loss term and hence a should increase 
w i t h i n c r e a s i n g f i e l d s t r e n g t h . 

The value of a determines the s p a t i a l d i s t r i b u t i o n 
of e l e c t r o n s and as i t depends on E, also determines the 
character of the h.f. discharge. When a=o, i . e . an un-
d i s t o r t e d plasma, the e l e c t r o n d i s t r i b u t i o n i s represented 
by a cosine f u n c t i o n : when a = ^ v ' v being the 

3u 

c o l l i s i o n frequency, the s p a t i a l d i s t r i b u t i o n curve of 
electrons i s p a r a b o l i c . For higher values of a, the 
d i s t r i b u t i o n curve i s more and more of a square shape. The 
d i s t r i b u t i o n curves f o r various values of a are given i n 
Fig. ( 2 . 6 ) . Measurements agree b e t t e r w i t h curve I I I or IV, 
so t h a t approximately homogeneous charge density can be 
assumed i n the centre of the plasma. The discharge space 
can then be d i v i d e d i n t o two zones: zone I a t the ends where 
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N approaches zero and zone I I at the centre where N i s a 
constant. Applying Maxwell's equation f o r conservation 
of t o t a l current to the two zones, the equivalent c i r c u i t 
of Fig.(2.4) and hence expressions f o r and as given 
by Eqs.(2.16) and (2.17) can be obtained. 

There i s a r e c t i f y i n g effect at the boundary regions 
of the discharge. This arises from the difference i n 
mobility between electrons and positive ions. This can 
be taken account of by a modification of the equivalent 
c i r c u i t of Fig.(2.4) at the boundary regions, as shown 
i n Fig.(2.7). 

Observations on discharge admittance and average 
potential of the plasma with probes were i n agreement 
with theory. 

In a gas containing more than one type of positive 
ion, there arises the question of more than one ambipolar 
d i f f u s i o n c o - e f f i c i e n t , e.g. D a l, D a 2 etc. Phelps and 
Brown(15) considered t h i s point when both the atomic and 
molecular ions are present i n a system. For example, i n 
an afterglow of a low pressure helium discharge, both 
He+ and He2 exist simultaneously. The two types of ions 
diffuse independently of each other with ambipolar 
d i f f u s i o n c o - e f f i c i e n t s D ai and Da2. I t has been shown 
that the ambipolar d i f f u s i o n c o - e f f i c i e n t decreases with 
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time and approaches the value corresponding to the slower 
ions, which are He+ ions. 

I f one of the two types of ions i s negative, the 
ambipolar d i f f u s i o n conditions should be naturally 
affected. The problem was dealt with by J.B. Thompson (16X 
When a low pressure discharge i s run i n an electro-negative 
gas, negative ions are formed by attachment of electrons 
to atoms or molecules. While the electrons due to t h e i r 
small mass move rap i d l y to the walls and form a negative 
surface charge, the negative ions being much heavier remain 
i n the volume. The negative p o t e n t i a l of the wall (due 
to the deposition of electrons) also retards the escape 
of the negative ions from the plasma. The concentration 
of the negative ions, therefore gradually builds up, 
u n t i l they are l o s t by volume recombination with positive 
ions. 

In a study of the oxygen discharge, these negative 
ions were detected and t h e i r temperature determined by 
probe techniques. Three ambipolar d i f f u s i o n c o - e f f i c i e n t s 

+ — e appear i n such cases, i . e . D , D and D f o r positive 
c l c l cL 

ions, negative ions and electrons respectively. Assuming 
N + = N~ + N g approximately, and denoting the r a t i o of 
electron to ion temperature, and negative ion to electron 
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concentration by Y and ai respectively, Thompson showed 

^ + ^+ D = D a 
(l+Y+2o!Y) ( l + a i p ~ / y e ) 
(1+ajY) J l + v + ( l + a i ) / y e + o i u ~ / y e ^ 

D = D a 
1 v_ 
Y y 

l+Y+2oiY 
l+U+(l+ai)/y e+aiy~/y e ] (2.18) 

D 
l+Y+2aiY 

1+y ( 1 + a i ) / p e
+ a i y /ue 

J 

The negative p a r t i c l e concentration as a function 
of the p a r t i c l e energy i s shown i n Fig.(2.8) and from 
t h i s Fig.(2.9) has been obtained. I t may be remarked 
here that Fig(2.8) shows three peaks, the o r i g i n of which 
i s not known. 

The ambipolar f i e l d E may be expressed as a function 
of ai by the expression 

E ( a i ) 
E(0) 

1-D+/D + 

1 + ai 
1 + Y 
Y (2.19) 

where E(0) i s the normal ambipolar d i f f u s i o n f i e l d when 
there are no negative ions (a\ - 0). I t s v a r i a t i o n with 
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ai i s shown i n Fig(2.10). 
+ — e The variations of D , D and D as well as ECc^) a a a 

with ai are as expected. The increase i n a\ i . e . increase 
i n the negative ionic concentration i n the volume, w i l l 
enhance the ambipolar d i f f u s i o n rate of both negative 
ions and electrons, but discourage the rate of ambipolar 
d i f f u s i o n of the positive ions because of the increase 
of the p r o b a b i l i t y of volume recombination with negative 
ions. Because of the increased volume recombination, the 
net ambipolar ( r a d i a l ) f i e l d due to the separated charges 
w i l l be reduced. At a very low <xi, t h i s f i e l d remains 
unaffected; at ai = 10, i t f a l l s to quite low values 
and for a i - 100, i t f a l l s p r a c t i c a l l y to zero. Measure­
ments of r a d i a l d i s t r i b u t i o n of p a r t i c l e density have 
been found to be i n agreement with theory. 

The matter becomes further complicated when i n 
addition to the above s i t u a t i o n there i s a p r o b a b i l i t y 
of existence of more than one type of positive ion, 
i . e . when two types of positive ions, one type of negative 
ion and electrons exist together. There should then be 

+ + -

four ambipolar d i f f u s i o n c o - e f f i c i e n t s , namely D a i , D a 2 

D ~ and D e. This has been treated i n some d e t a i l by 
c l c l 

E. Schulz-Du Bois(17) i n the case of decaying plasmas i n 
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oxygen where 0 , 0 2 and 0 2~ are present. Curves r e l a t i n g 
electron densities with time and d i f f u s i o n c o - e f f i c i e n t 
data etc. are shown graphically and discussed i n d e t a i l . 

2.3 Variation of D with Pressure and Calculation 
el 

of Ionic Mobility 

I t i s generally considered that the c o - e f f i c i e n t of 
ambipolar d i f f u s i o n D varies inversely with the pressure. 
However, Mulcahy and Lennon's (5) results of investigations 
of the afterglows of low pressure pulsed discharges i n 
the rare gases He, Ne and Ar show marked deviations from 
t h i s simple r e l a t i o n . One obtains a s t r a i g h t l i n e when 
a log-linear p l o t of electron density against time i s 
carried out, which shows that i n the afterglows, the 
ambipolar d i f f u s i o n of electrons and positive ions i s 
the p r i n c i p a l electron removal process. By applying 
Eq. (2.13) one can obtain the value of the positive ion 
mobility from the measured value of D a < In order to 
remove the dependence of D on the gas density, however, 

cl 
values of D p were calculated, where p i s the pressure a ro o 
reduced to 0°C. This leads to calculation of p Q, the 
reduced mobility i . e . m o b i l i t y of positive ions at 
760 mm Hg. and at 0°C. The resul t s are graphically 
shown i n Figs. ( 2 . l l ) - ( 2 . 1 3 ) . I t i s found that i n helium, 
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Dp remains constant between 3 and 22 mm Hg and below a o 
3 mm, Dp decreases with decrease i n pressure. In neon, a o 
below 5 mm Hg, electron density decays exponentially 
indicating.that the afterglow i s di f f u s i o n - c o n t r o l l e d . 
At higher pressures, recombination was noticed i n the 
early afterglow. In Ar, recombination with positive 
ions was found to be dominant f o r pressures greater than 
3 mm Hg. Between 1 and 3 mm Hg, both d i f f u s i o n and 
recombination occur and.-below 1 mm Hg, d i f f u s i o n alone 
i s responsible f o r electron removal. This means that there 
i s a t r a n s i t i o n region i n pressure below which d i f f u s i o n 
and above which recombination predominates as the 
electron removal process. 

Their experimental results also seem to predict 
that the higher the molecular weight of the gas used, 
the less should be the value of D p at a given pressure. 

c l O 

2. 4- High-Frequency Discharge with Axial Flow. 

We have so far discussed the various character­
i s t i c s of the steady state h.f. discharge, i n which 
ambipolar d i f f u s i o n i s the main operating process. Since 
the ambipolar speed i s low, i t would be in t e r e s t i n g to see 
how the discharge properties are affected when such a 
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discharge i s subjected to a uniform a x i a l motion (impressed 
from outside) of which the speed i s comparable with the 
ambipolar speed. Such a study was taken up by Romig (18} 
The main results of his analysis are quoted below: 

( i ) Due to the a x i a l flow the active discharge volume 
i s decreased and hence to sustain the steady-state discharge 
a larger f i e l d w i l l be necessary. 

( i i ) The a x i a l flow causes a s h i f t of the maximum 
charge density towards the edge of the discharge region. 
The amount of s h i f t f o r a given flow depends on the 
cavity length, pressure i n the cavity and the d i f f u s i o n 
c o - e f f i c i e n t of electrons. 

( i i i ) Calculations i n helium show that the e f f e c t i s 
much more pronounced i n the ambipolar l i m i t than i n the 
free electron d i f f u s i o n l i m i t of breakdown. This i s as 
expected, since ambipolar d i f f u s i o n v e l o c i t y i s much 
lower, by an order of magnitude or two, than the free 
d i f f u s i o n velocity and the a x i a l gas ve l o c i t y which i s 
comparable with the former w i l l , therefore, a f f e c t the 
discharge more e f f e c t i v e l y . 
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2.5 Transition from Free to Ambipolar Diffusion. 

From the well-known facts that (a) the p a r t i c l e 
charge density at any point within a steady state d i s ­
charge system i s a function of the space co-ordinates 
of the point and that (b) the value of the operating 
d i f f u s i o n c o - e f f i c i e n t , i n t u r n , depends on the p a r t i c l e 
charge density, i t i s evident that w i t h i n a given steady 
state discharge, there are regions where there w i l l be 
t r a n s i t i o n s from free to ambipolar d i f f u s i o n and vice 
versa. A l l i s and Rose (19) undertook an analysis of 
the general s i t u a t i o n i n a glow discharge where t h i s 
t r a n s i t i o n occurs. They defined an e f f e c t i v e d i f f u s i o n 
c o - e f f i c i e n t Dg which takes i n t o account the combined 
effects of ambipolar d i f f u s i o n D and space charge f i e l d s , 
by the r e l a t i o n 

where s i s the space charge density and 6 i s the 
conductivity. On the assumption that the r a t i o of electron 
to positive ion density i s a constant f o r any point i n 
the discharge, Eckert (6) used Eq.(2.20) to obtain 

D s D a (2.20) 
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D s D a D + 4n6 A2 (2.21) 

where 6 i s the conductivity i n the centre and A, the o 
characte r i s t i c d i f f u s i o n length of the discharge tube. 

For a steady state discharge, the electron continuity 
equation requires 

where i s the ionisation frequency per average 
electron. Eckert deduced expressions f o r v. and D i n 

x a 
terms of the e l e c t r i c f i e l d at the tube wall E R. I t 
i s found that with the increase of the tube radius R, the 
equilibrium e l e c t r i c f i e l d at the tube wall diminishes. 
The t r a n s i t i o n from the ambipolar to the free d i f f u s i o n 
occurs when f o r a given value of E R, the tube radius R 
i s increased, or when f o r a given R, the value of E R i s 
greater. These results are as expected. 

2.6 Refinements of Schottky's Theory. 

D 
(2.22) 

The ambipolar d i f f u s i o n which i s the basic physical 
process of loss of electrons and ions i n a positive 
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column and related discharges was f i r s t taken account of 
by Schottky. This theory had a remarkable achievement 
i n accounting f o r the s p a t i a l d i s t r i b u t i o n of ions and 
fo r the electron temperature i n the discharge. The 
value of the r a d i a l e l e c t r i c f i e l d i n the discharge, 
however, which i s the cause of the ambipolar d i f f u s i o n 
disagrees with experimental results i n some cases. 
Attempts at improvement led to non-linearities i n the 
basic equations and hence to d i f f i c u l t y of solution. 
Fowler (20) has arrived at a higher order solution by 
a straightforward means. He has shown that the problem 
of the r a d i a l e l e c t r i c f i e l d i n the positive column i s 
essentially reduced to the solution of a second-order 
l i n e a r d i f f e r e n t i a l equation. The detailed analysis i s 
outside the scope of t h i s thesis. However, his main 
points can be enumerated as follows: 

( i ) Eqs. (2.5) and (2.6) are applicable only i n the 
absence of electro-negative gases and temperature gradi­
ents . 

( i i ) Each ion i s ultimately produced through a process 
which, however complex, involves a single electron 
c o l l i s i o n : volume recombination i s n e g l i g i b l e . 
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( i i i ) The f i e l d E i n the gap must conform with the 
r e l a t i o n 

div E = 4ire (N+-N~) (2.23) 

The Schottky solution i s obtained by assuming l o c a l 
n e u t r a l i t y of charges ( i . e . N+=N~), which i s i n agree­
ment with experiments. Applying t h i s condition i . e . N+=N~ 
and the condition of ambipolarity of the current i . e . that 
the net r a d i a l component of current must be zero, Schottky 
obtained an expression f o r the r a d i a l f i e l d 

where J and J i are the Bessel functions of the zeroeth o 1 

and the f i r s t order respectively and i s the i o n i s a t i o n 
frequency. Fowler has shown that Eq.(2.24) which has been 
widely used by workers i s not compatible with the approxi­
mations made i n deriving Schottky !s equation and the 
terms neglected i n deriving (2.2 4) are f a r from negligible 
i n any domain of the discharge carrying a low current. 
The way out of the d i f f i c u l t y has been suggested by saying 
that though the r e l a t i o n N+=N~ i s accurate over the discharge 
as a whole, nevertheless div E i s not zero over essential 
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portions of the discharge. 

( i v ) The solution to Schottky's equation given by the 
f i r s t root of the Bessel function of the zeroeth order, 
used by von Engel and Steenbeck to evaluate electron 
temperature i n the positive column, i s hardly accurate. 
Fowler points out that the success of von Engel and 
Steenbeck i n t h i s regard i s rather accidental i n -that 
the function J Q changes most rapidly near i t s root, while 
i t s argument changes very slowly. 

2.7 Effect of an Inhomogeneous H.F. Field. 

There i s a considerable amount of l i t e r a t u r e 
coming out very recently on t h i s aspect of the high-
frequency discharge, namely, the e f f e c t of inhomogeneity 
of the high-frequency f i e l d on the discharge. No attempt 
w i l l be made to give an exhaustive description of such 
discharges* We s h a l l , however, mention two t y p i c a l works 
which are considered to be of some relevance to our work 
reported i n t h i s thesis: 

In a recent communication, Golovanivskii and KuzovnikovC21) 
have discussed the problem of contraction of the positive 
column by an inhomogeneous h.f. f i e l d . From the elementary 
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p a r t i c l e density equations, they arrived at the conclusion 
that i t i s possible to choose the amplitude of the high-
frequency f i e l d so that the current of charged p a r t i c l e s 
to the wall i s suppressed, i f the following r e l a t i o n i s 
s a t i s f i e d , i . e . 

_ ™ D J i l l i l (E + + E") (2.25) 
N a M + M " 

where E +, E~ are the f i e l d s acting on the positive and 
negative ions respectively, since E + E~, as the f i e l d 
i s not homogeneous. I f the f i e l d amplitude i s higher, 
the condition of zero current i s s a t i s f i e d somewhere 
between the axis of the discharge tube and the w a l l . 
Then the positive column w i l l contract. The higher the 
chosen f i e l d , the greater the compression. As f a r as 
can be seen, no account of the change i n the value of 
the ambipolar d i f f u s i o n c o - e f f i c i e n t with r a d i a l distance 
has been taken. 

Another important work on t h i s aspect has been 
recently reported by Perel' and P i n s k i i (22). They have 
considered a high-frequency discharge between plane elec­
trodes. By purely a n a l y t i c a l methods, they obtained an 
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expression f o r the average force exerted on an e l e c t r o n 
by the inhomogeneous high-frequency f i e l d i n the presence 
of c o l l i s i o n s and a r r i v e d a t a number of important con­
clusions as enumerated below: 

( i ) I t i s shown t h a t the plasma i s concentrated i n 
the c e n t r a l region o f the discharge, which i s sharply 
separated from the electrode regions. I n the electrode 
regions, the charge density i s appreciably smaller and 
the f i e l d amplitude i s appreciably higher than i n the 
c e n t r a l region where reverse i s the case. This i s i n 
agreement w i t h the r e s u l t s o f previous workers (7,8) . 

( i i ) The inhomogeneity of the high-frequency f i e l d has 
an important e f f e c t on the d i f f u s i o n of the charged 
p a r t i c l e s t o the e l e c t r o d e s . 

( i i i ) The p o t e n t i a l d i f f e r e n c e V c o n s i s t s of two 
p a r t s Vi and V 2 so t h a t V = Vj + V 2 where Vi and V 2 are 
the p o t e n t i a l drops i n the c e n t r a l and electrode regions 
r e s p e c t i v e l y . I n the high-density case, the basic 
voltage drop occurs i n the electrode region,* so t h a t V = V 2. 
This conclusion i s i n c o n t r a d i c t i o n w i t h Schneider's 
obs e r v a t i o n , who found t h a t the electrode regions can be 
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represented by a capacitance (see F.g 2.4). I f Schneider's 
a n a l y s i s i s c o r r e c t , which we t h i n k l i k e l y , the two 
voltage drops should be i n phase quadrature r a t h e r than 
i n phase. 

( i v ) Expressions f o r instantaneous voltages V j ( t ) and 
V 2 ( t ) are deduced which i n v o l v e among other q u a n t i t i e s , 
the ambipolar d i f f u s i o n c o - e f f i c i e n t D . For a given 
electrode voltage and gas pressure, these expressions 
can also be used to f i n d the e l e c t r o n density at the 
centre and the current f l o w i n g i n the gap. I t i s s t a t e d 
t h a t i n order t o do so, one must know the r e l a t i o n 
between the i o n i s a t i o n r a t e and e l e c t r o n temperature as 
w e l l as the r e l a t i o n between the e l e c t r o n temperature < 
and the high-frequency f i e l d . Since the high-frequency 
f i e l d i s not uniform, e l e c t r o n temperature should be 
d i f f e r e n t i n d i f f e r e n t regions o f the discharge. One must 
also note t h a t the i o n i s a t i o n r a t e s are d i f f e r e n t i n 
d i f f e r e n t regions o f the discharge. This chain of uncer­
t a i n t y , t h e r e f o r e , leaves one i n an u n s a t i s f a c t o r y s t a t e 
regarding any clue t o the vo l t a g e - c u r r e n t c h a r a c t e r i s t i c s 
i n the discharge. 
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CHAPTER - I I I 
THE EXPERIMENTAL CONDITIONS. 

3.1. I n t r o d u c t i o n . 
I n the statement of the problem (sec.1.2) we have 

drawn the main l i n e o f our approach, namely t h a t we 
want t o see whether ambipolar d i f f u s i o n alone i s the 
main e l e c t r o n removal process i n the sustained h . f . 
discharge. From the assumption t h a t the e l e c t r o n 
temperature (and hence the e l e c t r o n energy) i n comparable 
discharges should be the same, the expected r e s u l t s 
should be as f o l l o w s : 

( i ) I n the long c y l i n d r i c a l system, where the radius 
o f the tube i s much smaller than i t s l e n g t h , the loss 
of electrons and ions by d i f f u s i o n i s e n t i r e l y t o the 
side w a l l and so, f o r a given c u r r e n t , a change i n length 
should not a f f e c t the main t a i n i n g f i e l d , since whatever 
be the l e n g t h of the tube, provided t h a t the l e n g t h i s 
always much greater than the r a d i u s , the c h a r a c t e r i s t i c 
d i f f u s i o n l e n g t h which determines the maintaining f i e l d 
i s a constant. 

( i i ) I n the f l a t c a v i t i e s , where the radius o f the 
c a v i t y i s much l a r g e r than the gap w i d t h , the e n t i r e loss 
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i s due t o d i f f u s i o n t o the end-walls. The c h a r a c t e r i s t i c 
d i f f u s i o n l e n g t h i s determined by the gap width only and 
so, f o r a given gap voltage and a given c a v i t y , provided 
i t s radius i s much l a r g e r than i t s w i d t h , the number of 
e l e c t r o n s and ions d i f f u s i n g out per second per u n i t area 
of the gap along i t s axis i . e . the c u r r e n t d e n s i t y should 
be a constant. 

I f , then, the above expected r e s u l t s are obtained 
e x p e r i m e n t a l l y , one can draw the conclusion t h a t d i f f u s i o n 
i s probably the only loss mechanism which determines the 
character of the discharge. 

Now, i n order t h a t the above hypothesis be t e s t e d , 
one should use tubes which are s u f f i c i e n t l y long and 
c a v i t i e s which are s u f f i c i e n t l y f l a t , so t h a t the c o n d i t i o n s 
r << £ and r '*>- £ are s a t i s f i e d r e s p e c t i v e l y . Secondly, 
one should not choose an e l e c t r o n a t t a c h i n g gas l i k e 
oxygen or the halogens. I t i s known t h a t excepting 
these gases, attachment, i f present a t a l l , i s n e g l i g i b l e ( 4 3 ) ; 
so f a r as recombination i s concerned, very l i t t l e evidence 
of t h i s has been found i n experiments done so f a r , except 
a t higher pressures,(24, 25X I t i s , t h e r e f o r e , advisable 
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to begin working a t lower pressure range. 
The main c r i t e r i a , however, 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 are t h a t ( i ) the mean f r e e path 
and ( i i ) the ambit of the e l e c t r o n , should be both small 
i n comparison w i t h the dimensions of the tube. These 
c r i t e r i a are not e x c l u s i v e l y r e l a t e d w i t h the pressure p 
or the frequency iii o f the applied f i e l d , but r a t h e r 
w i t h the r a t i o of u/p. That i s t o say, f o r a given 
pressure, there i s a frequency range and f o r a given 
frequency, there i s a pressure range, f o r the d i f f u s i o n 
theory t o hold. 

A powerful o s c i l l a t o r o f the d i e l e c t r i c heater 
type capable of d e l i v e r i n g an output power of about 
3.5 KW a t 17 Mc/s was a v a i l a b l e . This f i x e d frequency 
r e s t r i c t e d our choice o f the pressure range f o r 
i n v e s t i g a t i o n . To begin w i t h , only moderate power 
was used. This was done i n stages, p a r t l y by p l a c i n g 
a high resistance i n the anode lead o f the o s c i l l a t o r 
valve and p a r t l y by t u n i n g o f the g r i d c i r c u i t of the 
o s c i l l a t o r , which was o f the tuned-anode, t u n e d - g r i d 
type. 

3.2. C a l c u l a t i o n o f the Necessary Pressure Range. 
For long c y l i n d r i c a l tubes, the minimum diameter 
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used was 0.525 cm and f o r the f l a t c a v i t y , the maximum 
gap separation was 2.03 cm. Now, when the e l e c t r o n i c 
mean f r e e path Xg i s t o be appreciably small i n comparison 
w i t h the values o f the diameter and gap separation, 
r e s p e c t i v e l y , l e t us suppose t h a t Xg should be o n e - f i f t h 
o f these values. Accordinly, X = 0.1 cm and 0.4 cm in' 

e 
the long c y l i n d r i c a l tube and f l a t c a v i t y r e s p e c t i v e l y . 
Now, t a k i n g data from von Engel (9) f o r the atomic mean 
fre e paths X i n Ne and H 2, which gases we s t u d i e d , e.g. 

X i n H 2 = 14x 10~ 3 cm ] 
, V a t 1 mm Hg and a t 0°C 

X i n Ne = 12x 10" 6 cm I 

and using the approximation t h a t 

X = 4/2 X . e atom 

and c o r r e c t i n g f o r the average temperature of the gas, 
we have 

X g ( a t 1 mm Hg) i n H 2 = 0.08 cm 
and 

X g ( a t 1 mm Hg) i n Ne = 0.07 cm 
This means t h a t f o r Xg not t o be greater than 0.1 cm i n 
long tubes and 0.4 cm i n f l a t c a v i t i e s , the pressures i n 
the long and f l a t c a v i t y systems should not be less than 
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0.8 mm and 0.2 mm Hg r e s p e c t i v e l y . Now, the character­
i s t i c d i f f u s i o n lengths o f the long and f l a t systems are 
of the order o f 0.1 cm and 0.4 cm r e s p e c t i v e l y so t h a t 
i n e i t h e r system pA = 0.08 cm. mm. Hg and hence EA i n 
e i t h e r system should be = 10 V o l t s i . e . Ef^at = 25 Volts/cm 
and E l o n g = 100 Volts/cm and E/p = ^ | = ^ | = 125 Volts/cm 
mm Hg so t h a t the d r i f t v e l o c i t y of e l e c t r o n s a t E/p = 125 

7 
Volts/cm mm Hg would be o f the order o f 10 cm/sec; the 

— 8 
h a l f - p e r i o d o f the f i e l d i s about 0.5x10 s e c ; the 
e l e c t r o n ambit, t h e r e f o r e , i s of the order of 0.05 cm which 
i s n e g l i g i b l e i n comparison w i t h the long tube or the 
f l a t c a v i t y dimensions. Thus, w i t h the working frequency 
of 17 Mc/s and f o r the tube and c a v i t y dimensions used, 
the lowest l i m i t o f pressure as discussed above should be 
something l i k e 0.2 mm Hg. 

Thus, since we are concerned w i t h the minimum pressure 
of about 0.2 mm Hg and we want t o study the basic charac­
t e r i s t i c s and t e s t our hypothesis o f ambipolar d i f f u s i o n , 
i t would s u f f i c e t o study the c h a r a c t e r i s t i c s up t o a few 
mms of Hg; a McLeod gauge was, t h e r e f o r e , thought t o serve 
the purpose. At a l a t e r stage, when i t was necessary t o 
push the range of observations t o higher pressures than 
t h a t given by the McLeod gauge, an o r d i n a r y U-tube manometer 
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was f i t t e d to the system. 

3.3 Nature of the Gas Used. 
Regarding the choice o f the experimental gas, 

hydrogen and neon were selected mainly because these 
gases had been e x t e n s i v e l y s t u d i e d before and represent 
t y p i c a l molecular and monatomic gases. Prel i m i n a r y 
observations were taken i n a i r f i r s t , t o a s c e r t a i n the 
necessary m o d i f i c a t i o n s i n the experimental arrangements. 

3.4 Nature of the Electrodes. 
Both i n t e r n a l and e x t e r n a l electrodes were used. 

For the long c y l i n d r i c a l tubes, c l o s e - f i t t i n g e x t e r n a l 
sleeve electrodes about 1 cm wide were used, so t h a t 
the spacing was r e a d i l y a d j u s t a b l e . For f l a t c a v i t i e s , 
t h i n c i r c u l a r discs o f copper were used as e x t e r n a l 
e l e c t r o d e s . 

The immersed electrodes i n e i t h e r system were i n the 
form of t h i c k c i r c u l a r discs o f m i l d s t e e l having grooves 
f o r '0' r i n g s (see Chap.IV). 

3.5 The Vacuum System, 
(a) The c o l d t r a p . 

As the t o t a l volume of the discharge system was 
not very l a r g e (1000 c.c. approximately), one cold t r a p 
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between the discharge tube and the manometer was considered 
s u f f i c i e n t . 

(b) Compression taps. 
I n order to e l i m i n a t e the p o s s i b i l i t y of 

contamination of the system by grease vapour, nearly a l l 
the taps were o f the grease-free compression type. I t 
was e v e n t u a l l y found necessary t o use one cone j o i n t f o r 
quick and easy f i t t i n g o f the d i f f e r e n t discharge tubes 
and c a v i t i e s . 

(c) Pumping, washing and f i l l i n g . 
A s i n g l e r o t a r y pump was employed. The system 

was a t f i r s t evacuated t o about 0.005 mm Hg; i t was then 
f i l l e d w i t h the chosen gas to about 10 mm Hg, pumped 
down again and r e f i l l e d , and the process repeated several 
times. 
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CHAPTER - IV 

INSTRUMENTATION 

4.1 I n t r o d u c t i o n . 
I n the f o l l o w i n g s e c t i o n s , various problems 

encountered on the ins t r u m e n t a t i o n side o f the work w i l l 
be described. 

4.2 Adaptation of the O s c i l l a t o r . 
The frequency of the o s c i l l a t o r which was stated 

t o be 17 Mc/s was checked by a wavemeter and found c o r r e c t . 
The range of working o f the o s c i l l a t o r was at f i r s t 

examined, using an e l l i p s o i d voltmeter method (26,27). 
Accordingly, an e l l i p s o i d of brass having i t s major and 
minor axes o f the order o f 1 cm was suspended by means 
of a t h i n quartz f i b r e between the oven electrodes 
mounted v e r t i c a l l y ( F i g . 4 . 1 ) . The p o t e n t i a l d i f f e r e n c e 
V i n v o l t s between the electrodes i s given by (2 8) 

V = Kd ( f 2 - f 2 ) * x c x 10~ 8 v o l t s r.m.s (4.1) o 
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where 

d = d i s t a n c e between the e l e c t r o d e s i n cm, 

f = n a t u r a l frequency of o s c i l l a t i o n of the 
e l l i p s o i d i n c / s , 

f = frequency of o s c i l l a t i o n of the e l l i p s o i d 
i n the r . f . f i e l d i n c / s , 

c = v e l o c i t y of l i g h t i n vacuum i n cm/sec 

and K = a constant depending upon the geometrical 
dimensions and the mass of the e l l i p s o i d . 

From the measurements of the two frequencies of o s c i l ­

l a t i o n , f and f , and the p h y s i c a l dimensions of the 

e l l i p s o i d , the p o t e n t i a l drop between the e l e c t r o d e s 

w a s c a l c u l a t e d and found to be about 20 KV r.m.s. From 

the f a c t t h a t when a t h i c k copper wire loop was placed 

on top of the l i v e e l e c t r o d e s e t h o r i z o n t a l l y , an i n s t a n ­

taneously luminous s n a k e - l i k e discharge at atmospheric 

pressure was obtained at i t s t i p , t h i s value appeared 

to be a probable one. The luminous snake was about 10 cms 

long and about 1 cm wide. 

4.3 The Current Measuring Instrument. 

At 17 Mc/s the most s u i t a b l e c u r r e n t measuring 

device i s the vacuum thermo-junction, but i t s low overload 

c a p a c i t y makes i t u n s u i t a b l e f o r exploratory work. 
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Considerable advantage seemed t o att a c h t o the high -
frequency r i n g galvanometer (29) and a p r e l i m i n a r y study 
of t h i s instrument was made. The c o n s t r u c t i o n and the 
working p r i n c i p l e of t h i s galvanometer are described 
below: 

I t c o nsists o f a few turns of copper wire mounted 
on an i n s u l a t i n g stand F i g . ( 4 . 2 ) . At the centre o f c o i l 
and at 45° to i t s a x i s , a t h i n copper di s c i s suspended 
by means of an e x t r a - t h i n quartz f i b r e . When a ra d i o 
frequency cu r r e n t i passes through the c o i l , the 
i n t e r a c t i o n between the magnetic f i e l d and the eddy 
cur r e n t produced exerts a torque 0 on the disc p r o p o r t i o n a l 
t o the square of the curr e n t i and t o the frequency u: 
o r , 

9 = K^ u i (4.2) 

where Ki can be determined by c a l i b r a t i o n using a 
vacuum thermo-junction. At f i r s t , three copper turns 
were t r i e d and a copper disc o f 1 cm diameter was sus­
pended by a f a i r l y t h i n quartz f i b r e c a r e f u l l y drawn. 
This was not s e n s i t i v e enough t o give any response t o 
the output of a s i g n a l generator, but doubling the number 
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of turns r a i s e d the s e n s i t i v i t y s u f f i c i e n t l y . 
Next a m i r r o r was f i t t e d t o a s u i t a b l e quartz f i b r e 

s a t i s f y i n g the f o l l o w i n g c o n d i t i o n s : 

( i ) The copper disc should be at 45° to the axis o f 
the c o i l : 

( i i ) The m i r r o r should be outside the c o i l and 
( i i i ) the quartz f i b r e should be t h i n f o r high 

s e n s i t i v i t y . 

The whole assembly, e.g. the quartz f i b r e f i t t e d 
w i t h m i r r o r and copper disc and the copper c o i l mounted 
on an i n s u l a t i n g stand was housed i n a rec t a n g u l a r 
perspex box, having a s l i d e a b l e f r o n t door and an a d j u s t ­
able screw, t o which the quartz f i b r e was cemented, f o r 
lowering or r a i s i n g the p o s i t i o n of the disc w i t h i n 
the c o i l , or f o r r o t a t i n g i t about a v e r t i c a l a x is so 
as to b r i n g i t t o 45° w i t h the axis o f the c o i l . A metre 
scale was placed a t a s u i t a b l e distance from the galvan­
ometer m i r r o r so as to read i t s d e f l e c t i o n d. 

4.4 Electrodes f o r Tuning. 
The o s c i l l a t o r was found t o work s a t i s f a c t o r i l y 

only i n t o a proper load; thus a s u i t a b l e t u n i n g device 
was needed. Two p a i r s of copper p l a t e s approximating t o 
Rogowski p r o f i l e were made. This was done ( c o n s t r u c t i o n 
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shown i n Fig(4.3) by so l d e r i n g a c i r c u l a r copper disc 
t o a r i n g o f copper tube and then by trimming the p r o f i l e . 
A p a i r of such discs were next made i n t o a robust 
capacitor ( s u i t a b l e also f o r voltage measurements) by 
mounting as shown. 

4.5 Electrodes (both i n t e r n a l and e x t e r n a l ) 
f o r the Discharge System. 

The d e t a i l s o f the mounting o f the i n t e r n a l and 
ex t e r n a l electrodes used are described below: 

(A) Long c y l i n d r i c a l tubes 
( i ) e x t e r n a l electrodes: Close f i t t i n g sleeve electrodes 

of about 1 cm width were used so t h a t t h e i r separation 
could be e a s i l y a l t e r e d Fig.(4.4) 

( i i ) i n t e r n a l electrodes: At f i r s t hollow c y l i n d r i c a l 
electrodes Fig.(4.5a) of brass were used. These were 
mounted by the QVF b o l t e d flange couplings and '0'-rings. 
The mounting was not found to be s a t i s f a c t o r y at f i r s t i n 
respect o f vacuum. Moreover, a f t e r some time of running 
of the discharge through the tube, these electrodes 
d e t e r i o r a t e d due t o s p u t t e r i n g e f f e c t s . Further, i n 
order t o compare r e s u l t s w i t h those i n the f l a t c a v i t i e s , 
where plane p a r a l l e l electrodes were t o be used*(see o v e r ) , 



UJ 
I > vft • ! 11 

I i 11 
• 

i • 11 11 

• i I 
<S2 

I 
CP 
UJ 

LXl 
—1 UJ 

UJ 

LU 
LU 

CI o 
Ul 

I 

-LA.' 
I "I I 11 I 

I 

• i 

V i f <J3 
1 LL. 



I 
I 

Fi&. 4.7. T U T C A V I T Y : I N T E R N A L E L E C T R O D E S . 

i 



FiG. 4 • a . FLAT CAVITY:IMTEBNM_ E L E C T R O D E S . 

5 
!i r b £ —-j 

F 1 & 4 . 9 . R E S I S T A N C E C O N T R O L O F C U R R E N T 

- A N D C A P A C 1 T 1 V E C O U P L I N G . 



- 59 -

s o l i d c i r c u l a r d i s c s of mild s t e e l (to reduce s p u t t e r i n g ) 

were employed Fig.(4.5b) i n s t e a d of the hollow c y l i n d r i c a l 

ones. 

(B) F l a t c a v i t i e s 

( i ) e x t e r n a l e l e c t r o d e s : These were c l o s e - f i t t i n g t h i n 

c i r c u l a r d i s c s of copper as shown F i g . ( 4 . 6 ) . 

( i i ) i n t e r n a l e l e c t r o d e s : C i r c u l a r d i s c s of mild s t e e l 

having a few small holes to l e t gas i n were used. They 

were mounted i n the same way as the i n t e r n a l e l e c t r o d e s 

i n the long tubes i . e . with the help of QVF bolted flange 

coupling and '0 ' - r i n g s , with g l a s s spacers of d i f f e r e n t 

aspect r a t i o s i n between F i g . ( 4 . 7 ) . Bigger e l e c t r o d e s 

necessary f o r c a v i t i e s of l a r g e r dimensions were simply 

a r a l d i t e d F i g . ( 4 . 8 ) . 

4.6 The Current Control and the D i f f i c u l t i e s . 

I n the i n i t i a l stages the o s c i l l a t o r was used at 

f u l l power with the i n t e n t i o n of employing a r e s i s t a n c e 

c o n t r o l of the power su p p l i e d to the discharge 

the system which i s bounded by plane p a r a l l e l e l e c t r o d e s , 

the boundary c o n d i t i o n being that the e l e c t r o n d e n s i t y i s 

zero a t e i t h e r e l e c t r o d e . 

* The formula /jr v2 t / 2_1405\ 
U ) * ̂  r / 

2.405N2 

i s a p p l i c a b l e to 
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tube. When t h i s was attempted using v a r i a b l e r e s i s t o r R 

mounted on a board, with tuning c a p a c i t o r s and C 2 as 

shown F i g . ( 4 . 9 ) , the r e s i s t o r s and the board were r a p i d l y 

charred by s t r a y discharges e t c . To d i v e r t the energy 

d i s s i p a t i o n and to obtain a steady symmetrical discharge, 

v a r i o u s measures were adopted, e.g. (a) i n s e r t i o n of 

some d i e l e c t r i c load between the p l a t e s of C j j (b) con­

tinuous flow of water through a g l a s s box placed between 

them; ( c ) adjustment of Cj and C 2; (d) interchanging 

the p o s i t i o n of C 2 and R; ( e ) connecting R and C 2 i n 

p a r a l l e l ; ( f ) replacement of the m e t a l l i c rods of the 

framework by g l a s s rods f o r reducing displacement c u r r e n t , 

e t c . , without any a v a i l . 

I t was next decided to use the o s c i l l a t o r a t low 

power by int r o d u c i n g a s u i t a b l e r e s i s t o r i n i t s anode 

l e a d . T h i s was t r i e d i n s t a g e s ; s e v e r a l r e s i s t o r s (of 

high wattage) were mounted on a t u f n o l i n c l i n e . For 

e f f i c i e n t c o o l i n g , t h i s was placed near the blower motor 

of the o s c i l l a t o r meant f o r c o o l i n g of the o s c i l l a t o r 

v a l v e , to the anode l e a d of which these r e s i s t o r s were 

in c l u d e d . 

At f i r s t one 1600J2 r e s i s t o r was t r i e d . The anode 
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cu r r e n t came down to 0.8 amp from the previous 1.5 amp. 

The r e s i s t a n c e was f u r t h e r i n c r e a s e d i n s t e p s . Some 

t y p i c a l observations on anode c u r r e n t s are noted below: 

Number of r e s i s t a n c e ( i n p a r a l l e l ) Anode c u r r e n t (amp) 
of 39 Kfl i n the anode l e a d of 

the o s c i l l a t o r . 

5 0.30 

4 0.28 

3 0.25 

2 0.20 

1 0.10 

Under conditions represented by the l a s t two rows 

the o s c i l l a t i o n s stopped. With three 39Kfi i n p a r a l l e l , 

when the anode c u r r e n t was 0.2 5 amp, conditions were most 

s t a b l e and the previous random c h a r r i n g or f l a s h i n g 

stopped a l t o g e t h e r . 

1.7 Asymmetry of the Discharge. 

Though a s t a b l e discharge now occurred w i t h i n the 

tube, i t was f a r from symmetrical. Also, the discharge 

was very s e n s i t i v e to the body movements; when the hand 
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was placed near the tube or one of the capacitance p l a t e s , 

the discharge could even be extinguished. Reduction of 

r e s i s t a n c e i n the discharge tube c i r c u i t made the d i s ­

charge steady but not symmetrical. The asymmetry could 

p o s s i b l y be a s c r i b e d to the various unknown s t r a y 

c a p a c i t a n c e s inherent i n the p h y s i c a l l a y i n g out of the 

c i r c u i t components. 

An i n d u c t i v e coupling, i n s t e a d of the c a p a c i t a t i v e 

one so f a r used was next t r i e d . A f t e r p r e l i m i n a r y 

t e s t s i t was found t h a t the system worked s a t i s f a c t o r i l y 

with a turns r a t i o of 3:10, i . e . with adjustment of C 2» 

discharge was obtained. Nevertheless, the discharge 

was s t i l l asymmetrical. V a r i a t i o n of R, Ci or C 2 

F i g . ( 1 . 1 0 ) only v a r i e d the length of the asymmetrical 

d i s c h a r g e , which was a l l due to s t r a y c a p a c i t a n c e s . 

An attempt to produce uniformity of the discharge 

by using guard r i n g s which would ensure uniform gradient 

i n s i d e the tube was a l s o u n s u c c e s s f u l . The guard r i n g s 

were th e r e f o r e subsequently removed. 

1.8. Symmetry of the Discharge. 

The primary c o i l i n the o s c i l l a t o r output stage 

was next connected to the earthed terminal r a t h e r than 

to the l i v e terminal as was done he r e t o f o r e . T h i s worked 
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s u c c e s s f u l l y and the discharge was quite symmetrical. 

Also, i t was noted that ( i ) when the hand was placed 

near the primary c o i l , the symmetry or the i n t e n s i t y of 

the discharge was not a f f e c t e d as much as p r e v i o u s l y 

and t h a t ( i i ) the i n c l i n a t i o n of the a x i s of the primary 

or the secondary c o i l with the v e r t i c a l d id not matter 

much so f a r as the symmetry of the discharge was concerned. 

The reason why the connection of the primary c o i l 

to the earthy terminal i n s t e a d of the l i v e one produced 

a symmetrical discharge, could be c l e a r from F i g . ( 4 . 1 1 ) . 

The asymmetry of the discharge might w e l l have been due 

to the s t r a y c a p a c i t i v e coupling as shown; an interchange 

of e a r t h connection between P and Q would much reduce 

t h i s coupling. Some pr e l i m i n a r y observations a t t h i s 

stage are reported i n Table 4.1 on the fo l l o w i n g page: 
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4.9 Measurement of Voltage. 

( i ) Observations with a vacuum tube voltmeter. 

A commercial vacuum tube voltmeter of maximum 

range of 100 v o l t s a.c. s u i t a b l e f o r measuring h.f. 

voltages was t r i e d a t f i r s t . The common earthed l e a d 

of the voltmeter was connected to the centre of the 

secondary c o i l and the lead was touched momentarily with 

e i t h e r end of the discharge tube i n su c c e s s i o n F i g . ( 4 . 1 2 ) , 

the discharge w i t h i n the tube being symmetrical and 

i n t e n s e . Both ends showed readings much beyond the v o l t ­

meter s c a l e . The obvious conclusion t h a t could be drawn 

was t h a t the voltage across the discharge tube was much 

gre a t e r than 200 v o l t s . During t h i s experiment the 

discharge tube used had an i n t e r n a l diameter of 1.61 cm 

and the d i s t a n c e between the i n t e r n a l e l e c t r o d e s was 

10 cm; the tube contained a i r a t a pressure of 4 mm. Hg. 

I t was a l s o observed t h a t momentary touch of the 

voltmeter l e a d with e i t h e r end of the discharge tube had 

a l a r g e i n f l u e n c e not only on the i n t e n s i t y but a l s o on 

the symmetry of the discharge and i n some c a s e s , the 

discharge could even be extin g u i s h e d . 

Some f u r t h e r steps taken i n the course of attempts 

to obtain a r e l i a b l e voltage measurement are next o u t l i n e d : 
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A t o t a l r e s i s t a n c e of 8 Mfi i n steps of 1 Mfi was 

connected i n p a r a l l e l with the discharge tube F i g . ( 4 . 1 3 ) . 

The connection of the voltmeter was as shown, the common 

lead of the voltmeter being connected to the middle 

( g e o m e t r i c a l l y speaking) of the row of r e s i s t a n c e s . The 

d e f l e c t i o n of the voltmeter needle was f a r outside the 

s c a l e , even a c r o s s 1 MfJ. When only the common l e a d was 

touched with e i t h e r end of the discharge tube, the other 

lead remaining f r e e , sparking occurred a t the contact 

point. With a r e s i s t a n c e of 2 Mfi between e i t h e r end and 

the point of contact with the common l e a d , the sparking 

ceased to occur. A l l of these observations are c o n s i s t e n t 

with the view t h a t the voltmeter c i r c u i t i s completed by 

s t r a y capacitances and th a t the r e s i s t a n c e s i n the 

c i r c u i t are unimportant F i g ( 4 . 1 4 ) . The e f f e c t i v e n e s s of 

the s t r a y c a p a c i t a n c e s and was t e s t e d by i n s e r t i n g 

r e s i s t o r s as shown i n F i g . ( 4 . 1 5 ) . With 1 Kfi r e s i s t o r s 

the tube glowed at the ends only and one r e s i s t o r burnt 

out. With 1 Mft r e s i s t o r s the tube did not glow but the 

r e s i s t o r s heated up. When a c a p a c i t o r was d e l i b e r a t e l y 

added (dotted) the e f f e c t was i n t e n s i f i e d . 
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( i i ) Observations with the symmetrical peak 
voltmeter ( G i l l and von Engel, 1948) . 

A f t e r the f a i l u r e of the commercial voltmeter, i t 

was r e a l i s e d t h at the symmetrical peak voltmeter of G i l l 

and von Engel('30J should be t r i e d . The connections are 

shown i n F i g . ( 4 . 1 6 ) . I n place of the VR92 diodes, s o l i d 

s t a t e diodes were t r i e d a t f i r s t , with the r e s u l t t h a t 

one of them immediately burnt out as soon as the o s c i l ­

l a t o r was switched on. With VR92 diodes connected, 

however, the voltage recorded, when the o s c i l l a t o r was 

switched on, was about 900 v o l t s . Even with t h i s l a r g e 

voltage, breakdown did not occur. When two 1 Mn r e s i s t ­

ances were used i n s t e a d of two 2 MJ2, the reading of the 

voltmeter under otherwise unaltered conditions was found 

to be 150 V o l t s . E v i d e n t l y , t h i s was not what we wanted 

e.g. the voltmeter should give the same reading i f 

everything e l s e l i k e the pressure of the gas, the gap 

geometry, e t c . remains u n a l t e r e d . Perhaps, t h i s could 

be a s c r i b e d to the s e l f - c a p a c i t i e s of the diodes which 

were not low enough. To provide high enough impedence 

i n the diode c i r c u i t , EY 51 diodes, i n s t e a d of the VR9 2's 

were used F i g . ( 4 . 1 7 ) ; these diodes had a s e l f - c a p a c i t y 

of 0.8 pf, compared to 2.1 pf of the VR92. 
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The magnitude of the induced voltages i n the d i f f e r e n t 

p a r t s of the voltmeter c i r c u i t was c o n s i d e r a b l e . I t 

was found t h a t even when one of the f i l a m e n t s u p p l i e s 

of the diodes wag disconnected, the filament concerned 

was glowing i n t e n s e l y as the o s c i l l a t o r was switched on. 

At a c e r t a i n p r e s s u r e , a t y p i c a l reading of 500 V o l t s 

was necessary f o r breakdown; t h i s reading remained the 

same when i n s t e a d of both the diodes, e i t h e r of them 

was i n operation; f u r t h e r , when none of the diodes was 

i n operation, the voltmeter reading was s t i l l 500 V o l t s 

which, however, g r a d u a l l y f e l l to zero i n a time of 

about h a l f a minute or so. This f a c t pointed to the--

thermal i n e r t i a of the diode f i l a m e n t s . 

By changing the p o s i t i o n of the c o n t r o l knob, the 

length and i n t e n s i t y of the glow could be changed — the 

i n t e n s i t y being maximum f o r the maximum value of the 

p o t e n t i a l recorded by the voltmeter. 

4.10. Observations with both Voltmeter and 
Ammeter Connected to the C i r c u i t . 

I t was next decided to look f o r both the ammeter 

and voltmeter d e f l e c t i o n s simultaneously, with some 

arrangement f o r c u r r e n t c o n t r o l through the system. The 
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c i r c u i t shown i n Fig.(4.18) was next t r i e d , with a few 

10JJ r e s i s t a n c e s on. each s i d e of the discharge tube f o r 

symmetry. The i n c l u s i o n of these r e s i s t a n c e s was thought 

to be a p o s s i b l e device f o r cu r r e n t c o n t r o l . The eddy-

cu r r e n t ammeter A was connected to the c i r c u i t and f o r 

symmetry again, a compensating c o i l A 1 of the same 

geometry was placed on the other side of the discharge 

tube. 

When the o s c i l l a t o r was switched on, i t was observed 

t h a t — 

( i ) the ammeter gave a small d e f l e c t i o n (a few rnms. on 
the s c a l e ) , 

( i i ) the voltmeter read about 500 V o l t s f o r breakdown, 

( i i i ) the lOfi r e s i s t a n c e s were much heated, 

and ( i v ) the glow was confined to the ends of the 

discharge tube, i t s middle portion remaining dark. 

I n s t e a d of p l a c i n g these r e s i s t a n c e s i n s e r i e s , 

when they were placed i n p a r a l l e l with C 2, there was no 

breakdown, showing t h a t the cur r e n t flowed through the 

r e s i s t o r s . When, however, higher r e s i s t a n c e s were used 

i n p a r a l l e l with C 2, breakdown occurred a t p r e c i s e l y the 

same voltage as before, with l i t t l e heating of the r e s i s t ­

ances. 
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A l l the attempts of e f f e c t i n g a s u i t a b l e c u r r e n t 

c o n t r o l brought d i f f i c u l t i e s of one kind or another. 

I t was then decided to solve the problem by va r y i n g the 

p o s i t i o n of the c o n t r o l knob of the o s c i l l a t o r . There 

was an apprehension that t h i s might change the frequency 

of o s c i l l a t i o n . I t was, However, found with a C.R.O. that 

the change, i f any, was i n a p p r e c i a b l e . Use of r e s i s t ­

ances i n the c i r c u i t was, t h e r e f o r e , avoided. This 

s i m p l i f i e d the c i r c u i t of Fig.(4.18) to t h a t i n F i g . ( 4 . 1 9 ) . 

T y p i c a l values of the voltmeter and ammeter readings 

a t a pressure of 6.2 mm Hg i n a i r are shown i n Table 4.2 

on the following page. 



TABLE - 4.2: A i r : p = 6.2 mm. Hg. 

V d 
v o l t s mm. 

90 7 
170 16 
240 27 
260 32 
320 45 
340 52 
430 80 
500 108 
530 132 
560 157 
600 177 
630 205 
680 242 
710 264 
730 283 
760 305 
770 323 
790 345 
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Some of the primary d i f f i c u l t i e s a s s o c i a t e d with the 

ammeter were t h a t there was a s l i g h t creeping of the 

zero of the s c a l e and that the d e f l e c t i o n s were not very 

steady. Moreover, i t took a long time f o r the spot of 

l i g h t to s e t t l e down. These d i f f i c u l t i e s were eliminated 

by introducing an oil-damping device to the ammeter. 

An u.h.f. thermo-junction of r a t e d current 250 mA 

was used a t f i r s t to c a l i b r a t e the ammeter but the 

thermo-junction burnt out immediately showing t h a t the 

gap c u r r e n t was much higher. A thermo-couple type of 

h.f. ammeter of range 0-3 Amp. was next used f o r the 

purpose. A s e t of data f o r i and d was noted at 7 mm Hg 

i n a i r . A p l o t of i 2 vs d gave a good s t r a i g h t l i n e 

F ig.(4.20) . 

4.11 Slow D r i f t of the Ammeter Readings: 

The d r i f t with time of the ammeter reading was 

another d i f f i c u l t y of a more s e r i o u s k i n d . This was 

apprehended to be due to the d i e l e c t r i c heating of the 

m a t e r i a l of the discharge tube and of i t s assembly or 

of the various components i n s i d e the voltmeter or i t s 

a s s o c i a t e d c i r c u i t . S e v e r a l steps were taken to e l i m i n a t e 

t h i s trouble ( f o r d e t a i l s see Appendix I ) . 
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4.12. Minimisation of the S t r a y s . 

At 17 Mc/s s t r a y c a p a c i t a n c e s are great sources of 

t r o u b l e , e s p e c i a l l y those from the e l e c t r o d e s to the 

e a r t h ( C L and C R, F i g . ( 4 . 2 1 ) . 

D e t a i l s of the steps taken to deal with the d i f f i ­

c u l t i e s introduced by these s t r a y s are given i n Appendix I I , 

but some general observations are made below: 

The c u r r e n t through and C R can flow through the 

gas i n the tube (the c a p a c i t o r s merely represent the 

e l e c t r o s t a t i c f i e l d from the e l e c t r o d e s to the e a r t h ) . 

Thus, i f point R i s connected to e a r t h , there w i l l be a 

b r i g h t e r glow of the tube a t the L end than at R and 

v i c e v e r s a . An ammeter at A^ w i l l i n d i c a t e the c u r r e n t 

to the e l e c t r o d e R plus the c u r r e n t through C^. 

I n order to overcome these d i f f i c u l t i e s due to the 

s t r a y s C L and C R i n obtaining true value of the c u r r e n t 

through the tube, one can apply e i t h e r of the two 

following p o s s i b i l i t i e s : 

1. To use a symmetrical system and reduce and C R 

as f a r as p o s s i b l e by a t t e n t i o n to design, or 

2. To use a system with one end, (R s a y ) , earthed so. 

t h a t the c u r r e n t through C R i s zero. A low impedance 
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ammeter a t w i l l then i n d i c a t e the true c u r r e n t 

through the tube. 

Both p o s s i b i l i t i e s were t r i e d e xperimentally. For 

s i m p l i c i t y , however, i t was decided to use the second 

system f o r the present experiments. 

4.13 Asymmetrical Arrangement of the Discharge 
System. 

D e c i s i o n to use the asymmetrical system implied 

c e r t a i n m o d i f i c a t i o n s i n the c i r c u i t arrangements. 

F i g . ( 4 . 2 2 ) . These are l i s t e d below: 

( i ) p o s i t i o n of ammeter: 

This must be at the earthy end of the discharge tube 

so that i t i n d i c a t e s the true value of the c u r r e n t through 

the tube. 

( i i ) single-ended voltmeter: 

I n order to conform to the asymmetrical system, 

the symmetrical peak voltmeter was modified int o the 

form shown i n Fig(4 . 2 2 ) having a s i n g l e diode r e c t i f i e r 

i n the c i r c u i t . 

( i i i ) s c r e e n i n g : 

An e f f e c t i v e screening of the discharge system was 

an important requirement so as to give a d e f i n i t e and 
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small s t r a y c a p a c i t a n c e . To achieve t h i s , an earthed 

metal box (shown dotted i n Fig.(4.22) completely surround­

ing the earthy end of the discharge tube was erected. 

( i v ) l i v e end of the secondary c o i l : 

Care was taken so that the l i v e end of the secondary 

c o i l was not too c l o s e to the earthed metal box, as t h i s 

would i n c r e a s e the leakage of c u r r e n t to e a r t h thereby 

reducing c u r r e n t through the tube. 

(v) mechanical d i s p o s i t i o n of condenser, ammeter and 

voltmeter: 

Questions l i k e the best p o s i t i o n of C 2, the ammeter 

and voltmeter e t c . were a l l decided by t r i a l and e r r o r 

so as to s a t i s f y the condition that the e f f e c t s of the 

s t r a y s , though much reduced a l r e a d y , were minimum. 

4.14 R e l i a b i l i t y of the Data. 

With the asymmetrical system b u i l t up s a t i s f y i n g a l l 

the above c o n d i t i o n s , observations f o r voltage and c u r r e n t 

i n the tube were c a r r i e d out. I n order to t e s t whether 

the measurements were r e l i a b l e , i t was e s s e n t i a l to f i n d 

( i ) the voltage drop across the ammeter c o i l and ( i i ) the 

cur r e n t flowing through the voltmeter. The fo l l o w i n g 
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t e s t s were made: 

Connection of the voltmeter lead at the ammeter end 

( l e a d X, Fi g ( 4 . 2 3 ) between electrode R and A or between 

A and earth did not produce any n o t i c e a b l e change i n 

the voltmeter reading, thus showing that ( i ) e.g. voltage 

drop ac r o s s the ammeter c o i l was n e g l i g i b l e . Again, 

withdrawal of both the voltmeter leads from the e l e c t r o d e s 

L and R did not i n f l u e n c e the d e f l e c t i o n of A to any 

appreciable extent, showing that ( i i ) e.g. c u r r e n t 

flowing through the voltmeter was a l s o n e g l i g i b l e . 

4.15 Some Q u a l i t a t i v e Observations on the Glow 
as a Function of P r e s s u r e . 

I n a d d i t i o n to the q u a n t i t a t i v e s t u d i e s reported 

so f a r , some observations of the q u a l i t a t i v e kind are 

worth re p o r t i n g here. I t was found that f o r a c e r t a i n 

a p p l i e d voltage, as the pressure was g r a d u a l l y reduced 

from a high value, ( i ) the gap broke down with glows 

confined to the ends, the centre region of the tube 

remaining dark; ( i i ) with f u r t h e r reduction of pre s s u r e , 

the glow extended throughout the tube so that the whole 
of 

gap was/uniform i n t e n s i t y ; ( i i i ) with pressure f u r t h e r 

down, the glow detatched i t s e l f from the ends and was 

gradua l l y concentrated a t the centre; the appearance of 
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the glow a t t h i s stage was c y l i n d r i c a l with tapered 

ends; ( i v ) a t t h i s p o s i t i o n , voltage i n c r e a s e d with 

i n c r e a s e i n cu r r e n t ; (v) the pump was kept running; the 

c e n t r a l tapered glow remained steady even upto the lowest 

pressure a t t a i n e d (=.005 mm Hg); ( v i ) a f t e r s w itching 

o f f the o s c i l l a t o r , (the pump s t i l l running) and wait i n g 

for a minute or so f o r the tube to cool down, when the 

o s c i l l a t o r was switched on again, the glow obtained 

f i l l e d the whole tube, a t p r e c i s e l y the same pressure 

as before i . e . .005 mm Hg. When i n t h i s c o n d i t i o n , the 

c o n t r o l l i n g knob of the o s c i l l a t o r was only s l i g h t l y 

d i s t u r b e d , the uniform glow throughout the tube r e v e r t e d 

to the p r e v i o u s l y observed c e n t r a l tapered glow again. 

I t was f u r t h e r observed that ( v i i ) w h e n the glow extended 

throughout the tube, the voltage recorded was quite low, 

whereas when the glow abruptly changed over to the 

tapered c e n t r a l one, the voltage went up abruptly too. 

A l l the above observations from ( i ) - ( v i i ) were 

repeatedly v e r i f i e d . 

4.16 Change of Pressure w i t h i n the System due to the 
Probable Release of Occluded Gases with the 
Running of the Discharge. 

I t :was noted t h a t when the tube was kept glowing 

f o r some time, the pressure went up considerably, probably 
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due to the heating of the discharge tube and the con­

sequent r e l e a s e of the occluded gases i n the m a t e r i a l 

of the v e s s e l . The tube was, t h e r e f o r e , degassed by 

running the discharge f o r a considerable time with the 

pump switched on. 

•4.17. Observations with E x t e r n a l E l e c t r o d e s . 

I n order to concentrate on the e l e c t r i c a l s i d e , 

p r eliminary measurements were made with e x t e r n a l sleeve 

e l e c t r o d e s . 

Neon was f i l l e d i n t o the system. When the o s c i l ­

l a t o r was switched on, b e a u t i f u l and complex s t r i a t i o n s 

appeared at breakdown of the gas. The s t r i a t i o n s i n 

the h.f. e l e c t r o d e l e s s discharge have not been e x t e n s i v e l y 

s t u d i e d before; t h e i r o r i g i n a l s o i s not a t a l l c l e a r . 

Some time, t h e r e f o r e , was spent i n studying these 

s t r i a t i o n s i n a i r , H 2 and Ne, by means of t h e i r photo­

graphs obtained under varying conditions of pressure, gap 

length and e x c i t i n g voltage. These w i l l be described 

and d i s c u s s e d i n the next Chapter. 

The r e s t of the h i s t o r y of the work i s the study of 

the c u r r e n t - v o l t a g e r e l a t i o n s i n the discharge with 

both i n t e r n a l and e x t e r n a l e l e c t r o d e s , i n both long 
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c y l i n d r i c a l and f l a t c y l i n d r i c a l c a v i t i e s of v a r i o u s 

lengths and diameters and a t various p r e s s u r e s . As the 

d e f l e c t i o n of the eddy-current ammeter was not l a r g e , 

the previous copper d i s c of 1 cm diameter was r e p l a c e d 

by one of a 2 cm diameter, whereby the s e n s i t i v i t y of 

the ammeter i n c r e a s e d about M- times; the ammeter had to 

be r e - c a l i b r a t e d and a l l the above observations were 

taken with t h i s one. 

The r e s u l t s of the experiments follow i n Chapters 

V-IX. 



CHAPTER - V 

MOVING AND STATIONARY STRIATIONS IN THE HIGH-FREQUENCY 
DISCHARGE 

5.1 I n t r o d u c t i o n . 

The occurrence of s t r i a t i o n s , both moving and 

s t a t i o n a r y , i n a p o s i t i v e column i s a phenomenon which 

i s well-known f o r a long time. Nevertheless, the 

mechanism of t h e i r formation i s f a r from being c l e a r l y 

understood. The explanations t h a t are found i n the 

l i t e r a t u r e are mostly of the q u a l i t a t i v e nature; there 

are a l s o a v a i l a b l e some e m p i r i c a l r e l a t i o n s , which hardly 

s a t i s f y a l l the experimental f a c t s , nor i s i t p o s s i b l e 

from these e m p i r i c a l r e l a t i o n s to p r e d i c t the number 

and the nature of the s t r i a t i o n s under given experimental 

c o n d i t i o n s . 

Moving and s t a t i o n a r y s t r i a t i o n s have a l s o been 

observed i n r e l a t i v e l y r e c e n t years i n the h.f. discharge 

i n gases with both i n t e r n a l and e x t e r n a l e l e c t r o d e s . 

These are f a r more complex i n appearance than i n the 

d.c. disch a r g e . I n a d d i t i o n to the u s u a l l y observed 

s i n g l e s t r i a t i o n s , i t i s known that "double s t r i a t i o n s " (31) 

a l s o occur under p a r t i c u l a r conditions of di s c h a r g e . I t 
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would be a mistake i f i t i s assumed that the formation 

of the h.f. s t r i a t i o n s can be explained i n the same way 

as the d.c. s t r i a t i o n s , as the two types of discharge 

are fundamentally d i f f e r e n t . Before p r e s e n t i n g our 

observations on the h . f . s t r i a t i o n s , a b r i e f d e s c r i p t i o n 

of some of the observations of previous workers i s given 

below: 

At a frequency of 0.1 Mc/s i n hydrogen, some obser­

v a t i o n s on "double s t r i a t i o n s " were reported by Richards ( 3 1 ) . 

These c o n s i s t e d of, as i t were, two s t r i a t i o n s placed 

back to back; the colour of t h e i r edges was found to be 

pink r a t h e r than the usual blue. With i n c r e a s e i n gap 

s e p a r a t i o n , the number of double s t r i a t i o n s i n c r e a s e d . 

P l a c i n g the hand near one end of the tube had a 

r e c t i f y i n g e f f e c t , as i t reduced the i n t e n s i t y of the 

glow near the hand and s t r i a t i o n s l o s t their-double 

appearance. I t was suggested that they were of the same 

nature as the more f r e q u e n t l y observed.single s t r i a t i o n s , 

the two s e t s , as i t . were, belonging to the two d.c. 

disc h a r g e s i n opposite d i r e c t i o n s , with t h e i r sharp 

convex s u r f a c e s turned towards the corresponding cathode. 

The d i s t a n c e between the two members of a double s t r i a t i o n , 
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i t was suggested, could p o s s i b l y be regarded as the 

d i s t a n c e the p o s i t i v e ions would des c r i b e i n a h a l f -

c y c l e of the a p p l i e d f i e l d . 

Mention of the formation of h . f . s t r i a t i o n s i n 

helium f o r c e r t a i n ranges of gap c u r r e n t and pressure 

was a l s o made by Townsend and Jones (13) i n 1931. They 

found t h a t at p r e s s u r e s g r e a t e r than 20 mm Hg, i n c r e a s e 

of current beyond 10 mA encourages the formation of 

s t r i a t i o n s ; below 10 mA, the column i s uniform. At 

p r e s s u r e s l e s s than 13 mm Hg, no s t r i a t i o n s could be 

found between 1 and 15 mA. I n t h i s r e s p e c t , Townsend 

s t a t e s , the h.f. discharge d i f f e r s from the d.c. discharge 

as i n the l a t t e r , s t r i a t i o n s are obtained at pressures 

l e s s than about 2 mm Hg. 

Peka'rek and K r e j c i (32) have attempted to give a 

p o s s i b l e explanation of the nature of standing s t r i a t i o n s 

i n an h . f . d i s c h a r g e . They have suggested t h a t i f a t 

some point w i t h i n the tube, the e l e c t r o n concentration 

i s lowered, the plasma c o n d u c t i v i t y decreases with con­

sequent l o c a l i n c r e a s e of the amplitude of the f i e l d . 

T h i s , i n turn l o c a l l y r a i s e s the e l e c t r o n temperature. 

An i n c r e a s e i n e l e c t r o n temperature gives r i s e to two 
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phenomena: ( i ) an i n c r e a s e i n the i o n i s a t i o n p r o b a b i l i t y 

and ( i i ) d i f f u s i o n of e l e c t r o n s outwards from t h a t place 

due to temperature gradient i n t o neighbouring regions 

of higher concentration and hence i n the opposite d i r e c ­

t i o n to the normal concentration g r a d i e n t . Thus, ( i ) 

i n c r e a s e s the e l e c t r o n concentration and balances the 

o r i g i n a l cause, while ( i i ) helps the o r i g i n a l cause. 

I f ( i i ) predominates, a p e r i o d i c s t r u c t u r e would r e s u l t . 

Very r e c e n t l y , Nakata et a l (33) have reported some 

observations on s t a t i o n a r y s t r i a t i o n s i n h.f. discharge 

i n argon. T h e i r experiments were conducted i n c y l i n d r i c a l 

tubes of diameters between 5.8 and 18 mm and pressure 

range of 0.07 to 8 mm Hg: i t was found that the s p a t i a l 

i n t e r v a l between the s t r i a t i o n s (the s o - c a l l e d "wave­

length") 

(a) i s p r o p o r t i o n a l to the gap length, 

(b) i n c r e a s e s l i n e a r l y with the r a d i u s of the discharge 
tube, 

(c ) decreases e x p o n e n t i a l l y as the gas pressure 
i n c r e a s e s , 

(d) i s independent of the frequency of the h . f . source 
over a range of 5Mc to 53 Mc, 

(e) i n c r e a s e s as the h . f . power i n c r e a s e s , and 

( f ) when a d.c. f i e l d i s superposed on the h . f . f i e l d , 
s t r i a t i o n s move towards the cathode with a v e l o c i t y 
p r o p o r t i o n a l to the d.c. c u r r e n t . 
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No t h e o r e t i c a l a n a l y s i s of the phenomena has been made. 

5.2 Present Observations on S t r i a t i o n s . 

During the present experiments, s t r i a t i o n s were 

observed -in neon f i r s t i n the case of e l e c t r o d e l e s s 

discharge i n a tube of i n t e r n a l diameter 1.28 cm and 

e x t e r n a l diameter of 1.55 cm:; the d i s t a n c e between the 

e x t e r n a l s l e e v e e l e c t r o d e s was about 13 cm. The appear­

ance of the s t r i a t i o n s i n neon was h i g h l y complex. They 

were photographed under varying conditions of gas pressure, 

gap length and the e x c i t i n g voltage and some t y p i c a l ones 

are shown i n F i g s . (5 . l ) - ( 5 . 8 . ) . 

By varying the pr e s s u r e , the moving s t r i a t i o n s 

could be made s t a t i o n a r y . T h e i r number then could be 

counted. Table 5.1 on the following page shows how the 

number of the s t r i a t i o n s changed with the gap s e p a r a t i o n , 

gap voltage e t c . 



TABLE - 5.1; Observations i n neon 

Voltmeter reading 
( f o r n e a r l y the 
same i n t e n s i t y of 
the s t r i a t i o n s ) . 

Distance between 
e l e c t r o d e s 

cm 

Pressure 
mm. Hg 

Number of 
S t r i a t i o n s 

540 15.3 0.7 6 
570 11.7 I I 5 
590 8.4 •i 3 
610 6.5 it 2 
775 19.6 0.25 7 
540 17.8 it 7 
530 14.5 I I 6 
780 10.8 I I 4 
800 7.0 I I 2 
445 7.0 3.7 3 
440 8.0 I I 4 
440 9.0 I I 4 
430 10.4 ti 5 
435 12 .0 ii 6 
425* 14.0* HA 7* 
660 14 5.5 8 
650 18 .2 I I 10 
630 22 it 16 
665 11 ti 6 
690 7.5 I I 4 
680 6 •i 3 
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Under the conditions represented by the row of data 

, marked with an a s t e r i s k i n Table 5.1, a very i n t e r e s t i n g 

phenomenon was observed which i s described below: 

I t was found t h a t the voltage could be a d j u s t e d f o r 

each spacing between the e l e c t r o d e s , so as to obtain 

maximum i l l u m i n a t i o n and d i s t i n c t s t r i a t i o n s having 

sharp boundaries. When t h i s was done, i t was noted t h a t 

the value of 42 5 V o l t s suddenly changed to 590 V o l t s 

which was the maximum value recorded by the voltmeter 

under the given c o n d i t i o n s . However, t h i s value changed 

to 720 V o l t s a f t e r some time. As the discharge was run 

f o r some time more, i t was noted that the number of 

s t r i a t i o n s i n c r e a s e d from 7 to 8 and then to 9; a l s o , 

the s t r i a t i o n s which were s t a t i o n a r y before, began to 

move along the discharge tube; r a t h e r , a s o r t of wave 

motion was observed to be superposed on the s t a t i o n a r y 

s t r i a t i o n s v I t was f u r t h e r observed t h a t the boundaries 

between s t r i a t i o n s which were p r e v i o u s l y sharp, when the 

* While the s t r i a t i o n s between the e l e c t r o d e s were s t a t i o n a r y , 
those beyond the e l e c t r o d e s a t the earthy end of the d i s ­
charge tube were moving slowly i n t o the gap; t h i s even­
t u a l l y looked l i k e a general s u p e r p o s i t i o n of the moving 
s t r i a t i o n s over the s t a t i o n a r y ones e x i s t i n g between the 
e l e c t r o d e s . 
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discharge s t a r t e d , became d i f f u s e with time and the v o l t ­

age a c r o s s the tube dropped from 720 to 640 V o l t s . These 

f a c t s were repeatedly observed. Thus, summarising the 

above, one can t a b u l a t e as f o l l o w s : 

TABLE - 5.2: Neon 

p = 3.7 mm. Hg; d = 14 cm. 

Observations j u s t a f t e r s t a r t i n g of the discharge 

Voltmeter reading 
v o l t s 

Number of s t r i a t i o n s Appearance of 
the discharge 

425 590 •> 720 7 boundaries bet­
ween s t r i a t i o n s 
sharp. 

Observations a f t e r about a minute from the s t a r t 

Voltmeter reading 
v o l t s 

Number of s t r i a t i o n s Appearance of 
the discharge 

640 9 boundaries bet­
ween s t r i a t i o n s 
d i f f u s e . 
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5.3 General D e s c r i p t i o n of S t r i a t i o n s i n Neon. 

At a pressure of 9 mm Hg and 300 V o l t s gap voltage, 

the s t r i a t i o n s were bead-like i n appearance, moving i n 

opposite d i r e c t i o n s sometimes, sometimes i n the same 

d i r e c t i o n , sometimes s t a t i o n a r y , sometimes one row 

joined by two rows, t h i s p a t t e r n again being wavy; 

bead-like s t r i a t i o n s a l s o extended beyond e i t h e r e l e c ­

trode; columnar s t r i a t i o n s and a host of other p a t t e r n s 

were obtained which were o s c i l l a t i n g and moving. 

By changing the voltage, the d i r e c t i o n of propagation 

of s t r i a t i o n s could be changed; there was an i n d i c a t i o n 

t h a t a c r i t i c a l value of voltage, under otherwise un­

a l t e r e d c o n d i t i o n s , e x i s t e d at which i t appeared to be 

p o s s i b l e to make them s t a t i o n a r y ; at'.other times, due to 

t h e i r speed of motion, i t was d i f f i c u l t to count t h e i r 

number. There was a c e r t a i n voltage range fo r a given 

pressure and a c e r t a i n pressure range f o r a given v o l t ­

age i n which the s t r i a t i o n s appeared. 

Movement of the s t r i a t i o n s i n whatever form and 

mode, and t h e i r appearance and disappearance — a l l 

seemed to be p e r i o d i c — with a period varying from 

about a second to a few seconds depending upon the 
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pressure and the operating voltage. 

5.4 Search f o r S t r i a t i o n s i n A i r . 

I n a i r , the e n t i r e pressure range of 0.01 t o 6.8 

mm Hg i n which the discharge occurred, search was c a r r i e d 

out to observe s t r i a t i o n s . No s t r i a t i o n s were observed 

a t a l l . With immersed e l e c t r o d e s , however, s t r i a t i o n s 

were obtained w i t h i n a pressure range of 1.2 and 10 mm 

Hg; some of them were very much f l u c t u a t i n g i n c h a r a c t e r 

and were found to be p a r a l l e l to the a x i s of the d i s ­

charge tube and r e s t i n g , as i t were, on the s u r f a c e of 

each c y l i n d r i c a l e l e c t r o d e on the gap s i d e . Some s t r i a ­

t i o n s were a l s o observed w i t h i n and outside the gap. 

5.5 Search f o r S t r i a t i o n s i n Hydrogen. 

I n the e l e c t r o d e l e s s case, no s t r i a t i o n s could be 

found i n the e n t i r e pressure range of 1.5 to 7.5 mm, 

i n which the discharge occurred. With immersed e l e c t r o d e s , 

moving s t r i a t i o n s were obtained at a pressure of 6.5 rnm 

Hg and around t h i s value. The appearance of these 

s t r i a t i o n s was d i s c l i k e and these were mainly confined 

near the l i v e e l e c t r o d e . 
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CHAPTER - VI 

OBSERVATIONS ON THE CURRENT-VOLTAGE RELATIONS IN LONG 

CYLINDRICAL TUBES IN THE ELECTRODELESS CASE. 

6.1 I n t r o d u c t i o n . 

With the asymmetrical arrangement of the e x p e r i ­

mental set-up as described i n Chapter IV, observations 

were c a r r i e d out i n a i r . H 2 and Ne i n c y l i n d r i c a l tubes 

f i t t e d with e x t e r n a l e l e c t r o d e s F i g . ( 4 . 4 ) . I n t h i s 

chapter, the r e s u l t s of such observations w i l l be r e p o r t ­

ed. The use of the e x t e r n a l e l e c t r o d e s n e c e s s i t a t e d an 

accurate determination of the voltage drop between the 

e x t e r n a l e l e c t r o d e s and the i n n e r s u r f a c e of the tubes. 

T h i s , i n t u r n , meant an e v a l u a t i o n of the capacitances 

between the e l e c t r o d e s and the i n t e r i o r of the tubes. 

6.2 Determination of the Tube Capacitance. 

The c i r c u i t employed f o r t h i s i s shown i n F i g . ( 6 . 1 ) . 

S i s a s i g n a l generator capable of d e l i v e r i n g an output 

power of 3 W a c r o s s the high output terminals AB. L j 

i s a c o i l of a few turns of copper wire connected a c r o s s 
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AB and serves as the primary, the voltage a c r o s s the 

primary being measured by a vacuum tube voltmeter V. 

The secondary a l s o c o n s i s t s of another copper c o i l L 2 

of s i m i l a r dimensions. C 3 and Ci, are two condensers, 

one big and the other s m a l l , f o r rough and f i n e a d j u s t ­

ments r e s p e c t i v e l y . Across the secondary at the f a r t h e s t 

end i s connected the tube sample T, the capacitance of 

which i s to be determined. 

T was a portion of e x a c t l y the same tube as was 

used i n the a c t u a l experiment and i t was mounted v e r t i ­

c a l l y with i t s bottom end c l o s e d with a piece of cork. 

F u r t h e r , i t was f i t t e d with the same e x t e r n a l e l e c t r o d e s 

as were a c t u a l l y used f o r the experimental tube. When 

the tube was empty, the bigger condenser C 3 was adjusted 

to a s u i t a b l e value so as to obtain a sharp change i n 

the constant reading of V. This i s i l l u s t r a t e d i n 

F i g . ( 6 . 2 ) ; i n Fig.(6.2a) i s shown the v a r i a t i o n of the 

secondary impedence Z 2, i n (b) t h a t of the primary 

impedence Z j , and i n ( c ) t h a t of the t r a n s f e r r e d impedence 

AZj to the primary, with the t o t a l capacitance i n the 

secondary c i r c u i t C3 + C\. I n the c o r r e c t tuning p o s i ­

t i o n (shown i n F i g ( 6 . 2 c ) ) there i s a sharp change i n the 
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constant voltage reading. This p o s i t i o n could be very 

a c c u r a t e l y determined by varying the f i n e r condenser C i t . 

The tube was next f i l l e d with Hg and the above procedure 

was repeated to obtain the c o r r e c t tuning p o s i t i o n again, 

without a l t e r i n g C 3 (as the change i n capacitance of the 

tube was i n f a c t s m a l l , adjustment of the f i n e r condenser 

C\ was only necessary to obtain the second tuning p o s i t i o n ) . 

The d i f f e r e n c e of the two readings of gave the value 

of the tube c a p a c i t a n c e . The experiment was repeated 

s e v e r a l times f o r each tube. A t y p i c a l s e t of condenser 

readings i s given i n Table 6.1 on the following page. 

A few such s e t s of readings were taken f o r each tube. 

The mean capacitances of the tubes are given i n the l a s t 

column of the t a b l e . 



TABLE - 6.1: Condenser readings f o r c o r r e c t tuning p o s i t i o n 

Tubes of various 
diameters 

Int,diam=Dicms. 
Ext.diam=D 2cms. 

Condenser readings (dvns) Difference 

dvns 

Mean 
Capacitance 
of tube 

i n 
yp.f 

Tubes of various 
diameters 

Int,diam=Dicms. 
Ext.diam=D 2cms. 

without Hg with Hg 

Difference 

dvns 

Mean 
Capacitance 
of tube 

i n 
yp.f 

T>i - .525 

D 2 = .800 

2.60] 
2.60 f 2.60 
2 .60 J 

9.15 " 
9.17 
9.16 

' 9.16 6.56 2 , 20 •' 

Dj = .930 

D 2 = 1.200 

3.65-) 
3.67V 3.66 
3.66 ) 

1 

12.82] 
12.85>12.83 
12 . 8 2 J 

9.17 3.09 

Dj = 1.280 

D 2 = 1.5 50 

3.13] 
3.13 1 3.13 
3.13 J 

13.50] 
13.50/13. 50 
13.50 ) 

10.37 3.69 

Dj = 1.455 

D 2 = 1.800 

2.95] 
2.97 >2.96 
2.97 \ 

18.60] 
18.64>18 .62 
18.62) 

15.66 . 5.21 

Dj = 1.640 

D 2 = 2.020 

3.96 ] 
3.97 > 3.99 
4.04 J 

21.13' 
21.12 
21.12, 

'21.12 17.13 5.98 



- 90 -

6.3 C o r r e c t i o n f o r the V o l t a g e Drop i n t h e Tube 

The v o l t a g e drop a c r o s s the c a p a c i t a n c e C o f t h e 

tube i s i I n. where i i s t h e h . f . c u r r e n t o f a n g u l a r c /U)C7 c . 
f r e q u e n c y u f l o w i n g t h r o u g h the gap, i was o b t a i n e d 

from the d e f l e c t i o n s of t h e e d d y - c u r r e n t ammeter which 

was p r e v i o u s l y c a l i b r a t e d by a vacuum t h e r m o - j u n c t i o n . 

I n o r d e r t o e l i m i n a t e d i s p l a c e m e n t c u r r e n t , i t was 

found p o s s i b l e t o a d j u s t Ci and C 2 F i g . ('4.22) so t h a t 

t h e r e was no d e f l e c t i o n o f t h e ammeter u n t i l ' t h e r e was 

break-down o f the gap. At breakdown-, the ammeter showed 

a l a r g e d e f l e c t i o n which t h e n c o r r e s p o n d e d e n t i r e l y t o 

t h e c o n d u c t i o n c u r r e n t i n the gap. 

Assuming t h a t t h i s v o l t a g e drop i-cjaQ a n ^ t h e 

drop V i n the gas a r e i n phase q u a d r a t u r e F i g . ( 6 . 3 ) , 

t h e o b s e r v e d v o l t a g e V was c o r r e c t e d f o r V a c c o r d i n g 
& o g 

t o t h e r e l a t i o n 

V f e = /V5 - /i_/..„"\2 ( 6 . 1 ) 

By c o n t i n u o u s l y v a r y i n g t h e p o s i t i o n o f t h e c o n t r o l 

knob o f t h e o s c i l l a t o r , t h e gap c u r r e n t and hence t h e 

gap v o l t a g e were c o n t i n u o u s l y v a r i e d . 
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6.4 E x p e r i m e n t a l R e s u l t s . 

( a ) O b s e r v a t i o n s i n a i r . 

R e s u l t s i n a i r a r e g r a p h i c a l l y r e p r e s e n t e d by 

F i g s . (6."+ - 6.6) a t t h r e e v a l u e s o f p r e s s u r e , namely, 

4, 2.5 and 1.5 mm. Hg r e s p e c t i v e l y . 

( b ) O b s e r v a t i o n s i n hydrogen. 

I n F i g s . ( 6 . 7 - 6.9) a r e g i v e n v a l u e s o f V vs i 
g c 

i n hydrogen a t 9, 6 and 3.2 mm. Hg. r e s p e c t i v e l y . 

( c ) O b s e r v a t i o n s i n neon. 

S i m i l a r l y , F i g s . ( 6 . 1 0 - 6.12) r e p r e s e n t r e s u l t s i n 

neon a t p r e s s u r e s o f 13, 10 and 6.5 mm. Hg. r e s p e c t i v e l y . 

6.5 D i s c u s s i o n o f R e s u l t s . 

From a s t u d y o f t h e c u r v e s i t i s e v i d e n t t h a t 

( i ) t h e c u r r e n t - v o l t a g e c h a r a c t e r i s t i c s a r e p o s i t i v e 

and n e a r l y l i n e a r f o r l o w e r c u r r e n t s . They f l a t t e n o u t 

s l i g h t l y on t h e h i g h e r c u r r e n t s i d e where t h e r e i s an 

i n d i c a t i o n t h a t they can even go n e g a t i v e i n p a r t i c u l a r 

c a s e s . ( F i g . (6 . 8 ))i 

( i i ) t h e e f f e c t o f gap c u r r e n t on gap v o l t a g e becomes 

l e s s f o r h i g h e r gap s e p a r a t i o n s . I n some c a s e s , the 
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c h a r a c t e r i s t i c i s nearly p a r a l l e l t o the current axis 
(Figs.(6.4)and(6.7) :) . 

From these curves, one can ob t a i n V vs £ f o r 
g 

various gap currents t o examine the l o n g i t u d i n a l gradients 
i n the gap. This has been done and the r e s u l t s are 
shown i n Figs. (6.13 - 6.22). I t i s evident t h a t - — 

( i i i ) the gradient i s a constant i n a l l cases f o r 
a given c u r r e n t . This i s i n good agreement w i t h our 
hypothesis as l a i d down i n s e c t i o n 1.2, namely t h a t when 
£>>r, one len g t h i s l i k e any other l e n g t h and i n d i s ­
charges where e l e c t r o n temperatures are the same, one 
should expect a constant p o t e n t i a l gradient at a given 
gap c u r r e n t . Also, there i s a very considerable voltage 
drop a t the ends ( i . e . when £ = 0 ) ; t h i s w i l l be f u r t h e r 
discussed i n Chapter X. 

( i v ) There i s yet another f a c t common i n a l l the 
cur r e n t - v o l t a g e c h a r a c t e r i s t i c s , i . e . t h a t the p o i n t 
representing the maximum current i n each curve s h i f t s 
to the l e f t f o r higher gap separations. This represents 
a s i t u a t i o n t h a t the o s c i l l a t o r stopped o s c i l l a t i n g when 
the power absorbed by the c i r c u i t was excessive. For a 
given output power, the greater i s the gap separation, 
the less would be the current a v a i l a b l e since, t o maintain 
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the sustained discharge i n a longer gap, higher voltage 
i s necessary. 

(v) From the - i curves f o r d i f f e r e n t currents 
(Figs.(6.13 - 6.22)) one can p l o t f i e l d vs c u r r e n t . Such 
p l o t s (Figj. (6.23-5)) show t h a t the f i e l d diminishes w i t h 
increase i n gap c u r r e n t . 

( v i ) A comparison of the voltage gradients i n 
d i f f e r e n t gases (Figj. (6 .2 3-5)) shows t h a t the maintaining 

f i e l d s , EgA-i. r
> EgH 2

> EgNe ' ^ o r t h e s a m e c u r r e n t a n d 

pA; consequently, the maintaining voltages f o r a given 
gap length of the same tube have also the same r e l a t i o n , 
namely, V A. >V „ >V M . J ' gAir gH2 gNe 

6.6 Observations w i t h Tubes o f D i f f e r e n t Diameters. 
The r e s u l t s given i n s e c t i o n 6.4 r e l a t e t o a tube 

of i n t e r n a l diameter 1.64 cm. Observations were also 
c a r r i e d out i n tubes of f o u r other i n t e r n a l diameters, 
namely, .52 5, .93, 1.28 and 1.45 5 cm. I n order t o avoid 
too much of r e p e t i t i o n o f s i m i l a r r e s u l t s , only a few, 
out of many taken, are shown i n Tables 6.2 - 6.5 on the 
f o l l o w i n g pages. Inferences ( i ) to ( v i ) of the l a s t 
s e c t i o n are found t o be t r u e i n these experiments also. 



TABLE - 6.2. I n t e r n a l diameter o f tube = .525 cm. 

gas i = 7 5 3 cms • 
and gas 
pressure V i V V i V V . i - V 

P o c g 0 c g 0 c g v o l t s mA v o l t s v o l t s mA v o l t s v o l t s mA v o l t s 
515 33 496 400 33 375 455- 50 403 

a i r 600 50 561 515 50 469 560. 68 480 
635 57 587 6 20 73 537" 610 80 507 

p = 1.5 6 5D 60 598 680 85 576 6-40 87 522 
mm. Hg 670 68 605 720 98 588 720 95 596 

720 78 640 755 107 603 . 750 120 550 
755 87 658 765 113 596 795 135 551 
78,0 93 673 795 120 610 805. 139 548 
795 98 678 805 123 612 : 820 : 144 546 
810 102 685 - . - - 820. 147 532 

I - 5 3 2 cms 6 
715 46 688 41.5 33 39.1. 430 46 383 ' 

hydrogen 780 60 737 525 46 487 520 76 408 
800 76 7 32 58 5 68 509 570 . 98 390 

P = 7 800 91 700 605 85 4 86 620 124 327 
mm. Hg 805 98 689 635 104 456 640 134 293 mm. Hg 

805 89 711 655 117 427 665 146 240 
- - . - 675 128 400 680 155 172 
- -. - 690 134 390 680" 154 186 
- - - 695 138 374 . - - -
- - - 695 139. . 367 - - -

i _ 5 3 2 cms • 
240 5-7 141 250 50 133 255 46- 164 

Neon 310 ' 65 147 390 73 2 37 44 5. 80 287 
355 76 172 460 85 285 510 91- 332 

p = 7.8 100 . 85 220 570 109 332 600 110 377 
mm. Hg 445 91 244 635 123 360 675 128 400 

505 104 287 735 146 395 735 142 420 
585 120 29 3 765 158 367 780 154 425 
640 134 297 800 169 353 790 158 417 
665 140 301 - - - 800 160 421 
720 154 306 - - - — - — 
765 165 299 - - - - — -
785 171 258 - - - - - -
795 177 246 T - - - - -



TABLE - 6.3: I n t e r n a l diameter o f tube = .93 cm. 

gas 
and gas 

/ = 7 5 3 cms • gas 
and gas 
pressure 

P V 
o 

i 
c 

V 
g 

V 
o 

i 
c 

V 
g 

V 
o 

i 
c 

V 
g v o l t s mA v o l t s v o l t s mA v o l t s v o l t s mA • v o l t s 

685 50 668" 5 25 50 503 410 50 381 
a i r 755 76 719 630 73 590 555 76 505 

780 89 732 685 87 633 620 93 .55 3 
p = 3.5 800 96 746 715 100 648 6 75 113 582 
mm. Hg 820 107 753 750 117 661 725 130 609 

830 110 760 780 125 682 760 143 . 625 
825 105 761 800 134 690 -780 153 628 
- - - 815 138 700 815 165 644 
- - - 825 142 704 . r 840 177 648 
- - - - - - 845 179 649 
- - - - - - 865 183 664 

1 _ 5 3 2 cms • 
715 46 701 500 57 4.69 395 46 370 

hydrogen 805 71 776 585 85 526 525 85 . 458 
p = 9.5 820 91 773 6 35 112 5 37 530 . 98 440 
mm. H g * 8 20 95 768 675 135 538 615 128 478 

820 8.5 779 690 143 537 • 630 153 427 
- - - 705 146 549 655 165 424 
- - - - - - 670 170 430 
- - - - - 675 173 427 
- — - - - 6 75 169 441 

< 
_ 7 5 i 3 cms • 

300 60 2 39 275 60 206 260 65 170 
Neon 370 80 280 405 93 292 . 410 110 239 

425 93 319 505 131 313 495 139 262 
p = 12 505 120 351 570 151 341 605 17 9 271 
mm. Hg 600 151 389 640 179 342 660 198 277 

665 179 387 710 205 346 715 218 277 
705 197 377 745 218 347 760 237 252 
730 205 385 745 221 328 - - -



TABLE - 6.4: I n t e r n a l diameter of tube = 1.28 cm. 

gas * = .5 3 2 cms • 
and gas 
pressure V i V V i V V i V P vo c g o c g o c g 

v o l t s mA v o l t s v o l t s mA v o l t s v o l t s mA v o l t s 
600 42 591 450 38 440 370 42 355 

a i r 665 53 651 510 46 496 400 46 383 
720 63 702 565 57 546 465 53 445 

P = 3 745 68 725 655 71 630 520 65 493 
mm. Hg 775 76 751 700 80 670 620 78 588 

800 80 774 750 91 714 690 91 650 
805 85 776 800 100 759 750 104 702 
- - - 810 104 766 785 112 732 
- - - - - - 830 120 772 
- - - - - - 8 35 123 775 

= 5 3 2 cms • 
820 50 810 575 46 563 470 38 460 

hydrogen 865 60 852 670 65 649 575 60 555 
880 65 864 720 80 691 610 76 579 

p = 8 900 73 881 760 100 717 650 87 612 
mm. Hg 905 78 883 805 117 749 710 109 654 

920 87 893 820 120 762 730 117 667 
- - - 830 124 768 770 130 696 
- - - 835 124 774 795 138 714 
- - - - - - 820 146 732 
- - - - - - 840 151 748 - - - - - - 850 153 756 

i = 7 5 3 cms • 
450 73 410 445 76 401 450 82 399 

Neon 525 89 474 530 95 472 535 102 469 
580 100 522 610 110 543 630 121 551 

p = 8 655 117 584 660 121 585 665 130 578 
mm. Hg 685 121 613 735 139 645 715 142 618 

740 131 661 770 146 675 750 146 652 
805 146 715 825 158 722 810 1.6 3 697 
835 154 738 855 166 745 840 171 720 
850 158 750 - - - 850 172 730 
- - - - - - 86 5 177 740 
- - - - - - 880 180 753 



TABLE - 6.5: I n t e r n a l diameter of tube = 1.455 cm. 

gas I - 7 5 3 cms. 
and gas 
pressure 

p V i V V i V V i V o c g o c g o c g v o l t s mA v o l t s v o l t s mA v o l t s v o l t s mA v o l t s 
565 33 562 430 27 427 360 38 354 

a i r 615 46 609 525 50 517 435 53 425 
675 65 6 65 580 6 3 569 505 68 490 

p = 3 710 76 697 645 82 628 565 82 546 
mm. Hg 735 85 719 710 98 688 6 20 95 596 mm. Hg 

755 93 736 745 110 718 715 121 681 
770 96 750 765 120 734 775 143 731 
800 102 779 780 124 747 800 153 751 
— - — 790 127 756 810 158 759 
- - - - - - 815 159 763 

1 - 5 3 2 cmf 5 • 

665 42 661 420 42 413 435 63 420 
hydrogen 680 46 675 475 53 465 510 87 486 hydrogen 

700 53 694 545 68 531 55 5 -115 515 
p = 6.8 710 46 705 625 110 593 595 144 536 
mm. Hg 715 63 706 630 123 590 615 151 552 mm. Hg 

730 71 719 6 35 125 594 620 156 553 
730 60 722 630 117 594 620 153 556 
- - - 630 110 598 620 146 562 
- - - 630 107 600 615 138 563 
- - - 610 93 587 - - -

i = 7 5 3 cms 5 . 

380 117 317 395 124 326 430 146 341 
Neon 400 134 319 405 128 333 450 155 353 

435 139 356 430 136 354 470 162 369 
P = 9 445 146 360 450 146 366 480 166 376 
mm. Hg 475 156 384 470 155 378 490 172 380 mm. Hg 

500 163 405 490 162 394 510 174 403 
- — — 510 165 415 520 177 412 

_ 510 167 412 520 179 408 
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CHAPTER - V I I 

OBSERVATIONS ON THE CURRENT-VOLTAGE RELATIONS IN THE 
FLAT CAVITIES IN THE ELECTRODELESS CASE. 

7.1 I n t r o d u c t i o n . 
As i n the case o f long c y l i n d r i c a l tubes, observa­

t i o n s were taken on the curre n t - v o l t a g e r e l a t i o n s i n 
f l a t c a v i t i e s , i . e . i n systems o f which the width was 
much smaller than the diameter. The e x t e r n a l electrodes 
used i n t h i s case were a p a i r of t h i n copper discs w i t h 
a short copper wire soldered t o t h e i r centre a t r i g h t 
angles t o the surface f o r e l e c t r i c a l connection. They 
were mounted as shown i n Fig;;. 4.6. As i n the long 
c y l i n d r i c a l system, the experimental gases were a i r , 
hydrogen and neon. 

7.2 Determination of the Capacitance of the Cavity 
i n r e l a t i o n t o Electrodes o f D i f f e r e n t - Areas. 

The c i r c u i t employed f o r determining the capacitance 
o f the c a v i t y was the same as shown i n F i g ( 6 . 1 ) , using 
the same procedure as before, namely, o b t a i n i n g the 
two sharp tuning p o s i t i o n s o f the f i n e condenser C4 when 
the c a v i t y was empty and when i t was f i l l e d up w i t h Hg. 
The d i f f e r e n c e of the two readings gives the c a v i t y 
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capacitance. The values thus found f o r various electrode 
areas are shown i n Table 7.1 below. 

TABLE - 7.1: Capacitances of e x t e r n a l disc electrodes, 

Area of the electrode (cm 2) Capacitance ( y y f ) 
1.19 0.99 
2.77 1.35 
7.64 5.42 

18.39 12.77 

7.3 Correction f o r the Voltage Drop i n the Cavity. 
As i n the case of long c y l i n d r i c a l tubes, the 

observed voltage V Q was corrected f o r the gap voltage 
Vg by assuming phase quadrature between i ^ ^ c a n ( i Vg» 
i . e . by assuming Eq.(6.1). 

The displacement cu r r e n t was reduced t o a n e g l i g i b l e 
amount i n comparison t o the conduction c u r r e n t by a d j u s t ­
ment o f the connecting leads t o the c a v i t y as w e l l as of 
Cx and C2 Fig.(4.22). 
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7.4 Experimental R e s u l t s . 

(a) Observations i n a i r . 

R e s u l t s i n a i r are g r a p h i c a l l y shown i n F i g s . ( 7 . 1 -

7.3) a t p r e s s u r e s of 4.5, 2.8 and 1 mm. Hg. r e s p e c t i v e l y , 

f o r a few e l e c t r o d e a r e a s . 

(b) Observations i n hydrogen. 

S i m i l a r l y i n F i g . ( 7 . 4 ) are given values of V vs i 
g c 

at 5 mm. Hg. f o r the same el e c t r o d e a r e a s . 

( c ) Observations i n neon. 

R e s u l t s of s i m i l a r observations i n neon are represen­

ted g r a p h i c a l l y i n F i g s . ( 7 . 5 and 7.6), a t 5 and 4 mm. Hg. 

r e s p e c t i v e l y . 

7.5 D i s c u s s i o n of R e s u l t s . 

From a study of the curves i t i s evident t h a t - — 

( i ) the current-voltage c h a r a c t e r i s t i c s are p o s i t i v e 

and n e a r l y l i n e a r with a tendency of f l a t t e n i n g out a t 

higher c u r r e n t s . I t may be r e c a l l e d t h a t the same was 

found to be true i n the case of long c y l i n d r i c a l tubes. 

( i i ) the r a t e of r i s e of voltage with c u r r e n t i s 

much f a s t e r with lower e l e c t r o d e a r e a s . 
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( i i i ) A comparison of the maintaining voltages of 

d i f f e r e n t gases c a r r y i n g the same current and a t the 

same values of pA shows t h a t V i n a i r i s g r e a t e r than 
S 

V i n hydrogen and V i n hydrogen i s g r e a t e r than V 

i n neon (Table -7.2 below). 

TABLE - 7.2: F l a t C a v i t y : A=.55 cm.; A=18.39 cm 2 

Values of V i n v o l t s . 
g 

pA = 1 ,6 cm. mm. Hg, pA = 2.7 5 cm. mm. Hg. 
i 
c 

a i r hydrogen hydrogen neon 
mA 

50 240 205 2 25 160 
60 270 235 245 180 
70 300 262 262 205 
8.0 330 290 280 227 -

990 355 312 295 245 
100 38 2 337 312 265 
110 410 357 . 325 2 80 
120 430 377 335 300 
130 450 395 350 315 
140 470 415 362 332 
150 487 432 375 347 
160 505 448 387 365 
170 5 20 462 400 377 
180 535 477 408 385 
190 550 492 412 392 
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( i v ) At a given voltage, the gap cu r r e n t i s higher 

f o r higher e l e c t r o d e a r e a s . 

From these current-voltage c h a r a c t e r i s t i c s , one 

can obtain various c u r r e n t s at a given voltage a c r o s s 

e l e c t r o d e p a i r s of d i f f e r e n t area and hence the cu r r e n t 

d e n s i t i e s can be c a l c u l a t e d . I f now the cu r r e n t d e n s i t i e s 

are p l o t t e d a g a i n s t the area of the e l e c t r o d e s , one 

f i n d s t h a t 

(v) with i n c r e a s e i n A, the current d e n s i t y diminishes 

r a p i d l y at f i r s t and then slowly, having a tendency to 

a t t a i n a constant value a t higher values of A. This 

constant c u r r e n t d e n s i t y thus represents the " i n f i n i t e " -

p a r a l l e l p l a t e v a l u e . 

At various constant v o l t a g e s , such p l o t s have been 

made. R e s u l t s , g r a p h i c a l l y shown i n F i g s . ( 7 . 7 - 7.12), 

are i n good agreement with our hypothesis as l a i d down 

i n s e c t i o n 1.2, namely, t h a t when r>>£, one area i s 

l i k e any other area and i n discharges where e l e c t r o n 

temperatures are the same, one should expect constant 

c u r r e n t d e n s i t y a t a given gap voltage. 
at g r e a t e r 

( v i ) For a given A, i i s greater/gap voltage. 
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CHAPTER - V I I I 

OBSERVATIONS ON THE CURRENT-VOLTAGE RELATIONS IN 

LONG CYLINDRICAL TUBES FITTED WITH INTERNAL ELECTRODES. 

8.1 In t r o d u c t i o n 

The r e s u l t s i n the l a s t two chapters f o r the 

e l e c t r o d e l e s s case were, as d i s c u s s e d , i n very good 

agreement with what was expected according to the d i f ­

f u s i o n theory. This encouraged the author to c a r r y on 

s i m i l a r observations i n tubes f i t t e d with i n t e r n a l e l e c ­

trodes and to study how the maintaining voltage, i n 

p a r t i c u l a r , i t s r e l a t i o n with the gap cur r e n t i s a f f e c t e d . 

I n the following s e c t i o n s are described the r e s u l t s of 

such a study. 

8.2. The D e s c r i p t i o n of the E l e c t r o d e s . 

The shape of the i n t e r n a l e l e c t r o d e s was i n the form 

of a c i r c u l a r d i s c of mild s t e e l having c i r c u l a r grooves 

on each end face f o r the '0' r i n g s , necessary f o r the 

QVF coupling ( F i g . 4.5b). A short t h i c k copper wire was 

soldered to each e l e c t r o d e f o r e l e c t r i c a l connection. 

Some pr e l i m i n a r y observations were a l s o taken, a t f i r s t , 
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with hollow c y l i n d r i c a l e l e c t r o d e s ( F i g . 4.5a). R e s u l t s 

of such observations w i l l be given i n s e c t i o n 8.4. 

8.3 C o r r e c t i o n f o r the Displacement Current. 

With the i n t e r n a l e l e c t r o d e s , no c o r r e c t i o n f o r the 

voltage drop a c r o s s the tube w a l l was necessary, as i n 

the e l e c t r o d e l e s s case. But, i n t h i s case i t was found 

that there was considerable amount of d e f l e c t i o n due to 

displacement c u r r e n t , or i n other words, the ammeter 

showed a l a r g e d e f l e c t i o n even when the tube did not 

glow. T h i s , t h e r e f o r e , n e c e s s i t a t e d a c o r r e c t i o n f o r 

the displacement c u r r e n t . I n p r i n c i p l e , i t i s easy to 

c o r r e c t f o r t h i s , simply from the current-voltage 

c h a r a c t e r i s t i c s f o r the non-glowing and glowing tube and 

assuming phase quadrature r e l a t i o n between the conduc­

t i o n and displacement c u r r e n t s (see Chap I X ) . T h i s 

procedure, however, i m p l i e s t h a t a t a given voltage, the 

ammeter d e f l e c t i o n corresponding to the t o t a l c u r r e n t 

i n the gap should always exceed that due to the d i s ­

placement c u r r e n t . But, unfortunately the r e v e r s e was 

found. 

A few t y p i c a l s e t s of data are given i n Tables 

8.1 - 8.3 on the f o l l o w i n g pages. 



TABLE 8.1: A i r : 

gap s e p a r a t i o n - 10 cm; tube diameter = 1.61 cm. 

p 
mm. Hg. 

V 
g 

v o l t s 

i 
c 
mA 

P 
mm.Hg 

V 
g 

v o l t s 

i 
c 
mA 

315 117 320 112 
355 125 340 117 
362 127 360 122 
380 132 382 125 

1.3 i+10 
>435 

137 
141 

0.5 390 
410 

127 
132 

450 146 428 135 
468 150 450 137 
4 80 152 460 141 
490 152 470 144 

342 117 355 132 
362 122 368 135 
380 127 390 139 
410 132 

.01 
(No glow) 

410 144 
0.8 432 

448 
137 
139 

.01 
(No glow) 430 

452 
148 
152 

460 141 460 154 
472 144 480 158 
480 146 490 160 
495 148 500 160 



TABLE - ,8.2: Hydrogen. 

gap s e p a r a t i o n = 10 cm; tube diameter = 1.61 cm. 

p 
mm. Hg 

V 
g 

v o l t s 

i 
c 
mA 

P 
mm. Hg 

V 
g 

v o l t s 

i 
c 
mA 

252 112 300 109 
292 115 320 115 

1 
312 
322 

120 
122 0.2 

338 
370 

120 
125 

348 127 390 132 
370 135 420 137 
382 137 440 141 
412 144 455 146 
428 150 465 148 
440 152 475 150 
465 158 - -
285 112 288 112 
320 120 340 125 
340 125 360 132 
380 132 378 135 

0.5 395 137 1.7 390 137 
412 139 (No glow) 408 141 
440 146 420 146 
455 148 440 150 
465 150 445 152 
- - 455 154 
- - 465 156 
- - 472 158 
- - 485 158 



TABLE - 8.3: Neon 

gap s e p a r a t i o n = 10 cm; tube diameter = 1.61 cm. 

p V i p V i g c g c mm. Hg v o l t s mA mm. Hg v o l t s mA 
345 112 220 79 
385 117 260 87 
402 122 300 90 

4.7 425 125 2.0 312 94 
438 130 345 103 
450 132 390 112 
470 135 430 120 
470 137 445 122 
- - 472 127 

222 87 222 139 
252 90 230 141 
270 94 252 115 

3.7 302 100 .01 265 112 
345 109 [No glow) 282 115 
390 115 305 117 
395 117 322 122 
435 120 348 127 
452 130 360 130 
468 132 390 137 
470 132 412 144 
- - 435 148 
- - 468 156 
- - 485 160 
- - 500 162 
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The d i f f i c u l t y of c a l c u l a t i o n of the conduction 

current probably l i e s i n the assumption of the phase 

quadrature r e l a t i o n between the two c u r r e n t s under the 

given experimental c o n d i t i o n s . The exact phase r e l a t i o n 

i s not explored yet and i t i s being studied a t the moment 

by another worker i n t h i s l a b o r a t o r y . However, a probable 

explanation of the above observations may be o f f e r e d as 

i n the f o l l o w i n g paragraphs: 

Whatever the p r e s s u r e , the displacement c u r r e n t 

i ^ always leads the a p p l i e d voltage V by IT/2, whereas, 

i n vacuum, the conduction c u r r e n t (due to e l e c t r o n s ) 

lags behind by TT/2 ( F i g . 8.1a); a t high pressure, i i s 

i n phase with V; i n between these two extremes, i l a g s 

behind V by a c e r t a i n phase angle * ( F i g . 8.1b), so 

t h a t 

i 2 = i 2 + i 2 - 2 i i , s i n * d c c d 

= i , 2 + i ( i - 2 i , s i n * ) (8.1) d e e d Y 

where i i s the t o t a l c u r r e n t . 

Now, c|> i s a l s o roughly given by 

, , a) , (8.2) tan* = — ' 
\> 

where u = angular frequency of the a p p l i e d f i e l d and v i s 
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the c o l l i s i o n frequency. 

At a pressure of the order of 1 mm.Hg, v = 10 9; 

and a) = 10 8 , so that tan<|> = .1 = sin<|>. Now i f i ^ i s 

large i n comparison with i c > i t i s p o s s i b l e t h a t the 

second term on the right-hand-side of Eq.(8.1) be 

negative; f o r example, i f i , > 5 i , i - 2 i , sin<t < 0. 
d c c d 

Thus, the d e f l e c t i o n corresponding to the t o t a l c u rrent 

could be l e s s than t h a t corresponding to the displacement 

cu r r e n t alone, as was found i n our experiments. 

I f t h i s explanation i s c o r r e c t , then two things 

follow: 

( i ) i ^ should be l a r g e i n comparison with i c : Now, i n 

experiments with long tubes, the displacement c u r r e n t 

(not n e c e s s a r i l y passing through the tube) was quite 

high, or r a t h e r , the displacement c u r r e n t due to the 

s t r a y s was much higher than the displacement c u r r e n t 

through the tube and t h i s i s quite l i k e l y , as i n a long 

tube, the e l e c t r o d e s are much separated. 

( i i ) ij) should be l a r g e : The conditions i n the experiment 

favour t h i s c r i t e r i o n a l s o , s i n c e i n the long tube, lower 

pressure i s necessary f o r breakdown; t h i s means v w i l l be 

l e s s and $ g r e a t e r . F u r t h e r , the gr e a t e r the value of $ 
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( i . e . the lower i s the p r e s s u r e ) , the l e s s should be the 

t o t a l c u r r e n t a t a given voltage, according to Eq. ( 8 . 1 ) . 

As the Tables show, there i s a c l e a r i n d i c a t i o n of t h i s 

being t r u e . 

8.4 Experimental R e s u l t s (With Hollow C y l i n d r i c a l 
E l e c t r o d e s . 

(a) Observations i n a i r . 

A t y p i c a l s e t of V vs i data i s given i n F i g . ( 8 . 2 ) . 

(b) Observations i n hydrogen. 

F i g . ( 8 . 3 ) shows the V - i r e l a t i o n at a few 
g c 

pr e s s u r e s . 

( c ) Observations i n neon. 

I n F i g . ( 8 . 4 ) are given the r e s u l t s of s i m i l a r 

observations i n neon a t pressu r e s of 2.5, 3.9 and 4.9 mm.Hg 

8.5 D i s c u s s i o n of R e s u l t s . 

The r e s u l t s described i n the l a s t s e c t i o n a l l show 

a few common c h a r a c t e r i s t i c s , as enumerated below: 

( i ) The current-voltage c h a r a c t e r i s t i c i s p o s i t i v e . T h i s 

i s i n common with the r e s u l t s i n the e l e c t r o d e l e s s d ischarg 

( i i ) The r e s u l t s are pressure dependent and suggest t h a t 

the maintaining voltage a l s o l i k e the breakdown voltage 
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passes through a minimum when p l o t t e d a g a i n s t pressure 

a t a given gap c u r r e n t . 

TABLE - 8.4. 

Values of V i n v o l t s . 
g 

p = 1 mm. Hg. 
i 
1 
! p = 

2.5 mm. Hg. 
i 
c 

a i r H 2 ! ^ N€ 

mA mA 

50 395 290 • 

40 442 265 

60 405 322 50 470 287 

70 415 350 60 490 300 

80 437 372 70 508 307 

90 455 390 80 522 315 

100 467 405 90 535 320 

110 485 415 100 545 325 

- - - 110 550 330 

( i i i ) The maintaining voltage a t a given pressure and 

fo r a given gap c u r r e n t i s higher i n a i r than i n hydrogen 

and higher i n hydrogen than i n neon (Table 8.4). T h i s i s 

a l s o common with the r e s u l t s i n the e l e c t r o d e l e s s case. 
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CHAPTER - IX 

OBSERVATIONS ON THE CURRENT-VOLTAGE RELATIONS IN FLAT 

CAVITIES FITTED WITH INTERNAL ELECTRODES. 

9.1 I n t r o d u c t i o n . 

I n order to complete the s e r i e s of o b s e r v a t i o n s , 

one more system remained to be i n v e s t i g a t e d , namely, 

the f l a t c a v i t i e s having i n t e r n a l e l e c t r o d e s f i t t e d to 

them. C a v i t i e s of s e v e r a l aspect r a t i o s were chosen. 

The gases used were the same as before. 

9.2 The D e s c r i p t i o n of the E l e c t r o d e s and T h e i r 
Mounting. 

As i n the case of long tubes, the e l e c t r o d e s i n 

t h i s system c o n s i s t e d of c i r c u l a r d i s c s of mild s t e e l . 

For e l e c t r i c a l connection, a side screw was f i t t e d to 

each. The s m a l l e r diameter e l e c t r o d e s had c i r c u l a r 

grooves on each face f o r ' 0 ' - r i n g s , necessary f o r the 

QVF coupling, with spacers of d i f f e r e n t dimensions i n 

between. The mounting arrangement i s i l l u s t r a t e d i n 

F i g . ( 4 . 7 ) . 

For e l e c t r o d e s of very l a r g e a r e a , i t was not 

s u i t a b l e to mount them as above. They were mounted a 
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i n Fig.(i+.8) i n s t e a d . 

9.3 C o r r e c t i o n f o r the Displacement Current. 

The displacement c u r r e n t i n t h i s system appeared to 

be f a r too small i n comparison with the conduction 

c u r r e n t . The method how i t was c o r r e c t e d f o r , i s 

i l l u s t r a t e d below: 

At f i r s t the v o l t a g e - c u r r e n t data f o r the non-

glowing c a v i t y were obtained i n the usual manner. Since 

displacement c u r r e n t i s proportional to the a p p l i e d 

voltage, a s t r a i g h t l i n e i s expected i f one i s p l o t t e d 

a g a i n s t the other. This was i n f a c t found to be true 

by experiment, as shown i n F i g . ( 9 . 1 ) . Now, when a t a 

s u i t a b l e pressure, the tube was glowing, a s e t of c u r r e n t -

voltage data were obtained. For each voltage i n the 

l a t t e r case, the c u r r e n t , t h e r e f o r e , r e p r e s e n t s the 

t o t a l c u r r e n t i . The value of the displacement c u r r e n t 

i ^ f o r t h i s voltage was noted from F i g . ( 9 . 1 ) . Assuming 

a phase quadrature r e l a t i o n between the conduction and 

displacement c u r r e n t s , one e a s i l y obtains the value of 

the r e q u i r e d conduction c u r r e n t from the simple r e l a t i o n 
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9.4- Experimental Results. 
(a) Observations i n a i r . 

Some readings o f gap voltage vs gap curr e n t a t 
various pressures are shown g r a p h i c a l l y i n Figg. v . , 
(9.2 and 9.3) f o r c a v i t i e s of which the c h a r a c t e r i s t i c 
d i f f u s i o n lengths are r e s p e c t i v e l y .2075 and .381 cm, 

(b) Observations i n hydrogen. 
S i m i l a r l y as i n a i r , some r e s u l t s i n hydrogen are 

represented by Figj. (9.4 and 9.5). 

(c) Observations i n neon. 
Some r e s u l t s i n neon are s i m i l a r l y represented by 

Fig*. (9. 6 ~ 9.8). 

9.5 Discussion of Results. 
An examination of Figs.(9.2 - 9.8) w i l l enable one 

to draw a few general conclusions. These are enumerated 
below: 

( i ) The cu r r e n t - v o l t a g e c h a r a c t e r i s t i c can be e i t h e r 
p o s i t i v e or negative, depending upon the nature of the 
gas, the c a v i t y dimensions, the gas pressure and the 
value of the gap c u r r e n t . 
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( i i ) The gap voltage can also be independent of the 
gap c u r r e n t w i t h i n a c e r t a i n range, which, i n t u r n , 
depends upon the c o n d i t i o n i n the c a v i t y i n respect of 
the gas pressure and the dimensions of the c a v i t y , or 
b e t t e r , the product pA, A being the c h a r a c t e r i s t i c 
d i f f u s i o n l e n g t h of the c a v i t y . 

( i i i ) I n some of the curves, a region o f large s c a t t e r 
i n the data i s n o t i c e a b l e ; the region of t h i s s c a t t e r 
i s p a r t i c u l a r l y marked i n the middle p a r t o f the charac­
t e r i s t i c . 

( i v ) I n some of the c h a r a c t e r i s t i c s , a d i s c o n t i n u i t y 
w i l l be n o t i c e d . This i s represented by dashes (Figs.9.2, 
9.3 and 9.7). 

The d e s c r i p t i o n of how the d i s c o n t i n u i t y occurred 
and what t h i s could possibly mean i n phy s i c a l terms, 
are given below: 

As the cur r e n t was grad u a l l y increased from a low 
value, the corresponding voltages were noted', t i l l a t 
a c e r t a i n p o s i t i o n , the d e f l e c t i o n i n the ammeter rose 
a b r u p t l y t o a very high value much beyond the ammeter 
scale. Simultaneously w i t h t h i s abrupt r i s e of cur r e n t 
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there was an instantaneous f a l l i n the voltage reading. 
The observations were repeated q u i t e a number of times 
t a k i n g p a r t i c u l a r care while reaching t h i s t r a n s i t i o n 
r e g i o n , namely, very slowly a d j u s t i n g the p o s i t i o n of 
the c o n t r o l knob of the o s c i l l a t o r and t r y i n g t o read 
the ammeter and voltmeter as close t o t h i s d i s c o n t i n u i t y 
as p o s s i b l e . Each time the d i s c o n t i n u i t y occurred which 
could not be avoided. 

The d i s c o n t i n u i t y mentioned above might be due t o 
the possible occurrence of plasma o s c i l l a t i o n s . The 
question, however, remains why these o s c i l l a t i o n s occurred 
so r a r e l y , though observations were made i n the same 
c a v i t y a t other pressures or i n other c a v i t i e s at nearly 
the same pressures, i n other words, i t remains t o be 
solved as t o how c r i t i c a l l y the occurrence o f plasma 
o s c i l l a t i o n s depends on the product of the gas pressure 
and the c h a r a c t e r i s t i c d i f f u s i o n l e n g t h , on the gap 
current and the gap voltage. 

(v) As i n a l l previous cases, the maintenance 
voltage corresponding t o a given c u r r e n t , i s gre a t e r i n 
a i r than i n hydrogen and greater i n hydrogen than i n 
neon as shown i n Table 9.1 o v e r l e a f . 



TABLE - 9.1: F l a t Cavity: i n t e r n a l e lectrodes. 
Values of V i n v o l t s g 

PA = l.« 50 cm. mm.Hj ! PA= 2.22 cm mm Hj [ pA = 1.07 cm mm Hg 
i 
c: 
mA 

A i r H 2 

mA 
H 2 Ne i 

c 
mA 

A i r H 2 

350 244 200 80 377 232 50 276 252 
375 255 215 90 379 248 60 289 268 
400 266 228 100 386 269 70 319 285 
425 278 238 110 389 290 80 353 305 
450 288 248 120 390 340 90 385 328 

i 475 300 260 130 390 366 100 397 1 
354 

500 310 271 140 390 384 - - -
525 318 282 - - - - - -
550 322 293 - - - - - -
575 323 305 - - - - - -
600 325 315 - - - - -
625 324 325 - - - - - -
650 323 323 - - - - -
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CHAPTER - X 

GENERAL DISCUSSION OF RESULTS AND CONCLUSION. 

10.1 I n t r o d u c t i o n . 

I n the l a s t few chapters, the experimental r e s u l t s 
were s t a t e d and discussed only b r i e f l y . I t was also 
s t a t e d how these r e s u l t s f i t i n w e l l w i t h our two 
hypotheses, i . e . t h a t ( i ) i n long tubes f o r which £ 2>>r 2, 
the l o n g i t u d i n a l gradient and ( i i ) i n f l a t c a v i t i e s f o r 
which r 2>> £ 2 , the c u r r e n t d e n s i t y , should be constant 
f o r constant c u r r e n t and voltage r e s p e c t i v e l y . 

A d d i t i o n a l support t o these ideas w i l l be given i n 
t h i s chapter. From the experimental data, i t has been 
possible t o c a l c u l a t e the values of several important 
q u a n t i t i e s , namely, the ambipolar d i f f u s i o n c o e f f i c i e n t , 
the h . f . i o n i s a t i o n c o e f f i c i e n t and the number dens i t y 
of e l e ctrons i n the c e n t r a l plasma, as a f u n c t i o n of 
the gap current and the gas pressure. The meaning o f 
the end-drop o f p o t e n t i a l has also been discussed. A r i t h ­
m e t i c a l c a l c u l a t i o n s o f the e l e c t r i c f i e l d near the 
electrodes by two independent methods (see Section 10.4(i.)) 
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are i n s a t i s f a c t o r y agreement. Also, the values of the 
end-drop of p o t e n t i a l can be computed from an extension 
o f Schneider's ideas ( r e f . Chapter I I ) , namely t h a t the 
end region has a width equal t o or nearly equal t o the 
e l e c t r o n ambit (Section 1 0 . 4 ( i i ) ) . 

A p r o p o s i t i o n has been made regarding the possible 
a p p l i c a t i o n of the Langmuir probe theory t o the plasma 
to determine the q u a n t i t i e s l i k e concentration o f elec­
trons and the e l e c t r o n temperature, the idea being t h a t 
the electrodes themselves behave as probes and the c u r r e n t -
voltage c h a r a c t e r i s t i c s i n our experiments are l i k e the 
probe c h a r a c t e r i s t i c of Langmuir. 

Results i n the long and f l a t systems have been 
combined and c a l c u l a t i o n s of the power d i s s i p a t i o n per 
u n i t volume i n the two systems show t h a t they are i n 
reasonable agreement under i d e n t i c a l c o n d i t i o n s . L a s t l y , 
Poissons equation has been ap p l i e d t o o b t a i n charge 
de n s i t y near the e l e c t r o d e s . 

I n conclusion, l i m i t a t i o n s of the work have been 
pointed out. 
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10.2 C a l c u l a t i o n o f the Ambipolar D i f f u s i o n 
: D and the H. 
C o e f f i c i e n t £. 

C o e f f i c i e n t D and the H.F. I o n i s a t i o n 

I n the case of d i f f u s i o n - c o n t r o l l e d breakdown, one 
c a l c u l a t e s the breakdown f i e l d w i t h the help o f the 
well-known r e l a t i o n (2) 

eE 2 
v. = — — (10.1) l mu.v l c 

where E g = e f f e c t i v e f i e l d i n the gap, r e l a t e d t o the 
peak value of the ap p l i e d f i e l d E^ by 

E 2 v 2 

E 2 = ^ £ — (10.2) e 2 2A. 2 
c 

where 
e/m,.' = s p e c i f i c charge o f the e l e c t r o n , 
v = c o l l i s i o n frequency between e l e c t r o n s and 

gas molecules, 
ui = angular frequency o f the applied h . f . f i e l d , 
u^ = i o n i s a t i o n p o t e n t i a l o f the gas i n v o l t s 

and = i o n i s a t i o n frequency. 

i s also r e l a t e d to the d i f f u s i o n c o e f f i c i e n t o f 
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elec t r o n s D and the h . f . i o n i s a t i o n c o e f f i c i e n t £ by 

^ = p r (10.3) 
D 

and 
v . . 
— = (10.4) D'E 2 A2E 2 

e e 

where A = c h a r a c t e r i s t i c d i f f u s i o n l e n g t h of the discharge 
vessel. The above r e l a t i o n s are a p p l i c a b l e , s t r i c t l y 
speaking, to the case of breakdown. To say t h a t these 
hold good t o the sustained discharge as w e l l (as i n the 
present experiments) i s not f a i r . Nevertheless, the 
reason o f using these r e l a t i o n s t o c a l c u l a t e D (D~ being 
replaced by D i n sustained discharges) and K i s obvious, 
namely, whether or not the values come out of the r i g h t 
order o f magnitude, even though the r e l a t i o n s may be 
s l i g h t l y i n a ccurate. Another advantage of t h i s might be 
t o see how these q u a n t i t i e s vary w i t h the gap c u r r e n t and 
gas pressure. Calculations were, t h e r e f o r e , c a r r i e d out 
according t o Eqs. (10.1) - ( 1 0 . I + ) , using the values of 
maintaining f i e l d s a t various currents as given i n 
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Figs.6.23 - 6.25 and Townsend's data ( 3 4 ) . Results o f 
such c a l c u l a t i o n s are given i n Tables 10.1 and 10.2 f o r 
hydrogen and neon r e s p e c t i v e l y . 
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I t w i l l be seen from the Tables t h a t the values o f D i n 
neon are of the expected order o f magnitude; i n hydrogen, 
however, they are s l i g h t l y higher. Further, w i t h increase 
i n gap c u r r e n t , £ increases and D decreases. The 
pressure v a r i a t i o n shows t h a t they may e i t h e r increase 
or decrease depending upon the nature of the gas and 
pressure range i t s e l f . 

10.3 C a l c u l a t i o n o f the El e c t r o n Ambit and the 

I f the symbols a, v^, T and A denote the e l e c t r o n 
ambit, d r i f t v e l o c i t y of e l e c t r o n s , period of the app l i e d 
h.f . f i e l d and the c r o s s - s e c t i o n a l area of the discharge 
space r e s p e c t i v e l y , then 

E l e c t r o n Concentration 
i n the gap. 

a v T 
d 2 (10.5a) 

and 2NeAa 
T l c = Nev ,A = (10.5b), 

N being the number density o f e l e c t r o n s . 

I f i i s i n mA, then 

I c 
2000 NeAa 

T 
(continued o v e r l e a f ) 



- 116 -

2000 N x t.8 x 1 0 ~ 1 0 x 2.11 x a x 17 x 10 6 

3 x 10 9 

Since A = 2.11 cm2 

and T = ̂  = , 
17 x 10° 

n being 17 Mc/s; 

•J 
9 

3 x 10 e.s.u. = 1 coulomb. 

8 or N = .869 x 10 — (10.6) 
ci. 

By using Townsend's data (34) f o r d r i f t v e l o c i t y v^, one 
can thus c a l c u l a t e the value of a and hence N. The 
values so c a l c u l a t e d f o r various gap currents and gas 
pressures are presented i n Tables 10.3 and 10.4 on the 
f o l l o w i n g pages f o r hydrogen and neon r e s p e c t i v e l y . 
They are of the expected order o f magnitude. 
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10.4 The End-Drop of P o t e n t i a l 
R e f e r r i n g back t o Figs. (6.13) - (6.22), where V 

vs £ are p l o t t e d at various gap c u r r e n t s , i t i s t o be 
noted t h a t there i s a considerable amount of end voltage. 
The magnitudes of the end voltages were found by e x t r a ­
p o l a t i n g the curves towards the V a x i s ( 2 - 0 ) . The 
values so found are given i n Tables 10.3 and 10.4 f o r 
hydrogen and neon. That the o r i g i n of the end-drop i s 
p h y s i c a l l y explainable can be r e a l i s e d from the two 
independent approaches, as are described below: 

( i ) The conduction c u r r e n t i produces a voltage drop 
V g l a s s i n Slass given by V g l a s s = i ^ C , C being the 
capacitance of the glass tube w i t h respect to the 
e x t e r n a l e l e c t r o d e s . I f t , i s the thickness o f the 

glass tube, i /oiCt i i s the magnitude of e l e c t r i c f i e l d ' c/ glass & 

i n s i d e glass. The e l e c t r i c f i e l d i n the gas near the 
electrodes i s , t h e r e f o r e , i e/uCt , , where e i s the ' ' c / glass ' 
p e r m i t t i v i t y o f the gas. The f i e l d i n the gas near the 
electrodes i s also given by V ,/2a, where V , i s the 

& J oend/ ' oend 
peak value of the end-voltage and a i s the e l e c t r o n ambit, 
remembering t h a t there are two end regions near the two 
electrodes. I t has been t a c i t l y assumed t h a t the f i e l d 
near the electrodes i s v i r t u a l l y constant over a distance 
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of the order of an e l e c t r o n ambit. Thus, comparing t h 
values, e.g. V , /2a and i e/uCt , , a good agree ' & oend/ c / glass' 6 fa 

ment w i l l mean t h a t the above p i c t u r e of the end-drop 
e s s e n t i a l l y c o r r e c t . Results of c a l c u l a t i o n s , done 
accordingly, are shown i n Table 10.5 and are q u i t e i n 
conformity w i t h the above conception. 
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( i i ) The end-drop of p o t e n t i a l can also be explained by 
an extension o f Schneider's theory ( 7 ) . Let the f o l l o w ­
i n g assumptions be made: 

(a) The zones near the ends (zones I - Schneider) are 
each of width equal t o or of the order of the e l e c t r o n 
ambit, ( F i g . ( 1 0 . 1 ) ) . 

(b) The time v a r i a t i o n of the end-voltage ^ e n (^ i s of 
the form 

v ^ = v „ Q r , H e x p ( j u t ) (10.7) end oend c J 

(c) The f i e l d v a r i a t i o n i n time i n zones - I i s of the 
same form as t h a t of V ,. and 

end 
(d) the conduction current i n zone I I i s the same as 

the displacement c u r r e n t i n zone I , since the same cu r r e n t 
flows i n zones I and I I i n se r i e s ( c o n t i n u i t y of cur r e n t -
Maxwell). 

Thus, i f A i s cross-section of the conducting channel, 
then, according t o Maxwell's equation f o r c o n t i n u i t y 
of c u r r e n t , 
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i Q = (assumption d) 

_ AS 3Eend 
4TT at 

AEco r 
— end' (10.8) 

since E , = E , exp(juit) (assumptions b and c ) . 
end oend c J c 

or A £ I I ) Vpend • (assumption a) (10.8a) 
4IT 2a 

Now, i n our experiment, A = 2.11 cm2 and u = 1.07 x 10 8 rad/sec, 
Assuming p e r m i t t i v i t y of the discharge space nearly u n i t y , 
i f i i s i n mA and V , i n v o l t s then c oend 

i 2.11 x 1.07 x 10 8 V . 
— — x 3 x 10 9 = 
1000 x 13 x x u 300 x 4TT x 2a 

or V . = i a x 100.48 (10.9) oend c 

Results of c a l c u l a t i o n s of V , according t o (10.9) 
oend 

can thus be compared w i t h the experimental values of ^ o e n ^ 
as found by e x t r a p o l a t i o n (Tables 10.3 and 10.4). These 
experimental values are again shown against the c a l c u l a t e d 
ones i n Table 10.6 on the f o l l o w i n g page and are found t o 
be i n good agreement. 
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10.5 P o s s i b i l i t y of A p p l i c a t i o n of Langmuir's Probe 
Theory. 

As i s well-known, the probe i s a very u s e f u l t o o l 
f o r e x p l o r a t i o n o f the plasma. I t s achievement i n deter­
mining the important q u a n t i t i e s l i k e e l e c t r o n temperature 
and e l e c t r o n concentration i s indeed remarkable. The 
theory of the plane probe i s equally a p p l i c a b l e t o the 
c y l i n d r i c a l and s p h e r i c a l probes ( 2 4 ) . 

Let us examine whether the probe theory can be applied 
t o the present experiments. A t y p i c a l probe character­
i s t i c (35) i s represented by Fig.(10.2). Let us make the 
f o l l o w i n g assumptions: 

( i ) the end electrodes can be imagined to act as plane 
probes, 

( i i ) the p o i n t A corresponding to zero cu r r e n t corres­
ponds t o the s i t u a t i o n when the e l e c t r o n i c and i o n i c 
currents t o the probes are equal; t h i s then should 
represent the s t a t e when loss of both types of charged 
c a r r i e r s i s due t o ambipolar d i f f u s i o n , 

( i i i ) the p o i n t C i n the c h a r a c t e r i s t i c represents the 
st a t e when the probe i s at the same p o t e n t i a l as the plasma. 
I n t h a t s t a t e , the sheath of p o s i t i v e ions on the surface 
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of the probe vanishes and i s replaced by a much more 
dense sheath of e l e c t r o n s . Now, i n order t o base our 
argument regarding the end drop of p o t e n t i a l on the 
possible existence of a p o s i t i v e i o n sheath (not o f 
e l e c t r o n s ) , we must make the assumption t h a t the end 
electrodes (or r a t h e r the end probes) are a t a negative 
p o t e n t i a l w i t h respect t o the plasma. Th i s , t h e r e f o r e , 
means t h a t we are concerned w i t h the region ABC o f the 
c h a r a c t e r i s t i c . ( I n any case, the V - i character-

g c 
i s t i c s i n our experiments are o f s i m i l a r shape as the 
probe c h a r a c t e r i s t i c of F i g . ( 1 0 . 2 ) ) . 

Up t o C the probe i s always negative; the cur r e n t 
d e n s i t y i n t h i s p a r t i . e . p a r t ABC i s given by 

KT (- s ? e ) eN exp 2Trm 

t eV constant or KT 

3 or 
3 V KT 

( 1 0 . 1 0 ) 

( 1 0 . 1 1 ) 
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Using (10.11) a few t y p i c a l c a l c u l a t i o n s f o r e l e c t r o n 
temperature and e l e c t r o n density have been done. The 
r e s u l t s of such c a l c u l a t i o n s are of the expected order 
of magnitude, as shown i n Table 10.7 below: 

TABLE - 10.7: Calculations from the Probe Theory. 

i pA T N" 
gas c 

pA 
e gas mA cm. mm. Hg. (x l 0 2 e V ) ( x l O 9 cm - 3) 

250 0.27 7.2 0.3 
Hydrogen 300 3.81 1.5 5.3 

400 2.59 2 .1 2.8 

400 28.19 12.8 0.3 
Neon 500 44.95 6.0 0.7 

500 49. 52 5.8 20.0 
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10.6 Results i n Long C y l i n d r i c a l Tubes and F l a t 
C a v i t i e s Combined. 

I t would be very i n s t r u c t i v e t o examine how the 
r e s u l t s i n the two systems can be co-ordinated together 
to allow some u s e f u l comparison of a p h y s i c a l v a r i a b l e . 
One such v a r i a b l e i s obviously the power d i s s i p a t i o n i n 
e i t h e r system under i d e n t i c a l c o n d i t i o n s . I t i s expected 
t h a t f o r the same value of pA the power d i s s i p a t i o n per 
u n i t volume i n the two systems should be comparable: 
i n other words, 

where the s u f f i x 1 r e f e r s t o long tubes and 2 t o f l a t 
c a v i t i e s . 

I f V 2 denotes the t o t a l voltage i n system 2, then 
the voltage drop i n the gas i n t h i s system should be 
given by 

E i i 
A i 

(10.12) 

V = V, - V oend2 (10.13) 
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where V Q e n ^ 2 i s the appropriate end drop of p o t e n t i a l 

i n t h i s system. I f the width of the c a v i t y i s d, then, 
assuming t h a t there are two d i s t i n c t end regions i n 
t h i s system a l s o , of the same order of magnitude as 
the e l e c t r o n ambit a, the thickness of the c e n t r a l plasma 
i s 

t = d - 2a (10.14) 

so t h a t the a x i a l f i e l d i n the plasma of t h i s system 
should be 

V _ V*- Voend 2 

' 2 = t .. d - 2a (10.15) 
g2 

Now, according t o Eq.10.8(a), f o r a given conduction 
c u r r e n t i , V , i s i n v e r s e l y p r o p o r t i o n a l t o the cross-c' oend J 1 r 

s e c t i o n a l area of the electrodes and t h e r e f o r e , one can 
w r i t e 

V A, = V ,„ A„ (10.16) oendl 1 oend2 2 

o r , Aj 
V, - V -r-z oendl A? 

E 2 = d - 2a ( 1 0 ' 1 7 ) 
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The procedure o f v e r i f y i n g Eq. (10.12) i s i l l u s t r a t e d 
as f o l l o w s : - Ai and A 2 are known q u a n t i t i e s ; the 
pressures and the electrode areas i n the two systems are 
so chosen t h a t p i A j = P2 A2* Now, f o r a given current 
i n system 1, i say. one can o b t a i n E i , V , and a from J ' Ci J* 1 1 oendj 
Tables 10.1 - 10.4; f o r the same cu r r e n t i n system 2 i . e . 
i = i , the t o t a l voltage V? i s found out from the c i C2 

appropriate V i i c h a r a c t e r i s t i c of system 2; one can, 
thus o b t a i n the value of E 2 by using Eq.(10.17). Such 
c a l c u l a t i o n s have been done f o r hydrogen and neon. Results 
given i n Tables 10.8 and 10.9 on the f o l l o w i n g pages 
show t h a t the values o f power d i s s i p a t i o n per c.c. i n the 
two systems under i d e n t i c a l conditions are i n good agree­
ment . 
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10.7 Comparison of Data i n Tubes of D i f f e r e n t 
Diameters (D) and F l a t C a v i t i e s of 
D i f f e r e n t d i f f u s i o n Lengths (A) 

I n Tables 10.10 and 10.11 on the f o l l o w i n g pages 
are shown values of voltage g r a d i e n t s , 6M^jdt f o r d i f ­
f e r e n t tubes and maintaining voltages V f o r d i f f e r e n t 
c a v i t i e s , a t various pressures and gap c u r r e n t s . 

I t appears t h a t neither/dV \ versus D 
\d tji ,p = const. 

nor [V \ versus A, obeys any simple 
V ^j^c'P = const-

f u n c t i o n a l r e l a t i o n and t h a t both are dependent upon gas 
pressure and gap c u r r e n t . The s c a t t e r i n the data could, 
however, p a r t l y be a t t r i b u t e d t o the f a c t t h a t i t i s 
d i f f i c u l t t o vary the tube diameter or the c a v i t y l e n g t h 
without any change of other conditions i n the system. 



TABLE - 10.10 

Values of voltage g r a d i e n t s , (V/cm) 

Gas pressure i Tube diameters (D) cm 
nun. Hg. c 

mA 
.525 .93 1.28 1.455 1.64 

A i r 1.5 70 41 50 63 45 -
it 80 35 44 63 43 30 
ii 90 37 37 48 34 -
3.5 60 69 73 85 49 44 

it 80 58 •; 56 54 44 43 
Hydrogen 3 80 62 58 62 73 -

II 100 63 54 57 41 -
II 120 75 58 53 - -
8 60 102 - 101 - 85 
it 70 102 - 102 - 91 
ii 80 - - 99 - 93 

Neon 5.5 100 43 • 11 20 - 16 
it 120 38 14 11 - 13 

8.5 100 - 13 15 - 23 
it 120 - 15 16 - 17 
it 140 - 17 20 - 13 
ti 160 - 19 18 14 13 



TABLE - 10.11 

Hydrogen 
Values of Maintaining Voltages, V (x 1 0 2 v o l t s ) 

p 
mm. Hg. 

1 c D i f f u s i o n length (A) o f c a v i t i e s (cm! p 
mm. Hg. mA .208 .334 .422 

1.5 90 3.7 3.0 
ti 100 - 3.8 3.5 
it 110 - 3.8 4.3 

3.5 80 - 3.2 3.4 
ii 90 .9 3.3 3.9 
it 100 - 3.7 4.3 
II 110 1.0 3.8 4.7 
II 120 - 4.0 4.9 
ti 200 1.5 - -
II 250 1.8 - -

5.5 80 - 3.3 2.9 
II 90 - 3.5 3.2 
II 100 - 3.7 3.5 
II 110 - 3.8 3.8 
it 120 - 3.9 4.1 
II 130 - 4.0 4.3 
II 140 - 4.1 4.5 
7 50 1.3 3.7 -
II 60 1.4 3.7 -
II 70 1.5 3.7 -
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10.8 V a r i a t i o n o f Maintaining Voltage w i t h Gas 
Pressure a t Constant Gap c u r r e n t s . 

From the cu r r e n t - v o l t a g e c h a r a c t e r i s t i c s of the 
maintained discharge, one can study the v a r i a t i o n of 
the maintaining voltage w i t h pressure of the gas at 
various constant gap c u r r e n t s . T y p i c a l sets of data 
presented i n Tables 10.12 and 10.13 on the f o l l o w i n g 
page show t h a t as i n Paschen's curves, there i s a 
minimum, the value of which depends upon the gap 
c u r r e n t . 

TABLE - 10.12 
A i r : I n t e r n a l Electrodes: A = .381 cm 

p Values o f Va ( v o l t s ) f o r 
mm. Hg i = 275 c 300 325 350 375 400 425 450 mA 

9.5 274 280 285 291 298 305 312 320 
7.5 247 254 262 271 280 291 300 310 
5.2 219 229 240 250 260 271 281 292 
4.2 209 220 232 244 256 266 278 288 
2.5 217 234 249 265 280 294 307 320 
1.2 247 266 289 310 330 350 365 381 
0.7 304 331 356 380 400 420 437 450 



TABLE - 10.13 

Hydrogen; I n t e r n a l Electrodes: A = .381 cm. 

p Values of V a ( v o l t s ) f o r 
mm. Hg. l = 350 c 375 3 400 425 450 mA 

10.0 235 242 248 254 261 
9.0 221 229 236 242 250 
6.8 206 215 224 233 241 
4.2 200 215 228 238 249 
2.8 224 237 250 264 277 
1.6 267 285 304 324 343 
1.0 344 366 386 405 420 
0.7 386 410 429 445 457 
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10.9 A p p l i c a t i o n o f Poisson's Equation t o determine 
'the Density o f Charges near the Electrodes. 

Poisson's equation, which applies t o any po i n t o f 
space where there i s a charge d e n s i t y , i s given i n the 
one-dimensional case by 

= n v p = HtfNe (10.18) 
dx 2 

where V i s the p o t e n t i a l a t a distance x from an electrode 
and p ,is the volume density of charges and N i s t h e i r 
number d e n s i t y . 

Now, f o r H 2 a t 9 mm. Hg, f o r example, the average 
value of the p o t e n t i a l gradient near the electrodes 
(zone I ) i s o f the order of 10 3 (Table - 10.5) and t h a t 
i n the plasma (zone I I ) i s about 30 (Table - 10.1) 
or, 

(I) i • • 103v'-;(f)« • 3 0 v / c . < 1 0 - " 
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Thus, there i s a very sharp change of the gradient 
w i t h i n a distance of the order of an e l e c t r o n ambit; 
more c l e a r l y , a t the electrode or very near t o i t , the 
gradient i s high ( 1 0 3 V/cm) and constant, i . e . the 
s p a t i a l r a t e of change o f gradient i s zero (and hence the 
charge density at the electrode should be zero according 
to Poisson's e q u a t i o n ) , whereas at a distance n e a r l y 
equal t o the e l e c t r o n ambit, the change i n the gradient 
i s 10 3 - 30 = 10 3. Therefore, the average s p a t i a l 
r a t e of change of the gradient i s given by 

/dV\ _/dV\ 
I d x h Vdx/: d£v\ = U x / i -Ux/H ( 1 0. 2 0 ) 

dx lav 

^ = 8.3 x 10 3 = 4nNe 

4 x 3.14 x N x 4.8 x 1 0 " 1 0 x 300 

or N = 5 x 10 9 (10.21) 

The value o f N thus c a l c u l a t e d can be compared w i t h 
t h a t found by using the r e l a t i o n 

N J ( 2 ' % ) 
o o \ R J 

N - „_ u_ » „ , (10.22) 
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where N i s the number density of charges i n the c e n t r a l 
plasma, N , t h a t a t a distance r from the a x i s , R i s 
the radius of the tube and J i s Bessel f u n c t i o n of the 

o 
zeroeth order. I n our experiments, N q i s of order 1 0 ^ 
(Table - 10.3), R = 1.64 cm, r = R - a; the argument 
of J i s then o 

2.4 x 1̂ _5J. _ 2 > 3 1 ( a s > Q s e e T a b l e 1 0 . 3 ) 1.64 

From Table of Functions, 
J (2.31) = .055 
o 

so t h a t 

N = 5.5 x 10 9, i n conformity w i t h the value 
obtained i n Eq.(10.21). 

S i m i l a r c a l c u l a t i o n s f o r neon at 10 mm. Hg are 
given below and on the f o l l o w i n g page: 
I n t h i s case, 

f ^ ] T = a 10* V/cm. (Table 10.5) \ d x I I 2a 
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(zx)j T = 2 (Table 10.2) and 
/ I I 

so t h a t , arguing as before, one can w r i t e 

d2V\ 10u - 2 _ 101* (since a = .02 cm, 
dx 2 av 2a .04 see Table 10.4) 

4 i r N e 

4 x 3.14 N x 4.8 x 1 0 " 1 0 x 300 

or N = 1.4 x 1 0 1 1 (10.23) 

The argument o f J Q i n t h i s case i s 

2.4 x (1.64 - .02) - i n 
1.64 " 

From Table o f Functions, J (2.37) = .02 
o 12 N i n t h i s case i s of the order of 10 (Table 10.4) o 

Therefore, N = 0.2 x 1 0 ^ , which i s one-seventh o f the 
value given i n Eq. (10.23) 
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10.10. Conclusion 
Results presented i n t h i s t h e s i s are obtained by 

a method which has not been used before. For the f i r s t 
time the cu r r e n t - v o l t a g e r e l a t i o n s i n a high-frequency 
discharge have been st u d i e d i n d e t a i l , t a k i n g i n t o account 
the phase quadrature between the voltage drop across 
the tube w a l l and the gap voltage ( i t may be r e c a l l e d 
t h a t Townsend's school d i d some work on t h i s problem 
only a t a very low c u r r e n t range, e.g. a few mA, without 
considering the phase quadrature). 

That the hypothesis o f ambipolar d i f f u s i o n as the 
main operating process i n the sustained h . f . discharge 
has been j u s t i f i e d by the experimental r e s u l t s i s a 
d e f i n i t e step forward towards our understanding of the 
mechanism of the discharge. I n s p i t e o f the success, i t 
should be pointed out t h a t there i s ample scope f o r 
refinement of the experiment. Certain f a c t s , namely, 
occasional occurrence o f plasma o s c i l l a t i o n s , v a r i a t i o n 
of the l o n g i t u d i n a l e l e c t r i c f i e l d w i t h the gap cu r r e n t 
( F i g s . 6.23 - 6.25), the exact phase r e l a t i o n between 
the conduction and displacement c u r r e n t s , the edge e f f e c t 
g i v i n g a r i s e o f the cu r r e n t density i n the gap f o r lower 
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electrode areas e t c . need more accurate and thorough 
i n v e s t i g a t i o n . 
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Appendix I 

E l i m i n a t i o n of the Slow D r i f t of Ammeter Readings 

The r e d u c t i o n of ammeter d e f l e c t i o n w i t h time might 
be due t o the d i e l e c t r i c heating of the m a t e r i a l of the 
discharge tube and i t s assembly. I n order t o t e s t t h i s 
a dummy electrode (a hollow c y l i n d r i c a l tube of brass) 
was suspended i n a i r near one end of the discharge tube 
(the ammeter end) and connections to i t were made. As 
Table 1-1 below shows, t h i s d i d not improve the s i t u a t i o n . 

TABLE - 1-1: A i r : p = 3.7 mm.Hg. 
C o n t r o l l i n g Knob o f the o s c i l l a t o r f i x e d a t a convenient 

p o s i t i o n . 
Observations w i t h proper 

electrodes 
Observations w i t h dummy 

electrodes 
Maximum 

d e f l e c t i o n 
(mm) 

d e f l e c t i o n 
a f t e r 2 
minutes 
(mm) 

Maximum 
d e f l e c t i o n 

(mm) 
d e f l e c t i o n 
a f t e r 2 
minutes 
(mm) 

19 9 30 11 
23 10 31 11 
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Observations were, t h e r e f o r e , continued w i t h the 
proper electrodes. When the above method f a i l e d , the 
voltmeter c i r c u i t was suspected. I t was soon found t h a t 
without the voltmeter c i r c u i t i n o p e r a t i o n , the d e f l e c ­
t i o n remained steady i n time. I t was next thought t h a t 
the ammeter and voltmeter readings should be taken 
separately. Accordingly, the procedure adopted was as 
f o l l o w s : 

Set the c o n t r o l l i n g knob of the o s c i l l a t o r a t any 
convenient p o s i t i o n ; switch on the o s c i l l a t o r ; note 
the ammeter d e f l e c t i o n and switch o f f the o s c i l l a t o r ; 
complete the voltmeter c i r c u i t , switch on the o s c i l l a t o r 
and note the voltmeter reading. Repeat t h i s procedure 
f o r several s e t t i n g s of the c o n t r o l l i n g knob. A set o f 
data taken according to t h i s procedure had a large 
s c a t t e r . 

The t r o u b l e i n the voltmeter c i r c u i t l a y i n f a c t w i t h 
the b a t t e r i e s used f o r the f i l a m e n t supply. So long 
dry c e l l s were being used; i t was decided t o use f r e s h l y 
charged storage c e l l s instead and t h i s nearly e l i m i n a t e d 
the d i f f i c u l t y . 
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Appendix - I I 

D i f f i c u l t i e s w i t h t h e S t r a y s . 

A number o f st e p s were t a k e n t o d e a l w i t h t h e 

d i f f i c u l t i e s i n t r o d u c e d by t h e s t r a y s . They are enumer­

a t e d below: 

( i ) Use o f the dummy e l e c t r o d e . 

As shown i n F i g . I I - l , t h e i n p u t t e r m i n a l s f r o m 

th e secondary were connected t o t h e m i d - r e g i o n s o f t h e 

c o i l A and A 1, t h e f r e e ends o f t h e c o i l s b e i n g connected 

t o dummy e l e c t r o d e s . The i d e a was t h a t t h e di s p l a c e m e n t 

c u r r e n t s i n t h e two h a l v e s o f each c o i l , would i n a l l 

c i r c u m s t a n c e s f l o w i n o p p o s i t e d i r e c t i o n s and by a d j u s t ­

ment o f the p o s i t i o n o f t h e i n p u t p o i n t s these two 

o p p o s i t e l y f l o w i n g d i s p l a c e m e n t c u r r e n t s c o u l d be balanced 

o r b r o u g h t t o near b a l a n c e . When t h i s c o u l d be a c h i e v e d , 

breakdown, o f t h e gap would show a d e f l e c t i o n c o r r e s p o n d i n g 

t o t h e c o n d u c t i o n c u r r e n t t h r o u g h t he gap. 

T h i s , -. however, d i d n o t work i n p r a c t i c e , p a r t l y 

because o f t h e r e d u c t i o n i n the ammeter s e n s i t i v i t y p r o ­

duced . 

( i i ) Use o f germanium d i o d e s . 

I n s t e a d o f t h e EY51 d i o d e s , a s t r i n g o f germanium 

diodes were used (a dozen on each s i d e , as shown i n 
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F i g . I I - 2 ) w i t h t h e i d e a t h a t t h i s would reduce t h e 

e f f e c t i v e s e l f - c a p a c i t y (and hence t h e d i s p l a c e m e n t 

c u r r e n t ) ; b u t t h i s d i d n o t work owing t o i n c r e a s e i n 

t h e s t r a y c a p a c i t a n c e s o f these diodes t o e a r t h . 

( i i i ) S h i f t i n f i o f t h e v o l t m e t e r c i r c u i t . 

The v o l t m e t e r c i r c u i t was p l a c e d between t h e 

d i s c h a r g e t u b e and t h e c a p a c i t o r C 2, r a t h e r t h a n t h e 

p r e v i o u s arrangement o f t h e tube i n between t h e v o l t ­

meter c i r c u i t and C2. By t h i s change o f t h e p h y s i c a l 

l a y i n g o u t of- t h e e n t i r e e l e c t r i c a l assembly, i t was 

found t h a t t h e d i s p l a c e m e n t c u r r e n t was much reduced. 

( i v ) Use o f a t u n i n g condenser. 

A s m a l l t u n i n g condenser was n e x t p l a c e d i n s e r i e s 

w i t h c o i l A a t i t s dummy end w i t h t h e hope o f r e d u c i n g 

the d e f l e c t i o n due t o t h e d i s p l a c e m e n t c u r r e n t f u r t h e r . 

I t was f o u n d , however, t h a t though by a d j u s t i n g t h i s 

condenser, t h e d e f l e c t i o n c o u l d be f u r t h e r reduced, t h i s 

a d j u s t m e n t a f f e c t e d t h e i n t e n s i t y o f d i s c h a r g e ; w i t h i n 

t h e tube and so i t was s u b s e q u e n t l y removed. 

( v ) M o d i f i c a t i o n o f t h e v o l t m e t e r c i r c u i t . 

A few m o d i f i c a t i o n s i n t h e v o l t m e t e r c i r c u i t were 

done ( F i g . I I - 3 ) f o r r e d u c i n g t h e s t r a y s e.g. t h e 

c a p a c i t a n c e s C 5 - C 8 and t h e chokes L i - L^reduced s t r a y s 



-139-

from b a t t e r y t o ground, Cg and C i 0 bypassed s t r a y s from 

t h e meter case t o ground. By these m o d i f i c a t i o n s , 

s l i g h t improvement was n o t i c e d , but complete e l i m i n a t i o n 

o f the s t r a y s was n o t a c h i e v e d . 

I n c i d e n t a l l y , d u r i n g t h i s e x p l o r a t o r y p e r i o d , use 

o f an e l e c t r o s t a t i c v o l t m e t e r o r an a b s o l u t e v o l t m e t e r 

based on t h e balance method was t h o u g h t about. The 

balance method, however, was soon r u l e d o u t from t h e 

p o i n t o f view o f t o o s m a l l a f o r c e (due t o t h e e l e c t r i c 

f i e l d ) t o make i t work. The e l e c t r o s t a t i c v o l t m e t e r 

was r u l e d o u t f o r t h e reason t h a t t h e one t h a t was 

a v a i l a b l e had d i v i s i o n s n o t s m a l l enough t o read 5 o r 

10 V o l t s . 
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