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ABSTRACT 

An i n v e s t i g a t i o n o f a p u l s e d Eg a r c h a s b e e n u n d e r t a k e n t o 

t e s t t h e r e l a t i o n V a 1°^ b e t w e e n t h e v o l t a g e and c u r r e n t o f an 

a r c d i s c h a r g e e A l t h o u g h t h e e x p e r i m e n t a l V - I c h a r a c t e r i s t i c 

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

d i c a t e d t h a t t h e a g r e e m e n t b e t w e e n t h e o r y and e x p e r i m e n t was 

p r o b a b l y a c o i n c i d e n c e . 

The P a s c h e n b r e a k d o w n c u r v e was d e t e r m i n e d , and t o g e t h e r . 

w i t h s i m u l t a n e o u s m e a s u r e m e n t s o f t h e c u r r e n t a n d v o l t a g e , i t 

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

a f u n c t i o n o f c u r r e n t . 

As a r e s u l t o f an u n e x p e c t e d f e a t u r e o f t h e a p p a r a t u s , 

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

f o r m c o u l d be u s e d t o o b t a i n a n a p p r o x i m a t e measurement- o f t h e 

c o m b i n e d t h i c k n e s s o f t h e anode and c a t h o d e f a l l s d^,, and a l s o 

t h e a v e r a g e f i e l d s t r e n g t h i n t h e s e r e g i o n s The m e a s u r e ­

m e n t s d ^ = J x l O ^cm, and = 2.4x10^ v o l t / c m a p p e a r t o be i n 

a g r e e m e n t w i t h t h e f i e l d e m i s s i o n t h e o r y . 
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F i g u r e 1 S h o c k Tube 
A r r a n g e m e n t 

INTRODUCTION 

The w o r k d e s c r i b e d i n t h i s t h e s i s s t a r t e d i n . a n a t t e m p t 

t o v e r i f y t h e r e l a t i o n 

V a r 4 

between, t h e v o l t a g e V a n d c u r r e n t I i n an a r c d i s c h a r g e . T h i s 

r e l a t i o n h a d p r e v i o u s l y b e e n shown 

t o be v a l i d by Smy ( 1 9 6 3 ) f o r c u r ­

r e n t s p a s s i n g t h r o u g h a s h o c k h e a t e d 

p l a s m a . I n o r d e r t o d e r i v e t h i s 

e x p r e s s i o n , and a l s o t o i n t e r p r e t 

t h e d a t a , i t h a d b e e n f o u n d n e c e s ­

s a r y t o assume a s m a l l c o n d u c t i n g 

s p o t o n - t h e c a t h o d e . As c a t h o d e s p o t s a r e a w e l l known p e c u ­

l i a r i t y o f a r c s i t was f e l t t h a t t h i s s h o c k t u b e e x p r e s s i o n m i g h t 

a l s o a p p l y t o t h e V - I c h a r a c t e r i s t i c o f an a r c . I f s o , t h i s 

e q u a t i o n w o u l d be a u s e f u l t o o l i n a r c p h y s i c s , a s no a n a l y t i c 

c a l e x p r e s s i o n f o r t h e o v e r a l l c h a r a c t e r i s t i c i s y e t known, 

a l t h o u g h a r c s h a v e b e e n s t u d i e d e x t e n s i v e l y d u r i n g t h e p a s t c e n ­

t u r y . I n o r d e r t o t e s t t h i s r e l a t i o n , a p u l s e d a r c e x p e r i m e n t 

was d e s i g n e d w h i c h w o u l d r e t a i n t h e s h o r t t i m e f e a t u r e o f t h e 

s h o c k t u b e . The c u r r e n t p u l s e was s u p p l i e d b y t h e d i s c h a r g e o f 

a c o n d e n s o r t h r o u g h a c u r r e n t l i m i t i n g r e s i s t o r i s s e r i e s w i t h 

t h e a r c . 

I t was f o u n d t h a t a g e n e r a l k n o w l e d g e o f a r c s was r e q u i r e d 

t o i n t e r p r e t d i f f e r e n t f e a t u r e s o f t h e e x p e r i m e n t a l r e s u l t s . 

Andy a s an e x a m i n a t i o n o f Smy's t h e o r y w o u l d n e c e s s a r i l y r e q u i r e 



c o m p a r i s o n w i t h t h e o r e t i c a l a s p e c t s o f a r c s , t h e f o l l o w i n g Ghap= 

t e r 1 was i n c l u d e d i n t h i s t h e s i s t o p r e s e n t a b r i e f summary 

o f a c c e p t e d e x p e r i m e n t a l r e s u l t s a n d t h e o r e t i c a l c o n c e p t s 6 f 

a r c p h y s i c s . 

C h a p t e r 2 d i s c u s s e s d e t a i l s o f t h e a p p a r a t u s , a s w e l l a s 

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

an u n e x p e c t e d m o t i o n o f t h e e l e c t r o d e s i s e x a m i n e d i n d e t a i l , 

a n d a m e c h a n i s m i s s u g g e s t e d w h i c h d e s c r i b e s t h e o r i g i n o f t h i s 

m o t i o n . 

C h a p t e r 3 g o e s on t o d i s c u s s t h e more g e n e r a l r e s u l t s w h i c h 

w e r e o b t a i n e d i n t h i s p r o j e c t . T h e s e i n c l u d e t h e o v e r a l l ? - I 

c h a r a c t e r i s t i c , t h e E •=! c h a r a c t e r i s t i c ( w h e r e E i s t h e c o l = 
c o < x c o . 

umn f i e l d s t r e n g t h ) , a n d a n o r d e r o f m a g n i t u d e m e a s u r e m e n t o f 

t h e a v e r a g e f i e l d s t r e n g t h i n t h e f a l l r e g i o n s . A l t h o u g h t h i s 

l a s t m e a s u r e m e n t i s n o t v e r y p r e c i s e ' , i t w o u l d a p p e a r t o be t h e 

most s i g n i f i c a n t r e s u l t o f t h i s t h e s i s ( 1 9 6 5 ) 0 

C h a p t e r 4 c o n t a i n s a d e t a i l e d e x a m i n a t i o n o f t h e t h e o r y 

d e v e l o p e d b y Smy ( 1 9 6 3 ) . The o b j e c t o f t h i s s e c t i o n i s t o see 

t o what e x t e n t t h e r e s u l t s o b t a i n e d by Smy c o u l d a p p l y t o kn 

a r c . 
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CHAPTER 1 - GENERAL FEATURES OF THE ELECTRIC ARC 

E l e c t r i c a r c s have teen s t u d i e d e x t e n s i v e l y d u r i n g the past 

c e n t u r y and so i t might appear s u r p r i s i n g t h a t there are many 

f e a t u r e s of an a r c which are y e t to be s a t i s f a c t o r i l y e x p l a i n e d . 

While many of the i n d i v i d u a l processes such as p r o d u c t i o n of 

charge c a r r i e r s , or energy d i s s i p a t i o n by r a d i a t i o n and heat 

conductions can be understood i n an i s o l a t e d manner, i t is d i f ­

f i c u l t to combine these separate processes i n t o a u n i f i e d t h e o r y . 

D i f f i c u l t i e s a r i s e when a n a l y z i n g experimental d a t a , as the ex­

t r a c t i o n of r e l e v a n t parameters i s o f t e n q u e s t i o n a b l e . As a 

r e s u l t of these problems of complexity, s e v e r a l d i f f e r e n t models 

and t h e o r i e s c o n c e r n i n g a r c s have been proposed. T h i s chapter 

w i l l p r esent some of the e x p e r i m e n t a l l y observed c h a r a c t e r i s t i c s 

of a r c s , and w i l l a l s o d i s c u s s some of the p r e s e n t l y w e l l a c ­

cepted t h e o r i e s . 

1.1 EXPERIMENTAL OBSERVATIONS, 

The most important f e a t u r e of the e l e c t r i c a rc i s the over 

a l l 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 . A t y p i c a l case i s shown 

s c h e m a t i c a l l y i n F i g u r e 2 (Goldman, 196l). The r e s u l t a n t non­

l i n e a r c h a r a c t e r i s t i c i s q u i t e d i f f e r e n t from that of a s t a n ­

dard ohmic r e s i s t o r . F o r lower c u r r e n t s , the a r c v o l t a g e f a l l s 

v e r y r a p i d l y to some minimum v o l t a g e V^, and then s l o w l y r i s e s 

a g ain f o r i n c r e a s i n g h i g h e r v a l u e s of c u r r e n t . I f the a p p l i e d 

v o l t a g e f a l l s below V the a r c w i l l e x t i n g u i s h - as a w e l l known 
m 

example, one can e x t i n g u i s h an a r c by drawing the e l e c t r o d e s 

a p a r t . I t can a l s o be seen tha t a r c s of d i f f e r e n t l e n g t h s have 

the same g e n e r a l b e h a v i o r , the l o n g e r a r c s r e q u i r i n g a h i g h e r 
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a p p l i e d v o l t a g e f o r a p a r t i c u l a r c u r r e n t . 

The p o t e n t i a l v a r i a t i o n b e t w e e n t h e anode a n d c a t h o d e o f 

a t y p i c a l a r c i s g i v e n s c h e m a t i c a l l y i n F i g u r e 3 f o r two d i f ­

f e r e n t v a l u e s o f c u r r e n t ( E e k e r , 1 9 6 l ) » T h i s f i g u r e i n d i c a t e s 

t h a t t h e r e a r e t h r e e m a i n r e g i o n s o f an a r c j t h e c a t h o d e r e g i o n 

( w i t h n e t v o l t a g e d r o p V )i t h e l o n g c e n t r a l c o l u m n r e g i o n (V ), 

C CO 

and t h e anode r e g i o n (V ). 

The p r o b l e m s a s s o c i a t e d w i t h t h e e l e c t r o d e r e g i o n s a r e f r e ­

q u e n t l y c l a s s i f i e d a c c o r d i n g t o t h e b o i l i n g p o i n t o f t h e e l e c -

t r o d e m a t e r i a l . T h e r m a l a r c s , s u c h a s t h o s e f o r m e d w i t h t u n g ­

s t e n o r c a r b o n e l e c t r o d e s ( h i g h b o i l i n g p o i n t m e t a l s ) , h a v e 

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

a s m e r c u r y o r c o p p e r ( l o w b o i l i n g p o i n t m e t a l e l e c t r o d e s ) . A s 

t h i s t h e s i s d e a l s s o l e l y , w i t h a c o l d c a t h o d e a r c a l l d e t a i l s 

p r e s e n t e d h e n c e f o r t h w i l l a p p l y o n l y t o t h i s c l a s s o f a r c s . 

The c a t h o d e f a l l v o l t a g e (V ) o f an a r c i s g e n e r a l l y o f 

t h e same o r d e r o f m a g n i t u d e a s t h e i o n i z a t i o n p o t e n t i a l o f t h e .. 

c a t h o d e v a p o u r ( t y p i c a l l y a r o u n d 10 v o l t s ? .Brown,'196l) . E x p e r i ­

m e n t s h a v e shown t h a t V i s r e l a t i v e l y i n d e p e n d e n t o f t h e e u r -
c 

r e n t f l o w ( G e r t h s e n a n d S c h u l z , 1955)» and i t i s g e n e r a l l y a c ­
c e p t e d t h a t V a c t s o v e r a d i s t a n c e c o m p a r a b l e w i t h t h e mean 

c 

f r e e p a t h o f t h e s u r r o u n d i n g g a s , a l t h o u g h no s u c c e s s f u l m e a s u r e ­

ment o f t h i s h a s b e e n made. Two t e c h n i q u e s h a v e b e e n u s e d t o 

d e t e r m i n e v a l u e s f o r t h e f a l l v o l t a g e s , V , Y , a n d V„ = V + V . 
^ C £1 X C 3, 

F i r s t , e x t r a p o l a t i n g t h e l i n e a r r e g i o n o f F i g u r e 3 i n b o t h d i r e c ­

t i o n s g i v e s a p p r o x i m a t e v a l u e s f o r Vc and Va. H o w e v e r t h i s a p ­

p r o a c h r e q u i r e s t h a t t h e p o t e n t i a l v a r i a t i o n a c r o s s t h e c o l u m n 
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1955)* B y t a k i n g s e v e r a l t r i a l s 

w i t h d i f f e r e n t e l e c t r o d e m a t e r i a l s , 

time >• n i S p o s s i b l e t o e x t r a c t v a l u e s 
F i g u r e 4 D e t e r m i n a t i o n f o r V and V f r o m t h e m e a s u r e -

o f V f
 a c 

m e n t s o f Y^, A v a r i a t i o n o f t h i s 

s e c o n d t e c h n i q u e was u s e d i n t h i s e x p e r i m e n t t o o b t a i n a n o r d e r 

o f m a g n i t u d e v a l u e f o r t h e sum o f t h e f a l l d i s t a n c e s , 

d„ = d + d ( s e e S e c t i o n 3=l)» I t h a s b e e n f o u n d b y b o t h me-

t h o d s t h a t t h e anode f a l l v o l t a g e i s much s m a l l e r t h a n t h e c a ­

t h o d e f a l l v o l t a g e (V = v / l 0 $ B a u e r a n d S c h u l z , 1 9 5 4 ) , and 

w i l l g e n e r a l l y be n e g l e c t e d f o r o u r p u r p o s e s . 

The c u r r e n t a t t h e c a t h o d e i s c o n c e n t r a t e d i n t o a s m a l l , 

h i g h l y l u m i n o u s a r e a A known a s t h e c a t h o d e s p o t . Many a t t e m p t s 

h a v e b e e n made t o m e a s u r e A , and i t a p p e a r s t h a t a s m e a s u r i n g 

t e c h n i q u e s h a v e i m p r o v e d t h e v a l u e o b t a i n e d h a s gone down a c ­

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

o u s l y , . t h e n t h e c u r r e n t d e n s i t y j i n t h e c a t h o d e s p o t c a n be 

c a l c u l a t e d . P r o b a b l y t h e most r e l i a b l e m e a s u r e m e n t s were o b ­

t a i n e d b y Froome ( l 9 5 0 ) . U s i n g k e r r c e l l p h o t o g r a p h y on s h o r t 
6 2 

d u r a t i o n a r c s he f o u n d t h a t j =•• 10 amp/cm . 
The m o st v i s i b l e p a r t o f t h e a r c i s t h e a r c c o l u m n , w h i c h 



s e r v e s a s a c u r r e n t c o n d u c t i n g p a t h b e t w e e n t h e anode a n d c a t h o d e 

The i m p o r t a n t p r o p e r t i e s o f t h i s r e g i o n h a v e b e e n v e r y s u c c e s s -

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

The m a i n f e a t u r e s o f i n t e r e s t c a n be r e l a t e d t o t h e r a d i a l t e m­

p e r a t u r e p r o f i l e . T h e s e i n c l u d e t h e e l e c t r i c a l and t h e r m a l 

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

B b y t h e i r c o n t r o l on t h e r a t e o f e n e r g y d i s s i p a t i o n . A s 
C 0 

shown i n F i g u r e 3s E c q i s c o n s t a n t o v e r t h e l e n g t h o f t h e c o l u m n , 

a n d h e n c e c a n be d e t e r m i n e d b y 

_ CO c o 
E c o = d ~ ~ d 1 

CO 0 

a s d^<£d Q b y many o r d e r s o f m a g n i t u d e . A l t h o u g h i n d e p e n d e n t o f 

c o l u m n l e n g t h , E i s h i g h l y d e p e n d e n t u p o n t h e m a g n i t u d e o f 
G 0 

t h e c u r r e n t . M o s t e x p e r i m e n t s w h i c h h a v e m e a s u r e d t h i s d e p e n ­

d e n c e h a v e i n v o l v e d t h e u s e o f p r o b e s i n t h e l o w e r c u r r e n t r a n g e s 

The e x p e r i m e n t d e s c r i b e d i n t h i s t h e s i s d e s c r i b e s an a p p r o x i m a t e 

t e c h n i q u e t o d e t e r m i n e E ( i ) i n t h e h i g h c u r r e n t r a n g e . 
0-0 

1.2 THEORETICAL COBSIDERATIONS 

The t h e o r e t i c a l a s p e c t s o f a r c s c a n be c l a s s i f i e d i n t h e 

same manner a s was u s e d when c o n s i d e r i n g t h e e x p e r i m e n t a l o b ­

s e r v a t i o n s . M o d e l s an d t h e o r i e s d e s c r i b e e i t h e r t h e c o l u m n o r 

t h e f a l l r e g i o n s ( i n p a r t i c u l a r t h e c a t h o d e f a l l r e g i o n ) . A n d 

a g a i n , t h e most f o r m i d a b l e p r o b l e m s have b e e n e n c o u n t e r e d i n 

e x p l a i n i n g t h e b e h a v i o r o f t h e e l e c t r o d e r e g i o n r a t h e r t h a n 

i n : t h e c o l u m n r e g i o n . 

The b a s i c p r o b l e m t o be s o l v e d i n t h e e l e c t r o d e r e g i o n i s 

t o d e t e r m i n e t h e m e c h a n i s m r e s p o n s i b l e f o r e x t r a c t i o n o f e l e c -
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t r o n a o u t o f t h e c a t h o d e . The o r i g i n a l p r o p o s i t i o n o f t h e r m i o n i c 

e m i s s i o n b y R i c h a r d s o n h a s b e e n shown t o be a p p l i c a b l e t o m e t a l s 

o f v e r y h i g h b o i l i n g p o i n t s . H o w e v e r , f o r l o w b o i l i n g p o i n t 

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

f o r a p p r e c i a b l e t h e r m a l e m i s s i o n t o o c c u r . S e v e r a l t h e o r i e s 

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

s i o n due t o m e t a s t a b l e atoms ( v o n Engel< 9 1957)» o r v a r i o u s com­

b i n a t i o n s o f two d i f f e r e n t m e c h a n i s m s ( s e e E c k e r f o r a summary 

o f t h e d i f f e r e n t p r o p o s a l s , 1951)• H o w e v e r t h e f i e l d e m i s s i o n 

m o d e l b y L o n g m u i r a n d Mackeown (1929) a p p e a r s t o h a v e b e e n t h e 

most s a t i s f a c t o r y t o a f a i r l y l a r g e number o f w o r k e r s . The 

i m p o r t a n t f e a t u r e s o f t h i s m o d e l w i l l now be b r i e f l y d i s c u s s e d . 

The h i g h p o s i t i v e s p a c e c h a r g e a c c u m u l a t i o n , w h i c h p r o d u c e s 

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

a t t h e s u r f a c e o f t h e c a t h o d e . E m p l o y i n g P o i s s o n ' s e q u a t i o n 

a n d a s s u m i n g t h e l e n g t h o f t h e c a t h o d e f a l l t o be one mean f r e e 

p a t h , Mackeown d e r i v e d t h e f o l l o w i n g e x p r e s s i o n , 

E-l = 7 5 7 , 1 0 S Vc {(i - Y) [ 18 4- 5) ' / a - Y j . . . ( i ) 

w h e r e , E ^ = e l e c t r i c f i e l d a t c a t h o d e s u r f a c e ( v o l t / c m ) 

Y.o = c a t h o d e f a l l v o l t a g e 

j = t o t a l c u r r e n t d e n s i t y i n t h e f a l l r e g i o n (amp/cm ) 
., „ e l e c t r o n c u r r e n t d e n s i t y v = r a t i o o f — , , , — . , ,f . t o t a l c u r r e n t d e n s i t y 

The e x p e r i m e n t a l v e r i f i c a t i o n o f t h i s e q u a t i o n h a s b e e n v e r y 

d i f f i c u l t a s b o t h j and Y h a v e t o be m e a s u r e d . 

W a s s e r a b (1951) u s e d t h e F o w l e r N o r d h e i m e q u a t i o n (1928) 

t o g e t h e r w i t h Mackeown's e q u a t i o n t o show t h a t Y was u n i q u e l y 



d e t e r m i n e d a s a f u n c t i o n o f j . F o r a Hg c a t h o d e he f o u n d t h a t 

a c u r r e n t d e n s i t y o f the o r d e r o f 10' amp/cm was r e q u i r e d t o 

p r o d u c e a p p r e c i a b l e f i e l d emission o f e l e c t r o n s . W h i l e t h e t h e -
i , . 
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o r e t i c a l r e s u l t r e q u i r e s a c u r r e n t d e n s i t y o f 10 amp/cm , t h e 

a v a i l a b l e e x p e r i m e n t a l d a t a c a n o n l y show a l o w e r l i m i t o f 
6 • 2 

10 amp/cm and h e n c e i t i s n o t p o s s i b l e t o c o m p l e t e l y a c c e p t 

o r r e j e c t t h e f i e l d e m i s s i o n m o d e l f o r t h e c a s e o f l o w b o i l i n g 

p o i n t m e t a l s . 

The s t r u c t u r e o f t h e a r c c o l u m n h a s b e e n e x a m i n e d b y many 

w o r k e r s , and t h e d i f f e r e n t a p p r o a c h e s a p p e a r t o be i n r e a s o n a b l e 

a g r e e m e n t w i t h e a c h o t h e r , a s w e l l a s w i t h e x p e r i m e n t a l o b s e r ­

v a t i o n s . The f i r s t i n v e s t i g a t i o n s w ere c a r r i e d o u t b y S c h o t t k y 

( 1 9 2 5 ) • • C o n s i d e r i n g t h e e l e c t r o n s , i o n s , a n d n e u t r a l s a s i n t e r -

d i f f u s i n g g a s e s , he o b t a i n e d a m o b i l i t y e q u a t i o n w h i c h d e s c r i b e d 

t h e g e n e r a l m a c r o s c o p i c b e h a v i o r f a i r l y w e l l . M a e c k e r d e v e l o p e d 

a much more e x t e n s i v e t h e o r y b y c o n s i d e r i n g t h e e n e r g y b a l a n c e 

i n t h e c o l u m n , 

e l e c t r i c a l e n e r g y i n p u t = e n e r g y l o s t b y c o n d u c t i o n 

and r a d i a t i o n . 

N e g l e c t i n g t h e r a d i a t i o n t e r m t h i s e q u a t i o n c a n be s o l v e d f o r 
E ( i ) i f t h e e l e c t r i c a l a n d t h e r m a l c o n d u c t i v i t i e s a r e known c o v ' 
•as f u n c t i o n s o f t e m p e r a t u r e . F o r t h e c a s e o f a c y l i n d r i c a l l y 

t. 

s y m m e t r i c d i s c h a r g e w i t h a m o n a t o m i c g a s , M a e c k e r f o u n d t h a t 

E r t o I * 4 , . . . ( 2 ) c o ' 

and t h i s e q u a t i o n was f o u n d t o a g r e e w i t h t h e e x p e r i m e n t a l mea­

s u r e m e n t s ( M a e c k e r , 1 9 5 9 ) • U n f o r t u n a t e l y , t h e c o n d i t i o n t h a t 

r a d i a t i o n l o s s e s a r e n e g l i g i b l e l i m i t s t h e a p p l i c a t i o n o f t h i s 
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equation (see Section 3 * 2 ) . 

As shown above, some features of the arc are f a i r l y well 

understood, but i t is interesting to note that very l i t t l e suc­

cessful work has been reported on the determination of an ana­

l y t i c a l expression describing the V-I characteristic of the arc. 

As recently as 1961 empirical curve f i t t i n g was s t i l l being 

used (Goldman, 196l). In view of this fact, a l l models which 

can be used to explain any portion of the caracteristic are of 

interest to the general theory of arcs. 

In his work on shock-tubes Smy developed an expression for 

the V-I characteristic of two electrodes immersed in a shock-

heated plasma. Experimental results indicated that in the high 

current range, production of electrons in the electrode region 

was probably accomplished by a conducting spot identical to the 
, f 

cathode spot of an arc. Using Mackeown's f i e l d emission equation 

he found 

V a I° 4, . . . ( 3 ) 

which i s similar to the result obtained by Maecker. 

It was f e l t that the similarities, both in assumptions 

used and results obtained, between this model and accepted ideas 

on arcs were sufficient to warrant experimental examination 

in the high current range. The apparatus and experimental tech­

niques used in this experiment w i l l now be discussed in the f o l ­

lowing chapter. 
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CHAPTER 2 - APPARATUS AND EXPERIMENTAL DETAILS 

2.1 DESIGN FEATURES OF APPARATUS 

The apparatus designed f o r h o l d i n g the Hg e l e c t r o d e s i s 

shown i n F i g u r e 5 . I t c o n s i s t s of a v e s s e l f o r the cathode 

pool ( 2 . 5 cm d i a m e t e r ) , and a l o n g tube f o r suspending the an­

ode hemisphere ( . 3 cm i n n e r d i a m e t e r ) . Two p i e c e s of tungsten 

wire (.1 cm diameter and 5 cm long) were i n s e r t e d through the 

g l a s s to a l l o w c o n t a c t of the Hg e l e c t r o d e s w i t h the e x t e r n a l 

c i r c u i t . The cathode pool was connected t o a second p o o l P by 

a p i e c e of tygon t u b i n g . A l u c i t e rod was f i t t e d i n t o the se­

cond p o o l and c o u l d be i n s e r t e d to any d e s i r e d depth. T h i s 

motion c o u l d then be used to provide a f a i r l y s e n s i t i v e method 

f o r r a i s i n g or l o w e r i n g the l e v e l of the cathode p o o l . 

One advantage of u s i n g Hg e l e c t r o d e s over s o l i d metal e l e c ­

trodes i s t h a t one can e s t a b l i s h c l e a n s u r f a c e s w i t h r e p r o d u c i b l e 

geometry v e r y e a s i l y . A f t e r each d i s c h a r g e a new s u r f a c e on 

the upper e l e c t r o d e was formed by a l l o w i n g a s m a l l p o r t i o n of 

Hg to flow down the tube. T h i s ensured a c l e a n anode before 

each d i s c h a r g e took p l a c e . The lower e l e c t r o d e could a l s o e a s i l y 

be cleaned by l o w e r i n g v e s s e l P to such a l e v e l t h a t the lower 

e l e c t r o d e was completely e n c l o s e d i n the tygoh t u b i n g . A l l of 

the s u r f a c e Contamination then adhered to the t u b i n g when P 

was r a i s e d again to i t s normal p o s i t i o n . 

A s e r i o u s disadvantage encountered while u s i n g the l i q u i d 

was the f a c t t h a t d u r i n g the course of a d i s c h a r g e the gap se p a r ­

a t i o n was c o n t i n u a l l y changing. C o m p l i c a t i o n s d e a l i n g w i t h t h i s 

d i f f i c u l t y w i l l be d i s c u s s e d i n S e c t i o n s 2 . 4 and 2 .5» 
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Figure 11 Apparatus Containing Mercury Electfodes 
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2.2 E L E C T R I C A L MEASUREMENTS 

A g e n e r a l a r r a n g e m e n t o f t h e e l e c t r i c a l c i r c u i t i s g i v e n 

i n F i g u r e 6. The v a l u e s q u o t e d f o r t h e v a r i o u s c i r c u i t com­

p o n e n t s a r e t h o s e w h i c h were most f r e q u e n t l y u s e d t h r o u g h o u t 

t h e c o u r s e o f t h e e x p e r i m e n t . A r e g u l a t e d power s u p p l y , c o n -

t i n o u s l y v a r i a b l e f r o m 100-1500 v o l t s , was u s e d i n s e r i e s w i t h 

a l a r g e c h a r g i n g r e s i s t o r R^ and a m e c h a n i c a l s w i t c h . A s c h e m a ­

t i c d i a g r a m o f t h e d i s c h a r g e c i r c u i t i s g i v e n i n F i g u r e 7» The 

c u r r e n t w a v e f o r m i n t h e t i m e i n t e r v a l 2-70 j u s e c was t h a t o f a 

s i m p l e RC d e c a y f o r a l l p r a c t i c a l p u r p o s e s . T h i s was v e r i f i e d 

b y t h e m e a s u r i n g t e c h n i q u e d e s c r i b e d i n A p p e n d i x A, and was 

f o u n d t o h o l d t o w i t h i n 3$. 

The i n h e r e n t i n d u c t a n c e L^ o f t h e c i r c u i t c o u l d be d e t e r ­

m i n e d b y o b s e r v i n g t h e c u r r e n t w a v e f o r m and m e a s u r i n g t h e t i m e 

o f maximum c u r r e n t Tffl. A s s u m i n g L^ t o be s m a l l e n o u gh t o s a t i s f y 

t h e c o n d i t i o n 

t h e n T i s r e l a t e d t o L. b y 

" V R T T 

a s shown i n A p p e n d i x A. U s i n g t h e v a l u e s o f R a n d C g i v e n i n 

F i g u r e 6, and a t y p i c a l v a l u e o f 2 ^ s e c f o r Tffl, L^ was f o u n d t o 

be a p p r o x i m a t e l y .75 /ih» 

The c u r r e n t was d e t e r m i n e d b y m e a s u r i n g t h e v o l t a g e d r o p 

a c r o s s t h e s e r i e s r e s i s t o r R. S i m u l t a n e o u s l y , t h e v o l t a g e V A 1 3 

AD 

b e t w e e n p o i n t s A and B ( s e e F i g u r e 8 ) was m e a s u r e d . I n o r d e r 



- 1 3 -

F i g u r e 6 A r r a n g e m e n t o f E l e c t r i c a l C i r c u i t 

Y 0 , v a r i a b l e power s u p p l y ? R^(200 k i l ) , 
c h a r g i n g r e s i s t o r 5 S, m e c h a n i c a l s w i t c h ? 
C ( 3 0 jaf), c o n d e n s o r bank? • R.( . 96.fi) , c u r r e n t 
m e a s u r i n g r e s i s t o r ? A, l e a d t o anode? 
B 9 l e a d t o c a t h o d e . 

F i g u r e 7 S c h e m a t i c o f D i s c h a r g e C i r c u i t 

R 9 , a r c r e s i s t a n c e ? R c 9 c o n t a c t r e s i s t a n c e ? 
L^(o75 / ! h ) 9 i n h e r e n t i n d u c t a n c e o f c i r c u i t ? 
R, a s shown i n F i g u r e 6. 

http://96.fi
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t o d e t e r m i n e t h e a r c v o l t a g e i t was n e c e s s a r y t o know t h e v o l t a g e 

d r o p a c r o s s t h e t u n g s t e n r o d s a n d t h e Hg, as t h e r e s i s t a n c e o f 

t h i s p a r t o f t h e c i r c u i t i s c o m p a r a b l e w i t h t h e r e s i s t a n c e o f t h e 

a r c i t s e l f . 

The c i r c u i t u s e d t o m e a s u r e R i s shown s c h e m a t i c a l l y i n 
•c 

F i g u r e 8. T h i s v a l u e o f r e s i s t a n c e i s i n f a c t a sum o f t h r e e r e ­

s i s t a n c e s } t h e r e s i s t a n c e o f t h e t u n g s t e n r o d s , t h e r e s i s t a n c e o f 

t h e c o n t a c t 

C : 

R 

F i g u r e 8 S c h e m a t i c C i r c u i t o f R c 

R ( . 9 6 l T ) , S e r i e s R e s i s t o r ? C(30 / i f ) , 
C a p a c i t o r } S, M e c h a n i c a l S w i t c h } A, 
T u n g s t e n r o d t o anode5 B, T u n g s t e n 
r o d t o c a t h o d e } G, Hg b u b b l e i n c o n ­
t a c t w i t h Hg p o o l } R , C o n t a c t r e s i s ­
t a n c e . 

b e t w e e n t h e t u n g s t e n and Hg, and t h e r e s i s t a n c e o f t h e c o l d 

s t a t i o n a r y Hg b e t w e e n t h e c o n t a c t s . The b u b b l e was l o w e r e d 

u n t i l c o m p l e t e c o n t a c t w i t h t h e p o o l was made. The c u r r e n t and 

c o r r e s p o n d i n g v o l t a g e were d i s p l a y e d on a 536 T e k t r o n i x o s c i l l o ­

s c o p e . By m e a s u r i n g t h e s l o p e o f t h e r e s u l t i n g o s c i l l o g r a m s f o r 

s e v e r a l s h o t s , R was f o u n d t o be .012X1.. I n c o m p a r i s o n , a t y p i -c 

c a l r e s i s t a n c e o f t h e a r c was . 0 5 X 1 . 

I n a d d i t i o n t o t h e o s c i l l o s c o p e m e n t i o n e d a b o v e , a d u a l -

beam 551 T e k t r o n i x o s c i l l o s c o p e was u s e d t o m e a s u r e t h e v o l t a g e -
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t i m e and t h e c u r r e n t - t i m e r e l a t i o n s h i p . 

2.3 PASCHEN CURVE 

An i m p o r t a n t p a r a m e t e r o f a r c d i s c h a r g e s i s t h e e l e c t r o d e 

s e p a r a t i o n d Q . I n t h i s e x p e r i m e n t d Q was n o t an i n d e p e n d e n t 

v a r i a b l e , b u t i n s t e a d , was d e t e r m i n e d b y i n i t i a l c o n d i t i o n s . 

The a r c was i n i t i a t e d b y a s p a r k i n g m e c h a n i s m , w h i c h r e s u l t e d 

when a h i g h e l e c t r o s t a t i c p o t e n t i a l V^ was a p p l i e d b e t w e e n t h e 

e l e c t r o d e s . The r e l a t i o n s h i p b e t w e e n V q and d Q s h o u l d be g i v e n 

b y s t a n d a r d P a s c h e n c u r v e s . H o w e v e r , a s t h e r e a r e many f a c t o r s 

i n v o l v e d , i t was n e c e s s a r y t o m e a s u r e t h i s c u r v e f o r t h e p a r t i ­

c u l a r c o n d i t i o n s o f t h i s e x p e r i m e n t . 

The e l e c t r i c a l c u r c u i t u s e d i n t h i s m e a s u rement was i d e n ­

t i c a l t o t h a t shown i n F i g u r e 6. A s t h e b r e a k d o w n v o l t a g e V Q 

i s i n d e p e n d e n t o f t h e d i s c h a r g e c u r r e n t i t was more c o n v e n i e n t 

t o u s e a s m a l l e r c a p a c i t o r (.002yuf), a n d a l a r g e r r e s i s t o r 

( l O X Z ) . T h i s c o m b i n a t i o n e n s u r e d t h a t t h e s u r f a c e s w o u l d r e ­

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

t h o u g h t h i s was n o t e s s e n t i a l . A c a l i b r a t e d e y e p i e c e was u s e d 

w i t h a c a t h e t o m e t e r t o m e a s u r e t h e gap s e p a r a t i o n w h i c h was 

a c c u r a t e t o + .005 mm. W i t h i n t h e r a n g e o f m e a s u r e m e n t s u s e d 

t h i s e n s u r e d a maximum i n s t r u m e n t e r r o r o f + 5$« 

The most common me t h o d o f m e a s u r i n g t h e P a s c h e n c u r v e i s 

t o f i x t h e d i s t a n c e and o b s e r v e t h e c o r r e s p o n d i n g b r e a k d o w n 

v o l t a g e . A s b r e a k d o w n phenomena i s s t a t i s t i c a l i n n a t u r e , 

s e v e r a l s h o t s must be t a k e n a t a p a r t i c u l a r d i s t a n c e t o d e t e r ­

m i n e t h e c o r r e c t s p a r k i n g v o l t a g e . T h i s a p p r o a c h t u r n e d o u t 
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S p a r k b r e a k d o w n i n A r g o n g a s ( w i t h Hg 
v a p o u r ) a t a t m o s p h e r i c p r e s s u r e w i t h 
" h e m i s p h e r e - p l a n e " Hg e l e c t r o d e s . 
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t o be q u i t e i m p r a c t i c a l w i t h t h e a p p a r a t u s u s e d i n t h i s e x p e r i ­

ment. F o r a s t h e c h a r g i n g v o l t a g e i n c r e a s e d , t h e gap s e p a r a t i o n 

d e c r e a s e d due t o e l e c t r o s t a t i c a t t r a t i o n o f t h e two l i q u i d s u r ­

f a c e s . T h i s d i f f i c u l t y made i t i m p o s s i b l e t o o b t a i n more t h a n 

one p a r t i c u l a r v o l t a g e f o r a c e r t a i n gap s e p a r a t i o n . 

F o r t h e s e s p e c i a l c o n d i t i o n s i t was f o u n d more c o n v e n i e n t 

t o f i x t h e v o l t a g e , and t h e n o b s e r v e t h e c o r r e s p o n d i n g b r e a k ­

down,, d i s t a n c e . T h i s a p p r o a c h was u s e d t o d e t e r m i n e t h e P a s c h e n 

c u r v e p l o t t e d i n F i g u r e 9 » The gap s e p a r a t i o n c o u l d be c o n t r o l l e d 

w i t h a f a i r d e g r e e o f s e n s i t i v i t y b y means o f t h e l e v e l c o n t r o l 

d e v i c e i n s e r t e d i n t o v e s s e l P. 

2 . 4 TWO TYPES OF ARC TERMINATION 

I n t h e c o u r s e o f t h e e x p e r i m e n t d i f f e r e n t v a l u e s o f R and 

V q were u s e d . E x a m i n a t i o n o f t h e c u r r e n t a n d v o l t a g e t r a c e s i n ­

d i c a t e d t h a t t h e r e were two p o s s i b l e m e c h a n i s m s b y w h i c h t h e a r c 

c o u l d be t e r m i n a t e d . A l t h o u g h t e r m i n a t i o n b y e i t h e r method 

o c c u r r e d a t t i m e s much l a t e r t h a t t h e t i m e s a t w h i c h t h e mea­

s u r e m e n t s were t a k e n , i t was f e l t t h a t a n i n v e s t i g a t i o n o f t h e 

two m e c h a n i s m s w o u l d l e a d t o a b e t t e r o v e r - a l l u n d e r s t a n d i n g o f 

t h e phenomena o c c u r r i n g i n t h i s p a r t i c u l a r a r c . 

The two c a s e s o f a r c t e r m i n a t i o n c a n be v i e w e d i n a com­

p l e m e n t a r y m a n n e r . The f i r s t i s e s s e n t i a l l y a n o p e n - c i r c u i t i n g 

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

o f t h e a r c . 

The o p e n - c i r c u i t o c c u r s a s a r e s u l t o f t h e RC d e c a y o f 

e n e r g y f r o m t h e c a p a c i t o r b a n k . When t h e v o l t a g e a p p l i e d t o 

t h e a r c f r o m t h e c o n d e n s o r f a l l s b e l o w V . ( s e e F i g u r e 2 ) , 
nil yi ° ' ' 
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the a r c e x t i n g u i s h e s and the column plasma decays. Thus we r e f e 

to t h i s phenomenon as the " E x t i n c t i o n " case. 

The s h o r t c i r c u i t i s the net r e s u l t when the two l i q u i d e l e 

trodes come i n t o c o n t a c t w i t h each o t h e r . The mechanism respon­

s i b l e f o r t h i s e f f e c t w i l l be r e f e r r e d to as the " S h u t t i n g " 

mechanism, 

( i ) E x t i n c t i o n 

O s c i l l o g r a m s of the c u r r e n t and v o l t a g e waveform i n d i c a ­

t i n g the e x t i n c t i o n case of the a r c are shown i n F i g u r e 10. 

At the e x t i n c t i o n time t , the c u r r e n t ceases a b r u p t l y , and 

a l l of the v o l t a g e present on the condensor suddenly appears 

a c r o s s the e l e c t r o d e s . T h i s means that the e l e c t r o d e v o l t a g e 

.jumps from V . to the value V, . + I E , where I R i s the v o l -u r mm mia e e 

tage a c r o s s R j u s t before the e x t i n c t i o n . The v o l t a g e waveform 

c l e a r l y shows t h i s jump e f f e c t ( f o r the case o f R = l iT.). 

R e f e r r i n g to F i f u r e 7 w ® can determine the c a p a c i t o r v o l ­

tage as a f u n c t i o n of time. A p p l i c a t i o n of K i r c h h o f f ' s Law 

lea d s to 

§ - I ( R + Ra} = 0 , 
where, Q •» charge l e f t on c a p a c i t o r as a f u n c t i o n of time 

I = — = c u r r e n t through c i r c u i t 

R = ohmic r e s i s t a n c e of the a r c . a 
The v o l t a g e drop a c r o s s L. and R has been n e g l e c t e d . T h i s 

X c 

d i f f e r e n t i a l e quation has the standard s o l u t i o n f o r the capa­

c i t o r v o l t a g e 



- 1 9 -

"fc 

t i m e (.2 msec/cm) t i m e (2 msec/cm) 
v o l t a g e (5 v o l t / c m ) v o l t a g e (10 v o l t / c m ) 
c u r r e n t (2 amp/cm) c u r r e n t (10 amp/cm) 

v o l t a g e z e r o a t t o p o f o s c i l l o g r a m s 
c u r r e n t z e r o a t b o t t o m o f o s c i l l o g r a m s 

F i g u r e 10 E x t i n c t i o n M e c h a n i s m 

B o t h o s c i l l o g r a m s t a k e n w i t h B. = 5-fL 
and V 0 - 600 v o l t s . 
L o w e r d i a g r a m s a r e s c h e m a t i c w a v e f o r m s 
w h i c h a r e n o t d r a w n t o s c a l e . 
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F i g u r e 11 E x t i n c t i o n Time D e p e n d e n c e u p o n V 

E x p e r i m e n t a l V a l u e s (») , w i t h R = 5H» 
V a l u e s d e t e r m i n e d b y means o f E q u a t i o n 5 ( x ) 
w i t h Y ^ ( t g ) = 12 v o l t s a s t h e a v e r a g e v a l u e . 

w here V Q i s t h e i n i t i a l v o l t a g e on t h e c a p a c i t o r b a n k . T a k i n g 

n a t u r a l l o g s o f t h i s e x p r e s s i o n a t t i m e t we o b t a i n 

( d t ' V o 
= l n V 7 1 ) ••• •••(4) 

c v eJ C (R + R a ) 

The s e r i e s , r e s i s t o r R r e m a i n s c o n s t a n t t h r o u g h o u t t h e i n t e r v a l 

o f i n t e g r a t i o n a s d o e s t h e c a p a c i t o r C, h o w e v e r , t h e a r c r e s i s ­

t a n c e v a r i e s a p p r o x i m a t e l y f r o m z e r o t o i n f i n i t y ( a n o p e n c i r ­

c u i t a t t i m e t ) i n t h i s p e r i o d . I f t h e a p p r o x i m a t i o n R ^ R 

i s u s e d o v e r t h e i n t e r v a l o f i n t e g r a t i o n we c a n d e t e r m i n e a 
i — •' 

s i m p l e e x p r e s s i o n f o r t h e e x t i n c t i o n t i m e , 

V 

*e = E C l n T T T T 
c v e' 

RC (mv o - i n v c ( t e | . ...(5) 



T h i s e x p r e s s i o n was u s e d , t o g e t h e r w i t h a n a v e r a g e v a l u e o f V q ( t g ) 

t o c a l c u l a t e t a s a f u n c t i o n o f V , a n d t h e r e s u l t s a r e shown e o' 
i n t h e l o w e r c u r v e o f F i g u r e 11. The v a r i a t i o n i n V (t ) i s 

c & 
shown s c h e m a t i c a l l y , b u t a s V ( t ) V i n a l l c a s e s t h e e r r o r 

J * c x e' o 

i n t r o d u c e d b y u s i n g an a v e r a g e v a l u e w i l l n o t be t o o l a r g e . The 

u p p e r c u r v e o f F i g u r e 11 shows t h e e x p e r i m e n t a l p o i n t s o b s e r v e d . 

I t c a n be s e e n t h a t o u r s i m p l e m o d e l p r e d i c t s v a l u e s t o o 

l o w b y a p p r o x i m a t e l y 35$» T h i s e r r o r i s m a i n l y due t o t h e f a c t 

t h a t R was c h a n g i n g t h r o u g h o u t t h e d i s c h a r g e . To p e r f o r m a 

more c a r e f u l c h e c k on e q u a t i o n 4» i t was n e c e s s a r y t o d e t e r ­

m i ne R a s a f u n c t i o n o f t i m e . T h i s c a l c u l a t i o n was c o m p l e t e d 

f o r two p o i n t s (one i s shown i n A p p e n d i x B ) , a n d e q u a t i o n 4 was 

e x p e r i m e n t a l l y v e r i f i e d t o w i t h i n 10$. 

( i i ) S h u t t i n g 

O b s e r v i n g an a r c v o l t a g e w a v e f o r m f o r t h e c a s e o f a s m a l l 

R and h i g h V q , i t was n o t e d t h a t t h e r e was a s u d d e n d r o p t o 

z e r o a t a t i m e t ( r e f e r r e d t o a s t h e s h u t t i n g t i m e ) . I f t h i s 

d r o p was t h e r e s u l t o f t h e two e l e c t r o d e s t o u c h i n g e a c h o t h e r , 

a c o r r e s p o n d i n g i n c r e a s e i n t h e c u r r e n t s h o u l d be o b s e r v a b l e . 

U s i n g a h i g h s e n s i t i v i t y c u r r e n t p r o b e , i t was f o u n d p o s s i b l e 

t o o b s e r v e t h i s s i m u l t a n e o u s c u r r e n t i n c r e a s e . F i g u r e 12 shows 

a t y p i c a l o s c i l l o g r a m o f t h e s h u t t i n g m e c h a n i s m . 

On f i r s t v i e w , i t i s n o t u n d e r s t a n d a b l e why t h e e l e c t r o d e s 

s h o u l d move t o g e t h e r d u r i n g t h e d i s c h a r g e , a s t h e y r e m a i n s e ­

p a r a t e d i n d e f i n a t e l y when t h e a p p a r a t u s i s n o t i n u s e . An 

e x a m i n a t i o n o f a l l f o r c e s a c t i n g on t h e b u b b l e s u r f a c e must 
be u n d e r t a k e n i n o r d e r t o u n d e r s t a n d t h i s m o t i o n . T h e s e i n c l u d e ? 
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D u a l - b e a m o s c i l l o g r a m s w i t h u p p e r t r a c e 
d i s p l a y i n g v o l t a g e (5 v o l t / c m w i t h z e r o 
a t t o p o f b o t h o s c i l l o g r a m s ) , a nd l o w e r 
t r a c e d i s p l a y i n g c u r r e n t (50 amp/cm and 
1 0 amp/cm i n u p p e r a n d l o w e r o s c i l l o g r a m s 
r e s p e c t i v e l y ) • B o t h o s c i l l o g r a m s were 
t a k e n w i t h h o r i z o n t a l sweep o f 2 0 y u s e c / c m 
f o r t h e c a s e o f V = 2 0 0 v o l t , and R = I I I , 

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

o f m a g n i t u d e c a l c u l a t i o n q u i c k l y shows t h a t t h e g r a v i t a t i o n a l 

f o r c e c o u l d n o t be t h e m a i n f o r c e d r a w i n g t h e u p p e r e l e c t r o d e 

down t o t h e l o w e r o n e . And t h e s u r f a c e t e n s i o n f o r c e c a n be 

n e g l e c t e d b e c a u s e t h i s f o r c e w o u l d t e n d t o impede t h e m o t i o n 

o f t h e u p p e r e l e c t r o d e . I t i s p r o b a b l e t h a t t h e m a i n f o r c e 
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F i g u r e 1 3 E l e c t r o m a g n e t i c 
F o r c e 

i s due t o t h e e l e c t r o m a g n e t i c j x B f o r c e a c t i n g on a l l c u r r e n t 

c a r r y i n g p a r t s o f t h e c i r c u i t . 

T h i s p i n c h - l i k e f o r c e w o u l d h a v e most e f f e c t u p o n t h e n a r ­

row c y l i n d r i c a l u p p e r e l e c t r o d e . ' As t h e Hg i s a l m o s t i n c o m p r e s ­

s i b l e , a n d a s t h e b o t t o m p o r t i o n 

o f t h e u p p e r e l e c t r o d e i s d i s t u r b e d 

due t o t h e p a s s a g e o f c u r r e n t , i t 

w o u l d a p p e a r c o n c e i v a b l e t h a t a 

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

t h e c a t h o d e a s a r e s u l t o f t h i s 

p i n c h i n g f o r c e . T h i s m o t i o n w o u l d 

t h e n e s t a b l i s h a l i q u i d Hg b r i d g e b e t w e e n anode an d c a t h o d e , a t 

t i m e t g , a n d h e n c e , w o u l d e f f e c t i v e l y s h o r t - c i r c u i t t h e a r c . 

As b o t h 2 a n d B a r e d i r e c t l y p r o p o r t i o n a l t o >the c u r r e n t I , 
2 

t h e e l e c t r o m a g n e t i c f o r c e i s p r o p o r t i o n a l t o I • The c u r r e n t 

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

T h i s e x p r e s s i o n f o l l o w s f r o m t h e p r e v i o u s s e c t i o n on e x t i n c t i o n 

f o r t h e c a s e o f R ^ R . T h u s , i t c a n b e s e e n t h a t t h e e l e c t r o -
a 

. . . . . . 2 
m a g n e t i c f o r c e i s p r o p o r t i o n a l t o (V O/R) , and h a s an i m p u l s i v e 

c h a r a c t e r due t o t h e e x p o n e n t i a l f a c t o r e ^ t / R C ^ 

U s i n g N e w t o n ' s Law an e x p r e s s i o n c a n be d e t e r m i n e d w h i c h 

q u a l i t a t i v e l y i n d i c a t e s t h e d e p e n d e n c e t may h a v e u p o n t h e 
s 

d i f f e r e n t c i r c u i t p a r a m e t e r s . C o n s i d e r 

em 
w h e r e F e f f l i s t h e e l e c t r o m a g n e t i c f o r c e , and \ i s t h e f a c t o r o f 
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F i g u r e 14 S h u t t i n g Time D e p e n d e n c e u p o n ^ 0 

E x p e r i m e n t a l p o i n t s w i t h R = l / 2 SL. 
a n d C = 30 ja.f. 

p r o p o r t i o n a l i t y . I n t e g r a t i n g t h i s e x p r e s s i o n t w i c e we o b t a i n 

aV 2 C / 
«*) - i l - l 1 -

-2t/RC . . a (6) 

a n d , 

2R •••(?) 

>̂ — 21 / R C w i t h a = \/m. G e n e r a l l y , t ^ 2RC, so t h a t e 8'• ^ 1 , a n d s 
h e n c e i t f o l l o w s , 

«v 2p , 
RC aV 2C 

Now x ( t g ) I s t h e d i s t a n c e t r a v e l l e d b y t h e u p p e r e l e c t r o d e i n 

t h e t i m e t , and h e n c e i s j u s t t h e i n i t i a l gap s e p a r a t i o n d , s o 
g i v e n b y t h e P a s c h e n c u r v e . S u b s t i t u t i n g , a n d r e a r r a n g i n g f o r 

t s g i v e s , 



t 
s 

BC 
2 

+ 2Rda 

o 

As n e i t h e r A. n o r m c a n he d e t e r m i n e d , a n d a s b o t h h a v e b e e n 

assumed t o be c o n s t a n t , t h e a b o v e e x p r e s s i o n f o r t g must be 

v i e w e d s t r i c t l y i n a q u a l i t a t i v e s e n s e . I n t h i s r e s p e c t i t i s 

more r e a s o n a b l e t o u s e 

a s t h e f i n a l e x p r e s s i o n f o r t h e s h u t t i n g t i m e . 

The d e p e n d e n c e upon R and was v e r i f i e d e x p e r i m e n t a l l y 

a n d one c a s e i s shown i n F i g u r e 14• The l a r g e amount o f 

s c a t t e r o b t a i n e d i s t o be e x p e c t e d when t h e s c a t t e r i n t h e 

F a s c h e n c u r v e i s t a k e n i n t o c o n s i d e r a t i o n . 

A n i n t e r e s t i n g p o i n t a r o s e when e x a m i n i n g t h e I-V t r a c e 

( o b t a i n e d w i t h , a n x - y o s c i l l o s c o p e ) o f a d i s c h a r g e t e r m i n a t e d 

b y t h e s h u t t i n g m e c h a n i s m . A f t e r s h u t t i n g h a d o c c u r r e d t h e r e 

was a r e l a t i v e l y l i n e a r d e c r e a s e o f v o l t a g e w i t h c u r r e n t i n 

i; i m e . The r e s i s t a n c e i n d i c a t e d b y t h e s l o p e o f t h i s c u r v e was 
—2 —2 f o u n d t o be 4 x 1 0 SI - a p p r o x i m a t e l y 3x10 XL l a r g e r t h a n t h e 

v a l u e o f R m e a s u r e d i n s e c t i o n 2-2. T h i s a d d e d r e s i s t a n c e c 

c o u l d be i n t e r p r e t e d a s t h e r e s i s t a n c e o f t h e Hg c o l u m n p r o ­

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

pond t o a Hg c y l i n d e r o f h e i g h t d a n d c r o s s - s e c t i o n a l a r e a 
-5 2 0 

o f t h e o r d e r 5 x 10 cm . 

( i i i ) E x t i n c t i o n v e r s u s S h u t t i n g 

H a v i n g p r o p o s e d m o d e l s f o r t h e two a r c t e r m i n a t i o n 

p o s s i b i l i t i e s , we s h o u l d now e x a m i n e t h e c o n d i t i o n s u n d e r w h i c h 

t a E d / 7 s o' o 
2 ( 8 ) • • • 



e x t i n c t i o n o r s h u t t i n g i s t o be e x p e c t e d . I t i s c l e a r t h a t i f 

s h u t t i n g p r e c e d e s e x t i n c t i o n ( a s i s t h e c a s e w h e n e v e r t < t ) , 

t h e n e x t i n c t i o n c a n n o t p o s s i b l y o c c u r . H o w e v e r , f o r t h e c a s e 

o f e x t i n c t i o n p r e c e d i n g s h u t t i n g ( t < t ) , t h e u s u a l s h u t t i n g 
Q 3 

s h o u l d s t i l l be o b s e r v e d a s t h e jjxB. f o r c e s a r e s t i l l p r e s e n t . 

Upon e x a m i n a t i o n w i t h a l o n g , t i m e s c a l e t h i s was f o u n d t o be 

t r u e . 

C o n s i d e r t h e s c h e m a t i c d i a g r a m i l l u s t r a t i n g t h e d e p e n d e n c e 
o f t and t u p o n V . I t c a n be s e o 
s e e n t h a t f o r v o l t a g e s l e s s t h a n 

9 t < t , and s o e x t i n c t i o n 01' e s' 

s h o u l d p r e v a i l . S i m i l a r l y , f o r 

v o l t a g e s h i g h e r t h a n VQQ_9 t h e n 

s h u t t i n g s h o u l d p r e v a i l . T h i s 

t e n d e n c y was e x p e r i m e n t a l l y f o u n d 

h o w e v e r was v e r y p o o r l y d e r 

F i g u r e 15 E x t i n c t i o n o r 
S h u t t i n g 

f i n e d . T h i s was p r o b a b l y a r e s u l t o f t h e l o w s l o p e o f t h e t 
3 

a n d t Q c u r v e s , and a l s o due t o t h e h i g h s c a t t e r o f t h e P a s c h e n 

c u r v e . i 

W h i l e t h e v a l u e o f V was shown t o be a f a c t o r i n d e t e r -
o 

m i n i n g w h i c h o f t h e two m e c h a n i s m s w o u l d t e r m i n a t e t h e a r c , i t 

was s o o n n o t i c e d t h a t t h e c h o i c e o f R p l a y e d a much more i m p o r ­

t a n t r o l e i n t h i s d e t e r m i n a t i o n . I t was f o u n d t h a t l o w R 

v a l u e s f a v o u r e d s h u t t i n g , w h i l e h i g h e r R v a l u e s g e n e r a l l y p r e ­

f e r r e d e x t i n c t i o n . A c c o r d i n g t o t h e e x p r e s s i o n s d e r i v e d f o r 
t a n d t , t h i s f e a t u r e was n o t e x p e c t e d a s b o t h t i m e s a r e s e' 
d i r e c t l y p r o p o r t i o n a l t o R. The f a i l u r e t o e x p l a i n t h i s e x p e r -
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i m e n t a l r e s u l t i s an u n e x p l a i n e d s h o r t - c o m i n g o f t h e p r o p o s e d 

m o d e l s . 

( i v ) I n d e p e n d e n t E v i d e n c e f o r t h e M o t i o n 

To p e r f o r m an e x p e r i m e n t w h i c h w o u l d g i v e some s u p p o r t t o 

t h e p r o p o s a l o f t h e s h u t t i n g m e c h a n i s m a m o d i f i c a t i o n was made 

i n t h e d e s i g n o f t h e a p p a r a t u s . The u p p e r Hg e l e c t r o d e was 

r e p l a c e d b y a s o l i d b r a s s e l e c t r o d e . A r e s i s t o r o f .6-A-

was u s e d i n s e r i e s w i t h t h e c a p a c i t o r b a n k w h i c h was i n i t i a l l y 

c h a r g e d t o V = 1000 v o l t s . T h e s e c o n d i t i o n s e n s u r e d t h a t o 

a r c t e r m i n a t i o n w o u l d o c c u r b y s h u t t i n g m e c h a n i s m w h e n e v e r 

t h e u p p e r e l e c t r o d e was l i q u i d Hg. H o w e v e r , a s a s o l i d e l e c ­

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

was e x p e c t e d t h a t o n l y e x t i n c t i o n w o u l d be o b s e r v e d . 

The r e s u l t s o f t h i s e x p e r i m e n t were v e r y e n c o u r a g i n g . 

The s h u t t i n g , w h i c h w o u l d h a v e o c c u r r e d a t a t i m e l e s s t h a n 

100 yusec, was n o t o b s e r v e d . I n s t e a d , e x t i n c t i o n t e r m i n a t e d 

t h e a r c a t a t i m e a r o u n d 200 yusec - a r e a s o n a b l e v a l u e o f t 

f o r t h e s e p a r a m e t e r s . 

&a J o n e s a n d G a l l o w a y (1930) m e n t i o n ; t h a t s o l i d e l e c t r o d e s 

.̂n Hg d i s c h a r g e s t e n d t o become c o v e r e d w i t h a t h i n Hg f i l m , 

t h e anode was c a r e f u l l y c l e a n e d f o r e a c h i m p o r t a n t d i s c h a r g e . 

T h i s p r e c a u t i o n was f o u n d t o be n e c e s s a r y , f o r a f t e r s e v e r a l 

s h o t s h a d t a k e n p l a c e , t h e t e r m i n a t i n g m e c h a n i s m s u d d e n l y 

c h a n g e d t o s h u t t i n g . 

2.5 R E L A T I V E VELOCITY OP THE ELECTRODES 

As p r e v i o u s l y m e n t i o n e d i n t h e P a s c h e n c u r v e s e c t i o n , t h e 

e l e c t r o d e s e p a r a t i o n i s an i m p o r t a n t p a r a m e t e r o f an a r c w h i c h 
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s h o u l d be d e t e r m i n e d . The i n i t i a l d i s t a n c e was m e a s u r e d by-

d e t e r m i n i n g t h e P a s c h e n c u r v e , b u t a s t h e u p p e r e l e c t r o d e 

moved t o w a r d s t h e l o w e r one i n t h e c o u r s e o f a d i s c h a r g e , i t 

i s c l e a r t h a t t h i s d i s t a n c e was c o n s t a n t l y c h a n g i n g . F o r t h i s 

r e a s o n i t was n e c e s s a r y t o make some e s t i m a t e o f t h e r e l a t i v e 

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

e x t r a c t e d f r o m t h e w a v e f o r m s o b t a i n e d . 

The a v e r a g e v e l o c i t y o v e r t h e t o t a l d i s c h a r g e t i m e c a n be 

o b t a i n e d b y d i v i d i n g t h e b r e a k d o w n d i s t a n c e b y t h e s h u t t i n g 

t i m e . U s i n g t h e s t a n d a r d c a s e o f R = 1/1, t h e s h u t t i n g t i m e 

was f o u n d t o v a r y f r o m 150-100 yusec as t h e b r e a k d o w n v o l t a g e 

v a r i e d f r o m 300-800 v o l t s . The c o r r e s p o n d i n g v a l u e s o f b r e a k ­

down d i s t a n c e c o u l d be f o u n d on t h e P a s c h e n c u r v e , and t h e 

r e s u l t i n g v a r i a t i o n i n t h e v e l o c i t y was a p p r o x i m a t e l y 60-140 
c m / s e c . I n a g r e e m e n t w i t h t h e s h u t t i n g m e c h a n i s m p r o p o s a l t h e 

a v e r a g e v e l o c i t y i n c r e a s e s w i t h i n c r e a s i n g b r e a k d o w n v o l t a g e 

( s e e e q u a t i o n 6). 

T h e . f i n a l v e l o c i t y v ^ c o u l d be e s t i m a t e d b y means o f e q u a ­

t i o n s 6 a n d 7» A t t i m e t , x ( t ) = v „ , x ( t ) = d , and b y d i -
S S X s 0 

v i d i n g a n d r e a r r a n g i n g i t t h e n f o l l o w s t h a t 

d 0 

T f " t - EC/ 2 • - - ' ( 9 ) 

T h i s r e s u l t a p p e a r s r e a s o n a b l e , a s v ^ i s l a r g e r t h a n t h e a v e r a g e 

v e l o c i t y d-o/^a 5 1 s h o u l d be s t r e s s e d t h a t t h i s c a l c u l a t i o n 

i n v o l v e s d r a s t i c a p p r o x i m a t i o n s ^ . W i t h t h e i d e n t i c a l c o n d i t i o n s 

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

i n v,, was f o u n d t o be a p p r o x i m a t e l y 65-160 c m / s e c . 
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An i n d e p e n d e n t c h e c k on t h e m o t i o n o f t h e e l e c t r o d e s was 

o b t a i n e d when a l a r g e i n d u c t a n c e L (32 yuH) was p l a c e d i n 

s e r i e s w i t h t h e a r c . The c u r r e n t t h e n i n c r e a s e d s l o w l y , and 

t h e v o l t a g e f o r t h e same c u r r e n t c o u l d be m e a s u r e d a t two t i m e s 

( t ^ , t g = 2 yusec) a f t e r t h e a r c p l a s m a had b e e n e s t a b l i s h e d . 

The o b s e r v e d d e c r e a s e i n v o l t a g e A V = V ( t ^ ) - V ( t ^ ) c o u l d be 

a t t r i b u t e d , t o a d e c r e a s e i n t h e a r c c o l u m n l e n g t h . T h i s was 

c a u s e d b y t h e m o t i o n o f t h e e l e c t r o d e s a s shown i n t h e f o l l o w i n g 

b r i e f d i s c u s s i o n . 

The t o t a l v o l t a g e d r o p a c r o s s t h e e l e c t r o d e s i s g i v e n b y 

V = V + V + V c c o a 

i n a c c o r d a n c e w i t h f i g u r e 3» T a k i n g t h e f i r s t t i m e d e r i v a t i v e 

o f t h i s e q u a t i o n g i v e s 

i i ."Mc + dVcj> + d l a 
d t d t d t d t 

w h i c h a p p r o x i m a t e s t o 

dV dVf. 0 

d t " d t 

b e c a u s e t h e f a l l v o l t a g e s a r e i n s e n s i t i v e t o c h a n g e s i n b o t h 

t h e c u r r e n t ( G e r t h s e n a n d S c h u l z , 1955)» an d t h e e l e c t r o d e s e p a r a ­

t i o n (we i n h e r e n t l y assume t h a t t h e a r c i s s u f f i c i e n t l y l o n g 

t o e s t a b l i s h a c o l u m n ) . The c o l u m n f i e l d s t r e n g t h 

E = c o d x 

i s a p p r o x i m a t e l y c o n s t a n t o v e r t h e c o l u m n '(see f i g u r e 3 ) , b u t 

i s h i g h l y d e p e n d e n t u p o n t h e c u r r e n t . A s s u m i n g t h a t E i s 
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m 
AM fc^^U ^ ^ ^ U <Ug 

WI SBil m 
•H I IHife 

II !•: Si 

F i g u r e 16 D e t e r m i n a t i o n o f E l e c t r o d e V e l o c i t y 

O s c i l l o g r a m s were t a k e n s i m u l t a n e o u s l y on 
two d i f f e r e n t o s c i l l o s c o p e s f o r t h e c a s e 
o f E = 211$ C • 30 yuf, V Q - 600 v o l t . 

U p p e r t r a c e : c u r r e n t (50 amp/cm w i t h z e r o 2 cm 
abo v e b o t t o m l i n e ) v e r s u s t i m e (20yusec/cm) 

L o w e r t r a c e s c i x r r e n t (20 amp/cm w i t h z e r o on b o t ­
tom l i n e ) v e r s u s v o l t a g e (2.5 v o l t / c m w i t h 
z e r o 1 cm f r o m l e f t h a n d b o r d e r ) . 

u n a f f e c t e d by a s l i g h t m o t i o n o f t h e e l e c t r o d e s , t h e n f o r a f i x e d 

c u r r e n t we h a v e t h e f o l l o w i n g 

d Y n o d V O Q d x 
d t d x • E v d t c o 

o r , 
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U s i n g t h e p a r a m e t e r s , L = 32 ph, R » 2-ft, C = 30 yuf, a n d 

V Q » 600 v o l t , t h e o s c i l l o g r a m s shown i n f i g u r e 16 were o b t a i n e d . 
AV Prom t h e s e t r a c e s r-r c a n be o b t a i n e d f o r s e v e r a l v a l u e s o f a 
A t 

f i x e d c u r r e n t . T h e n , t a k i n g t h e c o r r e s p o n d i n g c o l u m n f i e l d 

s t r e n g t h f o r t h e s e c u r r e n t s f r o m f i g u r e 18, t h e a v e r a g e v e l o c i t y 

o v e r t h e i n t e r v a l A t = - c o u l d be d e t e r m i n e d . A t y p i c a l 

c a s e was a t I = 175 amp w h e r e At = 3 3 ^ 8 6 0 , A V = 1.1 v o l t , 

t h u s g i v i n g v = 62 c m / s e c . T h i s f i g u r e i s r e a s o n a b l e c o n s i d e r ­

i n g t h e e x p e r i m e n t a l c o n d i t i o n s . 

A l t h o u g h no e x a c t d e t e r m i n a t i o n o f v c o u l d be made, t h e 

r e a s o n a b l e a g r e e m e n t b e t w e e n t h e t h r e e a p p r o a c h e s i n d i c a t e d t h a t 

t h e r e l a t i v e v e l o c i t y i s o f t h e o r d e r o f 100 c m / s e c . W i t h t h i s 

f i g u r e i n m i n d i t w o u l d a p p e a r r e a s o n a b l e t o assume t h a t i f 

m e a s u r e m e n t s for a p a r t i c u l a r V - I c h a r a c t e r i s t i c a r e t a k e n i n 

t h e f i r s t 2-15 yusec o f a d i s c h a r g e , t h e n t h e e l e c t r o d e s e p a r a t i o n 

s h o u l d v a r y l e s s t h a n 10$ f r o m t h e m e a s u r e d b r e a k d o w n d i s t a n c e . 

6 
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CHAPTER 3 - GENERAL MEASUREMENTS OBTAINED 

3.1 ELECTRODE F A L L REGIONS 

An o r d e r o f m a g n i t u d e v a l u e f o r d^. a n d E^ ( t h e a v e r a g e 

v a l u e o f f i e l d s t r e n g t h i n t h e f a l l r e g i o n s ) , c o u l d be o b ­

t a i n e d b y o b s e r v i n g t h e v o l t a g e w a v e f o r m n e a r t h e t i m e o f 

s h u t t i n g t . As t h e r e l a t i v e v e l o c i t y o f t h e e l e c t r o d e s a t t ° s J s 

may be f o u n d f r o m E q u a t i o n 9, t h e t o t a l t h i c k n e s s o f t h e f a l l 

r e g i o n s may be d e t e r m i n e d b y m e a s u r e m e n t o f t h e t i m e T t a k e n 

f o r t h e v o l t a g e t o d r o p t o z e r o . The a v e r a g e f i e l d s t r e n g t h i n 

t h e f a l l r e g i o n may t h e n a l s o c a l c u l a t e d . 

By u s i n g t h e 545 - o s c i l l o s c o p e on t h e d e l a y e d t r i g g e r i n g 

mode i t was p o s s i b l e t o m e a s u r e t h i s t i m e T. F o r t h e s t a n d a r d 

c a s e o f R = IfL a n d V Q = 400 v o l t s , a v a l u e o f T = 40 n s e c was 

m e a s u r e d a s shown i n F i g u r e 17. A s t h e r i s e t i m e o f t h e o s c i l ­

l o s c o p e and pre-amp. i s a p p r o x i m a t e l y 10 n s e c , t h i s v a l u e o f T 

s h o u l d be 3$ h i g h e r t h a n t h e a c t u a l v a l u e . 

U s i n g E q u a t i o n 9 w i t h t g = 140 jisec, d Q = 9x10 'cm, ( v a l u e s 

w h i c h c o r r e s p o n d t o t h e c a s e ° f ' v
0 = 400 v o l t s ) , t h e s h u t t i n g 

t i m e was c a l c u l a t e d t o be 72 c m / s e c . The t o t a l f a l l d i s t a n c e 

i s g i v e n by 

and was f o u n d t o be 2.9x10 ^cm. T h e n E^. i s d e t e r m i n e d i n a 

s i m i l a r manner by t h e e q u a t i o n 

a n d was f o u n d t o be 2 . 4 x l 0 ^ v o l t / c m , u s i n g V F = 7»5 v o l t ( t h i s 

was t h e a v e r a g e v a l u e a c c u r a t e t o +.5 v o l t ) . 
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F i g u r e 17 V o l t a g e a n d C u r r e n t W a v e f o r m s 

G r a p h i c a l e n l a r g e m e n t s o f t h r e e 
o s c i l l o g r a m s t a k e n w i t h R = 111, 
C = 30 / i f , a n d V = 400 v o l t s . 



- 3 4 -

As i n d i c a t e d i n C h a p t e r 1 i t i s t h e v a l u e o f E r a t h e r 
c 

t h a n Eg w h i c h i s o f i m p o r t a n c e t o t h e g e n e r a l t h e o r y o f a r c 

p h y s i c s . A c c o r d i n g t o G e r t h s e n and S c h u l z (1955)* t h e c a t h o d e 

d r o p i s a b o u t t e n t i m e s t h a t o f t h e anode d r o p , a n d s o 

p = W + Vc ^ JO. Vc 
* oV + dc 9 oL -t-dc 

Then by s u b s t i t u t i n g t h e e x p r e s s i o n f o r E ( n o t e t h i s i s o n l y 
o 

t h e a v e r a g e v a l u e a g a i n ) a n d r e a r r a n g i n g we o b t a i n 

<t io E J - io i 1 + dTJS-
6 

T h u s , we s e e t h a t a l t h o u g h 2.2x10 v o l t / c m i s t h e minimum v a l u e 
7 

f o r E , v a l u e s o f 10 v o l t / c m and h i g h e r a r e p o s s i b l e d e p e n d i n g 

u p o n t h e r a t i o d / d . 

3.2 COLUMN F I E L D STRENGTH 

The s i m u l t a n e o u s m e a s urement o f c u r r e n t a n d v o l t a g e t o ­

g e t h e r w i t h t h e P a s c h e n c u r v e c o u l d be u s e d t o d e t e r m i n e t h e 

c o l u m n f i e l d s t r e n g t h E c Q o v e r t h e t o t a l c o l u m n l e n g t h ' t o be 

c a l c u l a t e d . 
E may be d e t e r m i n e d o n l y d u r i n g t h e i n i t i a l s t a g e s o f t h e c o 

d i s c h a r g e (2 yusec = t = 15 y u s e c ) , when t h e ch a n g e o f e l e c t r o d e 

s e p a r a t i o n i s s m a l l c o m p a r e d w i t h d Q . T h e n , s i n c e d^,<^dQ 

F ^ V - W  
L - c o do 

w h e r e V i s t h e t o t a l v o l t a g e a c r o s s t h e e l e c t r o d e s . A c o r r e c ­

t i o n h a d t o be made t o V f o r t h e v o l t a g e d r o p a c r o s s R a s 
c 

m e a s u r e d i n S e c t i o n 2 . 2 . 

The a v e r a g e v a l u e o f = 7-5 v o l t s was u s e d i n a l l c a l c u ­

l a t i o n s . The u s e o f a c o n s t a n t v a l u e s h o u l d be a good a p p r o x i -
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F i g u r e 18 Column F i e l d S t r e n g t h D e p e n d e n c e 
u p o n C u r r e n t 

m a t i o n a c c o r d i n g t o B a u e r a n d S c h u l z (l955)» who f o u n d t h a t f o r 

h i g h c u r r e n t s ( s a y g r e a t e r t h a n 100 amp) t h e f a l l v o l t a g e s a s ­

sumed c o n s t a n t v o l t a g e s . 

F i g u r e 18 shows t h e r e s u l t o f p l o t t i n g E a s a f u n c t i o n 
c o 

o f c u r r e n t ( o n l o g - l o g p a p e r ) . The s l o p e o f t h e c u r v e i s .66, 

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

.£>6 
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T h i a r e s u l t i s v e r y d i f f e r e n t f r o m t h a t o b t a i n e d b y M a e c k e r 

( s e e C h a p t e r l ) . The a p p a r e n t d i s c r e p a n c y i s p r o b a b l y a c o n s e ­

q u e n c e o f two f e a t u r e s o f M a e c k e r ' s t h e o r y w h i c h s h o u l d be men­

t i o n e d . F i r s t , h i s d e r i v a t i o n c o m p l e t e l y n e g l e c t s r a d i a t i o n 

l o s s e s , w h i c h may be t h e m a j o r e n e r g y d i s s i p a t i o n m e c h a n i s m i n 

t h i s p a r t i c u l a r a r c . S e c o n d , t h e e f f e c t o f t h e d y n a m i c a s p e c t s 

w i l l n o t be a c c o u n t e d f o r i n t h e d . c . m o d e l d e v e l o p e d b y M a e c k e r . 

3.3 VOLTAGE-CURRENT CHARACTERISTIC 

The i n i t i a l o b j e c t i v e o f t h i s t h e s i s was t o ' o b t a i n t h e o v e r ­

a l l V - I c h a r a c t e r i s t i c f o r an a r c and t o compare t h e s e m e a s u r e ­

m e n t s w i t h t h e r e s u l t s d e r i v e d b y Smy ( s e e C h a p t e r 4)• Two m e t h o d s 

were u s e d t o o b t a i n t h e c h a r a c t e r i s t i c ? t h e f i r s t , a d i r e c t p l o t ­

t i n g o f m e a s u r e m e n t s o b t a i n e d f r o m t h e o s c i l l o g r a m s ? t h e s e c o n d , 

a c o m b i n i n g o f s e v e r a l d i f f e r e n t o s c i l l o g r a m s t o g i v e a s i n g l e 

r e d u c e d c h a r a c t e r i s t i c . B o t h a p p r o a c h e s l e a d t o s i m i l a r r e s u l t s — 

t h e r e d u c e d c h a r a c t e r i s t i c e x t e n d i n g o v e r a l a r g e r c u r r e n t r a n g e 

t h a n d i d t h e d i r e c t p l o t , 

( i ) R e d u c e d C h a r a c t e r i s t i c 

A s d i s c u s s e d i n C h a p t e r 2, t h e a r c was i n i t i a t e d b y a s p a r k ­

i n g m e c h a n i s m a c c o r d i n g t o t h e P a s c h e n c u r v e . I f o n l y t h e f i r s t 

2 - 1 5 yusec o f t h e t r a c e were t o be u s e d , t h e n t h e c u r r e n t r a n g e 

o b t a i n e d f o r a p a r t i c u l a r b r e a k d o w n d i s t a n c e w o u l d be r e l a t i v e l y 

s m a l l ( s e e F i g u r e 17) •» To i n c r e a s e t h e c u r r e n t r a n g e , a d i f f e r ­

e n t i n i t i a l maximum c u r r e n t c o u l d be u s e d , a n d t h i s c o u l d be o b ­

t a i n e d o n l y b y c h a n g i n g t h e b r e a k d o w n v o l t a g e . H o w e v e r , a c h a n g e 

i n V 0 i s a c c o m p a n i e d b y a c h a n g e i n d 0 , a n d t h i s w o u l d t h e n mean 

t h a t we were e x a m i n i n g a d i f f e r e n t c h a r a c t e r i s t i c d e t e r m i n e d b y 
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F i g u r e 19 S e d u c e d V - I C h a r a c t e r i s t i c s 

t h i s new s e p a r a t i o n ( s e e F i g u r e 2 ) . 

C h o o s i n g some i n t e r m e d i a t e v a l u e o f e l e c t r o d e s e p a r a t i o n , 

s a y d^» a n a p p r o x i m a t e r e d u c i n g t e c h n i q u e was u s e d t o c o n v e r t 

t h e c h a r a c t e r i s t i c o b t a i n e d f o r a d i f f e r e n t s e p a r a t i o n , s a y d g , 

i n t o a m o d i f i e d c h a r a c t e r i s t i c w h i c h w o u l d c o r r e s p o n d t o t h e 

c h o s e n v a l u e o f d ^ . C o n s i d e r some p o i n t - ( V g j l g ) o n t h e dg c h a r ­

a c t e r i s t i c w h i c h i s t o be r e d u c e d t o t h e d ^ c h a r a c t e r i s t i c . 

The r e d u c e d p o i n t i s d e s i g n a t e d a s (V/g,!^) » w h e r e , 

I ' 2 - I 2 . 
V2 - v 2 - Av2, 
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A V 2 - - t ? ( T 2 - 7.5). 

I t f o l l o w s t h a t 

V 2 = { V 2 - • 7 * 5 J d i/d 2 + 7.5 . 

T h i s t e c h n i q u e i s i d e n t i c a l t o t h a t u s e d i n s e c t i o n 3»2, t h e 

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

t h e p o t e n t i a l v a r i a t i o n a c r o s s the c o l u m n r e g i o n . The same a v e r ­

age v a l u e o f V^ «= 7«5 v o l t s was u s e d i n a l l c a l c u l a t i o n s a g a i n . 

R e d u c e d c h a r a c t e r i s t i c s w ere c a l c u l a t e d f o r t h e two c a s e s 

shown i n F i g u r e 19? a n d t h e a v e r a g e s l o p e o f t h e c u r v e i n d i c a t e d 

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

V a I ' 4 4 . 

( i i ) D i r e c t C h a r a c t e r i s t i c 

The r e s u l t s o b t a i n e d b y d i r e c t l y m e a s u r e m e n t s f r o m t h e 

V - I t r a c e s ( s e e F i g u r e 20) a r e shown i n F i g u r e 21 . I n i t i a l l y , 

o n l y m e a s u r e m e n t s i n t h e f i r s t 15 ^ i s e c w ere t a k e n . H o w e v e r , 

u p o n f u r t h e r e x a m i n a t i o n i t was f o u n d t h a t t h e c h a r a c t e r i s t i c 

r e m a i n e d v e r y l i n e a r o v e r a l o n g e r p e r i o d o f t i m e . T h i s i n d i ­

c a t e s t h a t t h e a r c i s s t a b l e o v e r a p e r i o d o f 50yusec r a t h e r 

t h a n t h e 15 yusec o b t a i n e d i n s e c t i o n 2.5» The a v e r a g e s l o p e 

f o r t h e t h r e e c a s e s p l o t t e d g a v e t h e e x p e r i m e n t a l r e s u l t 

V a I ' 4 5 . 

( i i i ) Summary o f B o t h A p p r o a c h e s 

The r e s u l t s o f b o t h a p p r o a c h e s c a n be d e s c r i b e d b y t h e 
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P i g u r e 20 V o l t a g e - C u r r e n t O s c i l l o g r a m 

V o l t a g e (2.5 v o l t / c m ) v e r s u s c u r r e n t (40 
amp/cm) w i t h o r i g i n i n l o w e r r i g h t h a n d 
c o r n e r , f o r t h e p a r a m e t e r s B » l i l , 
C = 3 0yuf, V 0 = 500 v o l t . 

I (amp) 

10 J l I 1 1 1 1— 
I 5 0 2 0 0 3 0 0 4 0 0 5 O 0 bOO 7 O O 

F i g u r e 21 D i r e c t V - I C h a r a c t e r i s t i c s 
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e q u a t i o n 

V = k T 4 5 , 

w h e r e t h e c o n s t a n t k i s d e p e n d e n t u p o n t h e e l e c t r o d e s e p a r a t i o n . 

T h i s e x p e r i m e n t a l r e s u l t i s v e r y s i m i l a r t o t h e r e l a t i o n 

V <x I " 4 d e v e l o p e d b y Smy. I n o r d e r t o see w h e t h e r o r n o t t h i s 

r e s u l t s h o u l d be a g e n e r a l f e a t u r e o f a r c s ( a n d n o t j u s t an i n ­

c i d e n t a l s i m i l a r i t y ) t h e f o l l o w i n g c h a p t e r w i l l p r e s e n t an exam­

i n a t i o n o f t h e d e r i v a t i o n a n d a s s u m p t i o n s i n v o l v e d i n Smy's 

t h e o r y . 
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CHAPTBR 4 - SPOT CONDUCTION MODEL OP THE ARC 

4.1 DEVELOPMENT OP THE MODEL 

The current-voltage relationship derived by Smy (1963) . 

was originally developed to determine the impedance between 

two electrodes immersed in a shock heated plasma. The essen­

t i a l features of this theory are very similar to generally 

accepted ideas in arc physics; The total arc voltage was con­

sidered to be made up of two components; the voltage across the 

cathode spot V , (which is equal to the cathode f a l l voltage Vc), 

and the ohmic Voltage drop across the intervening plasma V^. It 

was found that both V g and V; were dependent upon the spot area, 

and that there existed a possible optimum area for which the to­

ta l arc voltage wasa minimum. This optimization resulted in 

the f i n a l expression 

V , a I ' 4 

min 

which was shown togive order of magnitude agreement with the 

experiments conducted by Smy and Driver (Smy, 19^3f Driver, 1964). 

(i) Spot Voltage 

The main experimental observation by Smy which lead to his 

theory was the occurrence of a particular voltage regime in 

which the current-voltagecharacteristic was independent of 

-the- electrode area. This was shown to be so by placing elec­

trodes of various sizes across the shock tube for both increas­

ing and decreasing currents. The proposal of a small conducting 

spot analogoustothatwhich arises in arcs was found to be 

very successful in explaining the unusual features of the ob­

served characteristic. As the objective of this chapter is to 
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examine how well Smy's theory applies to an arc, the details 

and plausibility arguments for the conducting spot in the shock 

tube have been omitted (for details see Smy, I963). This was 

done because the phenomena of spot conduction in an arc has been 

well accepted (see Proome, 1950)* Using Mackeown's f i e l d emis­

sion equation (see Chapter l) and assuming typical values for 

E and v, "the spot voltage is related to the spot area A by 
• C 1 s 

X "= Kf- A 5 , . . . d i ) 

with k^ constant, 

( i i ) Plasma voltage 

The expression for the resistance of the intervening plasma 

was derived in accordance with standard electromagnetic theory 

(Smythe, 1950). Assume that an i n f i n i t e , isotropic medium of 

constant re s i s t i v i t y f separates two conductors A, and B. If 

the separation distance I , is large compared to a typical length 

of the conductors, then i t can be shown that the resistance of 

the intervening plasma is given by 

where CA, C- are the capacities of the two isolated conductors 

A, B respectively. Taking conductors A and B to refer to the 

negative and positive electrodes respectively, then Ĉ  would 

be the effective capacity of the cathode spot. If an identical 

spot was formed on B, then C^ = Cg. However, the occurrence 

of such an anode spot was thought to be unlikely (in analogy 

with an arc again), and so C_ * was neglected in comparison 
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-1 w i t h . The c a p a c i t y o f a t h i n d i s c o f r a d i u s r i s g i v e n 

b y 

C, = 8e r d o 
a c c o r d i n g t o s t a n d a r d t a b l e s ( H a n d b o o k o f Chem. and P h y s . , 1 9 6 4 ) . 

A s s u m i n g a c i r c u l a r c a t h o d e s p o t f o r m s on t h e n e g a t i v e e l e c t r o d e , 

t h e n 

" ^ /V TV 

a s o n l y one f a c e o f t h e " c a t h o d e d i s c " i s i n c o n t a c t w i t h t h e 

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

and t h e p l a s m a v o l t a g e i s t h e n g i v e n b y 

V - I H . 
P P 

( i i i ) T o t a l V o l t a g e 

The t o t a l a r c v o l t a g e c a n now be d e t e r m i n e d b y t a k i n g t h e 

sum o f V a n d V , s p' 

V - > 2

S 4- £ / T A - * -

= - p A t -+ k 2 1A ; v - k 3 i . . „ ( 1 3 ) 

F o r t h e c a s e o f Smy's s h o c k t u b e t h e l a s t t e r m was n e g l i b l e i n 

c o m p a r i s o n t o t h e s e c o n d t e r m s o t h a t 

The power l o s s i n t h e a r c i s g i v e n b y t h e p r o d u c t I V . I t 

i s a ssumed t h a t g i v e n s u f f i c i e n t t i m e t h e s p o t a r e a w i l l a d o p t 
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t h a t v a l u e w h i c h w i l l m i n i m i z e t h i s l o s s b y m i n i m i z i n g V f o r a 

p a r t i c u l a r I . T h i s optimum a r e a c a n be d e t e r m i n e d b y p a r t i a l 

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

i n g t h e f i n a l r e s u l t , 

~ L 4 k«J ' ...(15) 
Then t h e c o r r e s p o n d i n g v o l t a g e f o r t h i s p a r t i c u l a r a r e a i s 

g i v e n b y 

v,„lrl = k,'2 Hi1 r 4 - k 3i . ...(16) 

E x a m i n i n g Smy's s h o c k t u b e a p p r o x i m a t i o n , i t i s f o u n d t h a t 

t h e optimum a r e a r e m a i n s u n c h a n g e d , and s o 

Vk,m.-n =|Vk;Vr 4. ...(17) 

I t i s a l s o w o r t h n o t i n g t h a t when optimum c o n d i t i o n s h a v e b e e n 

a c h i e v e d , t h i s a p p r o x i m a t i o n g i v e s t h e i n t e r e s t i n g r e s u l t t h a t 

t h e two v o l t a g e s a r e i n t h e r a t i o 

V 
s _ s p o t v o l t a g e _ 1 . . . . ( 1 8 ) 

V p l a s m a v o l t a g e 4 

4.2 DISCUSSION 
. 4 3 

I n S e c . 3«3 i t was e x p e r i m e n t a l l y f o u n d t h a t V = k l , 

and t h i s r e s u l t w o u l d a p p e a r t o be i n good a g r e e m e n t w i t h Smy's 

s p o t c o n d u c t i o n m o d e l . H o w e v e r , u p o n d e t a i l e d e x a m i n a t i o n i t 

was shown t h a t t h e a g r e e m e n t i s o n l y f o r t u i t o u s , a s t h e r e a r e 

a s s u m p t i o n s made i n t h i s m o d e l w h i c h c a n n o t be s a t i s f i e d b y 

o u r e x p e r i m e n t a l a r c . 

I t i s e a s i l y shown t h a t t h e s h o c k t u b e a p p r o x i m a t i o n , 

t 2> A 0 d o e s n o t h o l d f o r o u r p a r t i c u l a r c o n d i t i o n s . C o n s i d e r 
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a t y p i c a l c a s e f o r a p a r t i c u l a r c u r r e n t maximum; t h e e l e c t r o d e 

s e p a r a t i o n c a n be d e t e r m i n e d b y t h e P a s c h e n c u r v e , a n d t h e op­

timum a r e a i s g i v e n b y E q u a t i o n 15• F o r a c u r r e n t o f 500 amp, 

i t was f o u n d t h a t -t ̂ 10 2 c m , and A 0
/ z ^ 10 ^cm. A n o t h e r a p ­

p r o a c h t o d e t e r m i n e a m e a s u r e o f t h e s p o t a r e a i s t o assume an 
6 2 

a c c e p t e d v a l u e f o r t h e c u r r e n t d e n s i t y , s a y j = 10 amp/cm , 
V? -2 

t h e n f o r I = 500 amp, A ^ 10 cm. W h i l e t h e two a p p r o a c h e s 

g i v e v a l u e s o f A w h i c h d i f f e r b y a n o r d e r o f m a g n i t u d e i t 

i s c e r t a i n l y e v i d e n t t h a t t h e a p p r o x i m a t i o n t » i s i n v a l i d 

f o r t h i s s i t u a t i o n . 

An i m p o r t a n t d i f f e r e n c e b e t w e e n t h e e l e c t r i c a r c a n d t h e 

c a s e o f two e l e c t r o d e s i m m e r s e d i n a s h o c k h e a t e d p l a s m a g i v e s 

r i s e t o a n o t h e r r e a s o n w h i c h i n v a l i d a t e s t h e u s e o f t h e s p o t 

c o n d u c t i o n m o d e l t o d e s c r i b e t h e e l e c t r i c a r c c h a r a c t e r i s t i c . 

The p a s s a g e o f c u r r e n t i n t h e a r c m a i n t a i n s t h e i o n i z a t i o n i n 

t h e g a s , w h e r e a s i n t h e s h o c k t u b e t h e g a s i s a l r e a d y i o n i z e d 

and i s c o n s t a n t l y b e i n g r e p l a c e d b y t h e p l a s m a f l o w . P r o m t h i s 

i t c a n be s e e n t h a t t h e a s s u m p t i o n o f an i n f i n i t e i s o t r o p i c 

p l a s m a o f c o n s t a n t r e s i s t i v i t y may a p p l y t o t h e s h o c k t u b e b u t 

w i l l n o t a p p l y t o a r e g u l a r a r c . The c u r r e n t r e s u l t s i n a 

r a d i a l l y d e p e n d e n t r e s i s t i v i t y w h i c h h a s a minimum v a l u e a l o n g 

t h e a x i s o f t h e c u r r e n t f l o w ( s e e M a e c k e r , 1959). I t w o u l d be 

e x p e c t e d t h e n t h a t t h e e x p r e s s i o n f o r R^ w o u l d be m o d i f i e d — 

t h e n e t r e s u l t b e i n g t h a t t h e f i n a l e x p r e s s i o n f o r w o u l d 

a l s o be q u i t e d i f f e r e n t . 
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CONCLUDING REMARKS 

I t was p o s s i b l e t o m e a s u r e s e v e r a l o f t h e i m p o r t a n t v a r i ­

a b l e s o f a n a r c w i t h Hg e l e c t r o d e s , n a m e l y t h e P a s c h e n b r e a k d o w n 

c u r v e , t h e o v e r a l l v o 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 , a nd t h e c o l u m n 

f i e l d s t r e n g t h d e p e n d e n c e u p o n c u r r e n t . H o w e v e r , i t must be s t r e s s ­

ed t h a t t h e s e m e a s u r e m e n t s a r e more o f a q u a l i t a t i v e t h a n q u a n t i t a ­

t i v e n a t u r e . The o b s e r v e d m o t i o n o f t h e e l e c t r o d e s was t h e m a i n 

f a c t o r c o n t r i b u t i n g t o t h i s f e a t u r e , a n d e v e n t h o u g h t h e m o t i o n 

was r e a s o n a b l y w e l l e s t a b l i s h e d , i t s v e l o c i t y c o u l d o n l y be a p p r o x i ­

m a t e l y m e a s u r e d . 

The r e s u l t s o b t a i n e d f o r t h e o v e r a l l V - I c h a r a c t e r i s t i c were 

f o u n d t o a g r e e f a i r l y w e l l w i t h t h e p r e d i c t i o n s o f Smy's s p o t 

c o n d u c t i o n t h e o r y . I t was shown t h a t t h i s a g r e e m e n t was o n l y 

f o r t u i t o u s h o w e v e r , a s many o f t h e a s s u m p t i o n s r e q u i r e d f o r t h e 

d e r i v a t i o n a r e n o t s a t i s f i e d b y c o n d i t i o n s i n t h i s a r c . 

The o b s e r v e d m o t i o n o f t h e Hg e l e c t r o d e s made p o s s i b l e a n 

a p p r o x i m a t e d e t e r m i n a t i o n o f t h e c o m b i n e d t h i c k n e s s o f t h e c a t h o d e 

a n d anode f a l l r e g i o n s and t h e a v e r a g e f i e l d s t r e n g t h i n t h e s e 

r e g i o n s . A l t h o u g h t h e m e a s u r e d f i e l d s t r e n g t h i s c o n s i s t e n t w i t h 

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

r e s u l t d o e s n o t a l l o w a c c e p t a n c e o f t h i s t h e o r y b e y o n d a n y d o u b t . 

The e n c o u r a g i n g f e a t u r e o f t h i s m e a s u r e m e n t , h o w e v e r , i s t h a t b y 

an a p p r o p r i a t e r e - d e s i g n i n t h e a p p a r a t u s , i t m i g h t be p o s s i b l e 

t o o b t a i n a n a c c u r a t e m e a s u r e m e n t o f t h e s h u t t i n g v e l o c i t y . I f 

s o , t h e r e s u l t s t h e r e b y o b t a i n e d may be s u f f i c i e n t t o c o m p l e t e l y 

a c c e p t ( o r r e j e c t ) t h e f i e l d e m i s s i o n t h e o r y . 
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APPBHDIX A ICR SERIES CIRCUIT 

The c a s e o f a c a p a c i t o r C i n i t i a l l y c h a r g e d t o some v o l t a g e 

V 0 d i s c h a r g i n g c u r r e n t i t h r o u g h a r e s i s t o r R a n d s e r i e s i n d u c ­

t a n c e L d e s c r i b e s t h e b e h a v i o r o f o u r b a s i c m e a s u r i n g c i r c u i t 

v e r y w e l l . The r e s i s t a n c e o f t h e a r c i s much l e s s t h a n t h e c u r ­

r e n t l i m i t i n g r e s i s t o r s o t h a t t h e 3 p a r a m e t e r s R, C, L may be 

t a k e n as c o n s t a n t s f o r t h e a n a l y s i s . 

L 

R 

F i g u r e 22 LCR S e r i e s C i r c u i t 

B y a p p l i c a t i o n o f K i r c h h o f f 8 s Laws we o b t a i n t h e d i f f e r e n ­

t i a l e q u a t i o n f o r t h e c u r r e n t f l o w i n t h e c i r c u i t , 

i i i i R di 
dt*"*" Lett 

w h i c h i s s u b j e c t t o t h e i n i t i a l c o n d i t i o n i ( 0 ) • 0. 

T h e r e a r e t h r e e c u r r e n t r e s p o n s e s p o s s i b l e d e p e n d i n g u p o n 

t h e r e l a t i v e m a g n i t u d e o f t h e c i r c u i t p a r a m e t e r s . When t h e 

c o n d i t i o n R />4L/C i s s a t i s f i e d t h e n t h e c u r r e n t r e s p o n s e 

h a s t h e f o r m 

( ) " F ^ e r 
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( i ) C u r r e n t W a v e f o r m 

A l l q u a n t i t a t i v e , m e a s u r e m e n t s were t a k e n when t h e c i r c u i t 

c o m p o n e n t s s a t i s f i e d t h e i n e q u a l i t y R ^ 4 k / C . T a k i n g t h e e q u a ­

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

I 1 — 4 . L ' — 1 — 2L-

we o b t a i n , 

F o r t i m e s g r e a t e r t h a n 2L/R t h i s e q u a t i o n r e d u c e s f u r t h e r t o 

Hi) 

w h i c h i s t h e e q u a t i o n o f a s i m p l e RG d e c a y c i r c u i t . T y p i c a l 

c u r r e n t w a v e f o r m s a r e shown i n F i g u r e s 12 a n d 17» a n d a s c h e ­

m a t i c o f t h e w a v e f o r m i s g i v e n b e l o w . 

F i g u r e 23 C u r r e n t W a v e f o r m ( s c h e m a t i c ) 

( i i ) R e s i s t a n c e o f t h e A r c 

By p e r f o r m i n g a v e r y s i m p l e m e a s urement u p o n t h e c u r r e n t 

t r a c e i t was p o s s i b l e t o d e t e r m i n e t h e p e r i o d o f t i m e i n w h i c h 

t h e c o n d i t i o n R a r c < ^ R was v a l i d . A n a p p r o x i m a t i o n o f t h i s t i m e 
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was u s e f u l i n t h e d i s c u s s i o n s o f t h e s h u t t i n g and e x t i n c t i o n 

m e c h a n i s m s o f C h a p t e r 2. 

F o r a n y t i m e t">2I»/R dra w t h e t a n g e n t t o t h e c u r v e a n d 

mea s u r e t h e s l o p e w h i c h i s g i v e n b y 

ra _ A i _ _ i ( t )  
m = At ~ A t 

The s l o p e o f t h e s i m p l e RC d e c a y w a v e f o r m i s g i v e n b y 

cU_ 1_ \L ̂ -VRC _ ) . , v 
dt — RC R ^ — ~ R C U ; ' 

H e n c e , we s e e t h a t At = RC f o r an e x a c t RC d e c a y , a n d d e v i a t i o n s 

f r o m t h i s v a l u e g i v e a r o u g h m e a s u r e o f t h e a r c r e s i s t a n c e . 

I t was f o u n d f o r a l l c a s e s t h a t R 4CR f o r a l l t = 2RC b y t h i s 
a r c 

t e c h n i q u e . 

( i i i ) I n h e r e n t C i r c u i t I n d u c t a n c e 

I t was f o u n d t h a t a m e a s u r e o f t h e i n h e r e n t c i r c u i t i n d u c ­

t a n c e L^, c o u l d be made by o b s e r v i n g t h e t i m e T m o f maximum 

c u r r e n t f l o w on t h e o s c i l l o g r a m . T a k i n g t h e f i r s t d e r i v a t i v e 

o f t h e c u r r e n t ( e i t h e r one) a n d u s i n g t h e l i n e a r a p p r o x i m a t i o n 

shown i n ( i i ) we o b t a i n 

R L.' 

By m e a s u r i n g .Tffl, a n d s u b s t i t u t i n g v a l u e s f o r R and C„ t h i s e q u a ­

t i o n c a n be s o l v e d e i t h e r b y g r a p h i c a l t e c h n i q u e s o r b y an i t e r ­

a t i o n t e c h n i q u e f o r t h e v a l u e o f . 
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APPENDIX B GRAPHICAL EXAMINATION OP EXTINCTION 

R e f e r r i n g t o s e c t i o n 2»4 we h a d d e r i v e d t h e e q u a t i o n 

d t n Vo . s 

o 
w h i c h s i m p l i f i e s t o 

i f t h e a p p r o x i m a t i o n R ^ R h o l d s i n t h e t i m e i n t e r v a l 0 = t = t • . 

As shown i n F i g u r e 11, t h e d i s c r e p a n c y b e t w e e n e x p e r i m e n t a l r e ­

s u l t s a n d E q u a t i o n 5 was a p p r o x i m a t e l y 30-40 T h i s d i s a g r e e m e n t 

s u g g e s t e d t h a t a- more c a r e f u l e x a m i n a t i o n o f E q u a t i o n 4 s h o u l d 

be u n d e r t a k e n i n w h i c h t h e a p p r o x i m a t i o n was n o t u s e d . 

By t a k i n g s i m u l t a n e o u s c u r r e n t - t i m e and v o l t a g e - t i m e o s c i l ­

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

R ( t ) . Then by p l o t t i n g t h e f u n c t i o n l / { R + R \ 9 a n d g r a p h i -a ^ a ) 

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

t h e i n t e g r a l i n E q u a t i o n 4» 

W i t h t h e p a r a m e t e r s R = 517.9 V Q = 300 v o l t s , t h e a r e a u n d e r 

t h e c u r v e was l „ 0 4 x l 0 ~ 4 s e c / i f l a s shown i n F i g u r e 24. Then t h e 

l . h . s . o f E q u a t i o n h a s t h e v a l u e 3«46 a s C = 30 y u f . F r o m t h e , 

v o l t a g e w a v e f o r m V ( t ) was f o u n d t o 12 v o l t , a n d s o t h e r . h . s . 

o f E q u a t i o n 4 h a s t h e v a l u e ln ( 3 0 0 / l 2 ) = 3 . 2 2 . 

A l t h o u g h i t i s n o t p o s s i b l e t o o b t a i n a v a l u e f o r t h e e x ­

p e c t e d e x t i n c t i o n t i m e , t h e a g r e e m e n t b e t w e e n b o t h s i d e s o f t h e 

e q u a t i o n t o w i t h i n ifo i s much more s a t i s f a c t o r y t h a n t h e r e s u l t s 

o f F i g u r e 11. I t i s a l s o i n t e r e s t i n g t o n o t e t h a t t h e d o t t e d 

l i n e o f F i g u r e 24 e n c l o s e s t h e e f f e c t i v e a r e a w h i c h i s u s e d i n 



i n E q u a t i o n 5» a n d i t c a n be s e e n t h a t t h e d i f f e r e n c e i n t h e 

two a r e a s i s o f t h e same o r d e r o f m a g n i t u d e as t h e d i s c r e p a n c y 

b e t w e e n t h e two c u r v e s o f F i g u r e H o 
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