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ABSTRACT 

The X - r a y e m i s s i o n from a plasma f o c u s has been 

s t u d i e d u s i n g t ime i n t e g r a t e d and s t r e a k p h o t o g r a p h y . The 

p lasma f o c u s , a s m a l l volume o f v e r y dense and hot p la sma 

was c r e a t e d i n a c o a x i a l p lasma gun d r i v e n by a f a s t c u r r e n t 

p u l s e o f p e r i o d T ~ 2 usee wh ich was p roduced by d i s c h a r g 

i n g a condenso r bank o f V = 12-15 kV, and C = 84 y f . 

Measurements have shown t h a t a d i f f u s e X - r a y 

e m i t t i n g p lasma column i s formed i n the ' e a r l y ' p i n c h s t a g e , 

wh i ch ex tend s a few c e n t i m e t e r s i n the a x i a l d i r e c t i o n , 

has e x p a n s i o n v e l o c i t i e s o f between 2-6 x 1 0 7 cm/sec . and 

l a s t s f o r 30-60 n s e c . 

In the f o l l o w i n g 10-30 n s e c . X - r a y e m i s s i o n o c c u r s 

f rom s m a l l p lasma r e g i o n s wh ich have l i t t l e or no a x i a l 

v e l o c i t y . The d i s t a n c e between t h e s e " h o t " s p o t s a r e o f 

the o r d e r of h a l f a c e n t i m e t e r . 

These measurements and o b s e r v a t i o n s o f t h e X - r a y 

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

Peacock and Ma the r . By compar ing t h e i r r e s u l t s w i t h t h o s e 

of t h i s e x p e r i m e n t i t i s c o n c l u d e d t h a t the appea rance o f 

the i s o l a t e d X - r a y s ou r ce s i s a s s o c i a t e d w i t h t he m = 0 

i n s t a b i l i t y . 

i i 
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Chap te r 1 

INTRODUCTION 

1.1 The Plasma Focus 

The p la sma f o c u s i s a d e v i c e c o n s i s t i n g o f c o a x i a l 

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

a t a p r e s s u r e of l e s s than s e v e r a l t o r r . 

The f o r m a t i o n o f t he dense p lasma f o c u s beyond 

the end o f t he c o a x i a l e l e c t r o d e geometry was f i r s t o b se r ved 

and s t u d i e d by the R u s s i a n , T . I . F l i p p o v a i n the 1 9 6 0 ' s . 

Over the y e a r s s t u d i e s o f t he plasma f o c u s have 

c o n c e n t r a t e d on the i n i t i a l e l e c t r i c a l breakdown between the 

e l e c t r o d e s , the dynamics o f the rundown o f the c u r r e n t 

s h e a t h , and t h e f i n a l dense f o c u s s t a ge o f t h e p lasma f o c u s , 

w i t h r e c e n t i n t e r e s t b e i n g on t he l a t t e r and more s p e c i f i c a l l y 

on t he neu t r on p r o d u c t i o n wh ich r e s u l t s i f a D 2 gas i s 

used i n the d i s c h a r g e v e s s e l . 

A h i gh v o l t a g e ( i n t h i s e x p t . 12-15 kV) f rom the 

c a p a c i t o r bank i s a p p l i e d between the i n n e r and o u t e r e l e c 

t r o d e s o f t he d i s c h a r g e v e s s e l . T h i s p roduce s a breakdown 

i n t he r e g i o n a t the back o f the e l e c t r o d e s near a L u c i t e 

1 
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i n s u l a t o r ( see F i g . 1 ) . C u r r e n t then f l o w s f rom the c e n t r e 

e l e c t r o d e back a l ong the i n s u l a t o r t o the back p l a t e p r o 

d u c i n g a " w a t e r f a l l " f l o w ove r t he i n s u l a t o r s u r f a c e . S t u d i e s 

have shown [ 1 ] t h a t d u r i n g the e a r l y s t age s of c u r r e n t 

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

duced a t the back p l a t e . The j , x B_, i n v e r s e p i n c h f o r c e 
Z 9 

nex t d r i v e s t he c u r r e n t outward towards the o u t e r e l e c t r o d e . 

A t t h i s t ime the f i l a m e n t a r y p a t t e r n o f the c u r r e n t b l e n d s 

t o fo rm a u n i f o r m a x i s y m e t r i c d i s c h a r g e . 
Because i and B„ d e c r e a s e w i t h r a d i u s the f o r c e r o 

( 5 r x B Q ) i s g r e a t e r n e a r e r the i n n e r e l e c t r o d e than a t 

the o u t e r e l e c t r o d e and so the c u r r e n t sheath has a c a n t . 

Pho tog raph s by Mather [ 2 ] have shown t h i s appea rance o f the 

s h e a t h . 

The c u r r e n t s hea th as i t moves down between t he 

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

c a l l e d snowp lough ing has l e d to s e v e r a l models d e s c r i b i n g 

t he p h y s i c s o f t he c u r r e n t s hea th [ 3 ] . The maximum ave r a ge 

shea th v e l o c i t y i n the annu lu s has been r e c o r d e d to have 

an upper l i m i t o f 1.5 x 1 0 7 cm/sec [ 4 ] . 

When the c u r r e n t s hea th a r r i v e s a t the end o f the 

e l e c t r o d e s i t o v e r s h o o t s and e x p e r i e n c e s a f a s t ( 1 -4 x 1 0 7 

cm/sec) [ 5 ] r a d i a l c o l l a p s e towards the a x i s as a r e s u l t 

o f t he s t r o n g r a d i a l p i n c h f o r c e , j x B Q . To max imize 

t h i s p i n c h f o r c e one chooses the gas m i x t u r e , and t he v o l t a g e 

such t h a t the peak o f the c u r r e n t p u l s e o c c u r s a t the t ime of 
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r a d i a l c o l l a p s e . In a d d i t i o n the peak of the c u r r e n t p u l s e 

i s d e t e r m i n e d by the i n d u c t a n c e of the v o l t a g e s u p p l y ne two r k . 

Any r e d u c t i o n i n t he i n d u c t a n c e , f o r e xamp le , by u s i n g s e v e r a l 

low i n d u c t a n c e c a b l e s to d e l i v e r the c u r r e n t f rom the c a p a c i t o r 

bank to the d i s c h a r g e v e s s e l w i l l r e s u l t i n a c h i e v i n g a 

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

The dense p lasma formed as a r e s u l t o f t h e p i n c h 

has been ob se r ved to have e l e c t r o n d e n s i t i e s o f o r d e r 1 0 1 9 

c m " 3 and t e m p e r a t u r e of s e v e r a l keV. 

1 .2 P r e v i o u s Work on the Plasma Focus 

Measurements o f d e n s i t i e s have been done by o b s e r v 

i n g the shape o f the e m i s s i o n spec t rum arid the a b s o l u t e 

r a d i a t i o n f l u x i n t he s o f t X - r a y r e g i o n [8]. Shawdowgraphs 

and S c h l i e r e n pho tog raph s have been used to d e t e r m i n e the 

s p a c i a l and tempora l deve lopment o f the dense p lasma [ 1 2 ] , 

and i n t e r f e r o m e t r i c measurements have been used t o o b t a i n 

t he e l e c t r o n d e n s i t y [ 4 ] . The f i t t i n g o f d a t a t o both X - r a y 

e m i s s i o n and neu t r on y i e l d s (a s suming a t h e r m o n u c l e a r p l a sma) 

have g i v e n plasma d e n s i t i e s o f the o r d e r of 1 0 1 9 c m - 3 [ 4 ] . 

E l e c t r o n t e m p e r a t u r e s ( f o r d e u t e r i u m ) o f a p p r o x i m a t e l y 

.70 keV have been ob se r ved by l a s e r s c a t t e r i n g [ 7 ] . In 

a d d i t i o n , i t has been ob se r ved t h a t i n a d e u t e r i u m p lasma 

t he t o t a l n e u t r o n e m i s s i o n per d i s c h a r g e r e q u i r e s an i o n 

t e m p e r a t u r e o f s e v e r a l keV (as suming a t h e r m o n u c l e a r p lasma 
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[6]). The a s s umpt i on of t he rma l neu t r on p r o d u c t i o n i s not 

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

p r o d u c t i o n i n a d e u t e r i u m plasma f o c u s [9]. 

Due to the h i gh t e m p e r a t u r e s r eached i n t he plasma 

f o c u s most o f the r a d i a t i o n i s i n the X - r a y r e g i o n . These 

X - r a y s a re due to B r e m s s t r a h l u n g and l i n e r a d i a t i o n . T h i s 

t h e s i s devo te s i t s main i n t e r e s t to the i n v e s t i g a t i o n o f 

t he X - r a y e m i s s i o n f e a t u r e s o f the dense f o c u s s t a g e . The 

f o c u s a t U.B.C. does not p roduce neu t r on s and as such i s 

p r i m a r i l y an X - r a y e m i t t i n g p l a sma . 

1.3 Un iquenes s o f the E xpe r imen t 

What i s un ique about t h i s e x p e r i m e n t pe r f o rmed a t 

the U.B.C. plasma p h y s i c s l a b i s t h a t i t i s t he f i r s t e x p e r i 

ment t o t a k e s t r e a k pho tog raph s o f t he X - r a y e m i s s i o n s d u r i n g 

the f o c u s s t a ge of the p i n c h . O the r e x p e r i m e n t s wh i ch have 

i n v e s t i g a t e d the X - r a y e m i s s i o n f e a t u r e s o f the f o c u s have 

i n c l u d e d the r e c o r d i n g of X - r a y e m i s s i o n s by t he use o f X - r a y 

p i n h o l e cameras w i t h v a r i o u s a b s o r b e r s to o b t a i n t ime i n t e 

g r a t e d pho tog raph s and thus i n f o r m a t i o n about the e n e r g i e s 

o f the X - r a y s e m i t t e d , i n a d d i t i o n to c o r r e l a t i o n o f f r a m i n g 

p i c t u r e s ( i n the v i s i b l e r e g i o n ) w i t h X - r a y m o n i t o r e d p u l s e s . 

Most o f t he t h e o r e t i c a l work done on the plasma 

f o c u s so f a r has been to e x p l a i n the o b s e r v a t i o n s o f the 

n e u t r o n f l u x t h a t o r i g i n a t e s f rom a d e u t r i u m f o c u s . To' 
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e x p l a i n the a n i s o t r o p i c d i s t r i b u t i o n of n e u t r o n f l u x e s and 

neu t r on energy s p e c t r a v a r i o u s models have been p r o p o s e d , 

as f o r example the beam t a r g e t m o d e l , and o t h e r mode l s , 

wh ich assume the rma l and t h e r m o n u c l e a r p r o c e s s e s o c c u r r i n g 

w i t h i n the f o c u s . 

O b s e r v a t i o n s and p o s s i b l e mechanisms o f X - r a y 

e m i s s i o n f e a t u r e s have been s t u d i e d by such no ted e x p e r i m e n 

t a l i s t s i n t h i s f i e l d as Peacock and Mather and to a l e s s e r 

e x t e n t B o s t i c k . T h e i r o b s e r v a t i o n s and p roposed mechanisms 

i n c o n j u n c t i o n w i t h what has been ob se r ved a t t he U.B.C. 

plasma f o c u s i s d i s c u s s e d and summarized i n the c o n c l u s i o n 

o f t h i s t h e s i s . 

In summary i t was the aim of t h i s e x p e r i m e n t t o 

measure v e l o c i t i e s and l i f e t i m e s o f the X - r a y e m i t t i n g p lasma 

and to compare the X - r a y t ime i n t e g r a t e d pho tog raph s w i t h 

t ho se o b t a i n e d by o t h e r e x p e r i m e n t a l i s t s , and t o f i t and 

compare the r e s u l t s o b t a i n e d w i t h e x i s t i n g models so t h a t a 

p o s s i b l e mechanism f o r X - r a y p r o d u c t i o n c o u l d be f o r m u l a t e d . 

The e x p e r i m e n t was a s u c c e s s i n t h a t t h e s p a c i a l 

and tempora l f e a t u r e s of the X - r a y s u s i n g n s e c . s t r e a k , 

and t ime i n t e g r a t e d photog raphy were r e c o r d e d and a n a l y z e d . 

As a r e s u l t a p o s s i b l e mechanism f o r X - r a y p r o d u c t i o n c o u l d 

be f o r m u l a t e d . 



C h a p t e r 2 

APPARATUS 

2 .1 The F o c u s 

Th e e x p e r i m e n t a l a r r a n g e m e n t i s shown i n F i g . 1. 
The p l a s m a f o c u s i n v e s t i g a t e d i n t h i s e x p e r i m e n t c o n s i s t s 
b a s i c a l l y o f two c o a x i a l c y l i n d r i c a l c o p p e r e l e c t r o d e s o f 
a p p r o x i m a t e l y 25 cm i n l e n g t h . The i n n e r e l e c t r o d e c y l i n d e r 
o f p o s i t i v e p o l a r i t y has an o u t e r d i a m e t e r o f 5 cm a n d an 
i n n e r d i a m e t e r o f 2.5 cm. The c a t h o d e i s a p e r f o r a t e d 
c o p p e r c y l i n d e r o f 10 cm d i a m e t e r . T h e o u t e r c y l i n d e r i s 
s o l d e r e d o n t o a b r a s s d i s k w i t h a c o n c e n t r i c h o l e o f 6 cm" 
d i a m e t e r . T h e h o l e a l l o w s t h e c o a x i a l a s s e m b l y c o n s i s t i n g 
o f t h e a n o d e , and a c y l i n d r i c a l P y r e x i n s u l a t o r (5 cm i n n e r 
d i a m e t e r a n d 5 cm l e n g t h ) , w h i c h i s f i t t e d o v e r t h e a n o d e , 
t o be m o u n t e d i n s i d e t h e o u t e r c y l i n d e r ( s e e F i g . 2 ) . 

T h e g l a s s s l e e v e a n d a p l e x i g l a s s d i s k p r e v e n t 
p r e m a t u r e e l e c t r i c a l b r e a k d o w n b e t w e e n t h e o p p o s i t e p o l a r i t y 
e l e c t r o d e s . In a d d i t i o n t h e g l a s s s l e e v e a l l o w s t h e i n i t i a l 
f o r m a t i o n o f an i n v e r s e p i n c h f o l l o w i n g b r e a k d o w n t o o c c u r 
b e t w e e n t h e a n o d e a t t h e s l e e v e end a n d t h e i n s i d e o f t h e 
c o p p e r c a t h o d e c y l i n d e r . 

6 



Spark gap 

Glass 
Insulator 

84/jf 

Inner Electrode 

Current sheath 
X-ray Film 
Holder 

c m 
Outer Electrode 
(Perforated) 

Evacuated 
Tube Image 

Converter 

F i g u r e 1. E x p e r i m e n t a l a r r a n g e m e n t . 
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Coax Cablo 
lead in 

F i g u r e 2 . E l e c t r o d e a s s e m b l y . 
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The e n t i r e e l e c t r o d e a s s e m b l y i s f i t t e d i n s i d e a 
P y r e x v e s s e l w h i c h i s e v a c u a t e d a n d f i l l e d w i t h a g a s m i x t u r e 
o f H y d r o g e n and A r g o n ( a p p r o x i m a t e l y 10% A r g o n by p r e s s u r e ) 
t o a p r e s s u r e o f b e t w e e n .5 t o .8 T o r r . 

T h e e l e c t r o d e a s s e m b l y i s h e l d i n p o s i t i o n i n t h e 
P y r e x v e s s e l by a b r a s s p l a t e . T h e b r a s s p l a t e ( o r c a b l e 
h e a d e r ) a l s o p r o v i d e s an e l e c t r i c a l c o n n e c t i o n b e t w e e n t h e 
c o a x i a l c a b l e s c o m i n g f r o m t h e c a p a c i t o r b ank t o t h e i n n e r 
a n d o u t e r c y l i n d e r i c a l c o p p e r e l e c t r o d e s ( l o c a t e d i n s i d e t h e 
P y r e x v e s s e l ) . 

The power r e q u i r e d t o p r o d u c e t h e c u r r e n t s h e a t h 
i s p r o v i d e d by a b ank o f s i x , 14 u f c a p a c i t o r s c h a r g e d t o 
a v o l t a g e b e t w e e n 12 a n d 15 kV. T h i s e n e r g y i s d e l i v e r e d 
by 30 c o a x i a l c a b l e s ( f i v e c a b l e s f o r e a c h c a p a c i t o r ) w h i c h 
a r e a l l c o n n e c t e d t o t h e c a b l e h e a d e r . 

2.2 T h e S p a r k Gap 

E a c h c a p a c i t o r h a s a s p a r k g a p . A l l s p a r k g a p s 
a r e t r i g g e r e d a t t h e same t i m e by a p u l s e p r o d u c e d by f i r i n g 
a n a u x i l i a r y s p a r k g a p . I n s i d e t h e s p a r k c a n , w h i c h h o u s e s 
t h e s p a r k g a p , a r e f o u r e l e c t r o d e s . F i g . 3 d e p i c t s t h e 
f o u r e l e c t r o d e s . One e l e c t r o d e (#2 i n t h e d i a g r a m ) i s c o n 
n e c t e d t o t h e h i g h v o l t a g e t e r m i n a l o f t h e c a p a c i t o r a n d 
a n o t h e r (#1) i s e l e c t r i c a l l y c o n n e c t e d ( v i a t h e c a b l e h e a d e r ) 
t o t h e i n n e r p o s i t i v e c y l i n d r i c a l e l e c t r o d e . 
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F i g u r e 3. S p a r k gap e l e c t r o d e s . 
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Two o t h e r e l e c t r o d e s (#3 a n d #4) a r e l o c a t e d 
b e t w e e n t h e a b o v e m e n t i o n e d e l e c t r o d e s . A h i g h v o l t a g e p u l s e 
( p r o d u c e d by t h e a u x i l i a r y s p a r k g a p ) i s a p p l i e d b e t w e e n 
t h e o u t e r d i s k s h a p e d e l e c t r o d e (#3) a n d t h e f i n e p o i n t o f 
a t u n g s t e n w i r e ( e l e c t r o d e # 4 ) , so t h a t a s p a r k i s p r o d u c e d 
b e t w e e n them. T h i s s p a r k p r o d u c e s a U.V. f l a s h w h i c h i n t u r n 
i o n i z e s t h e a i r a n d c a u s e s a c u r r e n t t o s t a r t f l o w i n g b e t w e e n 
e l e c t r o d e s #1 a n d #2. T h e r e s u l t i n g p l a s m a s h o r t c i r c u i t s 
e l e c t r o d e s #1 and #2 a n d t h e r e b y d i s c h a r g e s t h e c a p a c i t o r . 

T h i s e l e c t r i c a l a r r a n g e m e n t o f t h e s p a r k gap e n s u r e s 
a f a s t a n d j i t t e r - f r e e b r e a k d o w n o f t h e c a p a c i t o r b a n k . 
T h i s i s i m p o r t a n t s i n c e s i m u l t a n e o u s a r r i v a l o f t h e v o l t a g e 
p u l s e s a t t h e c a b l e h e a d e r i s i m p o r t a n t f o r t h e f o r m a t i o n 
o f a g o o d f o c u s . See F i g . 4 f o r t h e d e t a i l e d e l e c t r i c a l 
l a y o u t . 

2.3 X - r a y I m a g i n g 

T i m e i n t e g r a t e d and s t r e a k e d X - r a y p h o t o g r a p h s 
w e r e t a k e n s i m u l t a n e o u s l y o f t h e same p l a s m a f o c u s e v e n t . 
T h e i m a g i n g was a c c o m p l i s h e d by u s i n g a p i n h o l e X - r a y c a m e r a . 

L o c a t e d a t r i g h t a n g l e s t o t h e e l e c t r o d e a x i s ( a n d 
a p p r o x i m a t e l y 17 cm f r o m t h e f o c u s ) a r e p i n h o l e s o f .5 mm 
( o n e on e a c h s i d e ) w i t h a 1 m i l Be f o i l window ( s e e F i g s . 5 
a n d 6 ) . The p i n h o l e d i a m e t e r i s o f t h e o r d e r o f a t h o u s a n d 
F r e s n e l z o n e s w i d e . T h e X - r a y s p a s s i n g t h r o u g h t h e p i n h o l e s 
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F i g u r e 6. P i n h o l e . 
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t r a v e l down an e v a c u a t e d h o l l o w t u b e ( a p p r o x i m a t e l y 17 cm i n 
l e n g t h ) u n t i l t h e y h i t i n one c a s e X - r a y r e c o r d i n g f i l m o r 
i n t h e o t h e r a t h i n s c i n t i l l a t o r ( 1 . 5 mm) p r o d u c i n g an i m a g e 
i n v i s i b l e - l i g h t . T h i s i m a g e i s t i m e r e s o l v e d by a TRW 
Image C o n v e r t e r C a m e r a . Th e s t r e a k e d i m a g e i s t h e n p a s s e d 
t h r o u g h an i m a g e i n t e n s i f i e r (RCA 8 6 0 6 ) b e f o r e f i n a l l y 
b e i n g r e c o r d e d by a c a m e r a o n t o 10,000 A.S.A. p o l a r i o d 
f i l m ( F i g . 7 ) . 

2.4 T i m i ng 

T h e t i m i n g r e q u i r e d t o t a k e th^e X - r a y s t r e a k p i c t u r e s 
was a c h i e v e d by p l a c i n g a l i g h t p i p e n e a r t h e end a n d a b o v e 
t h e o u t e r p e r f o r a t e d e l e c t r o d e . As t h e l u m i n o u s f r o n t o f 
t h e c u r r e n t s h e a t h p a s s e d down b e t w e e n t h e e l e c t r o d e s t h e 
l i g h t r a d i a t e d f r o m i t was p i c k e d up by t h e l i g h t p i p e ( s e e 
F i g . 8) a n d t h e n s e n t t o a p h o t o m u l t i p i i e r w h i c h i n t u r n 
t r i g g e r e d t h e d e l a y g e n e r a t o r w h i c h s e n t a p u l s e t o t h e i m a g e 
c o n v e r t e r t o s t r e a k i t . 

T h i s m e t h o d was n e c e s s i t a t e d by t h e i r r e p r o d u c e -
a b i l i t y i n t h e d i s c h a r g e , b e c a u s e o f v a r i a t i o n i n t h e g a s 
p r e s s u r e , g a s c o m p o s i t i o n ( d u e t o e l e c t r o d e m a t e r i a l c o n t a m i 
n a t i o n ) , a n d b ank v o l t a g e . T r i g g e r i n g on t h e d l / d t p u l s e 
w h i c h i s p i c k e d up by a R o g o w s k i c o i l a t t h e b a c k p l a t e was 
t r i e d b u t p r o v e d t o o u n r e l i a b l e . 



F i g u r e 7. E l e c t r o - o p t i c a l X - r a y c a m e r a . 
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C h a p t e r 3 

OBSERVATIONS AND RESULTS 

B e f o r e an i n t e r p r e t a t i o n o f t h e X - r a y p h o t o g r a p h s 
a r e made, m e a s u r e m e n t s o f t h e m a g n i f i c a t i o n , t h e s t r e a k s p e e d , 
e t c . , m u s t be d o n e . T h e f o l l o w i n g d e s c r i b e s how s u c h m e a s u r e 
m e n t s w e r e c o n d u c t e d . 

3.1 Image M a g n i f i c a t i o n 

The m a g n i f i c a t i o n o f t h e t i m e i n t e g r a t e d p i c t u r e s 
was o b t a i n e d by m e a s u r i n g t h e o b j e c t - i m a g e d i s t a n c e s f r o m 
t h e f o c u s t o t h e p i n h o l e a n d f r o m t h e p i n h o l e t o t h e X - r a y 
f i l m , a s s u m i n g t h a t t h e o b j e c t ( i . e . t h e f o c u s ) i s on t h e 
c e n t r e a x i s ( z ) d e f i n e d by t h e i n n e r e l e c t r o d e . F o r t h e 
s t r e a k s h o t t h e o b j e c t - i m a g e d i s t a n c e s were m e a s u r e d t o t h e 
s c i n t i l l a t o r . A t t h e s c i n t i l l a t o r ' s s u r f a c e two p a r a l l e l 
w h i t e t h r e a d s w e r e u s e d a s o b j e c t s i n a s e p a r a t e e x p e r i m e n t 
t o d e t e r m i n e t h e m a g n i f i c a t i o n b e t w e e n t h e s c i n t i l l a t o r a n d 
t h e f i l m by m e a s u r i n g t h e r e a l d i s t a n c e b e t w e e n t h e t h r e a d s 
a n d t h a t r e c o r d e d by t h e f i l m . 

18 
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3 . 2 S p a c i a l R e s o l u t i o n 

T h e s p a c i a l r e s o l u t i o n i s l i m i t e d t o 1 mm and i s 
d e t e r m i n e d by t h e p i n h o l e d i a m e t e r a n d o p t i c a l g e o m e t r y . 
The s c i n t i l l a t o r t h i c k n e s s (.15 cm) t h o u g h a f f e c t i n g i m a g e 
f o r m a t i o n d o e s n o t a f f e c t t h e r e s o l u t i o n due t o t h e com
p a r a t i v e l y l a r g e d i s t a n c e (17 cm) b e t w e e n i t and t h e p i n h o l e . 

T h e t i m e d u r a t i o n o f t h e s t r e a k f r o m 50 t o 200 n s e c . 
was d e t e r m i n e d by t h e s e t t i n g o f t h e c o n t r o l s on t h e i m a g e 
c o n v e r t e r u n i t . The l e n g t h o f t h e s t r e a k on t h e f i l m was 
o b t a i n e d by t a k i n g two p i c t u r e s o f t h e two p a r a l l e l w h i t e 
t h r e a d s , one a t t h e b e g i n n i n g a n d one a t t h e m i d d l e o f t h e 
s t r e a k . T h i s c h a n g e i n d i s t a n c e a s r e c o r d e d by t h e p o l a r i o d 
f i l m , and t h e s t r e a k d u r a t i o n , d e t e r m i n e s t h e s t r e a k s p e e d . 

3.3 T e m p o r a l R e s o l u t i o n 

T h e t e m p o r a l r e s o l u t i o n o f t h e s t r e a k p h o t o g r a p h s 
i s l i m i t e d by t h e d e c a y t i m e o f t h e p l a s t i c s c i n t i l l a t o r 
w h i c h i s a p p r o x i m a t e l y 2 n s e c . S i n c e t h e i m a g e i n t e n s i f i e r 
h a s a v e r y l o n g d e c a y t i m e ( o r a f t e r i m a g e ) i t had t o be 
p o s i t i o n e d a f t e r t h e s t r e a k u n i t o r i m a g e c o n v e r t e r i n o r d e r 
t h a t t h e t e m p o r a l r e s o l u t i o n was n o t s a c r i f i c e d . 

3.4 X - r a y P h o t o g r a p h s 

E n l a r g e m e n t s o f t h e r e c o r d e d X - r a y p i c t u r e s w e r e 
t a k e n s u c h t h a t t h e f i n a l e n l a r g e m e n t s o f t h e t i m e i n t e g r a t e d 
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a n d s t r e a k s h o t s h a v e t h e same m a g n i f i c a t i o n ( o r r a t i o o f 
i m a g e t o o b j e c t s i z e ) . 

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

Two s t r e a k p h o t o g r a p h s w i t h t h e i r c o r r e s p o n d i n g 
t i m e i n t e g r a t e d X - r a y p h o t o g r a p h s a r e shown i n F i g . 9. From 
p i c t u r e s a s t h e s e i t was d e t e r m i n e d t h a t a l o n g e m i t t i n g 
X - r a y r e g i o n o f p l a s m a , e x t e n d i n g o v e r d i s t a n c e s o f o r d e r 
o f c e n t i m e t e r s w i t h l i f e t i m e s o f 30-60 n s e c . i s p r o d u c e d 
w h i c h moves a x i a l l y t o w a r d s and away f r o m t h e a n o d e a t 
v e l o c i t i e s b e t w e e n 2 a n d 6 x 1 0 7 c m / s e c . 

T h i s X - r a y b u r s t i s f o l l o w e d 10-30 n s e c . l a t t e r 
by s m a l l i n t e n s e X - r a y e m i t t i n g r e g i o n s e x t e n d i n g o v e r 
d i s t a n c e s < .5 cm w i t h l i f e t i m e s o f 10-30 n s e c ( s e e F i g . 9 b , c ) . 
Some o f t h e s e X - r a y e m i t t i n g r e g i o n s e x h i b i t no n o t i c e a b l e 
a x i a l v e l o c i t y ( s e e F i g u r e 9 f ) . From s p a c i a l c o r r e l a t i o n 
w i t h t h e c o r r e s p o n d i n g t i m e i n t e g r a t e d p h o t o g r a p h s ( s e e 
F i g . 9 a , c ) t h e s e s o u r c e s show up as v e r y s m a l l d a r k d o t s on 
t h e X - r a y f i l m i n c o m p a r i s o n t o t h e s o f t e r a n d d i f f u s e b a c k 
g r o u n d p r o d u c e d f r o m r a d i a t i o n e m i t t e d f r o m an e a r l i e r t i m e . 

T h e d l / d t s i g n a l was d i s p l a y e d on a s c o p e , t h e 
f o c u s b e i n g i n d i c a t e d by a s u d d e n d i p i n t h e d l / d t w a v e f o r m 
( s e e o s c i l l o g r a m F i g u r e 9e - u p p e r t r a c e A ) . T h e s t r e a k 
d u r a t i o n was a l s o m o n i t o r e d a n d a p p e a r s a s a 'gap' i n t h e 
l o w e r t r a c e ( B ) , on t h e o s c i l l o g r a m . The r e a l t i m e o f b o t h 
t r a c e s c o i n c i d e w i t h i n 10 n s e c . o f e a c h o t h e r , e x t r e n o u s 



(Z = a x i a l d i s t a n c e f r o m t h e e l e c t r o d e s ) 

F i g u r e 9. X - r a y p h o t o g r a p h s and an o s c i l l o g r a m o f t h e 
f o c u s i n g e v e n t . 



22 

t i m e d e l a y i n t h e e l e c t r i c a l c a b l e s arid t h e e q u i p m e n t i s 
t a k e n i n t o a c c o u n t when c a l c u l a t i n g t h i s f i g u r e . 

The d i s c h a r g i n g o f t h e c a p a c i t o r s c r e a t e s c o n 
s i d e r a b l e e l e c t r i c a l n o i s e . T h i s n o i s e was e l i m i n a t e d by 
t h e u s e o f f e r r i t e c o r e s on m o s t o f t h e e l e c t r i c a l c a b l e s , 
a n d by t h e u s e o f a l i g h t p i p e f o r d e t e c t i n g t h e p a s s a g e o f 
t h e c u r r e n t s h e a t h . To f u r t h e r m i n i m i z e e l e c t r i c a l i n t e r 
f e r e n c e t h e t r i g g e r d e l a y u n i t , p h o t o m u l t i p i i e r , a n d s c o p e 
w e r e p l a c e d i n a s h i e l d e d room. The room has d o u b l e c o p p e r 
w a l l s and t h e e l e c t r i c a l power t o t h i s room was f i l t e r e d 
b e f o r e a n d a f t e r e n t e r i n g i t . 



C h a p t e r 4 

DISCUSSION OF RESULTS 

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

The t i m e i n t e g r a t e d p h o t o g r a p h s t a k e n a r e s i m i l a r 
t o t h o s e o b t a i n e d by M a t h e r [ 1 0 ] , P e a c o c k [ 1 1 ] , a n d B o s t i c k 
[ 1 3 ] . 

P e a c o c k [ 1 2 ] has o b s e r v e d t h a t t h e s u s t a i n m e n t 
t i m e o f t h e p i n c h e d p l a s m a i s n o t more t h a n 50 n s e c . a n d 
c o r r e s p o n d s d i r e c t l y t o t h e d u r a t i o n o f t h e i n i t i a l b u r s t 
o f t h e r m a l X - r a y s . He a l s o f o u n d t h a t t h e l o c a l b r e a k - u p 
o f t h e p i n c h i s o f t e n due t o m = 0 i n s t a b i l i t i e s , a n d t h a t 
t h e t i m e b e t w e e n f o r m a t i o n o f t h e d e n s e p i n c h a n d i t s b r e a k - u p 
i s n o t g r e a t e r t h a n 100 n s e c . T h e s e o b s e r v a t i o n s c o r r e s p o n d 
w e l l t o t h e m e a s u r e d l i f e t i m e s o f t h e h e a t e d ( X - r a y e m i t t i n g ) 
p l a s m a a s r e c o r d e d by s t r e a k p h o t o g r a p h y i n t h i s e x p e r i m e n t . 

P e a c o c k [ 1 4 ] has f u r t h e r o b s e r v e d t h a t t h e q u a s i -
c y l i n d i r c a l c o m p r e s s i o n p r o d u c e s a ' f o u n t a i n ' o f a h o t a n d 
d e n s e p l a s m a w h i c h t r a v e l s a x i a l l y away f r o m t h e e l e c t r o d e s 
w i t h a v e l o c i t y o f a p p r o x i m a t e l y 1 0 7 c m / s e c , w h i c h a g r e e s 
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with the measured observed r a d i a l v e l o c i t i e s of 2-6 x 10 7 

cm/sec. 

Bostick [13] observes that the duration of the X-ray 
emission from small i n d i v i d u a l intense sources i s only 10 
to 30 nsec. This agrees with observations i n t h i s epxeriment. 
But he i n c o r r e c t l y assumes that these small intense sources 
are t r i g g e r e d i n sequence along the a x i a l r e g i o n . As i s 
seen from the streak photograph ' f in F i g . 4, t h i s i s 
c l e a r l y not always the case. B o s t i c k s t a t e s that 10 7 cm/sec. 
i s the order of magnitude of the v e l o c i t y of the plasma 
ejected from the a x i a l r e g i o n , which i s in agreement with 
the,values measured by Peacock and i n t h i s experiment. 

From a time sequence of shadowgraphs Peacock 
observes that the dense pinch breaks up due to a m = 0 
i n s t a b i l i t y and that the time i n t e r v a l between formation of 
the dense pinch and onset of the i n s t a b i l i t y , the sustainment 
time, i s of the order of 10 nsec. He measures f u r t h e r , that 
the wavelength of the i n s t a b i l i t y , the d i s t a n c e between 
c o n s t r i c t i o n s , i s ' o f the order of h a l f a centimeter. From 
time resolved X-ray photographs of the plasma i n v e s t i g a t e d 
here (see F i g . 4) one measures time i n t e r v a l s between the 
appearance of the X-ray emission, spreading over the whole 
pinch channel, and the appearance of the i s o l a t e d p o i n t - l i k e 
X-ray sources to be of the order of 10 n s e c , which corresponds 
to Peacock's substainment time. The distance between the 
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i s o l a t e d X - r a y s o u r c e s i s on t h e a v e r a g e h a l f a c e n t i m e r 
w h i c h c o r r e s p o n d s t o t h e w a v e l e n g t h o f t h e m = 0 i n s t a b i l i t y 
a s o b s e r v e d by P e a c o c k . T h e s e c o r r e l a t i o n s s t r o n g l y s u g g e s t 
t h a t t h e a p p e a r a n c e o f t h e i s o l a t e d X - r a y s o u r c e s i s a s s o 
c i a t e d w i t h t h e i n s t a b i l i t y . 

The f e a t u r e s o f t h e f o c u s o b s e r v e d h e r e a n d by 
P e a c o c k s u g g e s t t h a t t h e f o l l o w i n g s e q u e n c e s o f p h y s i c a l 
e v e n t s t a k e s p l a c e . T h e s e e v e n t s a r e d e s c r i b e i n f i v e 
s t a g e s . 

T h e f i r s t s t a g e i s t h e c o l l a p s e o f t h e c u r r e n t 
s h e a t h o f t h e e n d o f t h e e l e c t r o d e s , t h e B e f i e l d c o m p r e s s 
i n g t h e g a s m i x u t r e r a p i d l y i n w a r d . The s e c o n d s t a g e s t a r t s 
by t h e p l a s m a b e i n g p i n c h e d , a n d a s a r e s u l t t h e p l a s m a 
o b t a i n s an a x i a l m o t i o n w i t h v e l o c i t i e s o f t h e o d e r o f 1 0 7 

c m / s e c . I n t h e t h i r d s t a g e t h e p l a s m a c o o l s by e x p a n s i o n 
a n d by r a d i a t i v e l o s s e s . S t a g e f o u r s t a r t s when t h e i n s t a b i l 
i t i e s , p a r t i c u l a r l y t h e m = 0 s a u s a g e i n s t a b i l i t y f o r m s , 
w i t h g r o w t h r a t e s o f t h e o r d e r o f 10 n s e c , a t i m e w h i c h i s 
c o n s i s t e n t w i t h t h e o b s e r v e d t i m e s b e t w e e n t h e d e c a y o f t h e 
d i f f u s e p l a s m a a n d t h e c r e a t i o n o f " h o t " s p o t s . As a r e s u l t 
t h e p l a s m a i s h e a t e d by l o c a l i z e d f i e l d s a n d X - r a y e m i s s i o n 
o c c u r s a g a i n . S i n c e t h e p i n c h f o r c e o r t h e m a g n e t i c B 0 

f i e l d i s s y m m e t r i c and p e r p e n d i c u l a r t o t h e r e g i o n o f p i n c h 
i n g , t h e p l a s m a e x p a n d s e q u a l l y away a n d t o w a r d s t h e e l e c t r o d e 
( w i t h a p p r o x i m a t e l y t h e same a x i a l v e l c o i t y ) d u r i n g i t s v e r y 
s h o r t l i f e t i m e , a n d t h u s l o o k s l i k e an a b l o n g ' d o t ' on t h e 
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s t r e a k p h o t o g r a p h . In s t a g e f i v e t h e " h o t " s p o t i n s t a g e 
f o u r c o n t i n u e s t o e x p a n d w h i l e a t t h e same t i m e r a p i d l y 
c o o l i n g a n d e m i t t i n g l i t t l e o r no X - r a y s . 

T h i s s e q u e n c e w o u l d e x p l a i n t h e o b s e r v a t i o n s d u r i n g 
t h e f o r m a t i o n a n d b r e a k u p o f t h e d e n s e f o c u s s t a g e as 
o b s e r v e d i n t h i s a n d o t h e r e x p e r i m e n t s . The f o l l o w i n g ( F i g . 
10) i s a p i c t o r i a l summary o f t h e p r o p o s e d p r o c e s s . 
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Stage 1 

Stage 2 

Stage 3 

X-rays 

Stage 4 

Stage 5 

Stage 1 : gas i s pinched by B & f i e l d 

Stage 2 : plasma i s pinched, X-ray emission occurs 

Stage 3 : plasma i s c o o l i n g by expansion and r a d i a t i v e l o s s e s 

Stage 4 : m=0 i n s t a b i l i t y forms, X-ray emission occurs 

Stage 5 : Plasma expanding and c o o l i n g 

F i g u r e 10. S c h e m a t i c f o r 
o f e v e n t s . p r o p o s e d s e q u e n c e 



C h a p t e r 5 

CONCLUSIONS 

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

A d i f f u s e X - r a y e m i t t i n g p l a s m a , e x t e n d i n g s e v e r a l 
c e n t i m e t e r s i n t h e a x i a l d i r e c t i o n , h a v i n g v e l o c i t i e s o f 
2-6 x 1 0 7 c m / s e c . and l i f e t i m e s o f 30-60 n s e c . has b e e n 
o b s e r v e d . T h i s i s f o l l o w e d 10-30 n s e c . l a t e r by s m a l l i n t e n s e 
X - r a y s o u r c e s w h i c h h a v e l i t t l e o r no a x i a l v e l o c i t y , a n d 
l i f e t i m e s o f t h e o r d e r o f 10 n s e c . 

The d i s t a n c e b e t w e e n t h e s e s h o r t - l i v e d s m a l l X - r a y 
e m i t t i n g r e g i o n s c o r r e l a t e d t o o b s e r v a t i o n s made by P e a c o c k 
s t r o n g l y s u g g e s t t h a t t h e s e X - r a y s o u r c e s a r e a s s o c i a t e d 
w i t h t h e m = 0 i n s t a b i l i t y . 

A p o s s i b l e model f o r e x p l a i n i n g t h e s e q u e n c e o f 
X - r a y e v e n t s h a s b e e n p r o p o s e d w h i c h i s c o n s i s t e n t w i t h t h e 
o b s e r v a t i o n s a n d m e a s u r e m e n t s o b t a i n e d by P e a c o c k and 
M a t h e r . 
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