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A Mach-Zehnder interferogram of a  Plasm a Focus d ischarge  near maximum com press ion  
( M e -5 x 1 0 ^ ^ c m " \  Tg-ZkeV, exposure  t ime = 1 .2x10'®s)

The Interferometer Is se t  up to produce a se r ie s  of horizontal l ines;  on Introducing a p lasm a th e s e  l in e s  
or ' f r i n g e s '  are d isp laced  producing a contour map'.  The Implosion of a current carrying skin  produces a 
conical  p lasma; A A show s a region of low com press ion  and the  cone narrows to BB, a region of high com
press ion  ( I .e .  high density) .  A s e r ie s  of In s ta b i l i t ie s  can  be seen  breaking out from the main core.
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A B S T R A C T

A s tu d y  o f  a Plasma F ocus  d e v ic e  by  o p t i c a l  d i a g n o s t i c  t e c h n iq u e s  

b a s e d  on p lasm a r e f r a c t i v i t y  i s  r e p o r te d .  The d e v i c e  p ro d u ces  a t  th e  

a x i s  o f  symmetry o f  i t s  c o a x i a l  e l e c t r o d e s  a t r a n s i e n t  d en se  plasm a f i l a 

m ent, o f  d e n s i t y  ^ e l e c t r o n s  cm"^ and e l e c t r o n  tem p eratu re  ~ 2 . 5 k e V ,

b y  a f o c u s i n g  mechanism.

A r e v ie w  o f  e a r l i e r  ex p e r im e n ta l  and t h e o r e t i c a l  s t u d i e s  o f  th e  

Plasm a F ocu s  p e r m it s  a d e t a i l e d  d e s c r i p t i o n  o f  th e  fo u r  p r i n c i p a l  p h a se s  

o f  t h e  d i s c h a r g e .

The p r i n c i p l e s  o f  showdowgraphy, s ç h l i e r e n  p h otograp hy  and i n t e r -  

fe r o m e tr y  and t h e i r  a p p l i c a t i o n  to  p lasm a d i a g n o s t i c s  are  d i s c u s s e d  in  

d e t a i l .  I t  i s  shown t h a t  i n  th e  p r e s e n t  s tu d y  th e  plasm a r e f r a c t i v i t y  

i s  m a in ly  due to  f r e e  e l e c t r o n s .

The Plasma F ocu s  u sed  in  th e  s tu d y  i s  d e s c r ib e d  and th e  ex p er im en ta l  

d e t a i l s  o f  u s in g  th e  d i a g n o s t i c  t e c h n iq u e s  are  d i s c u s s e d ,  A s h u t t e r  has  

b e e n  d e v e lo p e d  to  produce  a p u l s e  o f  d u r a t io n  one n anosecond  from a 

Q -s w itc h e d  ruby l a s e r  and i s  u sed  to  o b t a in  good tem poral r e s o l u t i o n  o f  

t h e  t r a n s i e n t  p lasm a.

The r e f r a c t i v i t y  s t u d i e s  l e a d  t o  a d e t a i l e d  u n d e r s ta n d in g  o f  th e  

Plasm a F o c u s ,  I n t e r f e r o m e t r y  p r o v id e s  th e  t im e  dependence o f  th e  plasm a  

e l e c t r o n - d e n s i t y  p r o f i l e ,  p e r m it t i n g  c a l c u l a t i o n  o f  th e  t im e -d e p e n d e n t  

p lasm a l i n e - d e n s i t y  and th e  f o c u s in g  e f f i c i e n c y .  M u l t ip le - e x p o  sure  

shadowgrams l e a d  to  v a l u e s  o f  th e  v e l o c i t y  and a c c e l e r a t i o n  o f  t h e  p lasm a  

b o u n d a ry ,  t h e  d e n s e - f i l a m e n t  l i f e t i m e  and t h e  gro^vth r a t e s  o f  p lasm a i n s t a 

b i l i t i e s ,  An io n  tem p era tu re  i s  deduced from th e  damping o f  a c c e l e r a t i o n -  

d r i v e n  i n s t a b i l i t i e s .

The s i g n i f i c a n c e  o f  t h e  r e s u l t s  from t h e s e  o r i g i n a l  s t u d i e s  i s  

d i s c u s s e d .  They a re  compared w ith  th e  r e s u l t s  from o th e r  measurements  

on  t h e  Plasma F ocu s  and w i th  th e  r e s u l t s  o f  a n u m erica l  f l u i d  cod e .

The l i m i t a t i o n s  o f  th e  o p t i c a l  t e c h n iq u e s  u sed  a re  c o n s id e r e d  and 

im provem ents  are  s u g g e s t e d .  F u tu re  s t u d i e s  o f  t h e  Plasma F ocu s  b a sed  

on  t h e s e  improved t e c h n iq u e s  a re  p ro p o sed .
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C H A P T E R  I

I  N T R O D U C T I O N

A s tu d y  o f  th e  e l e c t r i c a l  d i s c h a r g e  in  a Plasma F o cu s ,  b y  o p t i c a l  

d i a g n o s t i c  t e c h n iq u e s  b ased  on plasm a r e f r a c t i v i t y ,  v i z .  shadowgraphy,  

s c h l i e r e n  p h otograp hy  and i n t e r f e r o m e t r y ,  i s  r e p o r te d  i n  t h i s  t h e s i s .

The Plasma F ocus c o n s i s t s  o f  two c o a x i a l  e l e c t r o d e s ,  se p a r a te d  a t  

one end by  an i n s u l a t o r ,  in  an atm osphere o f  d eu ter iu m  a t  a few t o r r  

p r e s s u r e ,  A h ig h - c u r r e n t  e l e c t r i c a l  d i s c h a r g e  b e tw een  th e  e l e c t r o d e s  

p r o d u c e s  a t r a n s i e n t  d en se  plasm a f i l a m e n t  a lo n g  t h e i r  a x i s  o f  symmetry, 

a t  t h e  c l o s e d  i n n e r - e l e c t r o d e  end w hich i s  rem ote from th e  i n s u l a t o r .

T h i s  f i l a m e n t  i s  th e  r e s u l t  o f  an a x isy m m e tr ic  q u a s i - c y l i n d r i c a l  p in c h  

d r iv e n  by t h e  i n t e r a c t i o n  o f  t h e  a x i a l  c u r r e n t  th rough  th e  plasm a w ith  

th e  a z im u th a l  m a g n et ic  f i e l d  induced  by t h i s  c u r r e n t .

Of a l l  l a b o r a t o r y  p la sm a s  produced b y  ra p id  m a g n et ic  co m p ress io n ,  

t h e  Plasma F ocu s  d en se  p in c h  h as  one o f  th e  h i g h e s t  e n e r g y - d e n s i t i e s .

I n  a d d i t i o n ,  th e  plasm a e m it s  f l u x e s  o f  th erm al X -r a y s  and n e u tr o n s  w hich  

a r e  o n ly  ex ceed ed  in  i n t e n s i t y  in  a n u c le a r  e x p l o s i o n .  For a t y p i c a l  

Plasm a F ocu s  o f  medium power, t a k in g  th e  p a ra m eters  o f  t h e  plasm a a t  

maximum com press ion ; w i th  a d e n s i t y  g r e a t e r  th an  10^^ e l e c t r o n s  cmT^ 

and an e l e c t r o n  tem p era tu re  o f  about 2 ,5 k e V ,  t h e  en erg y  d e n s i t y  o f  th e  

f u l l y - i o n i z e d  plasm a i s  g r e a t e r  th an  4 k J  cm"^ and i t s  k i n e t i c  p r e s s u r e  i s  

a t  l e a s t  4 X 1 0 ^  a tm o sp h ere s .  However, t h i s  i s  a c h ie v e d  a t  t h e  ex p en se  o f  

p r o d u c in g  a sm a ll  volume o f  p lasm a, about 10“  ̂ cm^, f o r  a sh o r t  t im e ,

' a b o u t  5X10~® s e c .  The r a t e  o f  n u c le a r  f u s i o n  r e a c t i o n s  betw een  th e  

d e u te r o n s  i s  a t  l e a s t  10^^ s e c “ ^.

The r e f r a c t i v i t y  o f  a h i g h l y - i o n i z e d  plasm a i s  p r i m a r i l y  d eterm in ed  

b y  i t s  e l e c t r o n  d e n s i t y .  By m easuring t h e  r e f r a c t i v e  in d e x  o f  such a 

p la sm a , th e  e l e c t r o n  d e n s i t y  can be o b ta in e d .  O p t ic a l  measurements o f

-  8 -



plasm a r e f r a c t i v i t y  c o n s i s t  o f  p r o p a g a t in g  a l i g h t  wave th rou gh  th e  p lasm a,  

and dete iT iiin ing  th e  r e s u l t a n t  p h a se  ch an ges  in  th e  w a v e fr o n t .  I n t e r f  er o 

m etry  m easures  th e  plasm a r e f r a c t i v e  in d ex  d i r e c t l y ,  w h i le  th e  s c h l i e r e n  

and shadowgraph t e c h n iq u e s  measure th e  r e f r a c t i v e  in d e x  g r a d ie n t  and th e  

second  d e r i v a t i v e  o f  r e f r a c t i v e  in d e x ,  r e s p e c t i v e l y .  These t e c h n iq u e s  

a re  ca p a b le  o f  h ig h  s p a t i a l  r e s o l u t i o n  b e c a u s e  o f  th e  sm all  s i z e  o f  o p t i 

c a l  w a v e le n g t h s ,  w h i l e ,  i n  t h e  s tu d y  o f  a t r a n s i e n t  p lasm a , h ig h  tem poral

r e s o l u t i o n  i s  a c h ie v a b le  by u s in g  a l i g h t  p u l s e  o f  s u f f i c i e n t l y  s h o r t  

d u r a t i o n .

When th e  o p t i c a l  s t u d i e s  r e p o r te d  were begun i n  mid 1968, th e  

k now ledge  co n c e r n in g  th e  Plasma F ocu s  d i s c h a r g e ,  p a r t i c u l a r l y  th e  t r a n s i e n t  

d en se  p in c h ,  was s u p e r f i c i a l  o n ly .  T h is  was m a in ly  b e c a u se  th e  d i a g n o s t i c  

t e c h n i q u e s  a v a i l a b l e  a t  t h a t  t im e ,  due to  i n s u f f i c i e n t  developm ent o r  la c k  

o f  f u l l  e x p l o i t a t i o n ,  d id  n o t  p e r m it  m easurem ents o f  s u f f i c i e n t l y  h ig h  

s p a t i a l  o r  tem p ora l  r e s o l u t i o n .  C o n seq u e n t ly ,  i t  was d e c id e d  t h a t ,  b y  

d e v e lo p in g  a l a s e r  l i g h t  so u rce  ca p a b le  o f  h ig h  tem poral r e s o l u t i o n ,  th e  

h ig h  p o t e n t i a l  o f  th e  above o p t i c a l  t e c h n iq u e s  co u ld  be e x p l o i t e d  f u l l y  in  

a s tu d y  o f  th e  Plasma F o cu s ,  to  g i v e  a b e t t e r  u n d e r s ta n d in g  o f  th e  d i s 

ch a r g e .

The t h e s i s  i s  s e t  o u t  a s  f o l l o w s  ;

In  Chapter I I ,  a d e t a i l e d  a cc o u n t  o f  th e  Plasma F ocus d e v ic e  and

i t s  modus o p era n d i  a r e  p r e s e n t e d .  The two b a s i c  t y p e s  o f  th e  d e v ic e  are  

in t r o d u c e d ,  and a b r i e f  a cco u n t  i s  g iv e n  o f  t h e i r  developm ent from i n v e s 

t i g a t i o n s  in t o  m e t a l - w a l l e d  z - p i n c h e s  and c o a x i a l  p lasm a g u n s .  From a 

\  r e v ie w  o f  t h e  numerous p u b l i c a t i o n s  on th e  Plasma F ocu s  o v er  t h e  p a s t  

d e c a d e ,  d e t a i l e d  d e s c r i p t i o n s  o f  th e  v a r i o u s  p h a s e s  o f  th e  d is c h a r g e  are  

g i v e n ,  v i z ,  th e  ’ru n -d ow n',  ’c o l l a p s e ’ , ’d e n s e - p i n c h ' and ’d i f f u s e - p i n c h ’ 

p h a s e s .  An a cco u n t  i s  a l s o  g iv e n  o f  th e  p o s s i b l e  mechanisms r e s p o n s i b l e  

f o r  n e u tr o n  p r o d u c t io n ,
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Chapter I I I  i s  co n cern ed  w ith  d i a g n o s t i c  t e c h n iq u e s  b a sed  on p lasm a  

o p t i c a l  r e f r a c t i v i t y .  The o p t i c a l  r e f r a c t i v i t y  o f  a plasm a i s  c o n s id e r e d ,  

and i t  i s  shown t h a t  in  th e  p r e s e n t  s t u d i e s  t h e  r e f r a c t i v e  in d ex  i s  d e t e r 

mined by  th e  d e n s i t y  o f  th e  f r e e  e l e c t r o n s .  The p r i n c i p l e s  o f  shadow

g rap h y , s c h l i e r e n  p h o to g ra p h y  and i n t e r f e r o m e t r y  are  d i s c u s s e d  in  d e t a i l ,  

w ith  p a r t i c u l a r  em phasis  on t h e i r  a p p l i c a t i o n s  i n  p lasm a d i a g n o s t i c s .  

F i n a l l y ,  th e  p r o p e r t i e s  o f  a Q -sw itch ed  ruby l a s e r  a re  c o n s id e r e d ,  and i t  

i s  d em o n stra ted  t h a t  such a l a s e r  makes an i d e a l  l i g h t  so u rce  fo r  u s e  w ith  

t h e s e  o p t i c a l  t e c h n iq u e s .

H aving th u s  p rep ared  th e  background, in  th e  fo u r th  c h a p ter  th e  e x p e r i 

m enta l  a p p a r a tu s ,  th e  d evelopm ent work and t h e  ex p er im en ta l  d e t a i l s  o f  th e  

o p t i c a l  t e c h n iq u e s  are  d e s c r ib e d .  The m ech a n ica l  c o n s t r u c t i o n ,  vacuum 

s y s te m , c a p a c i t o r  bank, d i s c h a r g e  c i r c u i t ,  c o n t r o l  and m o n ito r in g  sy s tem s ,  

and o p e r a t io n  o f  th e  Plasma F ocu s  u sed  are  d e s c r ib e d .  An a cco u n t  i s  g iv e n  

o f  t h e  d evelop m en t o f  a s u i t a b l e  l a s e r  l i g h t  s o u r c e ,  c u lm in a t in g  in  a 

s h u t t e r  w hich  produced  a p u l s e  o f  about one nanosecond d u r a t io n  from a 

Q -sw itch ed  ruby l a s e r .  L a s t l y ,  ex p e r im e n ta l  d e t a i l s  are  g iv e n  o f  th e  

o p t i c a l  t e c h n iq u e s  u sed  t o  s tu d y  th e  Plasma F o cu s ,

In  th e  f i f t h  c h a p te r ,  th e  p h o to g r a p h ic  r e c o r d s  o b ta in e d  from s t u d i e s  

o f  t h e  Plasma F ocus u s in g  s c h l i e r e n  p h o to g ra p h y ,  in t e r f e r o m e t r y  and shadow

graphy a r e  p r e s e n t e d .

C hapter VI c o n t a in s  a d e t a i l e d  a cco u n t  o f  th e  a n a l y s i s  and i n t e r 

p r e t a t i o n  o f  th e  r e c o r d s  o b ta in e d  from th e  o p t i c a l  s t u d i e s .  The s i g n i 

f i c a n c e  o f  th e  r e s u l t s  i s  d i s c u s s e d ,  and t h e y  are  compared w ith  t h o s e  

from o t h e r  s t u d i e s  o f  th e  Plasma F o cu s .

I n  th e  c o n c lu d in g  c h a p te r .  Chapter V I I ,  t h e  advance i n  know ledge  

c o n c e r n in g  t h e  Plasma F o cu s ,  due to  th e  o p t i c a l  s t u d i e s ,  i s  d i s c u s s e d .

The l i m i t a t i o n s  i n  th e  ex p er im en ta l  methods are  c o n s id e r e d  and s u g g e s t i o n s
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fo r  improvement are  made. T h is  l e a d s  t o  p r o p o s a l s  fo r  fu tu r e  s t u d i e s  o f  

th e  Plasma F o c u s ,  b a sed  on th e  improved o p t i c a l  t e c h n iq u e s .  F i n a l l y ,  

th e  c o n c l u s i o n s  from th e  o p t i c a l  s t u d i e s  r e p o r te d  are  summarised.

The CG S ( e , s , u , )  sy stem  i s  u sed  th ro u g h o u t ,  u n l e s s  i t  i s  o th e r w is e  

s t a t e d .  The n o t a t i o n  u sed  i s  g iv e n  in  Appendix 1,
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C H A P T E R  I I

THE PLASMA FOCUS

2.1  INTRODUCTION

F i l i p p o v  e t  a l  ( l 9 6 2 )  and Mather ( l 9 6 4 )  each d ev e lo p ed  in d e p e n d e n t ly  

a c o a x i a l - e l e c t r o d e  d e v ic e  i n  w h ich , on d i s c h a r g in g  a h ig h -e n e r g y  c a p a c i to r  

bank th rou gh  th e  e l e c t r o d e s ,  a t r a n s i e n t  d en se  p lasm a f i l a m e n t  was produced .  

T hese d e v i c e s  were th e  fo r e r u n n e r s  o f  th e  two b a s i c  t y p e s  o f  Plasma F o cu s ,  

one o r  o th e r  o f  w hich  i s  c u r r e n t l y  in  o p e r a t io n  i n  a p p r o x im a te ly  tw en ty  

l a b o r a t o r i e s  i n  n in e  c o u n t r i e s .

The c a p a c i t o r  bank o f  a .P lasm a F ocus t y p i c a l l y  s t o r e s  e n e r g ie s  o f  

4 -5 0 0  kJ a t  1 0 -4 0  kV and, on d i s c h a r g e ,  p ro d u c es  peak c u r r e n ts  o f  0 , 1 - 5 , 0 MA 

i n  1 - 3 p-sec , When a Plasma F ocu s  i s  o p e r a te d  w ith  a f i l l i n g  o f  d eu ter iu m  

a t  a few t o r r  p r e s s u r e ,  th e  p lasm a produced  em its  an i n t e n s e  f l u x  o f  neu

t r o n s  from th e  D-D r e a c t i o n  in  a d d i t i o n  to  s o f t  X -r a y s ,  The c h a r a c t e r i s 

t i c s  o f  th e  d is c h a r g e  a re  dependent on th e  geom etry  o f  th e  Plasma F ocus

and on th e  o p e r a t in g  c o n d i t i o n s .  In  g e n e r a l ,  th e  p a ra m eters  o f  th e  d en se

18
p in c h  l i e  in  th e  f o l l o w i n g  r a n g e s :  peak e l e c t r o n  and io n  d e n s i t y  5 X 10 -

20 _ -2
2 X 10 cm , peak e l e c t r o n  and io n  tem p era tu re  0 , 2 5 - 4 , OkeV , l i f e t i m e  

3 0 -1 0 0  n s e c  and r a d iu s  0 , 0 5 - 0 , 2  cm . The n eu tro n  y i e l d  p er  d is c h a r g e  i s  in  

t h e  ran ge  1 0 ® - 2 X 1 0 ^ ^ ,

In  th e  F i l i p p o v  Plasma F o cu s ,  shoivn i n  F i g ,  2 , 1 , 1 ,  th e  l i d ,  s i d e  w a l l  

and r in g - s h a p e d  b a s e  o f  t h e  chamber ( l )  form th e  ca th o d e ,  w hich  i s  a t  ea r th  

p o t e n t i a l .  The h ig h  v o l t a g e  i s  a p p l ie d  to  th e  in n e r  e l e c t r o d e  ( 2 ) ,  w h ich  

i s  s e p a r a te d  e l e c t r i c a l l y  from th e  cathod e by  a p o r c e l a i n  i n s u l a t o r  ( 3 ) ,

An a z im u th a l  s e t  o f  r a d i a l  p in s  ( 4 ) ,  which are  rem ovab le ,  are, o c c a s i o n a l l y  

u s e d  t o  p re d e te r m in e  th e  f i la m e n t a r y  p a t t e r n  o f  th e  c u r r e n t  s h e e t  a t  th e  

i n i t i a l  breakdown. I tem  5 r e p r e s e n t s  th e  c a p a c i t o r  bank and s w itc h in g  

spark g a p s .  The chamber d ia m ete r  i s  70 cm , t h a t  o f  th e  anode i s  48 cm ,
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F i g . 2 . 1 . 1  ■
The F i l i p p o v  Plasma F ocus

th e  h e i g h t  o f  th e  i n s u l a t o r  i s  12cm  and t h e  a x i a l  s e p a r a t io n  o f  anode and 

ca thod e i s  8 cm.

The Mather Plasma F o cu s ,  s h o w  in  F i g .  2 . 1 . 2 ,  c o n s i s t s  o f  an o u te r  

cathod e which i s  grounded and a c e n tr e  e l e c t r o d e  to  which th e  h ig h  v o l t a g e  

i s  a p p l i e d .  One end o f  th e  c o a x ia l  gun i s  c l o s e d  b y  a f l a t  p y rex  i n s u l a 

t o r ,  to  w hich  a s l e e v e  c o v e r in g  th e  f i r s t  5 cm o f  anode i s  fu s e d ,  w h i le  th e  

open end o f  t h e  gun p r o j e c t s  i n t o  a vacuum chamber, A p y rex  tu b e  j a c k e t s  th e  

o u t e r  e l e c t r o d e ,  form ing a vacuum s e a l  b etw een  th e  gun assem b ly  and vacuum 

chairiber. The ca thod e i s  p e r f o r a t e d  by a r e g u la r  a r r a y  o f  h o l e s ,  which  

improve th e  perform ance  o f  th e  Plasma F o c u s .  The cathode d ia m eter  i s  

10 cm , t h a t  o f  th e  anode i s  5 cm and th e  o v e r a l l  l e n g t h  o f  th e  gun i s  

' 25cm . A lso  shown in  th e  f i g u r e  are  a c u r r e n t  and v o l t a g e  t r a c e  fo r  th e

i n i t i a l  c o n d i t i o n s  C= 94|JF , V = 3 2 . 5 k V  and p^ = 3 , 0 t o r r  Dg. The plasma  

p o s i t i o n  a t  v a r i o u s  t im e s  i s  i n d i c a t e d .

The main d i f f e r e n c e  betw een  th e  two t y p e s  o f  Plasma Focus i s  in  th e  

r e l a t i v e  e l e c t r o d e  s i z e s .  A ls o ,  in  th e  Mather d e v i c e  th e  gun end remote
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from th e  i n s a l a t o r  i s  open, w h i le  in  th e  F i l i p p o v  d e v ic e  t h e  co rresp o n d 

in g  end i s  c l o s e d  by th e  o u te r  e l e c t r o d e .

2. 2 EARLY EXPERIMENTS LEADING TO THE 
DEVELQI^IENT OF THE PLASM.! FOCUS

2 . 2 . 1  The F i l i p p o v  D e v ic e

A ndrianov e t  a l  ( i 9 6 0 )  s tu d ie d  l i n e a r  d i s c h a r g e s  in  i n s u l a t e d - w a l l

t w o - e l e c t r o d e  chambers a t  e n e r g ie s  up to  500 kJ . I t  was found t h a t  plasm a

e n e r g i e s  a t  th e  ceram ic  w a l l  e x c e e d in g  1 0 J  cm“  ̂ ev a p o ra ted  s u f f i c i e n t

m a t e r ia l  to  co n ta m in a te  th e  d i s c h a r g e .  P e tr o v  e t  a l  ( i 9 6 0 )  reduced  t h i s

e f f e c t  by in t r o d u c in g  a copper w a l l ,  b ut found t h a t  th e  c h a r a c te r  o f  th e

d i s c h a r g e  was g r e a t l y  changed.

The l a t t e r  d i s c h a r g e ,  i n s t e a d  o f  i n i t i a t i n g  b etw een  th e  e l e c t r o d e s  

th e n  c o n t r a c t i n g  r a d i a l l y ,  formed b etw een  th e  e l e c t r o d e s  and w a l l ,  and 

had a sym m etr ica l  r o s e t t e - l i k e  shape a t  th e  anode. The r o s e t t e - s h a p e d  

c u r r e n t  s h e e t  c o n tr a c te d  in t o  a narrow column, s t a r t i n g  a t  th e  anode and 

p r o p a g a t in g  g r a d u a l ly  a lo n g  th e  chamber a x i s .  Only t h e  g a s  volume in  an 

a x i a l  r e g io n  a d ja c e n t  to  th e  anode was e n tr a in e d  d ur in g  th e  co m p ress io n ,  

u n l i k e  th e  former d is c h a r g e  where th e  b u lk  o f  t h e  g a s  i n  th e  chamber was 

co m pressed . U s in g  th e  c o p p e r -w a l le d  chamber, an in c r e a s e  in  n eu tro n  y i e l d  

b y  a f a c t o r  o f  ~ 100, up to  5 X 10^ p er  d i s c h a r g e ,  was o b ta in e d .  F u r th e r 

more, th e  d u r a t io n  o f  th e  n eu tro n  p u l s e  was reduced  from ~3l-Lsec , th e  

l i f e t i m e  o f  th e  p in c h  in  th e  c e r a m ic - w a l le d  chamber, t o  ~ 0 .3 lJ . s e c  .

These o b s e r v a t io n s  s t im u la te d  a d e t a i l e d  i n v e s t i g a t i o n  in t o  d i s 

c h a r g e s  in  m e t a l - w a l l e d  chambers. F i l i p p o v  e t  a l  ( l 9 6 2 )  r e p o r te d  th e  

r e s u l t s  o b ta in e d  from th e  f i r s t  Plasma F ocus -  a l th o u g h  t h i s  term  was n o t  

a p p l i e d  t o  th e  d e v ic e  u n t i l  l a t e r .  The Plasma Focus was s i m i l a r  t o  th e  

F i l i p p o v  d e v i c e  d e s c r ib e d  i n  s e c t i o n  2 .1 ,  a l th o u g h  s m a l le r  b y  a f a c t o r  o f  

~ 2 ,  The c a p a c i t o r s  s to r e d  2 0 kJ o f  en erg y  a t  3 2 kV and th e  d e v ic e  

o p e r a te d  w ith  an i n i t i a l  f i l l i n g  o f  1 t o r r  o f  Dg. S e v e r a l  d i a g n o s t i c
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t e c h n iq u e s  were employed to  measure; th e  p lasm a tem p era tu re  and d e n s i t y ,  

th e  spectrum  o f  p r o to n s  from D-D r e a c t i o n s ,  and th e  g r o s s  dynamics and 

d im en s io n s  o f  th e  p lasm a. The m easurem ents showed t h a t  a t r a n s i e n t  

d en se  h ig h - te m p e r a tu r e  p in c h  was p rod u ced , w i th  th e  f o l lo w in g  p ara

m eter s:  e l e c t r o n  d e n s i t y  0 . 7 - 1 . 2  X 10^^ cm“ ^ ,  e l e c t r o n  tem p eratu re

0 .8  -  1 , 2  keV , n eu tro n  p u l s e  d u r a t io n  ^ 0 .  25 |dsec , r a d iu s  ~  0 .1 5  cm and 

volum e ~  3 X 10~^ cm^ .

2 . 2 . 2  The Mather D e v ic e

Plasma a c c e l e r a t o r s  were i n v e s t i g a t e d  in  th e  l a t e  1 9 5 0 ' s  a s  a means 

o f  i n j e c t i n g  p lasm a in t o  m a g n et ic  t r a p s .  M a r sh a l l  ( i 9 6 0 )  d ev e lo p ed  a 

c o a x ia l  gun, w i th  p u l s e d  g a s  o p e r a t io n ,  which  a c h ie v e d  plasma v e l o c i t i e s  

o f  ~ 1 0 ^ c m s e c ” ^. Mather (1964) s tu d ie d  th e  plasm a e j e c t e d  in t o  a vacuum 

by such a c o a x i a l  gun, w i th  s t o r e d  en erg y  5 k J  a t  1 5 kV , and found two 

d i s t i n c t  modes o f  o p e r a t io n .

In  th e  f i r s t  mode, a d e la y  o f  ~  140 jJ.sec was u sed  b etw een  a d m it t in g  

th e  d eu ter iu m  g a s ,  v i a  c h a n n e ls  d r i l l e d  n ea r  th e  m uzzle end o f  th e  in n e r  

e l e c t r o d e  ( th e  a n o d e ) ,  and d is c h a r g in g  th e  c a p a c i t o r s .  The ga s  was l o c a 

l i s e d  in  t h e  r e g io n  o f  th e  ch a n n e ls  a t  e l e c t r i c a l  breakdown, w hich o cc u r red  

t h e r e .  F a s t  d eu ter iu m  io n s  were e j e c t e d  from th e  gun w i th  e n e r g ie s  

^ 250 keV. In  th e  second  mode, a d e l a y  o f  ~  3 8 0 | i s e c  a l lo w e d  th e  g a s  to  

d i f f u s e  th ro u g h o u t  th e  gun b e f o r e  breakdown, w hich  o cc u r red  a t  th e  i n s u l a 

t o r  a t  th e  b ree ch  end. The c u r r e n t  s h e e t  produced  was a c c e l e r a t e d  a x i a l l y  

b etw een  th e  e l e c t r o d e s ,  to  a v e l o c i t y  o f  ~  2 .5  X 10^ cm s e c “  ̂ a t  th e  

m u zz le ,  and a h ig h  d e n s i t y  plasm a was s u b s e q u e n t ly  formed on t h e  e l e c t r o d e  

a x i s  ~ 1 cm from th e  anode end. Mather i d e n t i f i e d  t h i s  second  mode o f  

o p e r a t io n  w ith  th e  i n v e s t i g a t i o n s  r e p o r te d  by  F i l i p p o v  e t  a l  (1 9 6 2 ) .

S u b s e q u e n t ly ,  Mather ( l9 6 5 a )  s tu d ie d  th e  second  mode in  d e t a i l  

u s in g  a Plasma F ocus s i m i l a r  to  th e  Mather d e v i c e  d e s c r ib e d  in  s e c t i o n  2 . 1 ,
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w ith  a s t o r e d  en er g y  o f  18 kJ a t  20 kV and o p e r a t in g  w ith  an i n i t i a l  

s t a t i c  f i l l i n g  o f  0 . 2 - 1 . 5  t o r r  D^. Many o f  th e  m easurements r e p e a te d

t h o s e  o f  F i l i p p o v  e t  a l  ( l 9 6 2 ) ,  w ith  s i m i l a r  r e s u l t s .

2 .3  MORE RECENT WOBK

From 1965 to  1968 th e  number o f  grou p s s tu d y in g  th e  Plasma Focus  

grew from two to  a p p r o x im a te ly  e l e v e n .  D uring  t h i s  p e r io d ,  some p ro

g r e s s  was made i n  u n d e r s ta n d in g  t h e  d e v i c e ,  b u t  a number o f  f e a t u r e s  

rem ained u n e x p la in e d .  Among t h e s e  were th e  a p p a r e n t ly - lo n g  d e n s e -p in c h  

l i f e t i m e ,  ~  50 n s e c ,  when MED i n s t a b i l i t i e s  sh o u ld  have d e s tr o y e d  th e  

p in c h  i n  ~  5 n s e c ,  and th e  mechanisms r e s p o n s i b l e  f o r  n eu tro n  p r o d u c t io n .

There w ere two p r i n c i p a l  r e a s o n s  f o r  t h i s  s low  p r o g r e s s .  F i r s t l y ,

th e  d i a g n o s t i c  t e c h n i q u e s  t h a t  were c u r r e n t l y  a v a i l a b l e  d id  n o t  p erm it  

m easurem ents o f  s u f f i c i e n t l y  h ig h  tem p oral or  s p a t i a l  r e s o l u t i o n  on th e  

h i g h l y - t r a n s i e n t  f i n e - s c a l e d  p in c h .  T h is  was m a in ly  due to  i n s u f f i c i e n t  

d evelopm ent or  l a c k  o f  f u l l  e x p l o i t a t i o n  o f  t h o s e  t e c h n iq u e s .  S eco n d ly ,  

b e c a u se  o f  th e  com plex n a tu r e  o f  th e  Plasma F ocus d i s c h a r g e ,  a s e r io u s  

a n a l y t i c a l  s tu d y  was im p o s s ib l e  w h i l e ,  a t  t h a t  t im e ,  n um erica l t e c h n iq u e s  

were n o t  s u f f i c i e n t l y  advanced fo r  a d e t a i l e d  a n a l y s i s  o f  th e  problem .

S in c e  1968 , due to  improved d i a g n o s t i c s  and th e  developm ent o f  

n u m erica l  t e c h n i q u e s ,  t h e r e  have been  s i g n i f i c a n t  ad vances  in  u n d ers ta n d 

in g  th e  Plasma F o c u s .  In  th e  c o n t e x t  o f  improved d i a g n o s t i c s ,  t h e  main  

purpose  o f  t h i s  t h e s i s  i s  t o  r e p o r t  th e  developm ent and a p p l i c a t i o n  o f  

o p t i c a l  t e c h n i q u e s  t o  s tu d y  t h e  Plasma F o cu s ,  and th e  r e s u l t i n g  a d v a n ces .  

With r e f e r e n c e  t o  n u m er ica l  t e c h n iq u e s ,  a t  t h i s  p o i n t  i t  i s  c o n v e n ie n t  to  

d e s c r ib e  b r i e f l y  t h e  two most im p ortan t co m p u ta t io n a l  s t u d i e s  o f  th e  

Plasma F o cu s  -  t h e  r e s u l t s  o b ta in e d  are d i s c u s s e d  l a t e r .

Dyachenko and Imshennik (1969) d e s c r ib e  two d im e n s io n a l ,  p a r t i c l e  

in  c e l l ,  n u m e r ic a l  c a l c u l a t i o n s  f o r  a F i l i p p o v  d e v i c e ,  assum ing az im uthal
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symmetry. The plasm a i s  t r e a t e d  a s  a s im p le  f l u i d  o f  i n f i n i t e  conduc

t i v i t y ,  w ith  t h e  o n ly  d i s s i p a t i v e  p r o c e s s  b e in g  due to  v i s c o s i t y .

A more r ig o r o u s  approach by R o b er ts  and P o t t e r  ( l 9 7 0 )  and b y  

P o t t e r  ( l 9  7 l )  d e s c r i b e s  th e  Mather d e v ic e  i n  term s o f  a two d im e n s io n a l ,  

two f l u i d ,  n u m er ica l  m odel.  A zim uthal symmetry i s  assumed and th e  mag

n e t i c  f i e l d  i s  r e s t r i c t e d  to  th e  a z im u th a l  d i r e c t i o n .  D i s s i p a t i v e  p ro 

c e s s e s  in c lu d e  t h o s e  due to  v i s c o s i t y ,  r e s i s t i v i t y  and b rem sstra h lu n g  

r a d i a t i o n ,  and th e  t r a n s p o r t  c o e f f i c i e n t s  a l lo w  f o r  th e  e f f e c t s  o f  c y c l o 

t r o n  o r b i t i n g  and p a r t i c l e  c o l l i s i o n s .  The M HD e q u a t io n s  d e s c r ib i n g  

t h e  m odel, w hich  c o n ta in  th e  s i x  d ep en dent v a r i a b l e s :  d e n s i t y ,  m agn et ic  

f i e l d ,  r a d i a l  and a x i a l  v e l o c i t y ,  and e l e c t r o n  and io n  te m p era tu re ,  are  

co u p le d  w i t h  an e x t e r n a l  L C c i r c u i t  and a re  n u m e r ic a l ly  i n t e g r a t e d  in  

t im e  on an E u le r ia n  sp ace-m esh .

In  p a r t i c u l a r ,  th e  l a t t e r  n u m erica l  s tu d y  h as  c o n tr ib u te d  s i g n i f i 

c a n t l y  to  know ledge on th e  Plasma F o cu s ,  and i s  u n d o u b ted ly  one o f  th e  

m ost im p o r ta n t ,  s i n g l e  c o n t r ib u t i o n s  t o  th e  s u b j e c t .

The rem ainder o f  t h i s  s e c t i o n  c o n t a in s  a c o n c i s e  a cco u n t  o f  th e  

modus o p era n d i o f  th e  Plasma F o cu s ,  in  term s o f  c u r r e n t  know ledge . B ecau se  

o f  g e o m e tr ic  d i f f e r e n c e s  i n  each o f  th e  b a s i c  d e v i c e s  and th e  w ide range  

o f  c o n d i t i o n s  under w hich  t h e y  are  o p e r a te d ,  i t  i s  som etim es d i f f i c u l t  to  

make a d e t a i l e d  com parison  b etw een  r e s u l t s  o b ta in e d  by d i f f e r e n t  gro u p s .  

F u rth erm ore , th e  plasm a p a ra m eters  d u r in g  a d is c h a r g e  are  sp ace  and t im e  

d e p e n d e n t .  H ence, averaged  v a l u e s  q uoted  sh o u ld  be t r e a t e d  w i th  c a u t io n .

I t  i s  c o n v e n ie n t  t o  d i v i d e  th e  Plasma F ocu s  d is c h a r g e  in t o  fo u r  

p h a s e s  :

(a )  The run-down p h a s e ,  i n  w h ich , i n  th e  Mather d e v i c e ,  a f t e r  

breakdown a t  th e  i n s u l a t o r  th e  c u r r e n t  s h e e t  produced i s  

a c c e l e r a t e d  tow ards th e  m uzzle end o f  t h e  gun. T h is  p hase  

i s  a b s e n t  in  t h e  F i l i p p o v  d e v i c e .
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(b ) The c o l l a p s e  p h a s e ,  in  w hich  th e  a x isy m m etr ic  c u r r e n t - s h e e t ,  

on r e a c h in g  th e  in n e r  e l e c t r o d e  end in  th e  Mather d e v ic e  or  

f o l l o w i n g  breakdown i n  th e  F i l i p p o v  d e v i c e ,  i s  r a p i d l y  a c c e l 

e r a te d  tow ards t h e  e l e c t r o d e  a x i s .

( c )  The d e n s e -p in c h  p h a s e ,  i n  w hich th e  c o l l a p s i n g  c u r r e n t - s h e e t  

r e a c h e s  th e  a x i s  t o  produce  a t r a n s i e n t  d en se  p in c h .

(d) The b rea k -u p  and d i f f u s e - p i n c h  p h a s e ,  in  w hich  th e  dense  

p in c h  i s  d i s r u p te d  by M HD i n s t a b i l i t i e s ,  b u t th e  broad  

d i f f u s e  p lasm a column s u b s e q u e n t ly  formed e m its  a co p io u s  

b u r s t  o f  n e u tr o n s  and s o f t  X -r a y s .

Each o f  t h e s e  fo u r  p h a s e s  i s  d i s c u s s e d  in  t u r n .  The p o s s i b l e  

mechanisms r e s p o n s i b l e  f o r  th e  n eu tro n  p r o d u c t io n  are c o n s id e r e d  

s e p a r a t e l y .

2 . 3 . 1  The Run-Down Phase (Mather d e v i c e  o n ly )

R e fe r r in g  to  F i g . 2 . 1 . 2 ,  on a p p ly in g  th e  h ig h  v o l t a g e  betw een  th e  

e l e c t r o d e s  th e  g a s  b rea k s  down a x i s y m m e t r i c a l ly  a c r o s s  t h e  i n s u l a t o r ,  and 

a m u l t i - f i l a m e n t a r y  c u r r e n t - s h e e t  form s, Mather and W il l ia m s  (1 9 6 6 ) ,  th e  

i n i t i a l  shape o f  w h ich  i s  p r e s c r i b e d  by th e  i n s u l a t o r .  An az im u th a l mag

n e t i c  f i e l d ,  Bg , i s  induced  by t h e  a x i a l  component o f  cu rr en t  f lo w ,  o f  

d e n s i t y  . The Jz ^  50 f o r c e ,  a c t i n g  r a d i a l l y  ou tw ards,  f o r c e s  th e  

c u r r e n t  s h e e t  away from th e  in n e r  e l e c t r o d e ;  an i n v e r s e  p in c h  e f f e c t .  

S im u l t a n e o u s ly ,  th e  X Bg fo r c e  d r i v e s  th e  cu rr en t  s h e e t  doivn th e  gun, 

and w i t h i n  ~  1 M-sec , where t y p i c a l l y  t h e  t r a n s i t  t im e  doim th e  gun i s  

2. 5 |dsec , t h e  f i l a m e n t s  b le n d  t o g e t h e r  form ing a u n ifo rm  c u r r e n t - s h e  e t .

The u n i f o r m i t y  o f  t h i s  b le n d in g  d e te r m in e s  th e  n eu tro n  y i e l d  in  

th e  d en se  p in c h .  L a f f e r t y  e t  a l  (1 9 6 8 ) ,  u s in g  a d e v ic e  o f  en erg y  250 kJ 

a t  ~ l t o r r D 2 p r e s s u r e ,  showed t h a t  when t h e  c u r r e n t  s h e e t  d oes  n o t  become 

a z im u t h a l ly  sym m etric ,  b u t  i n s t e a d  d e v e lo p s  a r a d i a l  spoke, th e  n eu tro n  

y i e l d  i s  v e r y  s m a l l .
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In  c o n t r a s t ,  B o s t i c k  e t  a l  ( l 9 6 9 )  f in d  t h a t  th e  f i l a m e n t s  combine 

in t o  a f i n i t e  number o f  r a d i a l  sp o k e s ,  w hich  r e t a i n  t h e i r  i d e n t i t y  through

o u t  th e  run down and c o l l a p s e  p h a s e s  u n t i l  t h e y  c o a l e s c e  t o  form th e  d ense  

p in c h .  However, B o s t i c k ’ s d e v i c e  i s  o p e r a te d  a t  a much low er  en ergy ,

3 .8  kJ , and a h ig h e r  p r e s s u r e ,  ~  8 t o r r  , th a n  most o th e r  Plasma F o c i .

The n eu tro n  y i e l d  p er  d is c h a r g e  i s  low , ~  10® .

The p r e s s u r e  o f  th e  a z im u th a l  m a g n et ic  f i e l d  v a r i e s  as  l / r ^  b etw een  

th e  e l e c t r o d e s  ( B | / 8 n =  1 ^ /2 0 0  rr r ^ ) , and p r e s s u r e  b a la n c e  a c r o s s  th e  cur

r e n t  s h e e t  i s  a c h ie v e d  b y  i t  t a k in g  up a p a r a b o l i c  form. As th e  cu rr en t  

s h e e t  i s  d r iv e n  down th e  gun, i t  soon forms a shock w hich snowploughs th e  

g a s  ahead. A s t e a d y - s t a t e  shock v e l o c i t y  i s  rea ch ed  in  ~ 0 . 5 | i s e c  , a s  

p r e d i c t e d  by a s im p le  snowplough m odel, E o sen b lu th  e t  a l  ( l 9 5 4 ) .  T h is

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

E, and th e  i n i t i a l  mass d e n s i t y ,  p , by

Vgp = ( c2e V 4 ttp)^  . . . .  ( 2 . 3 . 1 )

The above r e l a t i o n s h i p  h as  b een  v e r i f i e d  e x p e r im e n ta l ly  fo r  th e  Plasma  

F ocu s by Mather ( l9 6 5 a )  and by P atou  e t  a l  ( l 9 6 7 ) ,  and h a s  been  demon

s t r a t e d  in  th e  co m p u ta t io n s  o f  P o t t e r  ( l 9 7 l ) .  Shock v e l o c i t i e s  ^ 2 X 10^ 

cm s e c “  ̂ have b een  o b t a in e d .

Under t h e  r a d i a l  X Bg f o r c e ,  plasm a f lo w s  outwards a lo n g  th e  shock  

boundary and a cc u m u la te s  a t  t h e  o u te r  e l e c t r o d e .  P o t t e r  ( l 9 7 l ) .  Mather  

and Bottom s (1968) o b serv e d  t h e  p a r a b o l i c  p r o f i l e  o f  th e  a x i  a l l y - t r a v e l l i n g  

shock by  means o f  a p e r f o r a t e d  o u t e r  e l e c t r o d e .  They found t h a t  th e  p e r 

f o r a t i o n s  en a b led  a s u b s t a n t i a l  f r a c t i o n  o f  th e  plasm a r e a c h in g  th e  o u te r  

e l e c t r o d e  to  p r o g r e s s  beyond i t .  B ecau se  plasm a s t a g n a t io n  a t  t h e  o u t e r  

e l e c t r o d e  was th u s  p r e v e n t e d ,  th e  q u a l i t y  o f  th e  d en se  p in c h  and th e  

n eu tro n  p r o d u c t io n  were s u b s t a n t i a l l y  improved.
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The shock , a s  i t  moves a x i a l l y  , removes th e  m a jo r i ty  o f  g a s  

i n i t i a l l y  p r e s e n t  in  th e  i n t e r - e l e c t r o d e  vo lum e, a lth o u g h  s u b s t a n t i a l  

plasm a a cc u m u la t io n  o c c u r s  a t  th e  o u te r  e l e c t r o d e  i f  i t  i s  im p e r f o r a te d ,  

M ather and Bottom s ( l 9 6 S ) ,  l o o k in g  end-on  in t o  th e  gun, ob served  no 

se c o n d a r y  e l e c t r i c a l  breakdown b etw een  e l e c t r o d e s  a f t e r  th e  i n i t i a l  b rea k -  

doim , even  d u r in g  t h e  c o l l a p s e  p h a se ,  when t h e  changing cu rr en t  and plasma  

in d u c ta n c e  in d u ce  v o l t a g e s ,  V ^  ( L l ) ,  s e v e r a l  t im e s  th e  a p p l ie d  v o l t a g e .  

From c o n s i d e r a t i o n s  o f  th e  t im e  ta k e n  fo r  t h e  h ig h  v o l t a g e s  induced  a t  th e  

gun m uzz le  to  appear a t  th e  b r e e c h ,  t h e y  deduced t h a t  th e  f r a c t i o n  o f  i n t e r -  

e l e c t r o d e  g a s  rem ain in g  was ^ 1 0 ” ^, i . e .  a m oderate vacuum i s  produced  

b e h in d  th e  shock . Bernard e t  a l  ( l 9 7 0 )  o b serv e d  t h a t  when a r a d ia l  

r e s t r i k e  o ccu rred  b etw een  th e  e l e c t r o d e s  no n e u tr o n s  were produced during  

t h e  d i s c h a r g e ,  due to  a l a r g e  p a r t  o f  th e  cu r r e n t  b e in g  shunted in  th e  a rc ,  

t h u s  p r e v e n t in g  normal co m p ress io n  in  th e  d en se  p in c h .  Mather e t  a l  ( l 9 7 l )  

found p oor  n eu tro n  y i e l d s  when r e s t r i k e  o c c u r r e d .

The plasm a i s  p r i m a r i l y  h e a te d  by  shock h e a t in g  o f  th e  i o n s ,  th e  

e l e c t r o n s  o b t a i n i n g  en erg y  from t h e  io n s  by c o l l i s i o n s .  At t h i s  s t a g e ,  

t h e  te m p e r a tu r e s  T^ and T a r e  r a t h e r  low  ( t y p i c a l l y  a few to n s  o f  eV ).
3_

Hence r e s i s t i v e  h e a t i n g ,  ^  T fu r t h e r  h e a t s  th e  e l e c t r o n s ,  w h i le  v i s c o u s  

h e a t i n g ,  T^ , d o es  n o t  h e a t  th e  io n s  s i g n i f i c a n t l y .  Thus T^ > T ^ .  

M ather and Bottom s ( l 9 6 8 )  e s t im a te d  T  ̂ a s  ~ 6 0 e V  from c u r r e n t - s h e e t  

r e s i s t i v i t y  m easurem ents, i n  a d e v ic e  f o r  w hich  C = 9 0 pF , V = 1 7 . 3 kV and 

p^ = 1 . 5 t o r r  D^. P o t t e r  ( l 9 7 l )  c o n f u t e s  peak te m p era tu re s  T  ̂= 31 eV 

and T = 26 eV in  a d e v i c e  fo r  w hich  C = 4 0 pF , V = 4 0 kV and p^ = 0 .2 6  

\  t o r r  Dg . P o t t e r  f i n d s  peak d e n s i t i e s  o f  1 . 4  X 10^^ cm“*^, which r e p r e 

s e n t s  a co m p ress io n  o f  ~  3 above th e  f i l l i n g  d e n s i t y .  The outward flow  

o f  p lasm a p a r a l l e l  t o  th e  shock p r e v e n t s  h ig h e r  co m p ress io n .

A f t e r  i n i t i a l  breakdown, th e  c u r r e n t  i n  th e  d is c h a r g e  c i r c u i t  

i n c r e a s e s  s i n u s o i d a l l y  a s  th e  s to r e d  c a p a c i t a t i v e  en erg y  i s  con ver ted  in to
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m agn etic  en er g y .  T h is  en ergy  i s  s t o r e d  i n d u c t i v e l y  b eh in d  t h e  cu rr en t  

s h e e t  in  t h e  gun, and in  t h e  p a r a s i t i c  in d u c ta n c e s  o f  th e  d is c h a r g e  

c i r c u i t .  To o p t im is e  t h e  c o n v e r s io n  o f  c a p a c i t a t i v e  en ergy  to  plasma  

en erg y ,  th e  m a g n et ic  en erg y  a t  th e  s t a r t  o f  t h e  c o l l a p s e  p hase  must be  

m axim ised . Thus, i f  th e  cu r r e n t  s h e e t  r e a c h e s  th e  gun muzzle a t  peak  

d is c h a r g e  c u r r e n t ,  maximum en er g y  i s  s u b s e q u e n t ly  fe d  in t o  th e  dense  

p in c h .  For a g iv e n  gun l e n g t h  and o p e r a t in g  v o l t a g e ,  th e  i n i t i a l  g a s  

f i l l i n g  i s  a d ju s t e d  u n t i l  t h e  c o r r e c t  f l i g h t - t i m e  down th e  gun i s  a c h ie v e d .  

F i g . 2 . 1 . 2  s c h e m a t i c a l l y  shows th e  c u r r e n t - s h e e t  p o s i t i o n  a t  v a r io u s  t im e s  

d u r in g  a d i s c h a r g e .

2 . 3 . 2  The C o l lp a s e  Phase

In th e  Mather d e v i c e ,  th e  l e a d in g  edge o f  th e  c u r r e n t - s h e e t ,  

b e c a u se  o f  i t s  p a r a b o l i c  p r o f i l e ,  i s  a d ja c e n t  to  th e  in n e r  e l e c t r o d e  d ur in g  

th e  run-down p h a s e ,  and on r e a c h in g  t h e  e l e c t r o d e  end th e  l e a d in g  edge  

rem ains a t t a c h e d  t o  i t .  F i g . 2 . 1 . 2 .  The c u r r e n t  s h e e t  c o n t in u e s  moving 

a x i a l l y ,  and th e  l o c a t i o n  o f  i t s  l e a d in g  edge g r a d u a l ly  s h i f t s  r a d i a l l y  

ou tw ard s .  The p r o f i l e  o f  th e  c u r r e n t  s h e e t  betw een  i t s  l e a d in g  edge and 

th e  in n e r  e l e c t r o d e  i s  such t h a t  th e  2  ̂ f o r c e  a c t in g  on t h i s  s e c t i o n

i s  d i r e c t e d  r a d i a l l y  inw ard s.  Thus, a s  t im e  p r o g r e s s e s ,  an i n c r e a s in g  

a x i a l  l e n g t h  o f  c u r r e n t  s h e e t  i s  a c c e l e r a t e d  tow ards th e  gun a x i s  as  

s to r e d  m a g n et ic  en erg y  i s  r a p i d l y  co n v er ted  in t o  plasma k i n e t i c  en ergy .

The F i l i p p o v  d e v ic e  h a s  no run-doivn p h a s e .  The i n i t i a l  breakdown  

a c r o s s  th e  i n s u l a t o r  i s  f i la m e n t a r y ,  K o le s n ik o v  e t  a l  ( 1 9 6 6 ) .  V/ith 

r e f e r e n c e  t o  F i g . 2 . 1 . 1 ,  th e  low er  p a r t  o f  th e  c u r r e n t  s h e e t  i s  pushed away 

from th e  i n s u l a t o r  t o  th e  ca th od e  s id e w a l l  b y  th e  XBg f o r c e .  On

r e a c h in g  th e  s i d e w a l l ,  t h e  f o r c e  a c c e l e r a t e s  th e  cu rr en t  s h e e t

a x i a l l y  tow ards th e  chamber l i d ,  th e  f i l a m e n t s  q u i c k l y  b le n d in g  t o  form 

a homogeneous c u r r e n t - s h e e t .  As i n  th e  Mather d e v i c e ,  th e  ^ X B q f o r c e  

now a c c e l e r a t e s  th e  s e c t i o n  o f  c u r r e n t  s h e e t  b etw een  i t s  l e a d in g  edge and
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th e  in n e r  e l e c t r o d e  end r a d i a l l y  inw ards.  For a g iv e n  e l e c t r o d e  g eo 

m etry  and o p e r a t in g  v o l t a g e ,  th e  i n i t i a l  g a s  f i l l i n g  i s  o p t im is e d  to  

a c h ie v e  maximum c o n v e r s io n  o f  s t o r e d  c a p a c i t a t i v e  en erg y  in t o  plasma  

e n e r g y ,  Agafonov e t  a l  ( l 9 6 8 ) .

In  b o th  d e v i c e s ,  th e  a x isy m m etr ic  c o l l a p s e  o f  th e  cu r r e n t  s h e e t  i s  

non c y l i n d r i c a l ,  and may be v i s u a l i s e d  as  t h e  fo r m a t io n  o f  a cone by  th e  

r a d i a l  im p lo s io n  o f  th e  w a l l s  u n t i l  an apex i s  formed a d ja c e n t  to  th e  

in n e r  e l e c t r o d e  end. B ecau se  o f  t h e  o b l i q u i t y  o f  th e  c o l l a p s i n g  c u r r e n t -  

s h e e t ,  t h e r e  i s  a s tr o n g  a x i a l  component o f  p lasm a f lo w .  The m a jo r i ty  o f  

g a s  p a r t i c l e s  tr a p p ed  w i t h i n  t h e  volume e n c i r c l e d  b y  th e  c u r r e n t  s h e e t  are  

n o t  com pressed  in t o  th e  d en se  p in c h ,  b ut are  e j e c t e d  a x i a l l y .  MED c a lc u 

l a t i o n s  show, Agafonov e t  a l  (196B) and P o t t e r  ( l 9 7 l ) ,  t h a t  o n ly  10-15^o 

o f  th e  p a r t i c l e s  t h a t  c o u ld  be c o l l e c t e d  d u r in g  th e  c o l l a p s e  p hase  are  

g a th e r e d  in  th e  d en se  p in c h .  From i n t e r f e r o m e t r y  s t u d i e s ,  s e c t i o n  6 . 2 , 3 ,  

th e  e f f i c i e n c y  o f  th e  f o c u s in g  mechanism i s  seen  t o  be ~  5̂ o. The l o s s  

o f  t h i s  l a r g e  m a j o r i t y  o f  p lasm a by a x i a l  e j e c t i o n  i s  th e  k ey  to  th e  work

in g  o f  th e  Plasma F o c u s .  The t r a n s i e n t  h o t  d en se  p in ch  i s  formed by th e  

a v a i l a b l e  m a g n et ic  en er g y ,  w h ich  i s  s to r e d  i n d u c t i v e l y ,  b e in g  fed  to  a 

r e l a t i v e l y  sm a ll  number o f  p a r t i c l e s .

7 1D uring  th e  c o l l a p s e ,  r a d i a l  v e l o c i t i e s  from 1 - 4 X 1 0  cm sec"  have  

been  measured; b y  p h o to g ra p h y ,  F i l i p p o v  and F i l ip p o v a  (1965) and Patou  

e t  a l  ( 1 9 6 7 ) ,  and b y  th e  shadowgraph t e c h n iq u e ,  s e c t i o n  6 . 3 . 1 .  The 

c u r r e n t  s h e e t ,  a s  i t  i s  a c c e l e r a t e d  r a d i a l l y ,  i s  p er tu r b e d  by a c c e l e r a t i o n -  

d r iv e n  i n s t a b i l i t i e s  w hich  form a t  th e  piasm a-vacuum  boundary, s e c t i o n

5 . 3 . 2  and F i l i p p o v  e t  a l  ( l 9 7 l ) .  The i n s t a b i l i t i e s ,  b eca u se  o f  t h e i r  

r e l a t i v e l y  s low  g r o w t h - r a t e ,  do n o t  s e r i o u s l y  d i s r u p t  th e  cu rr en t  s h e e t .  

From m easurem ents o f  th e  r a d i a l  a c c e l e r a t i o n  and th e  i n s t a b i l i t y  grow th-  

r a t e ,  a d eu ter iu m  io n  tem p era tu re  o f  ~ 70 eV h as  been  e s t im a te d ,  s e c t i o n

6 . 3 . 3 ,  i n  a Mather d e v ic e  w i th  C = 9 4 pF , V = 3 0 kV and Pq = 2 .5  t o r r
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(D^ + 4 ^ A r ) .  P o t t e r  ( l 9 7 l )  computes peak te m p era tu re s  = 59 eV and 

T. = 2 7 e V ,  f o r  C = 4 0 p F ,  V = 4 0 k V  and p^ = 0 .  26 t o r r  .

As th e  c u r r e n t  s h e e t  c o l l a p s e s  to  th e  a x i s ,  th e  plasm a in d u c ta n ce ,

L, i n c r e a s e s  s h a r p ly .  S im p l i f y i n g  to  th e  c a s e  o f  two c y l i n d r i c a l  co

a x i a l  c o n d u c to r s ,  th e  p lasm a o f  r a d iu s  rp b e in g  t h e  in n e r ,  and th e  o u te r  

e l e c t r o d e  o f  r a d iu s  r^ b e in g  th e  r e tu r n ,  L ^ ^ n  ( r ^ / r p ) .  S in c e  Tp 

d e c r e a s e s  r a p i d l y  d u r in g  th e  c o l l a p s e ,  L i n c r e a s e s  c o r r e s p o n d in g ly .

T h is  c a u s e s  t h e  c u r r e n t .  I ,  f lo w in g  th rou gh  th e  plasm a t o  d e c r e a s e  s h a r p ly ,  

F i g . 2 . 1 . 2 .  A v o l t a g e  i s  t r a n s i e n t l y  induced  betw een  th e  e l e c t r o d e s ,

V «: ^  ( L I ) ,  w h ich  i s  t y p i c a l l y  2 -5  t im e s  t h e  i n i t i a l  c a p a c i to r  v o l t a g e .  

N orm ally ,  th e  Plasma F ocu s  i s  o p e r a te d  w ith  a p o s i t i v e  c e n tr e  e l e c t r o d e ,  

and under th e  a c c e l e r a t i n g  p o t e n t i a l  o f  t h e  induced  v o l t a g e ,  < 1 5 0  kV ,  

e l e c t r o n s  bombard t h e  anode. S ev ere  anode e r o s io n  o c c u r s  and a h ig h  f l u x  

o f  X -r a y s  arc  p rod uced , o f  h a rd n e ss  c h a r a c t e r i s t i c  o f  th e  e l e c t r o d e  

m a t e r i a l ,

As th e  c o l l a p s e  p r o g r e s s e s ,  th e  com press ion  i n  th e  shock in c r e a s e s  

g r a d u a l ly .  The mass d e n s i t y  in  th e  shock i s  a lm o st  c o n s ta n t ,  s e c t i o n

6 . 2 . 3 ,  due to  th e  m a j o r i t y  o f  p a r t i c l e s  en co u n tered  b e in g  swept o u t  a x i a l l y .
■4 0 19

Peak e l e c t r o n  d e n s i t i e s  in  t h e  range 10 - 1 0  cm~ have been  measured,

F i l i p p o v  e t  a l  ( l 9 7 l )  and s e c t i o n  6 . 2 . 1 .  P o t t e r  ( l 9 7 l )  c a l c u l a t e s  v a lu e s  

o f  n^ o f  2 . 3 X l 0 l ?  C = 40 pF , V = 4 0 kV and p^ = 0 .  26 t o r r  .

When th e  shock r e a c h e s  th e  e l e c t r o d e  a x i s ,  th e  e l e c t r o n  and io n  d e n s i t i e s  

in c r e a s e  r a p i d l y  a s  th e  d e n s e - p in c h  p hase  b e g i n s .

The p rim ary  mechanism fo r  p lasm a h e a t i n g ,  a s  in  th e  run-do^»Ti p h a se ,  

i s  shock h e a t i n g  o f  th e  i o n s  which h e a t  th e  e l e c t r o n s  c o l l i s i o n a l l y .

F u r th e r  e l e c t r o n  h e a t i n g  o c c u r s  due to  th e  h ig h  plasm a r e s i s t i v i t y .
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2 . 3 . 3  The D e n se -P in c h  Plia se

T h is  p hase  commences when th e  a x isy m m e tr ic  c o l l a p s i n g  c u r r e n t - s h e e t  

a r r i v e s  a t  th e  a x i s .  In  th e  Mather d e v i c e ,  due to  th e  n o n - c y l i n d r i c a l  

n a tu re  o f  th e  c o l l a p s e ,  th e  c u r r e n t  s h e e t  i n i t i a l l y  r e a c h e s  th e  a x i s  a d ja 

ce n t  to  t h e  in n e r  e l e c t r o d e  end. The d en se  p in c h  i s  n o t  formed s im u l

t a n e o u s l y  o v er  i t s  w hole  l e n g t h  b u t ,  p r o g r e s s in g  a x i a l l y  away from th e  * 

e l e c t r o d e  end w i th  t im e o v er  a d i s t a n c e  o f  1 . 5 -  2 .5  cm , a sh o r t  l e n g t h  o f  

d en se  p lasm a, ^ 0 . 5  cm, i s  formed and i s  s u b s e q u e n t ly  d is r u p te d  by  s a u sa g e -  

ty p e  i n s t a b i l i t i e s ,  in  a co n t in u o u s  p r o c e s s ,  s e c t i o n  5 . 3 . 2 .  There i s  

e v id e n c e  t h a t  in  th e  F i l i p p o v  d e v ic e  th e  l a t e r  s t a g e s  o f  th e  c o l l a p s e  are  

a lm o st  c y l i n d r i c a l  in  form, Morgan e t  a l  ( l 9 7 3 ) ,  r e s u l t i n g  in  th e  dense  

p in c h  forming s im u l t a n e o u s ly  o v er  i t s  whole l e n g t h .  In  b o th  d e v i c e s ,  

th e  dense  p in c h  formed a t  th e  e l e c t r o d e  a x i s  i s  due t o  trapp ed  plasma  

b e in g  s t r o n g l y  com pressed  by th e  a z im u th a l  m agn et ic  f i e l d ,  o f  s t r e n g th  

B9 = i /5 R ~ 1 M G  , F o r r e s t  e t  a l  ( l 9 7 3 ) .  The name Plasma F ocus g i v e s  a 

good d e s c r i p t i o n  o f  t h e  d e v i c e ,  s i n c e  i t  ' f o c u s e s '  a dense  plasm a a t  th e  

end o f  th e  in n e r  e l e c t r o d e .

In  b o th  d e v i c e s ,  e l e c t r o n  te m p era tu re s  from 1 - 3 keV have been  

measured under a v a r i e t y  o f  c o n d i t io n s ;  m a in ly  from s t u d i e s  on th e  s o f t  

X -ra y  f l u x ,  F i l i p p o v  e t  a l  ( l 9 6 2 ) ,  Mather ( l9 6 5 a )  and Peacock e t  a l  ( l 9 6 S ) .  

D euterium  io n  te m p e r a tu r e s  in  th e  range 0 , 7 -  3keV have been measured a t  

maximum co m p ress io n  by  c o o p e r a t iv e  s c a t t e r i n g  o f  l a s e r  l i g h t ,  Bernard  

e t  a l  ( 1 9 7 1 ) ,  P eacock  e t  a l  ( l 9 7 2 )  and F o r r e s t  e t  a l  ( l 9 7 3 ) .  In tr o d u c in g  

•^2P/o o f  im p u r ity  i o n s  such as  argon or  neon in t o  th e  d is c h a r g e ,  tempera

t u r e s  o f  ~  9 keV have b een  measured f o r  t h e s e  h i g h l y - s t r i p p e d  io n s ;  by  

s p e c t r o s c o p y .  Peacock  e t  a l  ( l 9 7 l ) ,  and by s c a t t e r i n g .  Peacock e t  a l  ( l9 7 2 )  

The mechanism r e s p o n s i b l e  f o r  p ro d u c in g  such h ig h -e n e r g y  im p u r ity  io n s  i s  

n o t  c l e a r .
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The d e n se  p in c h  c r e a t e d  i s  o f  minimum r a d iu s  0 . 0 5 - 0 . 2  cm and o f  

l e n g t h  0 . 5 -  2 . 5 c m .  Peak e l e c t r o n  d e n s i t i e s  i n  th e  range i0 ^ ^ -1 0 “  ̂ cm” ^

have neem m easured: from a b s o lu t e  continuum  m easurem ents, F i l ip p o v  e t  a l  

(1 9 6 2 ) ,  Mather ( l9 6 5 a )  and Peacock  e t  a l  (1 9 6 8 ) ;  from s c h l i e r e n  s t u d i e s ,  

Mather ( l9 6 5 b )  and Morgan e t  a l  (1 9 6 9 ) ;  and by in t e r f e r o m e t r y ,  Morgan 

and P eacock  ( l 9 7 2 )  and s e c t i o n  6 . 2 . 1 .  The o v e r a l l  l i f e t i m e  o f  th e  d en se  

p in c h  i s  3 0 -1 0 0  n s e c  and i t s  en erg y  d e n s i t y  i s  from 1 0 - 1 0 0 kJ cm” ,̂

F i l i p p o v  and F i l i p p o v a  ( l 9 6 5 )  and Peacock  e t  a l  ( 1 9 6 8 ) .  The t o t a l  therm al  

en er g y  in  t h e  d en se  p in c h  i s  ^ 1^ o f  th e  i n i t i a l  c a p a c i t a t i v e  en ergy .

The h o t  d en se  p in c h  i s  h i g h l y  r a d i a t i v e ;  in  a d is c h a r g e  in  deu

te r iu m  m a in ly  by b rem sstra h lu n g  r a d i a t i o n ,  and in  an impure d is c h a r g e  

m a in ly  by r e c o m b in a t io n  and l i n e  r a d i a t i o n .  The peak i n t e n s i t y  o f  t h e s e  

r a d i a t i o n s  i s  b e tw een  1 and 15 A. For a d eu ter iu m  p lasm a, th e  b rem sstrah 

lu n g  r a d i a t i o n  power, G la s s t o n e  and Lovberg ( i 9 6 0 ) ,  i s

= 5 . 3 5  X 1 0 -3 1  t|  ( ¥  cm"3 ) .  . . .  ( 2 . 3 . 2 )

19 — 3At an e l e c t r o n  tem p era tu re  o f  2keV and a d e n s i t y  o f  10 cm , t h i s  

g i v e s  a power l o s s  o f  ~75MWcm“ ^. The s o f t  X -ray  b u r s t  a s s o c i a t e d  w ith  

th e  d en se  p in c h  i s  ~  5 0 -1 0 0  n s e c  lo n g .  In  a d d i t i o n ,  th e  dense p in ch  em its  

a c o p io u s  b u r s t  o f  n e u tr o n s ,  o f  en erg y  2 .4 5  MeV in  a therm al p lasm a, by  

th e  D-D f u s i o n  r e a c t i o n  D̂ + ^D -»• ^ e  + ^n + 3 ,2 7  MeV. The r e a c t i o n  

r a t e  f o r  a th er m a l p lasm a , G la s s to n e  and Lovberg ( i 9 6 0 ) ,  i s

= 0 . 5  n^ crv^^ (cm“  ̂ s e c “ ^) , . . .  ( 2 . 3 . 3 )

where th e  c r o s s  s e c t i o n
2 . 3 3 X 1 0 - 1 4  / 1 8 . 7 6 \  . , .3

exp —T cm se c  .

The n e u tr o n  p u l s e  a s s o c i a t e d  w ith  th e  d en se  p in c h  i s  50 -1 0 0  n sec  lo n g ,  

and t h e  n e u tr o n  y i e l d ,  w hich depends upon th e  en ergy  and geom etry o f  th e  

d e v i c e ,  l i e s  b etw een  10® and 2 X 10^^ p e r  d i s c h a r g e .
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Three h e a t in g  mechanisms, v i z .  a d i a b a t i c  co m p ress io n ,  r e s i s t i v e  

h e a t in g  and v i s c o u s  h e a t i n g ,  are  p r i m a r i l y  r e s p o n s i b l e  f o r  th e  h ig h  

te m p era tu re s  a c h ie v e d  in  th e  f o c u s .  P o t t e r  ( l 9 7 l ) .  D uring  th e  e a r l y  

s t a g e s  o f  th e  co m p ress io n ,  when t h e  e l e c t r o n  tem p era tu re  i s  r e l a t i v e l y  

low , enhanced r e s i s t i v e  h e a t i n g  o f  th e  e l e c t r o n s  , œ , o c c u r s .  The 

plasm a com pressed  in t o  th e  dense  p in c h  by t h e  az im u th a l m agn et ic  f i e l d  i s  

h e a te d  a d i a b a t i c a l l y ,  th e  i n i t i a l  and f i n a l  te m p e r a tu r e s  b e in g  r e l a t e d  by  

Tf = T^^ 1, where p i s  th e  d e n s i t y .  A d ia b a t ic  h e a t in g  r a i s e s

th e  p lasm a te m p era tu re s  by a f a c t o r  o f  ~  5 -1 0 ,  In  th e  d ense p in c h ,  th e
I

i o n s  a re  h e a te d  f u r t h e r  by  v i s c o u s  h e a t i n g ,  T^, b e c a u s e  o f  t h e i r  r e l a 

t i v e l y  h ig h  te m p era tu re .

P o t t e r  ( l 9 7 l )  co n p u tes  fo r  th e  d en se  p in c h :  a peak d e n s i t y

1Q — ^~  10 cm“ , r a d iu s  ~  0 .1  cm , l e n g t h  ~  1 .5  cm , l i f e t i m e  ~  50 n s e c  and equal  

Tg and T ^ , ~ 1 . 5 k e V ,  fo r  C = 40 pP , V = 40 kV and p^ = 1 t o r r  D^ . T h is  

r e p r e s e n t s  a co m p ress io n  o f  ~  300 above th e  i n i t i a l  f i l l i n g  d e n s i t y .

2 . 3 . 4  The Break-Up and D i f f u s e - P i n c h  Phase

In  th e  Mather d e v i c e ,  b eca u se  th e  d en se  p in c h  i s  n o t  formed s im u l

t a n e o u s l y  o v e r  i t s  w hole  l e n g t h ,  th e  p in c h  i s  p r o g r e s s i v e l y  d is r u p te d  

a lo n g  i t s  l e n g t h ,  b e g in n in g  a t  th e  anode, by  s a u s a g e - ty p e  i n s t a b i l i t i e s ,  

s e c t i o n  5 . 3 . 2 .  C o n seq u en t ly ,  a f t e r  th e  p in c h  h a s  broken up, th e  plasma  

expands w it h o u t  any p r e s c r i b e d  form. On th e  o th e r  hand, th e  d en se  p in ch  

in  th e  F i l i p p o v  d e v i c e  i s  formed s im u lt a n e o u s ly  o v er  i t s  whole l e n g t h ,  and 

s u b s e q u e n t ly  i t  ap pears  to  expand a s  a body, a l th o u g h  i t s  form i s  d i s t o r t e d  

b y s a u s a g e - ty p e  i n s t a b i l i t i e s ,  Morgan e t  a l  ( l 9 7 3 ) .  In  c o n t r a s t ,  Gribkov  

e t  a l  ( 1 9 7 2 ) o b s e r v e  t h a t  th e  d en se  p in c h  in  t h e  F i l i p p o v  d e v ic e  i s  v i o 

l e n t l y  d i s r u p te d  by s a u s a g e - ty p e  i n s t a b i l i t i e s  and t h a t  th e  expanding  

plasm a h a s  no p r e s c r ib e d  form.
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Some 5 0 -1 5 0  n s e c  a f t e r  th e  n eu tro n  and s o f t  X -r a y  p u l s e s  a s s o c i a t e d  

w i t h  t h e  d en se  p in c h ,  in  many e x p e r im e n t s . a f u r t h e r  p u l s e  o f  n e u tr o n s  and 

s o f t  X -r a y s  i s  p rod uced , M a iso n n ier  e t  a l  ( l 9 7 l ) , Peacock e t  a l  ( l 9 7 l )  and 

G rib kov  e t  a l  ( 1 9 7 2 ) .  In  g e n e r a l ,  th e  second  n eu tro n  p u l s e  in  F i l ip p o v

d e v i c e s  i s  more i n t e n s e  than  th e  f i r s t ,  w h i le  in  Mather d e v i c e s  th e  con

v e r s e  i s  t r u e .  Taking s o f t  X -ra y  p h o to g ra p h s  a t  th e  peak o f  th e  second  

n e u t r o n  b u r s t ,  M a i s o n n ie r ' s  group o b serv e d  a u n ifo rm  d i f f u s e  plasm a o f  

r a d i u s  ^ 1 cm in  a F i l i p p o v  d e v i c e ,  w i th  ¥ = 1 2 0 k J  a t  40 kV and

= 1 . 2 t o r r  Dg -  hen ce  th e  term d i f f u s e  p in c h ,  G ratreau  e t  a l  ( l 9 7 l ) .  In  

t h e  same m achine, Morgan e t  a l  ( l 9 7 3 )  measured by i n t e r f  erom etry  an a v er 

a g e  e l e c t r o n  d e n s i t y  o f  ^  2 X 10^^ cm"^ a t  t h i s  t im e ,  o v e r  a plasm a column 

o f  d ia m e te r  ~  4 cm . S im i la r  d e n s i t y  v a l u e s  have b een  e s t im a te d  in  o th e r  

d e v i c e s ,  Gribkov e t  a l  (1972) emd s e c t i o n  6 . 2 . 3 ,

M a iso n n ie r  e t  a l  ( l 9 7 l )  o b s e r v e  t h a t  ~ 80^ o f  t h e  n eu tro n  f l u x

d u r in g  a d is c h a r g e  can be e x p la in e d  by  e m is s io n  from a therm al plasma

7 _ 1m oving a x i a l l y  away from th e  anode a t  ~  1 , 5 X 1 0  cm s e c  . S in c e  th e  

s e c o n d  n e u tr o n  b u r s t  i s  a f a c t o r  o f  ~ 4  more i n t e n s e  than  th e  f i r s t ,  to  

a c c o u n t  f o r  th e  n eu tro n  y i e l d  from a p lasm a o f  d e n s i t y  ^  2 X 10^^ cm"^ 

o n  a th er m a l  b a s i s ,  a d eu ter o n  tem p eratu re  o f  8 keV i s  r e q u ir e d  a cco rd 

i n g  to  e q u a t io n  ( 2 . 3 . 3 ) ,  Morgan e t  a l  (1 9 7 3 ) .  The a t ta in m e n t  o f  t h i s  

h ig h  te m p era tu re  in  th e  sh o r t  t im e  i n t e r v a l  b etw een  th e  f i r s t  and second  

n e u t r o n  p u l s e s  i s  n o t  e a s y  to  e x p l a i n .

M a is o n n ie r  e t  a l  (1972) p ro p o se  a s e m i - q u a n t i t a t i v e  model, based  

o n  e x p e r im e n t ,  to  a cc o u n t  f o r  n eu tro n  p r o d u c t io n  in  th e  d i f f u s e  p in c h .

I n  t h e  m odel,  th e  d en se  p in c h  i s  d i s r u p t e d  by  s a u s a g e - ty p e  i n s t a b i l i t i e s ,  

and t h e  p lasm a expands f r e e l y .  The p lasm a d e n s i t y  d e c r e a s e s  and th e  

n e u t r o n  and s o f t  X -r a y  f l u x e s  drop to  z e r o .  The plasm a becomes i n t e r 

m ixed  w i t h  th e  m a g n et ic  f i e l d  w hich  fo r m er ly  c o n f in e d  i t  and s t o r e s  th e  

m a g n e t ic  en erg y  i n t e r n a l l y ,  s i n c e  th e  plasm a r e s i s t i v i t y  i s  to o  low  to
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c o n v e r t  t h i s  en er g y  in t o  th erm al en er g y .  At a c r i t i c a l  r a d iu s  o f  expan

s i o n ,  th e  c o n d i t i o n s  fo r  th e  o n s e t  o f  t u r b u le n t  h e a t in g  are  s a t i s f i e d ,  

th e  m a g n et ic  en e r g y  i s  r a p i d l y  co n v e r te d  in t o  therm al en ergy , and a p u l s e  

o f  n e u tr o n s  and s o f t  X -r a y s  are  e m it t e d .  I t  i s  argued t h a t ,  s i n c e  th e  

c a p a c i t o r s  a r e  d is c h a r g e d  a t  th e  t im e  o f  th e  d en se  p in c h ,  th e  o n ly  a v a i l 

a b le  en erg y  t o  h e a t  th e  d e u te r o n s  i s  in  th e  m a g n et ic  f i e l d .

The en erg y  a v a i l a b l e  from th e  m a g n et ic  f i e l d  i s  adequate  to  h e a t  

th e  d e u te r o n s  to  th e  r e q u ir e d  te m p era tu re ,  M a iso n n ie r  e t  a l  ( 1 9 7 2 ) .  At 

c o n s ta n t  c u r r e n t ,  th e  m a g n et ic  en ergy  a v a i l a b l e  to  a plasm a column expand

in g  from r a d iu s  r^  to  r^ i s

W = i  LI2 = 1 0 -9  ( j  cm-^) .

In  th e  d en se  p in c h ,  o f  r a d iu s  r^ , th e  B e n n e t t  r e l a t i o n  h o ld s  fo r  p r e s s u r e  

b a la n c e  b etw een  t h e  c o n f i n i n g  B q f i e l d  and th e  p lasm a k i n e t i c  p r e s s u r e ,  

s e c t i o n  6 . 2 . 4 .  Assuming T = T. = T

I^ = 4 0 0 NkT^ ,

where N i s  th e  l i n e  d e n s i t y  ( cm"^). I f  th e  a v a i l a b l e  m agn et ic  en ergy  

i s  fed  in t o  2 N p a r t i c l e s ,  th e  new plasm a tem p eratu re  i s

I g  = + t f /2 N k  ,

Combining th e  above t h r e e  e q u a t io n s ,  and a l lo w in g  fo r  t h e  mixed u n i t s ,

Tg = T f (1 + 2 l n ( T ^ / r ^ ) )  .

T y p i c a l l y  th e  r a t i o  r ^ /r ^  i s  10 and th u s  T g 5 . 6  T ^ . S in c e  T ^ ^ 1 .5 k e V ,  

th e r e  i s  more th a n  s u f f i c i e n t  en erg y  a v a i l a b l e  in  th e  m agn et ic  f i e l d  to

h e a t  th e  p lasm a t o  8k eV  .

The t u r b u le n t  h e a t i n g  i s  most p r o b a b ly  due to  h ig h - f r e q u e n c y  e l e c t r o 

s t a t i c  waves e x c i t e d  by  a r e l a t i v e  d r i f t  b etw een  th e  e l e c t r o n s  and io n s  in  

th e  p lasm a. T h is  d r i f t  i s  d r iv e n  by c u r r e n t  f lo w  normal to  th e  m agn et ic  

f i e l d  l i n e s ,  th ro u g h  w hich t h e  plasm a column i s  expanding. The en erg y  in  

th e  ord ered  d r i f t  m otion  i s  co n v er ted  in t o  plasm a therm al en ergy  b y

-  29 -



t u r b u l e n t  s c a t t e r i n g  o f f  th e  e x c i t e d  w aves.  The s u b j e c t  o f  tu r b u le n t  

h e a t i n g  i s  complex; a good r e v ie w  i s  g iv e n  by T s y to v ic h  ( l 9 6 6 ) .

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

c i e n t l y  h ig h  g r o w th -r a te  to  t u r b u l e n t l y  h e a t  th e  p lasm a on th e  t i m e s c a l e  

b etw e en  t h e  two n eu tro n  p u l s e s  in  th e  Plasma F o cu s .  These are th e  tw o-  

s tr ea m , th e  i o n - a c o u s t i c  and t h e  e l e c t r o n - c y c l o t r o n  d r i f t  i n s t a b i l i t y .  

From l i n e a r  a n a l y s i s .  L ashm ore-D avies  and M artin  ( l 9 7 3 )  co n c lu d e  t h a t  i t  

i s  im p o s s ib le  to  p r e d i c t  e x a c t l y  w hich  i n s t a b i l i t y  w i l l  dominate in  a 

g i v e n  p lasm a. However, th e  dominant i n s t a b i l i t y  i s  l a r g e l y  d eterm ined  by  

t h e  r a t i o  o f  th e  d r i f t  v e l o c i t y ,  v^ , to  th e  e l e c t r o n  therm al v e l o c i t y ,

, and a l s o . b e  th e  r a t i o  T ^ / T i ,  Wong ( l 9 7 0 ) .

For an e l e c t r o n  d r i f t  v e l o c i t y ,  v^ = E X B / cB^, such t h a t  

v ^  > v^^ = (kTg/rn^)^, th e  tw o -s tr e a m  i n s t a b i l i t y  i s  l i k e l y  to  dom inate .

I t  h a s  a c h a r a c t e r i s t i c  fr eq u e n c y  o f  o rd er  (JDpg and a g ro w th ra te  

lÛ -g ^  (m^/mj)3 where uOpg i s  th e  e l e c t r o n  plasm a fr eq u e n c y .  The

d r i f t i n g  e l e c t r o n s  are  s c a t t e r e d  by th e  wave g i v i n g  an e f f e c t i v e  c o l l i s i o n  

t im e ,  " ^ t s ~ ^ t s ’ w hich i s  much s h o r te r  than  t h a t  f o r  b in a r y  e l e c t r o n - i o n  

c o l l i s i o n s .  T h is  r e s u l t s  in  an anomalo u s ly - h i g h  p lasm a r e s i s t i v i t y , •

1
When v^^ > v^ > v^ = (kTg/m^)^, where v^ i s  th e  io n  sound sp eed ,  

and f o r  T ^> T^ , th e  i o n - a c o u s t i c  i n s t a b i l i t y  w i l l  p ro b a b ly  dom inate .

T h is  i n s t a b i l i t y  h as  a c h a r a c t e r i s t i c  fr eq u e n c y  o f  o rd er  and a gro^vfh

' p i ’ " h ere  y i
i  Vd

r a t e  UJ. ~  fm /m .)^  —  UU . , where m . i s  th e  io n  plasma fr eq u e n c y ,  
l a  \ e  i '  Vg p i  ’ ^ p i

E n erg y  i s  t r a n s f e r r e d  from t h o s e  d r i f t i n g  e l e c t r o n s  t h a t  are  r e so n a n t  w i th  

t h e  sound wave to  t h e  wave, w h ich  th en  i n t e r a c t s  w i th  t h o s e  io n s  h a v in g  

v e l o c i t i e s  c l o s e  t o  i t s  p hase  v e l o c i t y .  The plasm a r e s i s t i v i t y  i s  enhanced  

due t o  e l e c t r o n s  s c a t t e r i n g  o f f  th e  wave.

eB
Under th e  c o n d i t i o n s  ' ^e ^  ^ i  Uüpg »  ^ce ~ m~c  ’

vdiere i s  th e  e l e c t r o n  c y c lo t r o n  fr eq u e n c y ,  th e  e l e c t r o n - c y c l o t r o n
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d r i f t  i n s t a b i l i t y  p ro b a b ly  d o m in a te s .  I t  h a s  a c h a r a c t e r i s t i c  fr eq u en cy  

o f  o r d e r  and a g ro w th ra te  0)^  ̂ ~  i n s t a b i l i t y

a r i s e s  from th e  r e s o n a n t  c o u p l in g  o f  a D o p p l e r - s h i f t e d  io n  mode w ith  th e  

e l e c t r o n  c y c lo t r o n  mode, f e e d in g  en erg y  in t o  th e  e l e c t r o n s .

In  th e  Plasma F o cu s ,  i f  a t  some s t a g e  d ur in g  th e  plasm a ex p a n s io n  

f o l l o w i n g  th e  d en se  p in ch  th e  d e n s i t y  i s  10^® cm" and fo r  = 1 . 5  keV,

th e  g r o w th r a te  o f  th e  i o n - a c o u s t i c  i n s t a b i l i t y  i s  ~ 3 X 1 q4^ sec"^  fo r  

= 2 V g .  S in c e  t h i s  i s  th e  s lo w e s t  g ro w th r a te  o f  a l l  th r e e  i n s t a b i l i 

t i e s ,  each  o f  them co u ld  h e a t  th e  d i f f u s e  p in c h  w i t h i n  th e  50 -1 5 0  n se c  tim e  

i n t e r v a l  b etw een  th e  two n eu tro n  p u l s e s .  However, th e  tw o -s tre a m  and th e  

e l e c t r o n - c y c l o t r o n  d r i f t  i n s t a b i l i t y  cau se  e l e c t r o n  h e a t i n g ,  and, i f  th e  

plasm a i s  h e a te d  by e i t h e r  o f  t h e s e ,  c l a s s i c a l  e l e c t r o n - i o n  c o l l i s i o n s  cannot  

a c c o u n t  f o r  any en erg y  t r a n s f e r  to  th e  i o n s .  For th e  plasma c o n d i t i o n s  

n^ = n^ = lO^B cm"^, = 8 keV and = 1 . 5  keV, th e  e l e c t r o n - i o n  c o l l i 

s io n  t im e  i s  ~33M -sec , S p i t z e r  ( l 9 6 2 ) .  On th e  o th e r  hand, f o r  d i r e c t  

i o n  h e a t i n g  b y  th e  i o n - a c o u s t i c  i n s t a b i l i t y  d ur in g  th e  t im e in ter \r a l  

b etw een  t h e  two n eu tro n  p u l s e s ,  i t  i s  n e c e s s a r y  t h a t  Tg > , Measure

ments on  t h e  d en se  p in c h  i n d i c a t e  t h a t  t h i s  i s  n o t  so ,  and t h a t  

Thus, t h e  i o n - a c o u s t i c  i n s t a b i l i t y  i s  n o t  l i k e l y  to  be t r ig g e r e d  dur ing  

th e  p lasm a ex p a n s io n  im m e d ia te ly  f o l l o w i n g  t h e  d e n s e -p in c h  b rea k -u p .  One 

p o s s i b l e  answer i s  t h a t  i n i t i a l l y  t h e  e l e c t r o n s  are  h e a te d  by  th e  tw o-  

strea m  o r  th e  e l e c t r o n - c y c l o t r o n  d r i f t  i n s t a b i l i t y ,  th e  io n s  b e in g  u n h ea ted .  

A t a c e r t a i n  r a t i o  o f  T^/t ^, th e  i o n - a c o u s t i c  i n s t a b i l i t y  r a p i d l y  domi

n a t e s ,  h e a t i n g  t h e  i o n s .

The d i f f u s e - p i n c h  p h a se ,  b e in g  a r e l a t i v e l y  new phenomenon, rem ains  

one o f  t h e  l e a s t  u n d er s to o d  a s p e c t s  o f  th e  Plasma F ocus d is c h a r g e .

C u r r e n t ly ,  many i n v e s t i g a t o r s  are  tu r n in g  t h e i r  a t t e n t i o n  to  i t s  s tu d y .
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2 , 3 , 5  N eutron  P ro d u c t io n

A l a r g e  amount o f  r e s e a r c h  on t h e  Plasma F o cu s ,  b o th  ex p er im en ta l  

and t h e o r e t i c a l ,  h a s  been  d e v o te d  to  a s tu d y  o f  n eu tro n  p r o d u c t io n .  A 

b r i e f  o u t l i n e  o f  th e  more im p ortan t f e a t u r e s  o f  th e  work i s  g iv e n .  The 

fo l l o w i n g  te r m in o lo g y  i s  u sed :  th e  forward o r  0° d i r e c t i o n  i s  th e

d i r e c t i o n  in  w hich th e  plasm a h as  an a x i a l  component o f  f lo w  during  th e  

c o l l a p s e  p h a se ,  th e  backward and t r a n s v e r s e  d i r e c t i o n s  b e in g  a t  180° and 

90° to  t h i s  d i r e c t i o n ,  r e s p e c t i v e l y .

From th e  many and d i v e r s e  e x p e r im e n ta l  r e s u l t s ,  a number o f  s i n p l e  

m odels have been  p ro p o sed  to  a cc o u n t  f o r  n eu tro n  p r o d u c t io n  :

(a )  The therm al m odel.  The plasm a d e u te r o n s  have a M axw ellian

v e l o c i t y  d i s t r i b u t i o n .  F u s io n  r e a c t i o n s  are  due to  c l o s e -  

range therm al c o l l i s i o n s .  The n eu tro n  f l u x  and en ergy  are  

c o m p le t e ly  i s o t r o p i c .

(b) The m o v in g -b o i l e r  m odel. A therm al plasm a h as  a c e n tr e  o f
7 1mass v e l o c i t y ,  v^^, ^ 10 cm sec"  in  th e  fon\^ard d i r e c t i o n .  

The n eu tro n  f l u x  and en erg y  i n c r e a s e  sm ooth ly  from th e  back

ward to  th e  for^\rard d i r e c t i o n .

( c )  The b e a m -ta r g e t  m odel. A b ea m  o f  d e u te r o n s  i s  a c c e l e r a t e d

to  e n e r g ie s  4 1 5 0  keV in  th e  forward d i r e c t i o n ,  t o  bombard

' s t a t i o n a r y '  d e u te r o n s  in  th e  much l e s s  e n e r g e t i c  p lasm a.

The n eu tro n  f l u x  and en erg y  are  h i g h l y  a n i s o t r o p i c ,  th e  f o r 

ward d i r e c t i o n  b e in g  th e  p r e f e r r e d  d i r e c t i o n ,  w ith  b o th  th e  

f l u x  and en erg y  a t  90° b e in g  a lm o s t  equal to  t h o s e  a t  1 8 0 ° .

In  m ost e x p e r im e n ts ,  th e  n eu tro n  f l u x  and en ergy  are a n i s o t r o p i c ,  

th u s  d i s c o u n t in g  th e  therm al m odel. However, Bernard e t  a l  ( l 9 7 2 ) ,  u s in g  

a Mather d e v ic e  o f  1 0 0 kJ en ergy  a t  4 0 k V ,  o b serv ed  an i s o t r o p i c  n eu tro n  

e m is s io n  fo r  i n i t i a l  f i l l i n g s  o f  ~  17 t o r r  D^. In  c o n t r a s t ,  f o r  f i l l i n g s  

o f  5 - 1 5 t o r r ,  th e  n eu tro n  e m is s io n  was a n i s o t r o p i c .

F i l i p p o v  and F i l ip p o v a  ( l 9 6 5 ) ,  u s in g  a d e v i c e  w i th  C = 1 8 0  HF,

V = 16 -  26 kV and p^ 1 . 2 t o r r  , found an a verage  n eu tron  en ergy  a t

-  32 -



b° w h ich  ex ceed ed  th e  2.45MeV en erg y  a t  90° by 4  0 . 3 MeV . The f l u x e s  

were i s o t r o p i c  to  w i t h i n  5^. They i n t e r p r e t e d  th e  r e s u l t s  a s  a g r e e in g  

w it h  a m o v in g - b o i l e r  m odel.

Bottom s e t  a l  (1 9 6 8 ) ,  u s in g  a Mather d e v ic e  w i th  W = 6 7 k J  a t  20 kV 

and p^ = 5 - 1 0  t o r r  D^, found a f l u x  a n i s o t r o p y  w hich in c r e a s e d  sm ooth ly  

from ~  5^ a t  45° to  ~  27^ a t  1 8 0 ° ,  w i th  r e s p e c t  t o  th e  forward d i r e c t i o n .  

The a v er a g e  n eu tro n  en erg y  d e c r e a s e d  sm ooth ly  from ~  2 .7 7  MeV a t  0° to  

2. 2 2 MeV a t  1 8 0 ° .  These r e s u l t s  su pp ort  a m o v in g -b o i le r  model, w ith  

Vj '̂  ̂ 1 .  2 X  10^ cm s e c “ 4. However, m u l t ip ly in g  th e  n eu tro n  p u l s e  d u r a t io n  o f  

^  100 n s e c  by  t h i s  v e l o c i t y  g i v e s  an ap paren t p in c h  l e n g t h  > 10 cm . T h is  

i s  f a r  in  e x c e s s  o f  th e  1 - 2  cm o b serv e d  l e n g t h .  A l s o , hard X -ra y s  o f  

e n e r g i e s  ^ lO O keV  were produced  by  v o l t a g e s  induced  dur ing  th e  c o l l a p s e  

p h a s e .  D e u te ro n s  o f  such e n e r g ie s  sh o u ld  a l s o  have been  produced , caus

in g  v e r y  a n i s o t r o p i c  n eu tro n  e m is s io n ,  in  c o n t r a s t  to  th e  r e s u l t s .  I t  

was s u g g e s te d  t h a t  a m ix tu re  o f  th e  b ea m -ta r g e t  and m o v in g -b o i le r  m odels  

c o u ld  e x p la in  t h e s e  c o n f l i c t i n g  o b s e r v a t io n s .

Meskan e t  a l  (1967) u sed  a gun o f  p a r a b o lo id a l  geom etry , w ith  

V = 1 5 k J  a t  18 kV and w i t h  p^ = 0 .7  t o r r  D^. The average  n eu tron  en er

g i e s  a t  0° and 180° were 2 . 7 MeV and 2 .1  MeV , r e s p e c t i v e l y .  The 

n e u tr o n  s p e c t r a  c o u ld  be e x p la in e d  by a b e a m -ta r g e t  model, w ith  beam 

en er g y  ~  100 keV .

U s in g  a F i l i p p o v  d e v i c e ,  w i th  ¥ = 1 2 0 k J  a t  4 0 kV and w ith  

p^ = 1 . 2 t o r r  D^ , M a iso n n ie r  e t  a l  ( l 9 7 l )  found no s i n g l e  model cou ld  e x p la in  

th e  o b serv e d  a n i s o t r o p y ,  b u t  t h a t  a m ix tu re  o f  m o v in g -b o i l e r  and beam- 

t a r g e t  m odels  c o u ld .  About 20^ o f  th e  n e u tr o n s  co u ld  be accoun ted  fo r  

b y  i n t e r a c t i o n s  due to  a d eu ter o n  beam o f  en ergy  ~ 1 0 5 k e V  , and th e  remain

d er  b y  a moving b o i l e r  w i th  ^ ^  X 10^ cm sec
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F i n a l l y ,  Patou e t  a l  ( 1 9 6 9 ) ,  u s in g  a Mather d e v ic e  w i th  ¥ =  15k J  

a t  18 kV and w ith  2 t o r r  , found t h a t  n o t  even  a m ix tu re  o f  moving-

b o i l e r  and b e a m -ta r g e t  m odels co u ld  e x p la in  th e  f l u x  a n is o t r o p y .  However, 

th e  en er g y  a n i s o t r o p y  cou ld  be e x p la in e d  e i t h e r  by a m o v in g -b o i l e r  model
Q ^

w i t h  Vjj^~1.2 X 10 cm sec"  , or by  a b e a m -ta r g e t  model w i th  a d eu tero n  

beam o f  en erg y  ~  7 5 keV .

I n  a d d i t i o n  to  t h e s e  s im p le  m o d els ,  more com plex m odels have been  

p r o p o s e d  t o  d e s c r ib e  n eu tro n  p r o d u c t io n  in  th e  dense  p in c h ,

B e r n s t e in  (1970) assum es t h a t  an i n i t i a l  a n nu lar  c u r r e n t  d i s t r i b u 

t i o n  r a p i d l y  c o n t r a c t s  i n  t h e  d en se  p in c h  to  an a r b i t r a r y  d i s t r i b u t i o n  

p eak ed  on a x i s ,  due to  an i n c r e a s e  in  plasm a r e s i s t a n c e  caused  by an a x i a l  

plasm a l o s s  a s  th e  p in c h  form s. The sudden c o n t r a c t i o n  g e n e r a t e s  h ig h  

Eg X e l e c t r i c  f i e l d s ,  and ^ 1 0 ^  o f  th e  d e u te r o n s  are  a c c e l e r a t e d  up 

t o  600 keV . The o r b i t i n g  m otion  o f  th e  d e u te r o n s  in  th e  m agn et ic  f i e l d  

p r o d u c e s  an a n i s o t r o p i c  d i s t r i b u t i o n  o f  c o l l i s i o n  v e l o c i t i e s .  C o l l i s i o n s  

b etw e en  t h e s e  e n e r g e t i c  d e u te r o n s  and ’ s t a t i o n a r y ’ o n es  can a cco u n t  fo r  

t h e  o b s e r v e d  c h a r a c t e r i s t i c s  o f  n eu tro n  p r o d u c t io n  i n  th e  p in c h .

P o t t e r  and H a in es  ( l 9 7 l )  have d ev e lo p ed  a computer code which simu

l a t e s  t h e  i n t e r a c t i o n  o f  2 0 ,0 0 0  d e u te r o n s  immersed in  an e l e c t r o n  f l u i d .  

I n i t i a l l y ,  th e  io n s  have a u n ifo rm  d i s t r i b u t i o n  th ro u g h o u t  th e  p in c h  and 

a M a x ifc l l ia n  v e l o c i t y  d i s t r i b u t i o n .  I f  th e  io n  1 armor r a d iu s  i s  l e s s  

th a n  t h e  p in c h  r a d iu s ,  on a p p ly in g  a sm all  a x i a l  e l e c t r i c  f i e l d  t h e  io n  

v e l o c i t y  d i s t r i b u t i o n  r a p i d l y  o b t a in s  a s i n g u l a r i t y .  The d e u te r o n s  in  

t h i s  h ig h  en erg y  t a i l  a c q u ir e  t h e i r  en erg y  b y  a c o l l i s i o n l e s s  a x i a l  

a c c e l e r a t i o n  in  o r b i t s  which c r o s s  and r e c r o s s  th e  f i e l d - f r e e  p in c h  a x i s .

The a p p l i e d  e l e c t r i c  f i e l d  s im u la t e s  th e  f i e l d  w hich p ro d u ces  runaway 

e l e c t r o n s  i n  th e  m a j o r i t y  o f  F ocus d e v i c e s .  The e n e r g e t i c  d eu ter o n s  

('^100 keV) ca u se  a s i g n i f i c a n t  a n i s o t r o p i c  n eu tro n  e m is s io n  from th e  

p in c h .  N eutrons  are a l s o  produced b y  a moving b o i l e r  w i th  a x i a l  v e l o c i t y  

* 3̂ X 10? cm s e c - 4 .
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A c o m p le t e ly  d i f f e r e n t  approach i s  adopted  by B o s t i c k  e t  a l  ( l 9 6 9 ) .  

U sing  a l o w -e n e r g y  Mather d e v ic e  ( ~ 3 . 8 k j ) ,  th e  f i l a m e n ta r y  s t r u c t u r e  

formed a t  breakdown i s  o b serv e d  to  p e r s i s t  u n t i l  th e  d en se  p in ch  i s  formed.  

The f i l a m e n t s  are  o b serv e d  to  o cc u r  i n  p a i r s ,  w i th  o p p o s in g  m agn et ic  

f i e l d  s t r u c t u r e .  A model i s  p ro p o sed  in  w hich  each f i la m e n t  i s  d e s c r ib e d  

b y a b u n d le  o f  h e l i c a l  m a g n et ic  l i n e s ,  o f  i n c r e a s i n g  p i t c h  from p e r ip h e r y  

to  a x i s .  The f i l a m e n t s  c o a l e s c e  in  th e  p in c h ,  r e l e a s i n g  m agn et ic  en ergy  

by th e  a n n i h i l a t i o n  o f  o p p o s i t e l y - d i r e c t e d  m a g n e t i c - f i e l d  b u n d le s .  I n te n s e  

e l e c t r i c  f i e l d s  g e n e r a te d  by th e  d e c a y in g  f i l a m e n t s  cause  n eu tro n s  to  be  

produced  in  a b e a m - t a r g e t - l i k e  p r o c e s s  o v er  a w ide  range o f  a n g le s .

I t  i s  d i f f i c u l t  to  draw any f irm  c o n c lu s io n  from t h e s e  d iv e r s e  

e x p e r im e n ta l  r e s u l t s .  However, t h i s  i s  n o t  s u r p r i s in g ,  s in c e  th e  charac

t e r i s t i c s  o f  th e  n e u tr o n  e m is s io n  from a p lasm a are v e r y  dependent upon th e  

p a ra m eters  o f  t h a t  p lasm a , and no two Plasma F ocus d e v i c e s  produce e x a c t l y  

th e  same d i s c h a r g e .

An im p o r ta n t  f a c t o r  when a s s e s s i n g  th e  s i g n i f i c a n c e  o f  b ea m -ta rg e t  

i n t e r a c t i o n s  i n  a d eu ter iu m  plasm a i s  th e  p ro d u c t  where

i s  th e  i o n  c y c l o t r o n  fr e q u e n c y  and i s  th e  io n  s e l f - c o l l i s i o n  t im e .

I f  »  1 ,  th e  d e u te r o n s  are  e s s e n t i a l l y  c o l l i s i o n l e s s ,  and an

a c c e l e r a t i n g  f i e l d  i n  th e  p lasm a can ca u se  a h ig h -e n e r g y  t a i l  in  th e  io n  

d i s t r i b u t i o n  f u n c t i o n .  Under t h e s e  c o n d i t i o n s ,  b ea m -ta r g e t  i n t e r a c t i o n s  

can b e  im p o r ta n t ,  r e s u l t i n g  in  an a n i s o t r o p i c  n eu tro n  e m is s io n .  For  

Ul)̂  ̂ «  1 ,  th e  d e u te r o n s  are c o l l i s i o n a l  and therm al r e a c t i o n s  w i l l

do m in a te .

For t h e  Plasma F o cu s ,  c o n s id e r in g  th e  d e n s e -p in c h  p h a se ,  a s u iv e y  

o f  p u b l i s h e d  m easurem ents r e v e a l s  d i f f e r e n c e s  o f  ^  5 in  d e n s i t y  and ^ 2 

i n  t e j i ç e r a t u r e  b etw een  extrem e v a l u e s .  H ence, 'Tü could  v a ry  by

^  10 b e tw e en  th e  two ex tr e m e s .  In  a d e v i c e  o f  medium s to r e d  energy ( 3 2 k j ) ,  

P o t t e r  ( l 9 7 l )  com putes a v a lu e  o f  ^ 10 f o r  Thus, c o n s id e r in g
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a v a r i a t i o n  o f  10 in  b etw een  two d en se  p in c h e s ,  i n  one p in c h

th e  d e u te r o n s  co u ld  be c o l l i s i o n l e s s  w h i le  i n  th e  o th e r  t h e y  co u ld  be  

q u a s i - c o l l i s i o n a l .  T h is  would l e a d  t o  two d i f f e r e n t  d eu ter o n  v e l o c i t y  

d i s t r i b u t i o n s  and two n eu tro n  e m is s io n s  o f  v e r y  d i f f e r e n t  c h a r a c t e r i s t i c s .

The s i t u a t i o n  i s  fu r t h e r  c o m p l ic a te d ,  b e c a u se  in  each d e v ic e  th e  

mechanisms r e s p o n s i b l e  f o r  n eu tro n  p r o d u c t io n  p r o b a b ly  d i f f e r  from th e  

den se  p in c h  to  th e  d i f f u s e - p i n c h  p h a se ,  due to  t h e  q u i t e  d i f f e r e n t  plasma  

p a ra m e ter s .  A ls o ,  th e  p r o p o r t io n  o f  n e u tr o n s  produced  in  each p hase  

d i f f e r s  from one d e v ic e  to  a n o th e r .

B e fo r e  th e  prob lem  o f  n eu tro n  p r o d u c t io n  i n  t h e  Plasma F ocus can  

be r e s o lv e d  f u l l y ,  i t  i s  e v id e n t  t h a t  plasm a p a ra m eters  such a s  d e n s i t y ,  

tem p eratu re  and m agn etic  f i e l d  have to  be known a c c u r a t e l y  a t  many p o i n t s  

i n  th e  d is c h a r g e  th ro u g h o u t  i t s  l i f e t i m e .  B[ence, d i a g n o s t i c  t e c h n iq u e s  

a re  r e q u ir e d  w hich are  ca p a b le  o f  d e te r m in in g  such p aram eters  w i th  a h ig h  

d egree  o f  s p a t i a l  and tem poral r e s o l u t i o n .  A lth ou gh  o p t i c a l  t e c h n iq u e s  

a re  now s u f f i c i e n t l y  advanced to  measure e l e c t r o n  d e n s i t y  to  th e  above  

r e q u irem en ts ,  e . g .  s e e  Chapter V I,  t h e r e  i s  much work needed  i f  tem pera

t u r e  and m agn etic  f i e l d  are  to  b e  d eterm in ed  w i t h  th e  same p r e c i s i o n .

The problem  o f  n eu tro n  p r o d u c t io n  p r e s e n t s  a s t i m u l a t i n g  c h a l l e n g e  to  

t h o s e  engaged in  s tu d y in g  th e  Plasma F o cu s .
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C H A P T E R  I I I

DIAGNOSTIC TEQINIQUES BASED ON PLASMA OPTICAL REFRACTIVITY

3 .1  INTRODUCTION

The r e f r a c t i v e  in d e x  o f  a h i g h l y - i o n i z e d  plasm a i s  p r i m a r i l y  a 

f u n c t i o n  o f  i t s  e l e c t r o n  d e n s i t y .  In  g e n e r a l ,  t h e . e f f e c t s  due to  th e  

p r e s e n c e  o f  i o n s  and a sm a ll  number o f  u n io n iz e d  p a r t i c l e s  are  n e g l i g i 

b l e .  By m easuring  th e  r e f r a c t i v e  in d ex  o f  such a p lasm a, i t s  e l e c t r o n  

d e n s i t y  can be d eterm in ed .

The r e f r a c t i v e  in d e x  o f  a plasm a may be d e term in ed  o p t i c a l l y  by  

p r o p a g a t in g  a l i g h t  beam through  i t  and m easuring  t h e  co n seq u en t changes

ind u ced  in  th e  beam 's w a v e fr o n t .    -  -  -

The p a th  o f  an i n d i v i d u a l  l i g h t  

r a y  i s  t r a c e d  th rou gh  th e  p lasm a,

P i g . 3 . 1 . 1 .  W ithout th e  p lasm a,  

th e  ra y  would have rea ch ed  th e  

p o i n t  P on th e  s c r e e n  S, a t  

a t im e t  and made an a n g le  8 

w ith  an a r b i t r a r y  d i r e c t i o n .
S

In  t h e  p r e s e n c e  o f  th e  p lasm a,
Fig.3.1.1

th e  ra y  a r r i v e s  a t  th e  p o i n t  P /  Path  o f  a l i g h t  r a y  th rou gh  a plasm a  

a t  a t im e  t   ̂ and makes an a n g le  0^. The i n s e r t i o n  o f  a p p r o p r ia te  o p t i 

c a l  equipment i n t o  th e  l i g h t  p a th  w i l l  d i s p l a y  on S e i t h e r  a re c o r d  o f  

t h e  p h a se  l a g  t = t^  -  t ,  t h e  d e f l e c t i o n  e = 0^ -  8 ,  o r  th e  d i s p l a c e 

ment d = P P ' .

There are  th r e e  p r i n c i p a l  o p t i c a l  t e c h n iq u e s  fo r  m easuring  th e  

r e f r a c t i v e  in d ex  o f  a p lasm a :

(a )  I n t e r f e r o m e t r y ,  w hich  r e c o r d s  p h a se  ch an ges ,  measured th e  

r e f r a c t i v e  in d e x ,  n , d i r e c t l y .
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(b ) S c h l i e r e n  p h o to g ra p h y ,  w hich  r e c o r d s  d e f l e c t i o n s ,  m easures  

th e  g r a d ie n t  o f  t h e  r e f r a c t i v e  in d e x ,  i . e .  d n /d x .

( c )  Shadowgraphy, w h ich  r e c o r d s  d is p la c e m e n t s ,  m easures th e

second  d e r i v a t i v e  o f  th e  r e f r a c t i v e  in d e x ,  i . e .  d^n/dx^.

P ro b in g  a la b o r a t o r y  p lasm a w ith  a l i g h t  beam i s  an in v a lu a b le  

d i a g n o s t i c  t e c h n iq u e  b e c a u s e ,  g e n e r a l l y ,  th e  i n t e r a c t i o n  betw een  t h e  e l e c 

tr o m a g n e t ic  wave and th e  p lasm a i s  weak, due to  t h e  wave fr eq u e n c y  b e in g  

much h ig h e r  th a n  any c h a r a c t e r i s t i c  fr eq u e n c y  o f  th e  p lasm a. Thus, th e  

plasm a c h a r a c t e r i s t i c s  are n o t  a p p r e c ia b ly  a l t e r e d  b y  th e  p a s s a g e  o f  th e  

wave. However, f o r  th e  same r e a s o n ,  t h e  te c h n iq u e  h a s  l i m i t e d  s e n s i t i 

v i t y  and, u s u a l l y ,  o p t i c a l  r e f r a c t i v i t y  measurements are  r e s t r i c t e d  to  

p lasm as  o f  d e n s i t y  cm~^. A f u r t h e r  advantage  o f  o p t i c a l  p ro b in g

i s  t h a t  h ig h  s p a t i a l  r e s o l u t i o n  i s  p o s s i b l e  b e c a u se  o f  t h e  sm all  s i z e  o f

o p t i c a l  w a v e le n g t h s .

O p t ic a l  t e c h n iq u e s  are  w e l l  s u i t e d  t o  a s tu d y  o f  th e  Plasma F ocus  

d is c h a r g e ,  b e c a u s e  th e  e l e c t r o n  d e n s i t y  i s  s u f f i c i e n t l y  h ig h  and th e  e l e c 

tr o n  d e n s i t y  g r a d i e n t s  are s u f f i c i e n t l y  s t e e p  to  cau se  a p p r e c ia b le  r e f r a c 

t i v e  e f f e c t s .  A ls o ,  b e c a u se  o f  th e  sm all  s i z e  and h i g h l y - t r a n s i e n t  n a tu re  

o f  th e  d en se  p in c h ,  r a d iu s  ~  0 .0 5  cm and l i f e t i m e  ~  50 n s e c ,  d i a g n o s t i c  

t e c h n iq u e s  c a p a b le  o f  h ig h  s p a t i a l  and tem poral r e s o l u t i o n  are  r e q u ir e d .  

U sing  a p u l s e d  ruby l a s e r  as  a s h o r t - d u r a t io n  l i g h t  s o u r c e ,  o p t i c a l  r e f r a c 

t i v i t y  t e c h n iq u e s  f u l f i l  t h e s e  r e q u ir e m e n ts ,  and a re  th e  b a s i s  o f  th e  

s t u d i e s  d e s c r ib e d  l a t e r  i n  th e  t h e s i s .
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3 .2  THE OPTICAL REFRACTIVITY OF A PLASMA

3 . 2 . 1  G eneral C o n s id e r a t io n s

In  g e n e r a l ,  a p lasm a c o n s i s t s  o f  a m ix tu re  o f  : f r e e  e l e c t r o n s ;

io n s  in  v a r i o u s  s t a g e s  o f  i o n i z a t i o n  from s i n g l e  to  co m p le te ,  i n  th e  

ground s t a t e  and in  e x c i t e d  s t a t e s ;  r e s i d u a l  n e u tr a l  atoms i n  th e  ground  

s t a t e  and in  e x c i t e d  s t a t e s ;  and, f i n a l l y ,  i f  d i s s o c i a t i o n  i s  in c o m p le te ,  

m o le c u le s .  The o v e r a l l  r e f r a c t i v i t y  o f  a p lasm a may he c o n s id e r e d  a s  th e  

sum o f  th e  r e f r a c t i v i t i e s  o f  i t s  c o n s t i t u e n t  com ponents, i . e .

n -  1 = E K. n .  , 
j  J 0 ’

where K. i s  th e  s p e c i f i c  r e f r a c t i v i t y  o f  a p a r t i c l e  o f  ty p e  j and n-
J J

i s  th e  d e n s i t y  o f  such p a r t i c l e s .

The r e f r a c t i v i t i e s  o f  th e  v a r i o u s  components o f  a p lasm a are  con

s id e r e d  in  tu r n .

3 . 2 . 2  The R e f r a c t i v i t y  o f  F ree  E l e c t r o n s  and 
F u l ly - S t r i p p e d  Io n s

The r e f r a c t i v i t y  due t o  th e  f r e e  e l e c t r o n s  and f u l l y - s t r i p p e d  io n s

in  a plasm a may he o b ta in e d  by d e r i v i n g  th e  d i s p e r s i o n  r e l a t i o n  fo r  an

e l e c t r o m a g n e t i c  wave p r o p a g a t in g  th rou gh  a p lasm a. In  t h i s  r e l a t i o n ,  

th e  wave fr eq u e n c y  and p r o p a g a t in g  wave number are  r e l a t e d  by  th e  con%)lex 

d i e l e c t r i c  c o n s ta n t .

For an e,m , wave p r o p a g a t in g  th rough  a f u l l y - i o n i z e d  c o l l i s i o n -  

dom inated p lasm a, in  w hich  a s t e a d y  m agn et ic  f i e l d  i s  a p p l i e d  p a r a l l e l  to  

th e  d i r e c t i o n  o f  p r o p a g a t io n ,  t h e  p lasm a r e f r a c t i v e  in d e x .  Appendix 2, i s

“'pe \  "pe
" = «) • ^ ) 2 ^ v 2-J

ce

2 A A

4 - T '  + • • • ( 3 - 2 . 1 )
ce

where 0) i s  th e  wave fr eq u e n c y ,  (1)̂  ̂ th e  e l e c t r o n  p lasm a fr eq u e n c y ,  (1)̂ ^
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t h e  e l e c t r o n  c y c lo t r o n  fr eq u e n c y  and V th e  e l e c t r o n - i o n  c o l l i s i o n  f r e 

q u e n c y ,  In  th e  above e q u a t io n ,  t h e  r e f r a c t i v i t y  i s  e n t i r e l y  due to  th e  

e l e c t r o n s .  T h is  i s  b eca u se  th e  mass o f  an io n  i s  a t  l e a s t  ~  1840 t im e s  

g r e a t e r  than th e  mass o f  an e l e c t r o n ,  and th u s  t h e  io n s  are  much l e s s  

i n f l u e n c e d  by th e  o s c i l l a t i n g  e l e c t r i c  f i e l d  o f  th e  wave.

When th e  a p p l ie d  m a g n et ic  f i e l d  i s  t r a n s v e r s e  to  t h e  d i r e c t i o n  o f  

wave p r o p a g a t io n ,  and p r o v id e d  th e  m a g n et ic  f i e l d  h a s  a component perpen

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

c o r r e c t i o n  f a c t o r  due t o  th e  m a g n et ic  f i e l d ,  uu“  ̂ i n s t e a d  o f  th a n

f o r  t h e  c a s e  o f  l o n g i t u d i n a l  p r o p a g a t io n .  T h e r e f o r e ,  f o r  t h e  c a se  o f  a 

s t a t i c  m a g n et ic  f i e l d  a p p l ie d  in  an a r b i t r a r y  d i r e c t i o n ,  th e  l o n g i t u d i n a l  

f i e l d  component i s  dominant in  m o d ify in g  th e  d i s p e r s i o n  r e l a t i o n .

E q u a tio n  ( 3 . 2 . l )  i s  exam ined, w i th  a v ie w  to  s i m p l i f i c a t i o n .  As 

a f i r s t  s t e p ,  th e  peak v a l u e s  o f  th e  p lasm a f r e q u e n c ie s  i n  th e  e q u a t io n  

a r e  e s t im a t e d  f o r  a Plasma F ocus d is c h a r g e  in  d eu ter iu m . In  th e  d en se

p in c h ,  r e a l i s t i c  upper v a l u e s  o f  d e n s i t y  and te m p era tu re ,  s e c t i o n  2 . 3 . 3 ,  

a r e ;  n^ = n̂  ̂ = 5X 10^ ^ cm"  ̂ and T^ = T  ̂= 2. 5 keV.

The e l e c t r o n  p lasm a fr eq u e n c y  i s  g iv e n  by
jL

Wpe = (4TT Hg e2/m g)2 .
14

U sin g  t h e  above v a l u e  o f  d e n s i t y ,  ujp  ̂ = 4 , 0 X 1 0  s e c

To e s t im a t e  t h e  e l e c t r o n  c y c lo t r o n  fr eq u e n c y ,  i t  i s  n e c e s s a r y  to  

know t h e  s t r e n g t h ,  B, o f  th e  p lasm a i n t e r n a l  m a g n et ic  f i e l d .  An upper  

l i m i t  f o r  B may be deduced u s in g  th e  f o l l o w i n g  model : The d en se  p in c h

i s  assumed to  c o n s i s t  o f  u n ifo rm  p lasm a, to  have no i n t e r n a l  m agn et ic  

f i e l d  and t o  be c o n f in e d  by an az im u th a l m a g n et ic  f i e l d ,  o f  s t r e n g t h  B g . 

At t h e  boundary betw een  th e  p lasm a and m a g n et ic  f i e l d ,  th e  m agn et ic  p r e s 

s u r e ,  Bg/STT, e x a c t l y  b a la n c e s  th e  plasm a k i n e t i c  p r e s s u r e ,  2 n^ kT^ , 

Thus,
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Bg = ( l6 -n i ig k T ^ ) 2 .

U sing  th e  above peak v a l u e s  o f  d e n s i t y  and te m p era tu re ,  Bg = 3 .2 X lO ® G .  

From t h i s  v a lu e  o f  m agn et ic  f i e l d ,

Uüce = eB /m ^ c =  5 .6 X 1 0 ^ ^  sec"^ .

In  p r a c t i c e ,  th e  plasm a tem p eratu re  and d e n s i t y  are  n o t  c o n s ta n t  o v er  th e  

p in c h  r a d i u s ,  and th e  az im u th a l f i e l d  p e n e t r a t e s  in t o  th e  c o n f in e d  p in c h ,  

d e c r e a s in g  sm ooth ly  u n t i l  i t  i s  zero  a t  t h e  a x i s .  At any p o in t  in  th e  

plasm a t h e r e  i s  b a la n c e  b etw een  th e  XBg f o r c e  and th e  r a d i a l  g r a d ie n t  

o f  k i n e t i c  p r e s s u r e .  H ence, th e  v a lu e  o f  e s t im a te d  above may be

reg a rd ed  a s  t h e  upper l i m i t .

The e l e c t r o n - i o n  c o l l i s i o n  fr eq u e n c y  i s  e s t im a te d  u s in g  th e  r e la x a 

t i o n  t im e ,  f o r  th e  90° t o t a l  d e f l e c t i o n  o f  an e l e c t r o n  due to  d i s t a n t

en c o u n te r s  w i th  i o n s ,  S p i t z e r  (1 9 6 2 ) .

T -  " i  . ( l e  ^

8 ( 2 n ) ^ n .  ”'i' 1 e i

,  , 4 .2 X 1 0 ^  k ^ T ^ i
A . = — 2— (  - )  .

2 e 3 z ^  " “ e ‘

The e l e c t r o n - d e u t e r o n  c o l l i s i o n  fr eq u e n c y  i s  V = = 6 . 6  X 10^ sec~^ .

In  t h e  c a s e  o f  th e  F ocus d is c h a r g e  b e in g  i l lu m in a t e d  w ith  ruby  

l a s e r  l i g h t  o f  w a v e le n g th  6 9 4 3 A  ̂ a s  i n  th e  s t u d i e s  r e p o r te d  in  C hapters

IV and V, t h e  a n g u la r  fr e q u e n c y  o f  t h e  wave i s

UÜ = 2 ttc/X  = 2 .7  X 10^^ s e c " l  .

Comparing th e  above v a l u e s  o f  fr eq u e n c y ,  UU i s  »  V , and

UU>U)pe. E q u a tio n  ( 3 . 2 . l )  r e d u c e s  to

U)̂
n = 1 -  — . • • • ( 3 . 2, 2 )

2 \i?

S u b s t i t u t i n g  th e  c o n s t a n t s  i n t o  th e  above e q u a t io n

n = 1 -  4 .4 8  X 1 0 -1 4  ^2 . . . . ( 3 . 2 . 3 )
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From th e  ab ove ,  f o r  a g iv e n  p lasm a a t  a f i x e d  w a v e le n g th  o f  i l l n m i -
t

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

in d e x  and c o n v e r s e ly ,  i . e .  n -  1 -  n^ .

3 . 2 . 3  The R e f r a c t i v i t y  o f  N o n -E le c tr o n  S p e c ie s  

(E x c lu d in g  f u l l y - s t r i p p e d  io n s )

D uring  a Plasma Focus d is c h a r g e ,  t h e  tem p era tu re  and d e n s i t y  o f

th e  p lasm a are  s u f f i c i e n t l y  h ig h  f o r  i t  to  be f u l l y  i o n i z e d .  However,

d u r in g  th e  c o l l a p s e  p h a s e ,  seme u n io n iz e d  p a r t i c l e s  are  p r e s e n t  w i t h in  th e

volum e e n c lo s e d  by th e  c o l l a p s i n g  c o n i c a l  c u r r e n t - s h e e t .  Prob ing  th e

p lasm a w i th  a l i g h t  beam p e r p e n d ic u la r  to  th e  Focus a x i s ,  th e  beam would

p a s s  t h r o u g h . i o n i z e d  p a r t i c l e s  i n  th e  s h e e t  and n e u tr a l  p a r t i c l e s  w i t h in

th e  c o n e .  Furtherm ore ,  in  th e  s t u d i e s  r e p o r te d  in  C hapters  IV and V,

' ^ 2 ^  o f  argon i s  added to  th e  d eu ter iu m  f i l l i n g .  Even in  th e  d en se

p in c h ,  th e  m a j o r i t y  o f  argon i o n s  are  i n c o m p le t e ly  i o n i z e d ,  H e - l i k e  argon

io n s  p r e d o m in a t in g .  Peacock  e t  a l  ( l 9 7 l ) .  Thus, th e  r e f r a c t i v i t y  due to

th e  n o n - e l e c t r o n  s p e c i e s  in  th e  d is c h a r g e  must be a s s e s s e d .

(a )  The r e f r a c t i v i t y  o f  u n e x c i t e d  n e u t r a l s

For bound e l e c t r o n s  in  th e  ground s t a t e s  o f  l i k e  n e u tr a l  p a r t i c l e s ,

th e  r e f r a c t i v i t y  i s  2 «2 tt e^n f,
n = 1 + --------- —  )  ----- —  . . . .  ( 3 . 2 . 4 )

“ e ^

I n  th e  ab o v e ,  n^ i s  th e  bound e l e c t r o n  d e n s i t y ,  f^ i s  th e  o s c i l l a t o r  

s t r e n g t h  f o r  t r a n s i t i o n s  b etw een  th e  ground s t a t e  and en ergy  l e v e l  k , 

and (JÛ i s  t h e  fr eq u e n c y  co rresp o n d in g  to  t h e  en ergy  d i f f e r e n c e  betw een  

t h e  two l e v e l s .  E q u a tio n  ( 3 . 2 . 4 )  may be d e r iv e d  f o l l o w i n g  a p rocedu re  

s i m i l a r  t o  t h a t  f o r  e q u a t io n  ( 3 . 2 . 1 ) ,  Born and Wolf ( l 9 7 0 ) .

When th e  fo r m u la t io n  l e a d in g  to  e q u a t io n  ( 3 . 2 , 4 )  b rea k s

down b e c a u s e  th e  e f f e c t  o f  d i s s i p a t i o n  h as  b een  n e g l e c t e d .  These v a l u e s  

o f  are  t h e  f r e q u e n c ie s  a t  w hich anomalous d i s p e r s io n  o c c u r s .  B ecau se
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th e  re so n a n ce  f r e q u e n c ie s  o f  n e u t r a l s  are  a lm o st  e n t i r e l y  h ig h e r  than  

o p t i c a l  f r e q u e n c ie s ,  anomalous d i s p e r s i o n  i s  un im p ortant when c a l c u l a t i n g  

o p t i c a l  r e f r a c t i v i t y .  E q u a tio n  ( 3 . 2 . 4 )  i s  th e n  approxim ated  hy  a tw o-  

term  Cauchy form ula

n = 1 + A (1 + b A 2 )  ̂ . . .  ( 3 . 2 . 5 )

where n^ i s  th e  d e n s i t y  o f  th e  l i k e  n e u t r a l s  and A and B are en%)iric- 

a l l y - d e t e r m i n e d  c o e f f i c i e n t s .

The c o e f f i c i e n t s  A and B are  t a b u la t e d  fo r  a v a r i e t y  o f  g a s e s ,  

e . g .  A l l e n  (1 9 6 3 ) .  V a lu e s  f o r  th e  g a s e s  u sed  in  th e  Plasma F ocus s t u d i e s  

r e p o r te d  l a t e r  are  t a b u la t e d  b e lo w  :

T able  3 . 2 . 1

Gas AX 1 0 -2 4 BX 10-11  (X in  cm)

Dg 5 .0 7 7 .5 2

D 4 .1 7 6 . 2

Ar 1 0 .4 2 5 .6

Ne 2 ,4 9 2 . 4

Over th e  v i s i b l e  spectrum , from e q u a t io n  ( 3 . 2 . 5 ) ,  n i s  a lm o st

in d ep en d en t  o f  X , s i n c e  b/X^ «  1 ,

(b) The r e f r a c t i v i t y  o f  u n e x c i t e d  p a r t i a l l y - s t r i p p e d  io n s

M a r t e l l u c c i  ( l 9 6 ? )  h a s  e s t im a te d  t h e  r e f r a c t i v i t i e s  o f  u n e x c i t e d  

p a r t i a l l y - s t r i p p e d  i o n s  from c a l c u l a t i o n s  o f  th e  p o l a r i s a b i l i t i e s  o f  

v a r i o u s  s p e c i e s .  For each s p e c i e s ,  th e  r e f r a c t i v i t y  a t  o p t i c a l  wave

l e n g t h s  can be r e p r e s e n t e d  by a tw o -term  Cauchy form ula , a s  e q u a t io n

( 3 . 2 . 5 ) .  The c o e f f i c i e n t  A i s  d e f in e d

A = 2TTa ,

where oc i s  th e  p o l a r i s a b i l i t y  o f  t h a t  s p e c i e s .

,2

Now

. . .  ( 3 . 2 . 6 )

. . .  ( 3 . 2 . 7 )

where a = i s  th e  Bohr r a d iu s  and r? i s  th e  mean o f  th e  square
0 0 1

o f  th e  d i s t a n c e  o f  th e  i^^ e l e c t r o n  from t h e  n u c le u s .
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M a r t e l l u c c i  o b ta in e d  v a l u e s  o f  A o f  t h e  same o rd er  o f  magnitude  

a s ,  b u t  s y s t e m a t i c a l l y  l e s s  th a n ,  th e  v a l u e s  fo r  n e u t r a l s .

(c )  The r e f r a c t i v i t y  o f  e x c i t e d  atoms and 
p a r t i a l l y - s t r i p p e d  io n s

The r e f r a c t i v i t y  o f  t h e s e  s p e c i e s  a t  o p t i c a l  w a v e le n g th s  can a l s o  

be r e p r e s e n t e d  by e q u a t io n  ( 3 . 2 . 5 ) .  The c o e f f i c i e n t s  A are  e s t im a te d  

from p o l a r i s a b i l i t y  c a l c u l a t i o n s .  From e q u a t io n  ( 3 . 2 . ? ) ,  a ,  and hen ce  

th e  r e f r a c t i v i t y ,  s c a l e s  a p p r o x im a te ly  a s  th e  fo u r th  power o f  th e  mean 

d i s t a n c e  o f  th e  e x c i t e d  e l e c t r o n  from th e  n u c le u s .

The number o f  atoms or io n s  o f  any s p e c i e s  w i th  an e l e c t r o n  e x c i t e d  

to  a h i g h - l y i n g  s t a t e  w i l l  be  s m a l l .  The m a j o r i ty  have e l e c t r o n s  e x c i t e d  

to  t h e  in n e r  l o w - l y i n g  l e v e l s .  H ence, t h e  r e f r a c t i v i t y  o f  th e  b u lk  o f  

e x c i t e d  atoms and io n s  i s  a g a in  l e s s  th a n  t h a t  o f  u n e x c i t e d  n e u t r a l s ,  

M a r t e l l u c c i  (1 9 6 7 ) .  The combined e f f e c t  o f  t h o s e  s p e c i e s  w i th  l a r g e  

p o l a r i s a b i l i t i e s  i s  n e g l i g i b l e  due to  t h e i r  sm all  c o n c e n t r a t io n .

3 . 2 . 4  D i s c u s s i o n

At th e  ruby l a s e r  w a v e le n g th ,  X = 6943 A , th e  e l e c t r o n  r e f r a c t i v i t y  

o f  a p la sm a , from e q u a t io n  ( 3 . 2 . 3 ) ,  i s

n = 1 - 2 . 1 6  X 10 -2 2  ^

Thus, t h e  s p e c i f i c  r e f r a c t i v i t y  o f  e l e c t r o n s  a t  6 9 4 3 ^  i s  -  2 . 1 6 X 1 0 “ 22^

For t h e  p u r p o s e s  o f  com parison , th e  a b s o lu t e  v a l u e  o f  t h i s  q u a n t i t y  i s  u sed .

In  s e c t i o n  3 . 2 . 3 ,  i t  was d em on stra ted  t h a t ,  o f  a l l  th e  n o n - e l e c t r o n  

s p e c i e s  p r e s e n t  i n  a p la sm a , u n e x c i t e d  n e u t r a l s  have  t h e  l a r g e s t  s p e c i f i c  

r e f r a c t i v i t y .  From e q u a t io n  ( 3 . 2 . 5 )  and T able  3 . 2 . 1 ,  th e  s p e c i f i c  

r e f r a c t i v i t y  o f  argon  atom s, w hich i s  t h e  h i g h e s t  o f  a l l  th e  n e u t r a l s  

u sed  i n  th e  Plasma F ocu s  s t u d i e s  r e p o r te d  i n  C hapters IV and V, i s  ~  20 

l e s s  th a n  t h a t  o f  e l e c t r o n s  a t  6 9 4 3 .

The m a j o r i t y  o f  Plasma Focus d i s c h a r g e s  s tu d ie d  in  th e  p r e s e n t  work 

had added arg o n . Thus, in  t h e  p lasm a, th e  r e f r a c t i v i t y  o f  th e  argon
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i o n s  would be < 0 ,1 ^  o f  t h a t  o f  t h e  e l e c t r o n s .  The r e f r a c t i v i t y  o f  th e  

argon and d eu ter iu m  n e u t r a l s  in  t h e  p lasm a i s  n e g l i g i b l e  b eca u se  o f  t h e i r  

e x tr e m e ly  low c o n c e n t r a t io n .  D uring  th e  c o l l a p s e  p h a se ,  when n e u t r a l s  

are  tra p p ed  w i t h i n  th e  im p lod in g  shock , th e  s p e c i f i c  r e f r a c t i v i t y  o f  

d eu ter iu m  p a r t i c l e s  i s  a f a c t o r  o f  ~ 4 3  l e s s  th a n  t h a t  o f  e l e c t r o n s .

T able  3 . 2 . 1 .  A lthough  a t  t h i s  s t a g e  th e  e l e c t r o n  r e f r a c t i v i t y  sh ou ld  be  

s u f f i c i e n t  to  j u s t i f y  n e g l e c t i n g  t h a t  o f  th e  d eu ter iu m  n e u t r a l s ,  i t  i s  

n e c e s s a r y  to  e v a lu a t e  th e  t o t a l  number o f  each  s p e c i e s ,  a s  a ch eck .

Thus, in  g e n e r a l ,  d u r in g  a Plasma F ocu s  d is c h a r g e  th e  e l e c t r o n  

r e f r a c t i v i t y  a t  o p t i c a l  w a v e le n g t h s  i s  dom inant, and th e  e f f e c t s  due to  

o t h e r  s p e c i e s  can be n e g l e c t e d .

3 . 3  THE OPTICAL DIAGNOSTIC TECHNIQUES

The o p t i c a l  t e c h n iq u e s  o f  shadowgraphy, s c h l i e r e n  p h otograp hy  and 

i n t e r f e r o m e t r y ,  and t h e i r  a p p l i c a t i o n  to  th e  s tu d y  o f  a p lasm a , are  d i s 

cu ssed  in  t u r n .  The p r o p e r t i e s  o f  a Q -sw itch ed  ruby l a s e r ,  a s  a s u i t a b l e  

l i g h t  so u rce  f o r  u s e  w i t h  t h e s e  t e c h n iq u e s ,  a re  c o n s id e r e d  s e p a r a t e l y .

An e x c e l l e n t  r e v ie w  o f  o p t i c a l  p lasm a d i a g n o s t i c  t e c h n iq u e s  i s  

g iv e n  by Jahoda and Sawyer ( l 9 7 l ) .

3 . 3 . 1  The Shadowgraph Technique

(a )  G eneral p r i n c i p l e s

Shadowgraphy i s  e x tr e m e ly  s im p le  in  p r i n c i p l e .  A u n ifo rm  p a r a l l e l  

l i g h t  beam p a s s e s  th rou gh  th e  t e s t  o b j e c t  and f a l l s  onto  a s c r e e n  or  d e t e c 

t o r .  F or a t e s t  o b j e c t  o f  u n ifo rm  r e f r a c t i v e  in d e x  th e  sc r e e n  i s  u n i 

fo rm ly  i l lu m i n a t e d .  I f  t h e r e  i s  a c o n s ta n t  r e f r a c t i v e - i n d e x  g r a d ie n t

t r a n s v e r s e  to  th e  beam, a l l  l i g h t  r a y s  s u f f e r  equal d e f l e c t i o n  w ith  no 

change in  th e  s c r e e n  i l l u m i n a t i o n .  However, i f  t h e  f i r s t  d e r i v a t i v e  o f  

th e  r e f r a c t i v e  in d e x  v a r i e s  t r a n s v e r s e  to  th e  beam, a l l  l i g h t  r a y s  are  

n o t  e q u a l l y  d i s p l a c e d  a t  th e  s c r e e n ,  r e s u l t i n g  in  v a r i a t i o n s  in  i l lu m in a 

t i o n .
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C o n sid er  a p a r a l l e l  monochromatic l i g h t  beam p r o p a g a t in g  p a r a l l e l  

t o  t h e  z  a x i s  o f  a C a r te s ia n  c o o r d in a te  sy stem , and en c o u n te r in g  a

sy s tem  in  w hich  th e  

r e f r a c t i v e  in d ex  

n ( x , y , z )  i s  a f u n c t io n  

o f  p o s i t i o n .  I n i t i a l l y ,  

i t  i s  supposed t h a t  

t h e r e  i s  a c o n s ta n t  

r e f r a c t i v e  in d ex  g ra 

d i e n t ,  ^n /^x  , i n  th e  

X d i r e c t i o n .  D e v ia 

t i o n s  in  th e  x z p la n e

A X

ACC

A S ,

A S

L ■>

F i g . 3 . 3 . 1
A ngular  d e v i a t i o n  o f  a w a v e fro n t  due 

t o  a r e f r a c t i v e  in d e x  g r a d ie n t

o n ly  are  c o n s id e r e d ,  

F i g . 3 . 3 . 1 ,  and are  

g r e a t l y  ex a g g e ra te d  

f o r  th e  sake o f  

c l a r i t y .

Two s e c t i o n s  o f  

t h e  p la n e  wave a r r iv e  

s im u lt a n e o u s ly  a t  x^

and  , on th e  boundary o f  t h e  system . In  a su bsequ en t t im e  i n t e r v a l .  

At , t h e  s e c t i o n s  t r a v e l  d i s t a n c e s  and AS  ̂ to  p o s i t i o n s  x^ and

, r e s p e c t i v e l y .  I f  th e  r e f r a c t i v e  i n d i c e s  a t  x^ and Xg are  n^ 

and ng , r e s p e c t i v e l y ,  th e n  AS^/AS^ = n^/n^ . Hence ,

AS^- ASg = AS^(1 -  n / n g )  .

Now n .  and n„ are  r e l a t e d  by

ôn (x - x ^ )  .
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D e n o t in g  Xg -  by Ax and. com bining th e  above two e q u a t io n s

AS,
AS^- AS2 = ~  Ax . . . .  ( 3 . 3 . 1 )

The l i n e  j o i n i n g  x^ and x^ r e p r e s e n t s  th e  ad vanc in g  w a v e fr o n t ,  

th e  normal to  w hich  makes an a n g le  A% w ith  th e  z a x i s .  A c o n t in u a t io n  

o f  th e  new w a v e fr o n t  i n t e r s e c t s  th e  o ld  one a t  p o s i t i o n  Xg , making an 

a n g le  A a . Thus AS^ = ( x ^ -  x^) Aa and AS  ̂ = ( x ^ -  x^) M . Hence

-  ASg = A a . Ax .

S u b s t i t u t i n g  t h e  above in t o  e q u a t io n  ( 3 . 3 . 1 ) ,

A 1 .Q
^  ^  •

S in c e  n^ =" n^ and AS  ̂ AS^, we may w r i t e

Aa = ^  AS . . . .  ( 3 . 3 . 2 )

T h is  i s  th e  in c r e m e n ta l  d e f l e c t i o n  A3, o f  t h e  beam in  t r a v e l l i n g  an 

in c r e m e n ta l  l e n g t h  AS in  th e  d is t u r b a n c e  o f  t h i c k n e s s  L .

The i n t e n s i t y  d i s t r i b u t i o n  o f  th e  beam on a sc r e e n  p la c e d  a d i s 

ta n c e  C , i n  th e  z d i r e c t i o n ,  beyond t h e  r e f r a c t i v e  d is t u r b a n c e  w i l l  be  

changed by i t s  p r e s e n c e .  R e fe r r in g  to  F i g . 3 . 3 . 1 , th e  l i g h t  f l u x  i n c i d e n t  

on t h e  in c rem en t  Ax a t  th e  boundary, a s  a consequence  o f  t r a v e l l i n g  a 

d i s t a n c e  AS i n t o  th e  d is t u r b a n c e ,  i s  spread  from a p o s i t i o n  x^ + 1 .  A3 

to  a p o s i t i o n  A a , on th e  s c r e e n .  H ence, th e  in c rem en ta l  l e n g t h

i l lu m i n a t e d  on b o th  s c r e e n  and boundary i s  th e  same, and th e  d is t u r b a n c e

c a u s e s  no change i n  s c r e e n  i n t e n s i t y .

H owever, i f  th e  r e f r a c t i v e  in d ex  g r a d ie n t  i s  changing  l i n e a r l y ,  th e

f l u x  on t h e  s c r e e n  i s  spread  from a p o s i t i o n  x^ + t  . Aa to  a p o s i t i o n

' X2 + I  (Aa + Ax . BAo/ ^ x) , i . e .  t h e  s c r e e n  i n t e n s i t y  i s  changed. For a

r e f r a c t i v e  in d e x  g r a d ie n t  changing  l i n e a r l y  in  th e  y  d i r e c t i o n ,  an i l l u 

m in a t io n  o f  an in crem en t  Ay a t  t h e  d is t u r b a n c e  boundary g i v e s  a s i m i l a r  

r e s u l t .  The a re a  i l lu m i n a t e d  a t  th e  boundary i s  Ax . Ay • The area  

i l lu m i n a t e d  on t h e  s c r e e n  i s
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r  ( ôAcc . y V—1 p , d ù x  \ y
+ t o j J . L y ^ + ^ - ^ A a y + A y - g ^ )  -  ( y ^  + t .  t o j ]

= - A x . A y ( l + t ^ A a ^ + ^ ^ A a y ) ,

ig n o r in g  th e  p r o d u c t  o f  sm a ll  q u a n t i t i e s .  I f  A i s  t h e  a rea  i l lu m in a t e d  

a t  th e  boundary, t h e  change in  a rea  i l lu m i n a t e d  on th e  s c r e e n ,  due to  

d e v i a t i o n s  i n  an in c r e m e n ta l  t h i c k n e s s  AS o f  th e  d is t u r b a n c e ,  i s

AA = t . A x .  A y ( I ^ A a ^ ^ l ^ A a y ) .

T h is  change i n  a rea  w i l l  r e s u l t  in  an e q u iv a le n t  f r a c t i o n a l  change  

in  i l l u m i n a t i o n  A l / l ,  i . e .

T  = T  = '^(1  ̂ % )  •

S u b s t i t u t i n g  fo r  Aa and Aa i n  th e  above, from e q u a t io n  ( 3 . 3 . 2 ) ,

f  = -  J )  û s ] .

In  th e  l i m i t  o f  sm a ll  d e f l e c t i o n s  from t h e  z d i r e c t i o n ,  th e  t o t a l  f r a c 

t i o n a l  change in  i n t e n s i t y  a t  a p o i n t  on th e  s c r e e n ,  due to  t h e  l i g h t  beam 

t r a v e r s i n g  t h e  w h o le  t h i c k n e s s  L o f  th e  r e f r a c t i v e  d is tu r b a n c e  i s ,  l e t t i n g  

AS 0 i n  t h e  above ,

T  = i" n Y x \  zT ( f r  n (% ,y ,z )  + n ( x , y , z ) ) d z  . . . .  ( 3 . 3 . 3 )

The shadowgraph te c h n iq u e  r e c o r d s  t h e  l i n e  i n t e g r a l  o f  th e  second  

d e r i v a t i v e  o f  th e  r e f r a c t i v e  in d e x .  The d e r i v a t i o n  o f  th e  above r e s u l t

h a s  assumed l i n e a r i t y  in  th e  change o f  th e  r e f r a c t i v e  in d e x  g r a d i e n t s  in

th e  t r a n s v e r s e  d i r e c t i o n s .

(b) P r a c t i c a l  a s p e c t s  o f  shadowgraphy

The i d e a l  sy s tem  d e s c r ib e d  in  th e  p r e v io u s  s e c t i o n  i s  f r e e  o f  imper

f e c t i o n s .  The r e s t r i c t i o n s  in p o sed  by u s in g  a r e a l  sy stem  are  now con

s i d e r e d .

In  a r e a l  sy stem , th e  l i g h t  beam u sed  to  i l l u m i n a t e  th e  t e s t  s e c t i o n ,  

i . e .  t h e  r e g io n  c o n t a in in g  th e  r e f r a c t i v e  d is t u r b a n c e ,  d iv e r g e s  from t r u e
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p a r a l l e l i s m  "by th e  a n g le  B . The heam i s  u s u a l l y  o b ta in e d  u s in g  a con

d en ser  to  fo c u s  a l i g h t  so u rce  onto  a p in h o l e  o f  a p e r tu r e  d , which  i s  

i t s e l f  a t  th e  fo c u s  o f  a l e n s  o f  f o c a l  l e n g t h  + f . Then 9 = d / f .  To 

r e s o l v e  in h o m o g e n e i t ie s  o f  d im en sio n  Ô in  t h e  o b j e c t ,  th e  maximum v a l u e s  

o f  ^ , th e  s c r e e n  to  o b j e c t  d i s t a n c e ,  and 0 are  r e s t r i c t e d ,  Weinberg 

(1 9 6 3 ) .

At t h e  s c r e e n ,  l i g h t  r a y s  h a v in g  p a s s e d  th rou gh  t h e  same p o i n t  in  

th e  t e s t  s e c t i o n  are  spread  up to  a d i s t a n c e  8 = 1/0 a p a r t ,  due t o  th e  

beam d iv e r g e n c e .  H ence, S i s  th e  minimum o b j e c t  d im en sio n  r e s o l v a b l e  

a t  th e  s c r e e n .  The r e s o l u t i o n  may be in^ roved  by d e c r e a s in g  e i t h e r  1/ ,

9 o r  b o th .  B ut, th e  s e n s i t i v i t y  o f  th e  sy s tem  i s  p r o p o r t io n a l  t o  1 / ,  

e q u a t io n  ( 3 . 3 . 3 ) .  I f  i s  t h e  minimum s e p a r a t io n  a t  w hich  adequate

s e n s i t i v i t y  i s  a c h ie v e d ,  to  r e s o l v e  in h o m o g e n e i t i e s  o f  d im en s io n  ô

8 < 5 / t ' .  . . .  ( 3 . 3 . 4 )

I t  i s  im p o s s ib le  t o  r e s o l v e  i n f i n i t e s i m a l l y  sm all  o b j e c t s  by  redu c

in g  0 i n d e f i n i t e l y ,  f o r  two r e a s o n s  : F i r s t l y ,  r e d u c in g  0 i u ç l i e s

r e d u c in g  th e  so u rce  a p e r tu r e  d . B ecau se  th e  l i g h t  f l u x  a t  th e  s c r e e n  

i s  p r o p o r t io n a l  to  d^, t h e  s e n s i t i v i t y  o f  th e  s c r e e n  or  d e t e c t o r  s e t s  a 

lo w er  l i m i t  to  d , and hen ce  9 . S e c o n d ly ,  d i f f r a c t i o n  a t  t h e  o b j e c t  

l i m i t s  t h e  maximum r e s o l u t i o n  a c h ie v a b le  a t  th e  s c r e e n .  An in h o m o g en e ity  

o f  d im en sio n  6 c a u s e s  a d e f l e c t i o n  o f  o rd er  \ / à to  l i g h t  o f  w a v e len g th  

X , To produce a shadowgraph e f f e c t  l a r g e r  th a n  t h e  d i f f r a c t i o n  e f f e c t ,  

th u s  d e t e c t i n g  b u t n o t  n e c e s s a r i l y  r e s o l v i n g  th e  in h o m o g en e ity ,  a r e f r a c 

t i v e  d e f l e c t i o n  c i s  n eed ed , such t h a t  e > X/ô , o r

eô > X . . . .  ( 3 . 3 . 5 )

Thus, i f  t h e  above c r i t e r i o n  i s  s a t i s f i e d ,  th e  in h o m o g e n e ity  p ro d u ces  a

d e t e c t a b l e  shadow e f f e c t .

The d im en sio n  o f  th e  in h o m o g en e ity  a s  reco rd ed  on th e  s c r e e n  co u ld ,  

how ever, by  m is l e a d in g .  To r e s o l v e  an in h o m o g en e ity  o f  d im en sion  à in
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t h e  t e s t  s e c t i o n ,  a t  th e  s c r e e n ,  th e  d i f f r a c t i v e  d is p la c e m e n t  o f  l i g h t  ra y s  

a t  th e  s c r e e n  must n o t  ex ceed  6 , i . e .  6 ^  , or

6 ^  V t'X  ’ • • •  (3 '3 'G )

T h e r e f o r e ,  a sm all  in h o m o g en e ity  o f  d im en sio n  « 6 ,  in  which  t h e r e  are  

s tr o n g  second  d e r i v a t i v e s  o f  u ,* w i l l  he  d e t e c t e d  a s  a shadow on th e  

s c r e e n  i f  c r i t e r i o n  ( 3 . 3 . 5 )  i s  s a t i s f i e d ,  h u t  th e  shadow w i l l  he broadened  

t o  d im en s io n  6 .

O c c a s i o n a l ly ,  i t  i s  n e c e s s a r y  t o  s i t u a t e  th e  s c r e e n  c l o s e r  to  th e  

r e f r a c t i v e  d i s t u r b a n c e  th a n  i s  p o s s i b l e .  For exam ple, to  a v o id  m ech an ica l  

and therm al damage to  a window when s tu d y in g  a t r a n s i e n t  h o t  p lasm a, a 

minimum s e p a r a t io n  must be m a in ta in e d ,  th u s  r e s t r i c t i n g  th e  minimum 

p l a s m a - t o - s c r e e n  d i s t a n c e .  T h is  may be overcome by u s in g  th e  fo c u se d  

shadowgraph t e c h n iq u e ,  i n  w hich  a convex  l e n s  i s  p la c e d  betw een  th e  s c r e e n  

and t e s t  s e c t i o n  to  fo c u s  i t  a t  a d i s t a n c e  S in  f r o n t  o f  th e  s c r e e n .

The p r i n c i p l e  o f  o p e r a t io n  i s  unchanged. In  e q u a t io n  ( 3 . 3 . 3 ) ,  t  i s  

r e p l a c e d  by s /m , where m i s  t h e  m a g n i f i c a t i o n  in tr o d u c e d  b y  th e  l e n s .

F i n a l l y ,  good q u a l i t y  o p t i c a l  com ponents, e . g .  l e n s e s  and windows,  

a r e  needed  to  p r e v e n t  s p u r io u s  i n t e n s i t y  f l u c t u a t i o n s ,  w h ich  co u ld  be  

a t t r i b u t e d  to  t h e  t e s t  o b j e c t ,  b e in g  in t r o d u c e d ,  p a r t i c u l a r l y  i f  q u a n t i t a 

t i v e  r e s u l t s  are  r e q u ir e d .  For exam ple, i f  th e  d i f f e r e n c e  i n  th e  p a th  

l e n g t h s  o f  two r a y s  p a s s in g  through  a common p o in t  i s  > X /4 ,  i n t e r f e r e n c e  

w i l l  o c c u r ,  ca u s in g  i n t e n s i t y  f l u c t u a t i o n s .  The l i m i t a t i o n s  imposed by  

d i f f r a c t i o n  and f i n i t e  beam d iv e r g e n c e  must be c o n s id e r e d  when a s s e s s 

i n g  th e  q u a l i t y  o f  o p t i c a l  components n eed ed .

( c )  A p p l i c a t i o n  to  th e  s tu d y  o f  a plasm a

When th e  r e f r a c t i v e  d is tu r b a n c e  b e in g  s tu d ie d  i s  a p lasm a, and when 

n  i s  n o t  a f u n c t io n  o f  z , eq u a t io n  ( 3 . 3 . 3 )  r e d u c e s  to  

AI ' "2 n ( x , y )  + - ^ n  ( x , y ) )  ,
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s i n c e  fo r  a p lasm a a t  o p t i c a l  w a v e le n g th s  n ^  1 and n -  1 n^ , 

e q u a t io n  ( 3 , 2 . 3 ) .  H ence, t h e  l o c a l  change i n  s c r e e n  i l l u m i n a t i o n  i s  

p r o p o r t io n a l  to  th e  second  d e r i v a t i v e  o f  th e  e l e c t r o n  d e n s i t y .

In  p r i n c i p l e ,  i t  i s  p o s s i b l e  t o  o b t a in  v a l u e s  o f  n^ from a plasm a  

in  which V^n^ ^ 0 by s u i t a b l y  i n t e g r a t i n g  th e  o b serv e d  i n t e n s i t y  ch an ges ,  

a c c o r d in g  to  e q u a t io n  ( 3 , 3 . 3 ) .  However, e x t r a c t i n g  q u a n t i t a t i v e  v a l u e s  

o f  d e n s i t y  from shadowgrams depends on h a v in g  a u n ifo rm  o r  v e r y  s im p le  z 

dependence fo r  th e  d e n s i t y ,  so t h a t  th e  n e c e s s a r y  d oub le  i n t e g r a t i o n  may 

be perform ed . A ls o ,  th e  two c o n s t a n t s  o f  i n t e g r a t i o n  in v o lv e d  must be  

o b ta in e d  by o th e r  m easurem ents, u s u a l l y  one by th e  s c h l i e r e n  te c h n iq u e  and 

th e  o th e r  by in t e r f e r o m e t r y .  T h is  i s  a s e r io u s  d is a d v a n ta g e .

Furtherm ore ,  q u a n t i t a t i v e  r e s u l t s  are  o n ly  o b t a in a b le  i f  th e  d i s 

p la cem en t  o f  a r a y  from i t s  u n d is tu r b e d  p o s i t i o n  on th e  s c r e e n  i s  s u f f i 

c i e n t l y  sm all  to  a v o id  c o n f u s io n  by th e  o v e r la p p in g  o f  ra y s  from v a r i o u s  

so u rce  l o c a t i o n s .  S in c e  th e  s e n s i t i v i t y  o f  any shadowgraph sy s tem  i s  

p r o p o r t io n a l  t o  ^  , th e  o b j e c t - t o - s c r e e n  d i s t a n c e ,  o c c a s i o n a l l y ,  b y  s u i t 

a b ly  c h o o s in g  ^ , l a r g e  v a r i a t i o n s  in  s c r e e n  i n t e n s i t y  can be d i s p la y e d  

w ith o u t  any o v e r la p p in g .  However, in  a p lasm a in  w hich  l a r g e  v a r i a t i o n s  

i n  V^ng o c c u r ,  i t  i s  n o t  u s u a l l y  p o s s i b l e  to  d i s p l a y  th e  w eaker phenomena 

and to  a v o id  t h i s  o v e r la p p in g .

G e n e r a l ly ,  th e  above two r e s t r i c t i o n s  on th e  p lasm a are  n o t  s a t i s 

f i e d ,  and shadowgraphy i s  i n f r e q u e n t l y  u sed  f o r  q u a n t i t a t i v e  p u r p o s e s .  

U s u a l ly ,  i t  i s  u sed  to  l o c a t e  th e  p o s i t i o n s  o f  r a p i d l y - v a r y i n g  d e n s i t y  

g r a d i e n t s .  The t e c h n iq u e  i s  w e l l  s u i t e d  to  a s tu d y  o f  sh o ck s ,  a s  d e s 

c r ib e d  i n  C hapters  V and V I, f o r  exam ple, and o f  tu r b u le n c e  i n  p la sm a s ,  

A s c o l i - B a r t o l i  e t  a l  ( 1 9 6 3 ) .

The minimum d e t e c t a b l e  second  d e r i v a t i v e  o f  e l e c t r o n  d e n s i t y ,  

u s in g  shadowgraphy, may be e s t im a t e d .  I f  n^ h a s  no z dependence.
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from e q u a t io n s  ( 3 , 3 . 3 )  and ( 3 . 2 . 3 ) ,

= -  ( f ) m i n  ( 3 . 3 . 7 )
4 .4 8 X 1 Q -^ ^ X ^  L t

C on sider  th e  Plasma F ocus d en se  p in c h ,  o f  d ia m ete r  L= 0 . 2 c m  and w i th  

f i n e - s c a l e  s t r u c t u r e  6 =  0 .0 1  cm, i l lu m i n a t e d  w i th  l i g h t  a t  X = 6 9 4 3 A. 

U sin g  c r i t e r i o n  ( 3 . 3 . 6 ) ,  th e  optimum v a lu e  o f  i s  o b ta in e d .  I n s e r t i n g  

th e  above v a l u e s  in t o  e q u a t io n  ( 3 . 3 . ? ) ,  and assum ing t h a t  a 5^ change in  

l i g h t  i n t e n s i t y  i s  th e  minimum d e t e c t a b l e ,  ^min 8 . 0  X 10^^ cm“ ^.

The main a t t r a c t i o n  o f  s tu d y in g  a p lasm a by th e  shadowgraph t e c h 

n iq u e  i s  i t s  r e l a t i v e  s i m p l i c i t y ,  compared w ith  s c h l i e r e n  p hotography  and 

in t e r f e r o m e t r y .  F urtherm ore, in  p lasm as  in  which s tr o n g  v a r i a t i o n s  o f  

e l e c t r o n  d e n s i t y  g r a d i e n t s  o c c u r ,  th e  o th e r  two te c h n iq u e s  cannot a lw ays  

be u sed  b eca u se  v a r i o u s  plasm a r e g io n s  a c t  a s  l e n s e s  and cau se  d i s t o r t i o n s  

to  th e  im ages produced .

3 . 3 . 2  The S c h l i e r e n  T echn ique  

(a) G eneral p r i n c i p l e s

The b a s i c  p r i n c i p l e  o f  th e  te c h n iq u e  i s  t h a t  p a r t  o f  th e  l i g h t  

d e f l e c t e d  by a r e f r a c t i v e  in d e x  g r a d ie n t  in  th e  t e s t  s e c t i o n  i s  i n t e r 

c e p te d  b e f o r e  r e a c h in g  th e  s c r e e n  or  d e t e c t o r ,  so t h a t  th e  f i e l d  r e g io n s  

w hich  th e  i n t e r c e p t e d  l i g h t  h as  t r a v e r s e d  appear darker on th e  s c r e e n .

A b a s i c  s c h l i e r e n  sy stem  i s  shown i n  F i g . 3 . 3 . 2 ,  Liepmann and 

Eoshko ( 1 9 5 7 ) .  A monochromatic l i g h t  beam i s  produced  u s in g  a s u i t a b l e  

so u rce  S a t  th e  fo c u s  o f  a c o l l i m a t i n g  l e n s  . T h is  so u rce  i s  u s u a l l y  

a r e c t a n g u la r  a p e r tu r e  ( t y p i c a l  d im en s io n s  0 . 1 c m  i n  th e  x  d i r e c t i o n  by  

1 . 0 c m  i n  th e  y  d i r e c t i o n )  p la c e d  a t  t h e  fo c u s  o f  a lam p -con d en ser  system .  

The beam p a s s e s  through  t h e  t e s t  s e c t i o n  TS , and i s  fo c u s e d  by th e  

s c h l i e r e n  l e n s  Lg , A s c r e e n  p la c e d  a t  th e  fo c u s  o f  would d i s p l a y

th e  so u rce  image. 8 ^ . O th erw ise ,  th e  l i g h t  p a s s e s  th rou gh  to  an o b j e c t i v e
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, w hich f o c u s e s  t h e  p la n e  o f  i n t e r e s t  in  th e  t e s t  s e c t i o n  onto a sc r e e n

P. H ence, t h e  sy s tem  has two f o c a l  p la n e s ,  one f o r  th e  so u rce  and th e

o t h e r  f o r  th e  t e s t  s e c t i o n .

A p o i n t  a i n  t h e  so u rce  e m it s  a p e n c i l  o f  l i g h t  a h  c which i s  

fo c u se d  a t  a '  in  t h e  so u rce  image p la n e .  S i m i l a r l y ,  o t h e r  p o i n t s  in  th e  

so u rce  are  fo c u s e d  to  form th e  so u rce  im age. Each l i g h t  p e n c i l ,  o r i g i n 

a t i n g  from a so u r c e  p o i n t ,  i s  fo c u se d  b y  to  form a p a r a l l e l  beam

c o m p le t e ly  f i l l i n g  th e  t e s t  s e c t i o n .  H ence, each  p o i n t  in  th e  sou rce  

image r e c e i v e s  l i g h t  from e v e r y  p o in t  i n  th e  t e s t  p la n e  e f .

The l i g h t  r e a c h in g  p o i n t  e i n  t h e  t e s t  p la n e  t r a v e l s  w i t h i n  th e

p e n c i l  a e d  . T h is  l i g h t  i s  t r a n s m i t t e d  w i t h i n  th e  p e n c i l  e d  ̂ a % 

c o m p le t e ly  f i l l i n g  th e  so u rce  im age, to  t h e  c o n ju g a te  p o i n t  e  ̂ on th e  

s c r e e n .  S i m i l a r l y ,  o t h e r  p o i n t s  in  th e  t e s t  p la n e  a re  fo c u se d  onto  th e  

s c r e e n  t o  form th e  t e s t - p l a n e  im age.

Suppose an opaque c u t - o f f  h a v in g  a s t r a i g h t  edge ,  th e  k n i f e - e d g e  (k ) , 

i s  in t r o d u c e d  in t o  t h e  beam a t  th e  f o c u s  o f  , F i g . 3 . 3 . 3 ,  The edge i s

A h
T

K

Fig.3.3.3
The arrangem ent o f  th e  s c h l i e r e n  k n i f e - e d g e
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s e t  p a r a l l e l  t o  th e  lo n g  s i d e  o f  th e  sou rce  image I m , o f  l e n g t h  t  and 

h e i g h t  h ,  l e a v i n g  a p o r t i o n  h^ u n c o v ere d .  A l l  l i g h t  p e n c i l s  p a s s in g  

thi'ough th e  so u rce  image are  e q u a l l y  a f f e c t e d ,  r e s u l t i n g  i n  a u n iform  

d e c r e a s e  o f  i l l u m i n a t i o n  o v er  th e  t e s t - p l a n e  image a t  th e  s c r e e n .  The 

image h a s  a g e n e r a l  i l l u m i n a t i o n .  I ,  p r o p o r t io n a l  to  h ^ .

I f  one o f  t h e  l i g h t  p e n c i l s  i s  d e f l e c t e d  a t  t h e  t e s t  s e c t i o n ,  due 

to  r e f r a c t i v e  in d e x  g r a d i e n t s ,  by  in  th e  x d i r e c t i o n  and i n

th e  y d i r e c t i o n ,  a t  th e  f o c a l  p la n e  o f  t h i s  p e n c i l  forms a d i s p la c e d

image I ' m ,  F i g .  3 . 3 . 3 .  L et  th e  d is p la c e m e n t  a t  t h e  k n i f e - e d g e  be ûh in  

th e  X d i r e c t i o n  and in  th e  y  d i r e c t i o n .  A l l  t h e  r a y s  o r i g i n a t i n g

from a common p o i n t  i n  th e  t e s t  p la n e  w i l l ,  i n  th e  a b sen ce  o f  th e  k n i f e  

ed ge , a r r i v e  a t  t h e  c o n ju g a te  p o in t  on th e  s c r e e n ,  r e g a r d le s s  o f  d e v i a t i o n s  

i n  th e  t e s t  s e c t i o n .  The image on th e  s c r e e n  i s ,  t h e r e f o r e ,  sharp . In  

th e  p r e s e n c e  o f  t h e  k n i f e  ed ge ,  t h e  c o n ju g a te  p o in t  on th e  s c r e e n  i s  

b r i g h t e r  th a n  th e  r e s t  o f  t h e  f i e l d .  T h is  i s  b eca u se  th e  l i g h t  p e n c i l  i s  

d i s p l a c e d  upwards by Ah a t  t h e  sou rce  im age, and l e s s  l i g h t  i s  i n t e r 

ce p ted  b y  t h e  k n i f e  ed g e .  The d is p la c e m e n t  At i n  th e  y  d i r e c t i o n  

c a u s e s  no change a t  th e  s c r e e n  b eca u se  th e  amount o f  l i g h t  i n t e r c e p t e d  i s  

unchanged . H ence ,  o n ly  t h e  r e f r a c t i v e  in d e x  g r a d ie n t  t r a n s v e r s e  to  th e  

k n i f e  edge i s  d e t e c t e d .

The d is p la c e m e n t  Ah o f  t h e  l i g h t  p e n c i l  a t  th e  k n i f e  edge i s  

r e l a t e d  to t h e  d e f l e c t i o n  a t  th e  s c h l i e r e n  l e n s  by

Ah = f  OL ,
X ’

where f  i s  th e  f o c a l  l e n g t h  o f  , F i g .  3 . 3 . 4 .  I t  i s  assumed t h a t  f  

i s  t h e  p a th  l e n g t h  o f  t h e  ra y s ;  t h i s  i s  a c c u r a te  f o r  sm all  a p e r t u r e s .

The p o i n t  on th e  s c r e e n  which i s  i l lu m in a t e d  by th e  d e f l e c t e d  p e n c i l  h a s  

an a d d i t i o n a l  i l l u m i n a t i o n ,  AI, p r o p o r t io n a l  to  , above th e  background  

l e v e l  I  , S in c e  I  h ^ , th e  c o n t r a s t  i s  d e f in e d

m / i  = Ah/h^ .
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TS

A h

S'

F i g . 3 . 3 . 4
D isp la c em e n t  o f  p a r t  o f  th e  l i g h t  a t  t h e  so u rce  image 
due to  a d e v i a t i o n  produced i n  th e  t e s t  s e c t i o n

Combining th e  above two e q u a t io n s

Al / l  = f  a . . . .  ( 3 . 3 . 8 )

The a n g u la r  d e v i a t i o n  ot  ̂ , caused  by  th e  r e f r a c t i v e  in d ex  g r a d ie n t  

in  th e  x d i r e c t i o n ,  i s  g iv e n  by e q u a t io n  ( 3 , 3 . 2 ) .  For a n o n -c o n s ta n t  

g r a d ie n t ,  th e  d e r i v a t i o n  o f  t h i s  e q u a t io n  can be g e n e r a l i s e d  by a l i m i t i n g  

p r o c e s s  to

dCL = — dS .X n ox

Over an o b j e c t  o f  l e n g t h  L i n  th e  z d i r e c t i o n ,  fo r  sm all  d e f l e c t i o n s

from t h a t  d i r e c t i o n  ^

°-x = J dz . . .  ( 3 . 3 . 9 )

Combining th e  above eq u a t io n  w ith  e q u a t io n  ( 3 . 3 . 8 )

AI
"T ^ ^  J' ^  ^^»(:x:,y,z) dz . . . .  ( 3 . 3 . 1 0 )

1 o

The s c h l i e r e n  te c h n iq u e  th u s  m easures th e  l i n e  i n t e g r a l  o f  th e  r e f r a c t i v e  

in d ex  g r a d ie n t  normal to  th e  k n i f e  edge .

To o b se r v e  r e f r a c t i v e  in d e x  g r a d i e n t s  i n  th e  y  d i r e c t i o n ,  b o th  

th e  k n i f e  edge and sou rce  a p e r tu r e  are  r o t a t e d  through  90° .
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(b) R equirem ents  o f  a sy stem  fo r  q u a n t i t a t i v e  a n a l y s i s

A param eter  which m easures th e  perform ance  o f  th e  s c h l i e r e n  system  

i s  th e  s e n s i t i v i t y  S, d e f in e d  as  th e  s c r e e n  c o n t r a s t  f o r  u n i t  an gu lar  

d e f l e c t i o n ,  normal to  th e  k n i f e  edge ,  a t  t h e  t e s t  s e c t i o n ,  i . e .

OL -L

Thus, a s  h^ -> 0 so S . The c a s e  o f  i n f i n i t e  s e n s i t i v i t y  i s  where 

th e  k n i f e  edge c o m p le te ly  c o v e r s  th e  so u rce  image, and th e  sc r e e n  i s  com

p l e t e l y  b la c k  in  th e  a b sen ce  o f  d e v i a t i o n s  in  th e  t e s t  s e c t i o n .  In  t h i s  

c a s e ,  o n ly  d e f l e c t i o n s  o f f  th e  k n i f e  edge a re  r e c o r d e d ,  d e f l e c t i o n s  onto  

t h e  o b s t r u c t i o n  g i v e  no in c r e a s e  in  s c r e e n  b r i g h t n e s s .  For equal ra n g es  

f o r  d e f l e c t i o n s  onto  and o f f  th e  k n i f e  ed g e ,  i t  must b i s e c t  th e  source  

image, i . e .  h^ = h / 2 .

A ccord ing  to  th e  l a s t  e q u a t io n ,  S can be made l a r g e  by u s in g  a 

sm all  v a lu e  o f  h^ . In  p r a c t i c e ,  th e r e  are  r e s t r i c t i o n s  on th e  minimum 

s i z e  o f  h^ when q u a n t i t a t i v e  measurements are  to  be made. F i r s t l y ,  h^ 

must be s u f f i c i e n t l y  l a r g e  t o  g i v e  ad eq uate  i l l u m i n a t i o n  a t  th e  s c r e e n  so 

t h a t  A l / l  can be d eterm in ed  a c c u r a t e l y .  N ote t h a t  AI i s  in d ep en d en t  

o f  h ^ .  S e c o n d ly ,  h^ must n o t  be so sm all  t h a t  th e  so u rce  image i s  

d e f l e c t e d  c o m p le t e ly  onto  or  o f f  th e  k n i f e  ed ge ,  or  fu r t h e r  d e f l e c t i o n s  

i n  th e  same d i r e c t i o n  do n o t  produce fu r t h e r  changes in  s c r e e n  i n t e n s i t y ,  

and th e  sy s tem  i s  non l i n e a r .  However, f o r  q u a l i t a t i v e  work t h e s e  

r e s t r i c t i o n s  need  n o t  be s a t i s f i e d .

D i f f r a c t i v e  e f f e c t s  have to  be c o n s id e r e d  when exam ining t h e  i n t e n 

s i t y  p a t t e r n s  on t h e  s c r e e n .  Even in  th e  a b sen ce  o f  p e r t u r b a t io n s  in  

th e  t e s t  s e c t i o n ,  th e  image o f  th e  so u rce  a t  th e  k n i f e  edge i s  b lu r r e d  

b y d i f f r a c t i o n ,  A s c o l i - B a r t o l i  and M a r t e l l u c c i  (1 9 6 3 ) .  I f  d i s  t h e  

a p e r tu r e  o f  th e  s c h l i e r e n  l e n s ,  th e  so u rce  image i s  a l t e r e d  by an amount 

A ^  X f / d .  A b lu r r e d  h a lo  o f  d im en sion  a = ù / 2  i s  th u s  added to  th e
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co n to u r  o f  th e  l i g h t - s o u r c e  image. Thus, h^ cannot be sm a l le r  th an  a

o r  th e  s y s t e m 's  r e s p o n s e  becom es n o n - l i n e a r ,  i . e .  h^ ^ X f /2 d .  When

= a ,  maximum s e n s i t i v i t y  i s  a c h ie v e d .  The sy stem  must be arranged  so

t h a t  a l l  d e f l e c t i o n s  a re  o f f  th e  k n i f e  ed ge ,  to  p r e s e r v e  l i n e a r i t y .  

I n h o m o g e n e i t i e s  in  th e  t e s t  s e c t i o n ,  o f  d im en s io n s  6 «  d, cau se  much more

d i s t o r t i o n ,  by  d i f f r a c t i o n ,  t o  th e  sou rce  image th a n  th e  f i n i t e  a p e r tu r e  

e f f e c t s .  The r e s t r i c t i o n  on th e  d im en sion  o f  h^ i s  h^ ^ X f/26  , For  

maximum s e n s i t i v i t y
h^ = Xf / 20 . . . .  ( 3 . 3 . 1 1 )

The same c r i t e r i a  a s  fo r  shadowgraphy a p p ly  to  th e  q u a l i t y  o f  

o p t i c a l  components u sed  fo r  q u a n t i t a t i v e  work, s e c t i o n  3 . 3 . 1 ( b ) .  In  

a d d i t i o n ,  th e  a p e r t u r e s  and k n i f e  ed g es  u sed  must be p r e c i s i o n  made and 

a c c u r a t e l y  a d j u s t a b l e .  Under some c o n d i t i o n s ,  an i r r e g u l a r i t y  o f  ~ 2 5 p .  

i n  th e  k n i f e  edge can cau se  i n t e n s i t y  changes o f~ 1 6 %  a t  th e  s c r e e n .

Beams ( 1 9 5 5 ) .

( c )  A p p l i c a t i o n  to  th e  s tu d y  o f  a plasma

The s c h l i e r e n  t e c h n iq u e  i s  o f  l i m i t e d  u s e  fo r  q u a n t i t a t i v e  p u r p o se s  

i n  t h e  c a s e  o f  a v e r y  inhomogeneous p lasm a. For l a r g e  v a r i a t i o n s  i n  th e  

e l e c t r o n  d e n s i t y  g r a d i e n t s ,  v a r i o u s  plasm a r e g io n s  a c t  a s  e i t h e r  convex  or  

co n ca v e  l e n s e s  on th e  i n c i d e n t  l i g h t .  The r a y s  p a s s in g  through  t h e s e  

r e g i o n s  are  no lo n g e r  fo c u s e d  a t  th e  k n i f e  ed ge ,  p ro d u c in g  F r e s n e l  f r in g e  

p a t t e r n s  on th e  s c r e e n .  A s im p le  req u irem en t fo r  q u a n t i t a t i v e  m easure

m ents  i s  t h a t  l i n e a r  d is p la c e m e n ts  a t  th e  fo c u s  o f  th e  s c h l i e r e n  l e n s ,  

due to  t h i s  d e f o c u s i n g ,  are  n e g l i g i b l e  compared w i th  th e  minimum d e t e c t 

a b le  s c h l i e r e n  d is p la c e m e n t ,  A s c o l i - B a r t o l i  e t  a l  (1 9 6 4 ) .  For a l i g h t  

beam t r a v e r s i n g  a p lasm a in  th e  z d i r e c t i o n ,  and en c o u n te r in g  an inhomo

g e n e i t y  o f  d im e n s io n s  d in  th e  x and y  d i r e c t i o n s ,  th e  c r i t e r i a  are

b^n ^n &^n
and -5 ^ > 1 0 0 d ^ .
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P ro v id ed  th e  above c r i t e r i a  are  s a t i s f i e d ,  t o g e t h e r  w i th  th e  r e s 

t r i c t i o n s  d i s c u s s e d  in  th e  p r e v io u s  s e c t i o n ,  th e  s c h l i e r e n  t e c h n iq u e  can  

be u sed  to  o b t a i n  q u a n t i t a t i v e  v a l u e s  o f  e l e c t r o n  d e n s i t y  in  a p lasm a, fo r  

th e  c a se  o f  a s im p le  or no dependence o f  n^ in  th e  d i r e c t i o n  o f  th e  

l i g h t  beam. For n^ h a v in g  no z d ep en dence ,  from e q u a t io n s  ( 3 . 3 , 1 0 )  

and ( 3 . 2 . 3 ) ,  a t  X = 6 9 4 3 1  ,

f =  -  2 . 16X10- 22

The e l e c t r o n  d e n s i t y  p r o f i l e  may be o b ta in e d  by i n t e g r a t i o n  o f  th e  above  

e q u a t io n ,  p r o v id e d  th e  a b s o lu t e  e l e c t r o n  d e n s i t y  i s  known i n  a t  l e a s t  one 

p o in t  in  th e  p la sm a . T h is  in fo r m a t io n  may be o b ta in e d  u s in g  i n t e r f e r o -  

m etry .

The minimum g r a d ie n t  o f  n^ d e t e c t a b l e  by  th e  s c h l i e r e n  te c h n iq u e  

may be e s t im a t e d .  I f  n^ h a s  no z dependence , from e q u a t io n s  ( 3 . 3 . 1 0 )  

and ( 3 . 2 . 3 ) ,

^e^^’ ^^^min ~ ( l ) m i n  4 .4 8  X 10“ ^^L f
. . .  ( 3 . 3 . 1 2 )

C onsider  +he Plasma F ocu s  d en se  p in c h ,  o f  d ia m eter  L= 0 .2 c m  and w i th  

f i n e - s c a l e  s t r u c t u r e  6 = 0 . 0 1 c m ,  i l lu m i n a t e d  w ith  l i g h t  a t  X = 6 9 4 3 1 .  

U sin g  c r i t e r i o n  ( 3 . 3 . 1 1 ) ,  th e  optimum v a lu e  o f  h^ i s  o b ta in e d  fo r  maxi

mum s e n s i t i v i t y .  I n s e r t i n g  th e  above v a l u e s  in t o  e q u a t io n  ( 3 . 3 . 1 2 ) ,  and 

assuming a bfo l i g h t  i n t e n s i t y  change i s  th e  minimum d e t e c t a b l e .

( è  ^  4 . 0 X l o l 8 - 4
a x   ........................   - -  c*

The s c h l i e r e n  t e c h n iq u e  i s  u sed  to  i n d i c a t e  th e  r e g io n s  o f  s t e e p  

r e f r a c t i v e  in d e x  g r a d ie n t  in  a p lasm a. A lcock  e t  a l  (1968) e x p l o i t e d  th e  

t e c h n iq u e  f u l l y  to  o b t a in  m u l t i p l e  ex p o su res  o f  an expanding l a s e r -  

produced p la sm a , u s in g  a m u l t i - p u l s e  l a s e r  as  l i g h t  s o u r c e .  S c h l i e r e n  

photography  i s  u s e f u l  f o r  q u a n t i t a t i v e  p u r p o se s  when t h e  d e n s i t y  g r a d ie n t s  

are s u f f i c i e n t l y  s t e e p  t o  d i s t o r t  th e  f r in g e  p a t t e r n s  produced u s in g  th e  

i n t e r f e r o m e t r i c  t e c h n iq u e ,  which would l e a d  to  in a c c u r a c i e s  d ur in g  numeri

ca l  e v a l u a t i o n .
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3 . 3 . 3  I n to r fc r o m e tr y

(a )  G eneral p r i n c i p l e s

The b a s i c  p r i n c i p l e  o f  i n t e r f e r o m e t r y  i s  t h a t  two co h er en t  mono

ch rom atic  l i g h t  beams are made to  i n t e r f e r e  to  produce a s e r i e s  o f  

e q u id i s t a n t  p a r a l l e l  f r i n g e s  on a s c r e e n .  I n tr o d u c in g  a r e f r a c t i v e  

d is tu r b a n c e  in t o  th e  p a th  o f  one o f  th e  beams a l t e r s  th e  f r in g e  p a t t e r n  so 

t h a t  each d i s p l a c e d  f r in g e  i s  a con tou r o f  c o n s ta n t  in t e g r a t e d  r e f r a c t i v e -  

in d cx  change.

C onsider  two such l i g h t  beams i n t e r f e r i n g  a t  a s c r e e n .  A dark  

f r in g e  o c c u r s  a t  each p o in t  where th e  d i f f e r e n c e  in  t h e  o p t i c a l  p a th  

l e n g t h s  o f  th e  two beams, i . e .  th e  p ro d u c t  o f  r e f r a c t i v e  in d e x  n and 

g e o m e tr ic  p a th  l e n g t h  -C, i s  an odd number o f  h a l f  w a v e le n g th s  o f  th e  

l i g h t .  Assuming fo r  s i m p l i c i t y  t h a t  o v er  each p a th  t r a v e l l e d  n i s  a 

c o n s t a n t ,  th e  c o n d i t io n  fo r  dark f r i n g e s  to  occu r  i s

|n ^U ^ - n^Ugl = ( 2 N + 1 )  X /g  fo r  N= 0 , 1 , 2 ,  . . .

S i m i l a r l y ,  a b r i g h t  f r in g e  o c c u r s  where t h i s  d i f f e r e n c e  i s  an even m u l t i 

p l e  o f  X/ 2  .

In  g e n e r a l ,  th e  p a t t e r n  on th e  s c r e e n  c o n s i s t s  o f  a number o f  p a r a l 

l e l  e q u i d i s t a n t  dark f r i n g e s ,  s ep a ra ted  by b r i g h t  b a n d s .  Each f r in g e  i s  

th e  lo c u s  o f  a c o n s ta n t  o p t i c a l  p a t h - d i f f e r e n c e  w hich  i s  an odd m u l t i p l e  

o f  X / 2 , i . e .  ( 2N.+ I )  X / 2 = c o n s ta n t ,  f o r  N = 0 , 1 , 2 , . . .  . The i n t e g e r  

N, w hich  g i v e s  th e  number o f  h a l f - w a v e le n g t h s '  d i f f e r e n c e  betw een  th e  two 

p a t h s ,  i s  th e  f r in g e  o r d e r .  T h is  d i f f e r s  by  u n i t y  betw een  two a d ja c e n t  

f r i n g e s .

Suppose th e  r e f r a c t i v e  in d ex  i s  in c r e a s e d  by an amount An o v e r  a 

l e n g t h  L o f  th e  g e o m e tr ic  p a th  o f  one o f  t h e  beams. The o p t i c a l  p a th  

l e n g t h  o f  t h i s  beam i s  in c r e a s e d  by A(/ = An. L. T h is  i s  e q u iv a le n t  to  

an i n c r e a s e  in  o p t i c a l  p a th  o f  s w a v e le n g t h s .  Hence,
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s = An . lA  . . . .  ( 3 . 3 . 1 3 )

I f  s  i s  an i n t e g e r  J  , a t  each p o in t  on th e  s c r e e n  where a f r in g e  o f  order  

M was fo r m e r ly  l o c a t e d ,  th e  f r in g e  ord er  changes  to  M ± J ,  depending on 

w h eth er  th e  o p t i c a l  p a th  d i f f e r e n c e  b etw een  th e  two beams i s  in c r e a s e d  

(+ s i g n )  or  d e c r e a s e d  ( -  s i g n ) .  Hence, due to  th e  i n c r e a s e  in  r e f r a c t i v e  

in d e x ,  a s h i f t  o f  ± J  f r i n g e s  i s  o b serv ed  on th e  s c r e e n .

G e n e r a l ly ,  s i s  n o t  an i n t e g e r ,  and by o b s e r v in g  th e  f r in g e  s h i f t  

a t  t h e  s c r e e n  th e  r e f r a c t i v e  in d e x  change may be c a l c u l a t e d .  From e q u a t io n

( 3 . 3 . 1 3 )

An = s X /l .

I f  An i s  n o t  c o n s ta n t  o v er  L , b u t i s  a fu n c t io n  o f  p o s i t i o n ,  e q u a t io n

( 3 . 3 . 1 3 ) may be w r i t t e n

s ( x , y )  = J A n ( x ,y ,z )  dz , . . .  ( 3 . 3 . 1 4 )
o

where t h e  t e s t  beam i s  p a r a l l e l  t o  th e  z a x i s .  The d i s p l a c e d  f r i n g e s

on t h e  s c r e e n  are  co n to u rs  o f  c o n s ta n t  i n t e g r a t e d  r e f r a c t i v e - i n d e x  change,  
L

i . e .  J An. dz = c o n s t a n t ,  
o

T h is  i s  th e  p r i n c i p l e  o f  m easuring  r e f r a c t i v e  in d ex  changes by  

in t e r f e r o m e t r y .

(b) The Mach-Zehnder i n t e r f e r o m e t e r

( i )  G en era l  d e s c r i p t i o n

The Mach-Zehnder i n t e r f e r o m e t e r  (MZI) i s  th e  most w id e ly  u sed  

i n t e r f e r o m e t e r  i n  plasm a a p p l i c a t i o n s ,  a s  i t  f u l f i l s  most o f  th e  r e q u ir e 

ments o f  p r a c t i c a l  ex p er im en ts  ;

(a )  The f r i n g e s  can be l o c a l i s e d  a t  any d e s i r e d  p o s i t i o n ;  u s u a l l y

i n  t h e  t e s t  o b j e c t  so t h a t  a camera fo c u se d  t h e r e  r e c o r d s  a com

b in e d  in t e r f e r e n c e - p h o t o g r a p h .  D e f l e c t e d  r a y s  o r i g i n a t i n g  from  

p o i n t s  in  th e  t e s t  p la n e  are  th u s  imaged a t  th e  co n ju g a te  p o i n t s  

i n  t h e  ca m era 's  f o c a l  p la n e ,  i . e .  a 1 :1  mapping i s  p r e s e r v e d .
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T h is  m in im is e s ,  h u t  d oes  n o t  e n t i r e l y  e l i m i n a t e ,  e r r o r s  due to  

d e f l e c t i o n s .

(h) The m ir r o r s  o f  th e  M Z I  can he p la c e d  fa r  a p a r t ,  w i th  wide

s e p a r a t io n  o f  th e  t e s t  and r e f e r e n c e  beams. O p t ic a l  components  

can t h e r e f o r e  be s i t u a t e d  a t  s a f e  d i s t a n c e s  from h o t  t e s t  o b j e c t s ,  

and l a r g e  p i e c e s  o f  l a b o r a t o r y  a p p a ra tu s  can be spanned or by

p a s s e d  w ith  r e l a t i v e  e a s e .

( c )  The t e s t  beam makes one p a s s  o n ly  th rou gh  th e  t e s t  o b j e c t ,  so

t h a t  q u a n t i t a t i v e  a n a l y s i s  i s  n o t  c o m p lic a te d  by  two or more 

p a s s e s .

(d) The in t e r f e r o m e t e r  can be made w ith  a r e a s o n a b ly  l a r g e  f i e l d  o f

v ie w .

The main d is a d v a n ta g e s  o f  th e  M Z I a re  t h a t ,  b e in g  a h ig h  p r e c i s i o n  

in s tr u m e n t ,  i t  i s  v e r y  e x p e n s iv e  and i t  i s  n o t  e a sy  to  a l i g n ,  b e c a u se  o f  

i t s  h ig h  s e n s i t i v i t y  to  changes i n  beam d i r e c t i o n .

One p o s s i b l e  arrangement o f  th e  MZI i s  shown in  F i g . 3 . 3 . 5 .  An 

e f f e c t i v e  p o in t  so u rce  L S  i s  s i t u a t e d  a t  th e  fo c u s  o f  a c o l l i m a t i n g  

l e n s  . BSl and BS2 are  50^ r e f l e c t i n g  b e a m - s p l i t t e r s  o f  equal  

t h i c k n e s s .  Ml and M2 are  f u l l y - r e f l e c t i n g  m ir r o r s  and i s  an o b j e c 

t i v e  w hich  f o c u s e s  a p o in t  P in  t h e  t e s t  s e c t i o n  TS onto a s c r e e n  S 

a t  th e  co n ju g a te  p o in t  I t  may be n e c e s s a r y  to  e n c lo s e  th e  t e s t

s e c t i o n  u s in g  two g l a s s  windows. These i n c r e a s e  th e  t e s t  beam 's o p t i c a l  

p a th ,  and to  com pensate fo r  t h i s  an i d e n t i c a l  p a i r  o f  windows (term ed  

com pensating  p l a t e s )  a re  l o c a t e d  a t  CP.

The M Z I  i s  a two-beam d e v ic e  working by th e  p r i n c i p l e  o f  d i v i s i o n  

o f  a m p litu d e .  The p a r a l l e l  monochromatic l i g h t  beam i n c i d e n t  on BSl

i s  s p l i t  in t o  two beams o f  equal i n t e n s i t y .  These beams t r a v e l  s e p a r a t e  

p a th s ,  th e  t e s t  beam p a s s in g  through  TS on p a th  BS1-M2-BS2 and th e

-  62  -



Û.

63

»o
ro
rô
w

•Hk

U(U
-p
so
uO

«H
U<D
G

•H

U<D'dc
o
tS)

4
CO

O

«H
O

a
CD

§
U
U
CO

COü
•H
-P



r e f e r e n c e  beam t r a v e l l i n g  p a th  BS1-M1-BS2, and recom bine a t  th e  r e f l e c t i n g  

s u r fa c e  o f  BS2,

In  t h e  b a s i c  a d ju s tm en t ,  th e  four  p l a t e s  occupy  t h e  co r n e r s  o f  a 

r e c t a n g l e  and are  p a r a l l e l .  The l i g h t  beam f a l l i n g  on BSl i s  a t  4 ^  

i n c i d e n c e .  The two w a v e fr o n ts  emerging from BS2 are p a r a l l e l ,  r e s u l t i n g  

in  an i n f i n i t e  f r in g e  w id th .  A d i s t u r b a n c e ,  sm all  compared w ith  th e  f i e l d  

o f  v i e w ,  in tr o d u c e d  in t o  th e  t e s t  s e c t i o n ,  p ro d u ces  f r i n g e s  which are  

c l o s e d  c o n to u r s  o f  c o n s ta n t  o p t i c a l  n a th .

I t  i s  c o n v e n ie n t  to  in tr o d u c e  a number o f  p a r a l l e l  background  

f r i n g e s  in t o  th e  f i e l d  o f  v iew ; a g a in s t  t h e s e ,  f r a c t i o n a l  f r in g e  s h i f t s  

may be e s t im a t e d .  Such f r i n g e s  may be produced by a sm all  r o t a t i o n  o f  

any one o f  th e  fo u r  p l a t e s .

( i i )  Theory o f  f r in g e  fo rm a tio n

A d e t a i l e d  a cco u n t  o f  th e  t h e o r y  o f  f r in g e  fo rm a tio n  in  th e  M Z I  

i s  g i v e n  b y  K inder ( l 9 4 6 ) .  In  a d d i t i o n ,  a c o n f ig u r a t io n  fo r  maximum 

e a s e  o f  o p e r a t io n  and a method o f  a l ig n m en t f o r  f r in g e  p r o d u c t io n  are  

g iv e n .

In  t h i s  s e c t i o n ,  a s i m p l i f i e d  th e o r y  o f  th e  M Z I  i s  p r e s e n t e d ,  

w hich i l l u s t r a t e s  th e  b a s i c  p r i n c i p l e s  o f  th e  d e v i c e ,  Ladenburg and 

B ersh a d er  ( 1 9 5 5 ) .  The co n cep t o f  an i d e a l  in s tru m en t i s  u s e d .  Such an 

in s tr u m e n t  has i n f i n i t e l y  t h i n  b e a m - s p l i t t e r s  and p e r f e c t l y  f l a t  r e f l e c t i n g  

s u r f a c e s ,  and i s  u s e d  w ith  p e r f e c t  l e n s e s  and a monochromatic p o in t  l i g h t  

s o u r c e ,

A r a y  d iagram  o f  th e  two i n t e r f e r i n g  beams i n  an i d e a l  M Z I  i s  

shown i n  F i g . 3 . 3 . 6 .  I n i t i a l l y ,  a l l  four p l a t e s  are p a r a l l e l  w ith  t h e i r  

c e n t r e s  l y i n g  on t h e  c o r n e r s  o f  a r e c t a n g l e .  A p a r a l l e l  l i g h t  beam i s  

i n c i d e n t  on BSl a t  4 5 ° ,  th e  beam l y i n g  in  th e  p la n e  o f  th e  m irror c e n t r e s .  

The d o t t e d  l i n e  L r e p r e s e n t s  an a r b i t r a r y  p la n e  normal to  th e  beam, and
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i s  u s e d  a s  a r e f e r e n c e  p hase  p la n e .  Eays from any two p o i n t s  i n  L can

he made to  i n t e r f e r e ,  s in c e  l i g h t  a t  a l l  p o i n t s  in  i t  i s  in  p h a se .

P l a t e  BS2 i s  r o t a t e d  through  a sm all  a n g le  0 , about an a x i s  

th ro u g h  th e  p l a t e  c e n tr e  normal t o  th e  p la n e  o f  c e n t r e s ,  p ro d u c in g  f r i n g e s  

on a s c r e e n  S which i s  l o c a t e d  beyond BS2 and i s  normal t o  u n d e v ia te d  

r a y s .  Three r a y s  are sho\/n em erging from L , and th e  p a th s  o f  r  and

r^ a r e  t r a c e d  f u l l y  through  th e  system . The ra y  r  i s  c e n t r a l  in  th e

p la n e  o f  c e n t r e s ,  w ith  r '  and r^' b e in g  e q u i d i s t a n t  on e i t h e r  s i d e .  

S u b s c r ip t s  t  and r  r e f e r  to  t h o s e  f r a c t i o n s  t r a n s m it t e d  and r e f l e c t e d  

b y  B Sl , r e s p e c t i v e l y .

The p hase  d i f f e r e n c e  betw een  ra y s  r^ and r^ , w hich  i n t e r f e r e  

a t  p o i n t  P on th e  s c r e e n ,  i s  o b ta in e d  by  comparing o p t i c a l  p a th s  PL^ 

and PL^ . These d i s t a n c e s  r e p r e s e n t  th e  a l t e r n a t e  p a th s  from P to  L .

By c o n s t r u c t i o n ,  oL^ and oL^ are e q u a l .  T h e r e fo r e ,  t h e  p a th  d i f f e r e n c e  

-t a t  P i s  oP -oq . D en o tin g  Pq by 2d, t  = 2d  ( c o s e c  20 -  c o t  2 0 ) ,  or

“  ( ^ i i f l r )  ■

U sin g  th e  s e r i e s  ex p a n s io n s  fo r  s i n  and co s  , and n e g l e c t i n g  term s h ig h e r  

th a n  second  o rd er  ,
t  = 2 0  d . . . .  ( 3 . 3 . 1 5 )

C o n s id e r in g  i n t e r f e r e n c e  betw een  r a y s  and r^ , a t  t h e i r

p o i n t  o f  i n t e r s e c t i o n  P^, th e  p a th  d i f f e r e n c e  't^ betw een  them i s  

&' = b P ' - a P ' - b e .  A f t e r  s i m p l i f i c a t i o n ,  fo l lo w e d  b y  s e r i e s  ex p a n s io n  

i n  s i n  and co s  t o  second  o rd er ,  i t  can be shown t h a t

= -  2 0 d .

Taking a p o i n t  moving in  a s t r a i g h t  l i n e  from P^ to  P , th e  p a th  

d i f f e r e n c e  a t  t h a t  p o i n t  v a r i e s  l i n e a r l y  from -  2 0  d to  2 0 d, r e s p e c 

t i v e l y ,  and i s  zero  on th e  b i s e c t o r  o f  P o P ' .  At t h i s  p o i n t ,  th e  z e r o t h -  

o rd er  b r i g h t  f r in g e  i s  l o c a t e d .  S in c e  0 i s  v e r y  sm a l l ,  to  a good
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a p p r o x im a tio n  th e  p o in t  c ,  a t  th e  m id po in t  o f  Pq , i s  a l s o  on th e  

b i s e c t o r  o f  P o P \  I f  t  = NX , th e r e  are  N f r i n g e s  betw een  P and c ;

l i k e w i s e  fo r  cq , s in c e  \ l ' \  = 1 ,  Thus, N = & /X .  From e q u a t io n

( 3 . 3 . 1 5 )
N = 2 8 d/X .

There a re  N f r i n g e s  spread  o u t  o v er  a d i s t a n c e  d , g i v i n g  a f r in g e  w id th

w = d/N  = X / 2 9 ,

The above two e q u a t io n s  are  fo r  th e  c a s e  o f  r o t a t i o n  o f  BS2 a lo n e .  

More g e n e r a l l y ,  f o r  an a n g le  cp betw een  th e  i n t e r f e r i n g  beams (cp/2 b e in g  

th e  sum o f  th e  a n g le s  o f  r o t a t i o n  o f  th e  fo u r  p l a t e s  about a x es  normal to

th e  p la n e  o f  c e n t r e s )  we may w r i t e

N =cpd/X . . .  ( 3 . 3 . 1 6 )

and
w = X/cp . . . .  ( 3 . 3 . 1 7 )

The number o f  f r i n g e s  w i t h i n  th e  f i e l d  o f  v ie w  can th u s  b e  c o n t r o l l e d  by  

v a r y i n g  cp .

U s in g  an i d e a l  M Z I  , f r i n g e s  occu r  everyw here in  th e  f i e l d  o f  

o v e r la p  0 1  th e  two beams. S in c e  th e  above tr e a tm e n t  h a s  been  c o n f in e d  

to  two d im e n s io n s ,  t h e  i n t e r f e r e n c e  phenomena w i l l  be i d e n t i c a l  i n  p la n e s  

p a r a l l e l  t o  th e  p la n e  o f  c e n t r e s ,  ‘ The f r i n g e s  appear a s  bands normal to  

t h i s  p l a n e ,  i . e .  p a r a l l e l  to  th e  a x es  o f  r o t a t i o n .

In  a d d i t i o n  to  r o t a t i o n  about th e  a x i s  normal to  th e  p la n e  o f  

c e n t r e s  ( i  a x i s ) ,  each p l a t e  can b e  r o t a t e d  about an a x i s  in  th e  p la n e  o f

c e n t r e s ,  w hich  i s  a l s o  in  th e  p la n e  o f  th e  p l a t e  (II a x i s ) .  For sm all

r o t a t i o n s  about 11 a x e s ,  f r i n g e s  are produced p a r a l l e l  t o  th e  p la n e  o f

\  c e n t r e s .  B ecau se  in  t h i s  c a s e  th e  beams are  i n c i d e n t  a t  45° to  th e  a x e s ,

a r o t a t i o n  o f  a p l a t e  th rough  0 tu r n s  th e  r e f l e c t e d  r a y s  through  /^2 0 .

For a M Z I  in  i t s  b a s i c  a d ju stm en t ,  a sm all  r o t a t i o n  o f  one o f

th e  p l a t e s  th rou gh  a  about th e  1  a x i s  ahd 0 about th e  11 a x i s  r e s u l t s

i n  an o v e r a l l  p l a t e  r o t a t i o n  o f  Y = . T h is  c a u s e s  a beam
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d e f l e c t i o n  o f  0 = V 4 + 2 3  ̂ . The r e s u l t a n t  a x i s  o f  r o t a t i o n  i s  in  th e

p la n e  o f  t h e  m irro r ,  a t  an a n g le  ô to  th e  normal to  t h e  p la n e  o f  c e n t r e s ,  

g iv e n  h y  co s  6 =  a / Y = c c / The f r i n g e s  produced a re  p a r a l l e l  t o  

t h e  r e s u l t a n t  a x i s ,  e n a b lin g  th e  d e s i r e d  f r i n g e  o r i e n t a t i o n  to  be a c h ie v e d .  

N o rm a lly ,  t h e  f r i n g e s  are  s e t  e i t h e r  p a r a l l e l  or p e r p e n d ic u la r  to  th e  p la n e  

o f  c e n t r e s .

As p r e v i o u s l y  m entioned , an im p ortan t f e a t u r e  o f  th e  M Z I i s  i t s  

a b i l i t y  to  produce f r i n g e s  a t  any d e s i r e d  l o c a t i o n .  U s u a l ly ,  t h e  f r i n g e s  

a r e  fo c u s e d  in  th e  in t e r f e r o m e t e r  t e s t  s e c t i o n .  Thus, a camera fo c u s e d  on 

a r e f r a c t i v e  d is t u r b a n c e  i s  a l s o  fo c u s e d  on th e  f r i n g e s  i t  p r o d u c e s .  At 

t h i s  p o i n t ,  i t  i s  c o n v e n ie n t  to  in t r o d u c e  th e  l i n e a r  r e p r e s e n t a t i o n  o f  th e  

M Z I .  B i g , 3 . 3 . 7 (a) shows a M Z I  in  which BSl and BS2 have  sm all  r o t a 

t i o n s  9^ and ©2 , r e s p e c t i v e l y ,  about 1 a x e s .  The two i n t e r f e r i n g  beams 

combine a t  an a n g le  cp= 2 ( 9 ^ 4- 0 2 ) ,  f o c u s in g  th e  f r i n g e s  a t  p la n e  P .  P la n e s  

L ,  and L2 have t h e i r  p r e v io u s  s i g n i f i c a n c e .  F i g . 3 . 3 . 7 (b )  i s  a l i n e a r

r e p r e s e n t a t i o n  o f  th e  same s i t u a t i o n .  To an o b s e r v e r  beyond BS2 , unaware 

o f  th e  ge; m e tr ic  l a y o u t ,  t h i s  i s  how th e  in s tru m en t a p p e a rs .

F r in g e s  may be fo c u se d  a t  th e  t e s t  s e c t i o n  b y  s u i t a b l e  1  r o t a t i o n s  

o f  B Sl and BS2 , F i g . 3 , 3 . 7 ( c ) . Such f r i n g e s  produced w i t h in  th e  i n s t r u 

ment a r e  v i r t u a l ,  s i n c e  th e  i n t e r f e r i n g  beams do n o t  combine b e f o r e  BS2 . 

H owever, to  an o b s e r v e r  th e  beams appear to  i n t e r s e c t  a t  P and, s in c e  th e  

f r i n g e s  a r e  produced a t  th e  beams' p la n e  o f  i n t e r s e c t i o n ,  a camera fo c u se d  

on t h i s  p la n e  p ro d u ces  a r e a l  image o f  th e  f r i n g e s .

H aving e s t a b l i s h e d  i n t e r f e r e n c e  by r o t a t i n g  two p l a t e s ,  a s  in  

F i g . 3 . 3 . 7 , a f u r t h e r  r o t a t i o n  o f  any p l a t e  changes t h e  f r i n g e s '  l o c a t i o n  

and s t r u c t u r e  ( s p a c in g  and o r i e n t a t i o n ) .  In  g e n e r a l ,  h a v in g  fo c u se d  th e  

f r i n g e s  a t  a g iv e n  l o c a t i o n ,  any f u r t h e r  a d ju stm en t to  a l t e r  th e  f r in g e  

s t r u c t u i ' e  r e s u l t s  in  a d e f o c u s in g .  I t  i s  th en  n e c e s s a r y  to  r e f o c u s  and 

a f t e r w a r d s  t o  r e a d j u s t  th e  s t r u c t u r e ,  and so on by s u c c e s s i v e  a d ju s tm e n ts ,

-  68 -



o

CM

I  
h

I
I
U -

CM

CO

m

F i e . 3 . 3 . 7
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u n t i l  b o th  t h e  fo c u s in g  and s t r u c t u r e  are  a s  r e q u ir e d .  However, when th e  

f r in g e s  are l o c a t e d  a t  th e  a x i s  o f  r o t a t i o n  o f  one o f  th e  p l a t e s ,  t h a t  

p l a t e  may be a d ju s te d  to  change th e  f r in g e  s t r u c t u r e  w i th o u t  l o s s  o f  fo c u s ,

K inder ( l9 4 b )  p r o p o s e s  a c o n f i g u r a t i o n  w h i c h 'g i v e s  such s i n g l e 

p l a t e  c o n t r o l .  R e fe r r in g  to  F i g . 3 . 3 . 5 ,  th e  d im en s io n s  o f  th e  r e c t a n g l e  

arc  changed so t h a t  BS2-M1= 2.BS2-M2, w i th  th e  t e s t  p la n e  a t  th e  m id po in t  

o f  BS1-M2. The o p t i c a l  p a th s  from Ml and from th e  t e s t  p la n e  to  th e  

s c r e e n  are  e q u a l ,  hence b o th  p la n e s  a re  s im u lt a n e o u s ly  in  f o c u s .  Having  

fo c u s e d  th e  f r i n g e s  a t  Ml u s in g  BSl and BS2, t h e i r  s t r u c t u r e  may be con

t r o l l e d  by Ml w ith o u t  d e f o c u s in g .  The u s e  o f  a MZI i n  t h i s  arrangement  

i s  fa r  s im p le r  th an  in  any o th e r  arrangem ent where s u c c e s s i v e  a d ju s tm en ts  

are  r e q u ir e d .

( i i i )  L im i t a t io n s  imposed by t h e  in s tru m en t
and a s s o c i a t e d  a u x i l i a r i e s

No MZI i s  i d e a l ,  and in  p r a c t i c e  th e  sy stem  h a s  th e  f o l l o w i n g  

d e f e c t s  :

(a )  Both beam s p l i t t e r s  are  o f  f i n i t e  t h i c k n e s s ,  th e  average  

fo r  each b e in g  d i f f e r e n t ,  w i th  in h o m o g e n e i t i e s  in  th e  

g l a s s .  The f a c e s  o f  a beam s p l i t t e r  are  n o t  p e r f e c t l y  

p a r a l l e l .

(b ) None o f  th e  fo u r  r e f l e c t i n g  s u r f a c e s  are  p e r f e c t l y  p la n e .

( c )  The l i g h t  so u rce  h a s  f i n i t e  beam d iv e r g e n c e  and s p e c t r a l  

w id th .

The e f f e c t s  o f  t h e s e  im p e r f e c t io n s  are  c o n s id e r e d ,  Ladenburg and 

B ersh ad er  ( 1 9 5 5 ) .

The f i n i t e  s p e c t r a l  w id th  o f  th e  so u rce  r e s t r i c t s  t h e  h i g h e s t  ord er  

f r in g e  d e t e c t a b l e .  F r in g e  c o n t r a s t  d is a p p e a r s  due t o  o v e r la p p in g  o r d e r s  

from w a v e le n g th s  and X2 when th e  N^^ dark f r i n g e  f o r  X^ c o in 

c id e s  w i th  t h e  N^^ b r i g h t  f r in g e  fo r  X^, i . e .  (N + ^ ) X^ ziNX^. For  

^  and X^ ^ ^ 2  = X ,
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N = x / 2  AX . . . .  ( 3 . 3 . 1 8 )

Thus, f o r  a so u rce  w ith  X = 5 ,0 0 0  A and a w a v e len g th  spread AX = 1 A  ̂ th e

l a s t  f r i n g e  v i s i b l e  on e i t h e r  s i d e  o f  th e  c e n t r a l  f r i n g e  i s  N= 2 ,6 0 0 .

E q u a tio n  ( 3 . 3 . 1 8 )  may be u s e d  to  d eterm in e  th e  maximum a l lo w a b le  inequ a

l i t y  o f  g e o m e tr ic  p a th s  i n  th e  two arms o f  a MZI. When th e  p a th  d i f f e r 

ence i s  s u f f i c i e n t l y  l a r g e  t h a t  th e  minimum ord er  f r in g e  in  th e  image 

p la n e  i s  >  N, o v e r la p p in g  o f  f r i n g e s  o f  d i f f e r e n t  w a v e le n g th  d e s t r o y s  th e  

c o n t r a s t .  The maximum p e r m is s i b l e  p a th  d i f f e r e n c e  At, th e  coh eren ce  

l e n g t h ,  i s  t h u s  At = NX . From eq u a tio n  ( 3 . 3 . 1 8 )

ût = X.2/26X . ... (3.3.19)

U sin g  a l i g h t  so u rce  w ith  X = 5 , 0 0 0 A and AX = 1 t he  coh eren ce  l e n g t h  

At i s  '^ O .l3 c m . Thus, to  o b serv e  f r i n g e s  u s in g  t h i s  l i g h t  so u r c e ,  th e  

d i f f e r e n c e  betw een  th e  g e o m e tr ic  p a th s  in  th e  MZI must be ^ 0 . 1 3  cm.

7T
d
%

0 / 2

f

F i g . 3 . 3 . 8  
E f f e c t  o f  a f i n i t e - a p e r t u r e  source

The r e s t r i c t i o n  on th e  maximum p e r m is s i b l e  beam d iv e r g e n c e  o f  th e  

so u rce  i s  t h a t  th e  d iv e r g in g  r a y s  p a s s in g  through  any o b j e c t  p o in t  are  

\  < X /4  o u t  o f  p h a s e .  F i g . 3 . 3 . 8  r e p r e s e n t s  a source c o n s i s t i n g  o f  an

i l lu m i n a t e d  p in h o le  o f  a p e r tu r e  d a t  th e  fo c u s  o f  a l e n s  o f  f o c a l  l e n g t h

+ f  . The so u rce  d iv e r g e n c e  i s  9 = d / f . At p o in t  P , th e  p a th  d i f f e r 

ence b etw een  r a y s  a r r iv i n g  from th e  c e n tr e  and edge o f  th e  p in h o le  must

b e  < X / 4 ,  i . e .  ( f / c o s ( 9 / 2) - f )  < X /4. Thus,
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d < 2 f  c o s “ ^ [ f / ( f +  X / 4 ) ] .  . . .  ( 3 . 3 . 2 0 )

For a so u rce  o f  w a v e len g th  5 ,0 0 0  A u sed  w i th  a 50 cm c o l l i m a t i n g  l e n s ,  th e  

p in h o le  a p e r tu r e  must be < 0 ,0 7  cm to  s a t i s f y  th e  above c r i t e r i o n .  In  

a d d i t i o n ,  a u x i l i a r y  o p t i c a l  components such a s  l e n s e s  and windows must be 

o f  s u f f i c i e n t l y  h ig h  q u a l i t y  n o t  to  in t r o d u c e  any p a th  d i f f e r e n c e s  > X /4 .

The MZI i s  v e r y  s e n s i t i v e  to  m isa l ig n m e n t .  T h e r e fo r e ,  th e  p l a t e s  

must be r i g i d l y  mounted w ith  p r o v i s i o n s  f o r  r o t a t i o n  by  sm all  a n g le s  about  

th e  1  and II a x e s .  A ls o ,  p l a t e  BS2 i s  u s u a l l y  mounted on a c a r r ia g e  

w ith  movements p a r a l l e l  and normal to  e i t h e r  i n c i d e n t  beam, a l lo w in g  

e q u a l i s a t i o n  o f  th e  two p a t h s .  C onsider a d e v ic e  w i th  p l a t e s  o f  d im en s io n s  

10 X 10 cm u sed  w ith  a l i g h t  sou rce  o f  w a v e le n g th  5 , 0 0 0 1 .  For a f r in g e  

o f  ' i n f i n i t e  w i d t h ' ,  i . e .  th e  f r in g e - w id t h  j u s t  f i l l i n g  th e  p l a t e  a p e r tu r e ,  

from e q u a t io n  ( 3 . 3 . 1 ? )  th e  m isa l ig n m en t cp o f  t h e  two beams must be  

< 5 X 10“  ̂ r a d ia n s .  Thus, th e  t o t a l  m irror m isa l ig n m en t cf /2<  2 . 5 X 1 0 “® 

r a d ia n s .  To o b t a in  a background o f  50 f r i n g e s  o v er  t h e  p l a t e  a p e r tu r e ,  

cp/2 must be < 1 . 3  X 10"^ r a d ia n s .

I n h o m o g e n e i t ie s  in  th e  beam s p l i t t e r s ,  n o n -p la n a r  r e f l e c t i n g  su r

f a c e s ,  im p e r fe c t  l e n s e s ,  e t c . ,  cau se  sp u r io u s  s h i f t s  in  background f r i n g e s  

u sed  f o r  r e f e r e n c e  p u r p o s e s .  I f  an a cc u r a cy  o f  l / l O t h  o f  a f r in g e  i s  

r e q u ir e d  when m easuring  f r in g e  s h i f t s  due to  a t e s t  o b j e c t ,  th e  t o t a l  

s p u r io u s  s h i f t  due to  o p t i c a l  im p e r f e c t io n s  i n  th e  sy stem  must be < l / l O t h .  

Thus, i n  an o th e r w is e  p e r f e c t  system , fo r  a beam o f  w a v e le n g th  5 , 0 0 0 1  

i n c i d e n t  a t  90° on a g l a s s  window o f  r e f r a c t i v e  in d ex  1 . 5 ,  a grad u a l  

change in  i t s  t h i c k n e s s  by ~ 3 . 3  % 10“® cm o v er  a c e r t a i n  l e n g t h  p ro d u ces  

a f r in g e  s h i f t  o f  0 .1  o v e r  t h a t  l e n g t h .

F i n a l l y ,  th e  f i n i t e  t h i c k n e s s  o f  th e  beam s p l i t t e r s  c a u s e s  s p u r io u s  

f r i n g e - s h i f t s  f o r  a d iv e r g e n t  l i g h t  beam, s i n c e  d i f f e r e n t  p o r t i o n s  o f  th e  

beam have d i f f e r e n t  o p t i c a l  p a th s  through  th e  g l a s s ,  Weinberg (1 9 6 3 ) .  In
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F i g . 3 . 3 . 9  
D e f l e c t i o n  o f  a l i g h t  r a y  hy a 
g l a s s  s la h  o f  f i n i t e  t h i c k n e s s

F i g . 3 . 3 . 9 ,  a ra y  t r a v e l l i n g  

th rou gh  vacuum i s  i n c i d e n t  a t  

an a n g le  i  on a g l a s s  s la h  o f  

t h i c k n e s s  t  and r e f r a c t i v e  

in d ex  i) . The i n c r e a s e  in  

o p t i c a l  p a th  due to  th e  s la b  i s  

t  = t [ n  -  c o s ( i - r ) ] / c o s  r  . 

Expanding, and u s in g  th e  r e l a 

t i o n s  s i n  i  = n s i n  r  and 

c o s r  = V l  -  s in ^ r ,  one o b t a in s

-t = t(Vn^ -  s in ^ i  -  co s  i )  .

D i f f e r e n t i a t i n g  t h e  above.

c o s  1
d't = t  s i n  i l l - = ) d i .  

. 2 . /2Sin: 1

For a beam o f  w a v e le n g th  5 ,0 0 0  A i n c i d e n t  a t  45° on a s la b  o f  t h i c k n e s s

2cm and r e f r a c t i v e  in d ex  1 . 6 ,  d^ = 0 . 7 2 d i  . Hence a change in  th e  a n g le

— 5o f  in c id e n c e  o f  ~ 7 . 5  X 10 r a d ia n s  c a u se s  a d is p la c e m e n t  o f  one f r i n g e .

Suppose t h e  t e s t  o b j e c t  d e f l e c t s  th e  t e s t  beam by ~  1 mrad , due to  

r e f r a c t i v e  in d e x  g r a d i e n t s .  I f  th e  beam s u b s e q u e n t ly  p a s s e s  through  a 

beam s p l i t t e r ,  under th e  same c o n d i t io n s  as  in  th e  above exam ple, a s h i f t  

o f  ~ 14  f r i n g e s  r e s u l t s .  T h is  s h i f t  cou ld  be i n c o r r e c t l y  a t t r i b u t e d  to  

th e  t e s t  o b j e c t ' s  r e f r a c t i v i t y .  Where d e f l e c t i o n s  o f  th e  t e s t  beam are  

l i k e l y  t o  o c c u r ,  th e  MZI sh ou ld  be s e t  o u t  a s  in  F i g .  3 . 3 . 5 .  In  t h i s  way, 

th e  t e s t  beam d o es  n o t  p a s s  th rou gh  BS2 a f t e r  p a s s in g  through  th e  t e s t

\  s e c t i o n ,  t h u s  a v o id in g  th e  above d i f f i c u l t y .

( c )  A p p l i c a t i o n  to  t h e  s tu d y  o f  a plasma

When t h e  r e f r a c t i v e  d is tu r b a n c e  s t u d ie d  i s  a p lasm a, th e  f r in g e  

s h i f t s  produced  i n  an in t e r f e r o m e t r y  exper im ent are  p r o p o r t io n a l  to  th e  

e l e c t r o n  d e n s i t y .  From e q u a t io n  ( 3 . 2 . 3 ) ,  th e  r e f r a c t i v e  in d ex  change.
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r e l a t i v e  to  vacuum, produced  by a plasm a i s

A n ( x ,y ,z )  = - 4 . 4 8  X H g (x ,y ,  z) .

U s in g  t h i s  in  e q u a t io n  ( 3 . 3 . 1 4 ) ,  th e  f r in g e  s h i f t  caused  by a plasm a o f

l e n g t h  L i s  ^

s ( x , y )  = - 4 . 4 8  X n ^ ( x , y , z )  dz .
o

I n t e r f e r o m e t r y  th u s  m easures th e  l i n e  i n t e g r a l  o f  t h e  e l e c t r o n  d e n s i t y  in
L

a p la sm a .  The d i s p l a c e d  f r i n g e s  are  c o n to u rs  o f  c o n s ta n t  J n̂  d-t . At
P o

X = 6943 A j t h e  above e q u a t io n  becom es

1 Ls(x,y) = -  -----------— Jn (x,y,z) dz . . . .  ( 3 . 3 . 2 1 )
3 . 2 X 1 0 - 1 '  g

For a plasm a in  w hich n^ i s  in d ep en d en t o f  z , e q u a t io n  ( 3 . 3 . 2 1 )  

may be w r i t t e n
n ^ ( x ,y )  = -  3 . 2  X 10^ s ( x , y ) / h  . . . .  ( 3 . 3 . 2 2 )

T hus,  t h e  p lasm a e l e c t r o n  d e n s i t y  may be c a l c u l a t e d  from th e  o b serv ed  

f r i n g e  s h i f t s .  The measurement by i n t e r f e r o m e t r y  o f  th e  e l e c t r o n  d e n s i t y  

i n  a 6 -p in c h  p lasm a i s  d e s c r ib e d  by Jahoda e t  a l  ( 1 9 6 4 ) .

I f  t h e  minimum d e t e c t a b l e  f r i n g e - s h i f t  i s  - 0 . 1 ,  in  a 1 cm lo n g  

p la sm a  th e  minimum d e t e c t a b l e  e l e c t r o n  d e n s i t y  i s ,  from th e  above e q u a t io n ,  

n ^ ( x . y )  . =" 3 .2 X 1 0 ^ ^  cm"^. The maximum m easurab le  e l e c t r o n  d e n s i t y ,  a t

t h e  ruby l a s e r  w a v e le n g th ,  may a l s o  be e s t im a te d  from e q u a t io n  ( 3 . 3 . 2 2 ) .  

A ssum ing t h a t  a s h i f t  o f  -  30 f r i n g e s  i s  th e  maximum number r e s o l v a b l e ,  

l a r g e r  s h i f t s  b e in g  u n r e s o lv a b le  due to  f r in g e  crow ding, f o r  a plasm a o f  

c e n t im e t r e  l e n g t h  n ^(x  y) ^  10^^ cm ^ .

I f  t h e r e  are  s t e e p  r e f r a c t i v e  ind ex  g r a d i e n t s  i n  a p lasm a, l i g h t  

t r a v e r s i n g  i t  i s  d e f l e c t e d .  The v a r y in g  cu rv a tu re  o f  t h e  d e f l e c t e d  r a y s  

r e s u l t s  i n  s p u r io u s  v a r i a t i o n s  o f  o p t i c a l  p a th ,  and, in  an in t e r f e r o m e t r y  

s t u d y ,  a c o r r e c t i o n  to  th e  o b serv ed  f r in g e  s h i f t s  i s  n e c e s s a r y  to  compen

s a t e  f o r  t h i s .  In  th e  c a s e  o f  s e v e r e  b en d in g ,  th e  f r in g e  p a t t e r n  can be  

w ashed o u t  b y  o v e r la p p in g  f r i n g e s .
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The f i r s t  o rd er  c o r r e c t i o n  i s  c a l c u l a t e d  fo r  th e  c a se  o f  a l i n e a r  

v a r i a t i o n  o f  n^ t r a n s v e r s e  to  th e  l i g h t  beam, Jahoda and Sawyer ( l 9 7 l ) .

In  F i g , 3 , 3 , 1 0 ,  a ra y  i n c i d e n t  a t  A i s  d e f l e c t e d  o v er  a l e n g t h  L to  

emerge a t  B^ i n s t e a d  o f  A camera fo c u s e d  on th e  p la n e  P d e t e r 

m ines t h e  f r i n g e  s h i f t  a lo n g  p a th  AB% b u t  appears  to  d eterm in e  th e  f r in g e  

s h i f t  a lo n g  BB^. The e r r o r  in  th e  f r in g e  s h i f t  a s s ig n e d  to  p a th  BB  ̂ i s  

due, t h e r e f o r e ,  to  th e  o p t i c a l  p a th  d i f f e r e n c e  betw een  AB' and BB%

d n
d xy

A X _

L

F i g . 3 . 3 . 1 0  
D e f l e c t i o n  o f  a l i g h t  ra y  by a t r a n s 

v e r s e  r e f r a c t i v e - i n d e x  g r a d ie n t

U sin g  e q u a t io n  ( 3 . 3 . 1 4 ) ,  th e  p a th  d i f f e r e n c e  i s

B'
 ̂ = r [  J ÜS -  J Hgg, d z ]  , . . .  ( 3 . 3 . 2 3 )

BI
where ds = (dx^ + dz^)^ = d z ( l  + (d x /d z )^ )^  . Now d x /d z  = q, , and from  

eq u a t io n  ( 3 . 3 . 2 )

dx 3n  
dz -  Bx

\  I n t e g r a t i n g  t h e  above e q u a t io n  y i e l d s

Over th e  p lasm a l e n g t h  L, th e  d is p la c e m e n t  Ax i s
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Now,

d s  = dz ( l  + ( d x / d z ) 2 d z ( l  + ^ (B n /^ x)^  z^) . 

The r e f r a c t i v e  in d e x  a lo n g  BB^ i s

” b b ' = *AA' + a ;  = »AA' + ?  ^2 ,

L ik e w is e ,  th e  r e f r a c t i v e  in d e x  a t  any p o in t  a lo n g  AB  ̂ i s

Bn 1 /  Bn\  ̂ p
' + X ■^ = »AA ' + -2 z .AB' -  “AA' ^ ^ Bx -  “a a ' 2 VBx/

S u b s t i t u t i n g  th e  above th r e e  e q u a t io n s  in t o  e q u a t io n  ( 3 . 3 . 2 3 )

= J [ “aa' 2̂ ] - [l + i  (##) 1 L2]ds

6 V B x/ "  ̂ 6 "AA/ \ B x /  ^ ~ 2 \ ^ x J

n e g l e c t i n g  4 th  o r d e r  te rm s .  S in c e  n ^ /  ^  1 , we may w r i t e

. . . ( 3 . 3 . 2 4 )

The o b serv e d  f r i n g e  s h i f t ,  N, r e l a t i v e  to  vacuum, a t t r i b u t e d  to  th e  r e f r a c 

t i v e  in d e x  a lo n g  BS/ i s

N = ( n g g , -  1) l/X .

Combining th e  above two e q u a t io n s  and s u b s t i t u t i n g  from e q u a t io n  ( 3 . 2 . 3 )  

f o r  n -  1

1 =  7 . 5 X 1 0 - 1 ^ 2  . . . . ( 3 . 3 . 2 5 )

I f  6/ n  i s  g r e a t e r  than th e  minimum d e t e c t a b l e  f r in g e  s h i f t ,  th en  

th e  o b serv e d  f r i n g e  s h i f t s  must be c o r r e c te d  to  a l lo w  fo r  th e  e f f e c t s  o f  

r a y  b e n d in g .

\  3 . 3 . 4  The P r o p e r t i e s  o f  a Q-Switched Ruby 
L a ser  a s  a L ig h t  Source

The r e q u ir e m e n ts  o f  a s u i t a b l e  l i g h t  sou rce  fo r  u s e  w i th  th e  o p t i c a l  

t e c h n iq u e s  d i s c u s s e d ,  t o  s tu d y  a t r a n s i e n t  p lasm a, are  :

(a )  S u f f i c i e n t  i n t e n s i t y  to  overcome th e  plasma s e l f —l u m in o s i t y .
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(b) Narrow s p e c t r a l  w id th .

(c )  Low beam d iv e r g e n c e .

(d) S h o r t  p u l s e  d u r a t io n  to  a r r e s t  th e  plasm a m o tion .

When th e  o n ly  l i g h t  s o u r c e s  a v a i l a b l e  were o f  th e  h ig h - c u r r e n t  arc  

or  e l e c t r i c  spark ty p e ,  th e  o p t i c a l  t e c h n iq u e s  d i s c u s s e d ,  a l th o u g h  w e l l  

known in  th e  f i e l d  o f  aerodynam ics ,  were seldom  u sed  t o  s tu d y  h ig h - d e n s i t y  

p la sm a s .  T h is  was b e c a u s e ,  in  g e n e r a l ,  such s o u r c e s  co u ld  n o t  s im u lta 

n e o u s ly  s a t i s f y  th e  above r e q u ir e m e n ts .  However, w i th  th e  advent o f  th e  

l a s e r ,  b e c a u se  o f  th e  un iq ue p r o p e r t i e s  o f  l a s e r  l i g h t ,  t h e s e  o p t i c a l  

t e c h n iq u e s  have become s tandard  in  th e  s tu d y  o f  p lasm as fo r  which  

n^ >  10^4 cm" 3,

C on sider  a t y p i c a l  h igh -p ow er  ruby l a s e r ,  c o n s i s t i n g  o f  a Q -sw itched  

o s c i l l a t o r  and an a m p l i f i e r .  The o u tp u t  h a s  th e  fo l l o w in g  c h a r a c t e r i s t i c s ;  

en erg y  10 J  in  a p u l s e  o f  h a l f - w i d t h  20 n s e c ,  beam d ia m eter  2 cm w ith  f u l l  

beam d iv e r g e n c e  3 mrad and s p e c t r a l  w id th  0 .1  Â a t  6 9 4 3 1 .  The average  

power f o r  th e  d u r a t io n  o f  th e  p u l s e  i s ,  t h u s ,  5 0 0 MW .

U s u a l ly ,  a beam o f  l a r g e r  d ia m eter  than  2 cm i s  r e q u ir e d  to  probe  

a p lasm a. U s in g  an i n v e r t e d  t e l e s c o p e ,  a s  in  F i g . 3 . 3 . 1 1 ,  th e  beam i s

-  - ^ - 4
~ r ~  ■

F i g . 3 . 3 . 1 1
E xpan sion  o f  a l i g h t  beam o f  f i n i t e  d iv e r 

gence  u s in g  an in v e r te d  t e l e s c o p e
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expanded in  t h e  r a t i o  f g / f f  The beam d iv e r g e n c e  i s  reduced  in  th e  same 

r a t i o .  For a beam exp an sion  o f  5X, th e  beam d iv e r g e n c e  in  th e  expanded  

beam i s  0 .6  mrad fo r  th e  l a s e r  c o n s id e r e d .  To s a t i s f y  c r i t e r i o n  ( 3 . 3 . 2 0 ) ,  

t h a t  f o r  a so u rce  f o r  i n t e r f e r o m e t r y  th e  p a th  d i f f e r e n c e  a t  a p o in t  betw een  

extrem e r a y s  i s  < X/4 , th e  s p o t  s i z e  s must be < 0 . 0 8  cm f o r  f 2 = 50 cm.

S in c e  f^  = 10 cm fo r  5X ex p a n s io n ,  s =  f^Q^ = 0 ,0 3  cm , T h is  i s  w e l l  under  

t h e  maximum p e r m is s i b l e  sp o t  s i z e .

The co h eren ce  l e n g t h  o f  th e  l a s e r  beam, from e q u a t io n  ( 3 . 3 . 1 9 ) ,  i s  

AL = \ ^ / 2  à \  ^  2 , 4  cm . Thus, when u s in g  a Mach-Zehnder in t e r f e r o m e t e r ,  

i t  i s  o n ly  n e c e s s a r y  to  e q u a l i s e  th e  two arms o f  th e  in stru m en t to  w i t h in  

2 . 4  cm t o  e n a b le  f r i n g e s  to  be produced . The s p e c t r a l  w id th  o f  th e  l a s e r  

o u t p u t  i s  s u f f i c i e n t l y  narrow t h a t  f r i n g e s  o f  h ig h  ord er  number can be  

p ro d u c ed  w i th  a MZI . From e q u a t io n  ( 3 . 3 . 1 8 ) ,  N = X /2 A X ^  3 4 ,7 0 0 .  Thus, 

w i t h  a background sp a c in g  o f  -^10 f r in g e s /c m ,  a l l  f r i n g e s  in  th e  f i e l d  o f  

v i e w  a r e  o f  h ig h  c o n t r a s t .

The l a s e r  b r i g h t n e s s  B may b e  d e f in e d  fo r  an expanded beam, w i th  

r e f e r e n c e  to  F i g . 3 . 3 . 1 1 ,  by

w here P i s  th e  power o f  th e  o u tp u t .  For a 5X ex p a n s io n  o f  th e  l a s e r  

o u t p u t ,  w i th  fg  = 50 cm , 2 .3  X lO^^W cm"^ s t r “ ^. For a pure d eu ter iu m  

p la sm a ,  t h e  b rem sstra h lu n g  e m is s io n  in  th e  w a v e len g th  i n t e r v a l  X to  X + dX , 

G l a s s t o n e  and Lovberg ( i 9 6 0 ) ,  i s  g iv e n  by

P. = 6 . 0 X l 0 " ^ ^ n ^  T"^ X“  ̂ ex p (-1 2 .4 /X T  )dX Wcm"^ ,
b r  e e ®

where X i s  i n  i  and T  ̂ i n  keV . C on s id er in g  th e  Plasma F ocus d en se  

p in c h ,  assumed to  be a c y l i n d e r  o f  l e n g th  2 cm and r a d iu s  0 .1  cm w ith  

d e n s i t y  5X 1 0 ^ ^  cm"^ and tem perature  2 .5  keV, in  a 2 0 A p a s s  band c e n tred  

on 6 9 4 3 A ( t ) q ) i c a l  o f  th e  i n t e r f e r e n c e  f i l t e r s  u sed  to  d i s c r im in a t e  a g a in s t
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plasm a l i g h t )  «=« 2 5 0 ¥  , T h is  co rresp o n d s  to  a p lasm a b r i g h t n e s s  o f  

^  50 ¥  cm“  ̂ s t r ~ ^ ,  w hich  i s  n e g l i g i b l e  compared w ith  t h a t  o f  th e  l a s e r .

F i n a l l y ,  th e  20 n s e c  p u l s e  d u r a t io n  i s  s u f f i c i e n t l y  s h o r t  to  ' f r e e z e '  

th e  m o t io n  o f  a l l  b u t  th e  most t r a n s i e n t  p la sm a s .  In  t h e  c a se  o f  th e  

Plasma F o cu s  d en se  p in c h ,  v a r i o u s  t e c h n iq u e s  can be u sed  to  o b ta in  a p u l s e  

o f  d u r a t io n  < 1 n s e c  from a ruby l a s e r .  These are d i s c u s s e d  in  Chapter IV.

The Q -sw itch ed  ruby l a s e r  makes an e x c e l l e n t  l i g h t  so u rce  fo r  u s e  

w ith  t h e  shadowgraph, s c h l i e r e n  and i n t e r f e r o m e t r i c  t e c h n iq u e s  in  s tu d y

in g  a h i g h - d e n s i t y  t r a n s i e n t  p lasm a.
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C H A P T E R  IV 

AITARATUS, DEVELQFMENT WORK AND EXPERIMENTAL TECHNIQUES

In  th e  f i r s t  p a r t  o f  t h i s  ch a p ter ,  th e  m ech an ica l  c o n s t r u c t io n ,  

vacuum system , c a p a c i t o r  hank, d is c h a r g e  c i r c u i t ,  c o n tr o l  and m o n ito r in g  

s y s t e m s ,  and o p e r a t io n  o f  th e  Plasma Focus u se d  are  d e s c r ib e d .  N ext,  

t h e  d evelop m en t o f  a ruby l a s e r  system , fo r  p ro d u c in g  one nanosecond dura

t i o n  e x p o s u r e s  o f  t h e  p lasm a, i s  d e s c r ib e d .  L a s t l y ,  ex p er im en ta l  d e t a i l s  

o f  th e  o p t i c a l  t e c h n iq u e s  are  g iv e n .

4 . 1  THE PLASMA FOCUS

The Plasma Focus s tu d ie d  c o n s i s t e d  o f  a t w o - e l e c t r o d e  c o a x ia l  gun, 

o f  l e n g t h  ^ 2 5  cm and e l e c t r o d e  r a d i i  2 .5  and 5 c m ,  con n ected  by ap p ro x i

m a t e ly  200 c o a x i a l  c a b le s  to  a c a p a c i t o r  bank o f  s to r e d  en ergy  4 2 kJ a t  

3 0 k V ,  E ig h t  spark-gap  s w i t c h e s ,  which were t r ig g e r e d  in  p a r a l l e l  u s in g  

a B lura le in  c a b l e ,  were u se d  t o  i n i t i a t e  th e  d is c h a r g e .  The end o f  th e  

gun p r o j e c t e d  in t o  a vacuum chamber, o f  d ia m eter  24cm and le n g th  18 cm, 

eq u ip p ed  w i th  e i g h t  p o r t s  through  which th e  d is c h a r g e  cou ld  be s tu d ie d ,

A p u l s e  g e n e r a t o r  and a sy stem  o f  d e la y s  were u sed  to  sy n ch ro n ise  th e  

t r i g g e r i n g  o f  th e  d i s c h a r g e ,  th e  l a s e r  u sed  to  i l lu m i n a t e  th e  p lasm a, and 

t h e  r e c o r d in g  o s c i l l o s c o p e s .

4 . 1 . 1  The M ech an ica l  C o n s tr u c t io n

The m ech a n ica l  arrangem ent o f  th e  gun, cu rr en t  f e e d  p l a t e s  and 

vacuum chamber i s  shown in  F i g . 4 . 1 . 1 .  The d e v ic e  was, c l e a r l y ,  a Mather  

t y p e .  The gun c e n t r e  e l e c t r o d e ,  which was t h e  anode, was b a s i c a l l y  a 

s o l i d  copper c y l i n d e r  o f  d ia m eter  5 cm . At th e  low er  e l e c t r o d e  end a 

p lu g  o f  h ea v y  m eta l  (95^W + 5^Cu) was i n s e r t e d  to  redu ce  e r o s io n  due to  

e l e c t r o n  bombardment. T h is  p lu g  proved  to  be in ad eq u ate  and was r e p la c e d  

b y  a h ea v y -m e ta l  cap o f  d epth  3 cm . Over a l e n g th  o f  21cm th e  e l e c t r o d e  

was a t r u e  c y l i n d e r .  The rem ainder c o n s i s t e d  o f  a l e n g th  ta p er ed  to  a
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d ia m ete r  o f  ~ 3 . 3  cm and a c y l i n d r i c a l  l e n g th  ( l )  which was th re a d e d .  At 

th e  l a r g e r  end o f  th e  ta p e r  a s t a i n l e s s  s t e e l  c o l l a r  ( 2 ) was shrunk f i t .  

Im m ed ia te ly  oelow  th e  c o l l a r  an 0 - r in g  groove  was cu t  in t o  th e  e l e c t r o d e .

The o u t e r  e l e c t r o d e  was a copper tu b e  o f  d iam eter  10cm and le n g t h  

23 cm . I t  was p e r f o r a t e d  by a r e g u la r  a rra y  o f  c i r c u l a r  h o l e s  t o  improve 

t h e  fo c u s in g  mechanism, as  d i s c u s s e d  in  s e c t i o n  2 . 3 . 1 .  The e l e c t r o d e  was 

b o l t e d  f i r m ly  to  th e  b r a s s  e a r t h - p la t e  to  produce a l o w - r e s i s t a n c e  connec

t i o n .  P o ly th e n e  and M elin ex  s h e e t s  i n s u l a t e d  th e  ea r th  p l a t e  from th e  

b r a s s  h i g h - v o l t a g e  p l a t e  ( 3 ) im m ed ia te ly  above i t .  A p y rex  i n s u l a t o r ,  

c o n s i s t i n g  o f  a 25 cm d iam eter  d i s c  to  w hich a tu b u la r  s l e e v e  o f  l e n g t h  5 cm 

was fu s e d ,  was u sed  to  c l o s e  th e  b reech  end o f  t h e  gun. The in n e r  e l e c 

t r o d e  p a s s e d  through  t h i s  s l e e v e ,  and an 0 - r in g  was u sed  to  make a vacuum 

s e a l  b etw een  them. A second vacuum s e a l  was made by an 0 - r in g  compressed  

b etw een  th e  edge o f  th e  p y rex  d i s c  and th e  e a r th  p l a t e .  A p r o j e c t i o n  ( 4 ) 

from th e  o u te r  e l e c t r o d e  to  th e  in n e r ,  a d ja c e n t  to  th e  pyrex  i n s u l a t o r ,  

p r o v id e d  c o n s i s t e n t  e l e c t r i c a l  breakdown a t  t h i s  l o c a t i o n  from d is c h a r g e  

to  d i s c h a r g e .

A b r a s s  c o l l a r  ( s )  was screwed o ver  th e  th read ed  s e c t i o n  o f  in n er  

e l e c t r o d e  to  a t t a c h  i t  to  th e  h ig h - v o l t a g e  p l a t e .  T h is  c o l l a r  was i t s e l f  

screw ed  in t o  a b r a s s  h o ld e r  (6) which was brazed  to  th e  p l a t e .  The anode 

p o s i t i o n  was a x i a l l y  a d j u s t a b le  o v er  a 5 cm ra n g e .  Norm ally  i t s  end was  

f l u s h  w i th  t h a t  o f  th e  ca th o d e .  A l o w - r e s i s t a n c e  e l e c t r i c a l  co n n e c t io n  

b etw een  th e  anode and h i g h - v o l t a g e  p l a t e  i s  e s s e n t i a l ,  to  p r e v e n t  se v e r e  

- b urn in g  due to  th e  la r g e  c u r r e n ts  f lo w in g .  T h is  c o n n e c t io n  was a ch iev ed  

b y  u s in g  c o l l e t s  (? )  which were p r e c i s i o n  lapped  to  th e  ta p e r e d  s u r fa c e  

and t h e  i n s i d e  s u r fa c e  o f  th e  h o ld e r  ( 6 ) ,  By screw ing  th e  c o l l a r  ( 5 ) down 

th e  anode, th e  c o l l e t s  were fo r c e d  outwards by th e  ta p e r  a g a in s t  th e  h o ld e r  

to  g i v e  a t i g h t  f i t  b etw een  a l l  fou r  c o n ta c t  s u r f a c e s .
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The gun m uzzle p r o j e c t e d  in t o  a s t a i n l e s s - s t e e l  vacuum chamber, 

w hich  i s  n o t  drawn to  s c a l e  i n  F i g . 4 . 1 . 1 .  I n t e r n a l l y ,  th e  chamber was a 

c y l i n d e r ,  18 cm in  l e n g t h  and 24 cm in  d ia m eter ,  c o a x ia l  w i th  th e  gun. 

E x t e r n a l l y ,  th e  chamber was o c ta g o n a l  in  c r o s s  s e c t i o n  in  a p la n e  normal 

t o  i t s  a x i s .  The to p  and bottom  s u r fa c e s  were p a r a l l e l  to  t h i s  p la n e .

S i x  o f  t h e  f l a t  s i d e  f a c e s  had 2” p o r t s  bored in  them, th e  rem aining  two 

were d i r e c t l y  o p p o s i t e  each o th e r  and had 3” p o r t s .  The to p  and bottom  

chamber f a c e s  had 4” p o r t s .  0 - r in g  g r o o v e s ,  c o n c e n tr ic  w ith  th e  p o r t s ,  

p r o v id e d  a means o f  making vacuum s e a l s  betw een  th e  chamber f a c e s  and 

c o n n e c t o r s  to  th e  p o r t s .  The e i g h t  s id e  p o r t s  cou ld  be u sed  to  s tu d y  th e  

d i s c h a r g e  by  c o n n e c t in g  v a r io u s  d ia g n o s t i c s  or a t t a c h in g  windows. A 

6 0  cm l o n g  tu b e  was a t ta c h e d  t o  th e  low er  p o r t  to  tr a p  m a te r ia l  eroded  

from t h e  e l e c t r o d e s  and chamber w a l l s  a t  i t s  bottom . T h is  p rev en ted  th e  

a ccu m u la ted  d e b r i s  from b e in g  d is t u r b e d  d ur in g  a d is c h a r g e  and damaging 

a n y  h i g h - q u a l i t y  g l a s s  windows u sed  to  c l o s e  th e  p o r t s .  The cathode v a s  

j a c k e t e d  by a p y r e x  tu b e ,  which s e a l e d  a g a i n s t  0 - r in g s  in  th e  low er  s u r fa c e  

o f  th e  e a r th  p l a t e  and th e  top  s u r fa c e  o f  th e  vacuum chamber.

4 . 1 , 2  The Vacuum and Gas F i l l i n g  Systems

The vacuum chamber and gun assem b ly  were evacuated  through one o f  

t h e  3" p o r t s  v i a  a T p i e c e ,  so as  n o t  to  l o s e  th e  u se  o f  t h a t  p o r t .  A 

s i n g l e - s t a g e  r o t a r y  o i l  pump, o f  c a p a c i ty  450 l i t r e s / m i n u t e  a t  lO O to rr ,  

s e r v e d  a s  b a ck in g  to  a 6" d ia m ete r ,  o i l  d i f f u s i o n  pump. The l a t t e r  pump 

in c o r p o r a t e d  a w a te r - c o o le d  b a f f l e  t o  reduce o i l  vapour p r e s s u r e  in  th e  

vacuum chamber. The p r e s s u r e  was fu r th e r  reduced by a r e f r i g e r a t e d  b a f f l e  

f i t t e d  b etw een  th e  d i f f u s i o n  pump and chamber. A v a l v e ,  which was re m o te ly  

o p e r a t e d ,  was s i t u a t e d  a d ja c e n t  to  t h i s  b a f f l e  and was used  to  i s o l a t e  th e  

vacuum chamber.

A background p r e s s u r e  o f  5 X 10*“̂  t o r r  was u s u a l l y  a c h ie v e d ,  Tne 

p r e s s u r e  i n  th e  system  was measured on one o f  two g a u g es .  A P ir a n i  gauge  

was u sed  in  th e  range 100 t o r r  t o  10“  ̂ t o r r ,  and an i o n i z a t i o n  gauge a t
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lower p r e s s u r e s .  With th e  d i f f u s i o n  pump a t  working tem p eratu re ,  th e

p r e s s u r e  in  th e  sy s tem  co u ld  he reduced  from 2 .5  t o r r  ( t y p i c a l  o p e r a t in g

\ — 5p r e s s u r e )  to  < 10 t o r r  in  ~  3 m in u te s .

Gas was in tr o d u c e d  in t o  th e  system  hy means o f  v a l v e s  o f  th e  h o t 

w ire  l e a k  t y p e .  Two such v a l v e s  were u sed ; one to  admit deuter ium , and 

th e  o th e r  t o  admit an im p u r ity ,  u s u a l l y  argon or neon, i f  needed .

4 . 1 . 3  The C a p a c ito r  Bank and D isch a rg e  C ir c u i t

The c a p a c i t o r  hank had a c a p a c i t y  o f  94liF and c o n s i s t e d  o f  32 

c a p a c i t o r s ,  each  o f  nominal c a p a c i t y  3 pF. The maximum working v o l t a g e  

was 40 kV , b u t  th e  bank was u s u a l l y  o p era ted  in  th e  range 25 to  3 5 kV .

The c a p a c i t o r s  were charged by  a power su p p ly  c o n s i s t i n g  o f  a s tep -u p  

tr a n sfo r m er  and h a l f -w a v e  r e c t i f i e r ,  in  co n ju n c t io n  w ith  a v o l t a g e - d o u b l in g  

c i r c u i t .  A maximum c u r r e n t  o f  200mA a t  5 0 kV could  be d e l i v e r e d  by th e  

su pp ly .

The c a p a c i t o r  bank was d iv id e d  in t o  fou r  modules, each o f  which was 

fu r th e r  d iv id e d  in t o  two c i r c u i t s .  Each c i r c u i t  was sw itch ed  in t o  th e  gun 

by a 3 - e l e c t r o d e  spark-gap  s w itc h .  The c a p a c i t o r  bank fed  th e  h ig h - v o l t a g e  

and e a r th  p l a t e s  o f  th e  gun, through  th e  spark gaps ,  v i a  216 c o a x ia l  c a b le s  

o f  5 0 Q impedance. U sing  many p a r a l l e l  c a b le s  en su res  a low source induc

ta n c e ,  so t h a t  th e  c a p a c i t o r  en ergy  can be r a p id ly  d e l i v e r e d  to  th e  gun. 

L ik e w ise ,  u s in g  e i g h t  p a r a l l e l  s w i tc h e s  r e s u l t s  in  a sw itc h in g  in d u ctan ce  

which i s  l / s  o f  t h a t  o f  a s i n g l e  s w i tc h .  However, a compromise must be 

reached  b etw een  a c h ie v in g  an e x trem e ly  low source  in d u c ta n ce  and k eep in g  

th e  c o s t  and c o m p le x i ty  o f  th e  d is c h a r g e  c i r c u i t  a t  a r e a so n a b le  l e v e l .

The measured so u rce  in d u c ta n ce  was 26 nH . The c a b le s  were connected  to  

th e  gun c o l l e c t o r  p l a t e s  i n  fo u r  sym m etrical groups, th e  ca b le  b r a id s  b e in g  

a t  ea r th  p o t e n t i a l .
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A B lu m le in  c a b le  charged to  ~ 3 5 k V  t r ig g e r e d  th e  e ig h t  spark gaps  

in  p a r a l l e l .  The c a b le  was i t s e l f  sw itch ed  by a m aster  spark-gap , which  

was t r ig g e r e d  by  a l5 k V  p u l s e  from a th y r a tr o n  v a l v e  u n i t .  The s la v e  

sp ark -gap s  proved  ex tr e m e ly  r e l i a b l e  when u sed  in  th e  range 2 5 -  3 5 kV, each  

h a n d lin g  peak c u r r e n ts  o f  < 1 2 5 k A  fo r  s e v e r a l  thousand  s h o ts  w ith o u t  main

te n a n c e .  The t y p i c a l  break-down tim e f o r  a spark gap, from when th e  t r i g g e r  

p u l s e  was a p p l ie d  to  th e  t r i g g e r  e l e c t r o d e  to  th e  t im e a t  which th e  main 

gap began to  con d uct,  was 25 n s e c .  T y p ica l  s h o t - t o - s h o t  j i t t e r  was 5 n s e c .  

Thus, on th e  t i m e s c a l e  o f  th e  d is c h a r g e  c i r c u i t ,  o f  q u a r ter  p e r io d  ~ 2 . 5  

p.sec, th e  e i g h t  spark gaps were w e l l  sy n ch ro n ise d .

4 . 1 . 4  The C on tro l System

The c o n tr o l  sys tem  f o r  sy n c h r o n is in g  th e  t r i g g e r i n g  o f  th e  c a p a c i to r  

bank, th e  l a s e r  u sed  fo r  d i a g n o s t i c s  and th e  r e c o r d in g  o s c i l l o s c o p e s  i s  

shovu s c h e m a t i c a l ly  in  F i g . 4 . 1 . 2 ,  The system  c o n s i s t e d  o f  an arrangement  

o f  e l e c t r o n i c  d e la y  u n i t s  and th y r a tr o n  u n i t s  t r ig g e r e d  by a p u l s e  gen era

t o r ,  a l l  from th e  Har\vell 2000 s e r i e s .

Each d e la y  u n i t  c o n s i s t e d  o f  a m onostab le  m u l t iv ib r a t o r  in c o r p o r a t 

in g  a d io d e  arrangement to  su p p ress  th e  l e a d in g  edge o f  th e  r e c ta n g u la r  

p u l s e  t r ig g e r e d  b y  th e  -  50V in p u t  p u l s e .  The o u tp u t was th e  d i f f e r e n 

t i a t e d  t r a i l i n g  edge o f  th e  r e c ta n g u la r  p u l s e .  By v a r y in g  th e  w id th  o f  

t h i s  p u l s e ,  th e  d e la y  betw een  th e  in p u t  and o u tp u t  p u l s e s  from th e  u n i t  

cou ld  be v a r i e d .  The d e la y  was c o n t in u o u s ly  v a r i a b l e  from ~ 0 . 2 | i s e c  to  

1 0 0 msec , c o a r s e  c o n tr o l  b e in g  a ch iev ed  u s in g  a sw itch ed  range o f  ca p a c i 

t o r s  and f i n e  c o n tr o l  by a v a r i a b l e  r e s i s t o r .  Each th y r a tr o n  u n i t  con

s i s t e d  o f  a t h y r a tr o n  v a l v e  t r ig g e r e d  by a + 200V in p u t  p u l s e  and g iv in g  

an o u tp u t  p u l s e  o f  + 250V . Because th e  u n i t  was r e l a t i v e l y  i n s e n s i t i v e  

to  th e  in p u t  p u l s e  am p litud e  and th e  lo a d in g  on th e  o u tp u t ,  th e  u n i t  was 

used a s  b u f f e r  betw een  th e  more s e n s i t i v e  d e la y  u n i t  and th e  d e v ic e  to  be
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t r ig g e r e d .  The p u l s e  g e n e r a to r  was a m onostab le  m u l t iv ib r a to r  o f  f ix e d  

r e c t a n g u la r - p u l s e  w id th .

R e fe r r in g  to  F i g . 4 . 1 . 2 ,  th e  d e la y  u n i t  a d ja c e n t  to  th e  p u ls e  genera

t o r  c o n t r o l l e d  th e  t im in g  o f  a l l  th e  t r i g g e r s  w ith  th e  e x c e p t io n  o f  th e  

l a s e r  f l a s h - t u b e s ' .  A d e la y  o f  ~  1 .5 m s e c  was s e t  on t h i s  u n i t  to  a ch iev e  

optimum p o p u la t io n  i n v e r s i o n  in  th e  l a s e r  r o d s ,  b e fo r e  th e  rem aining t r i g 

g e r s  a c t i v a t e d  th e  d e v i c e s  to  which t h e y  were con n ected .  The rem aining  

d e la y  u n i t s  each o p era ted  on a s e p a r a te  t r i g g e r ,  so t h a t  each t r i g g e r  cou ld  

be d e la y e d  in d e p e n d e n t ly .  Thus, u s in g  s u i t a b l e  d e l a y s ,  th e  l a s e r  cou ld  

i l lu m i n a t e  th e  p lasm a a t  any d e s i r e d  s t a g e  o f  th e  Plasma Focus d is c h a r g e ,  

and th e  o s c i l l o s c o p e s  cou ld  be t r ip p e d  a c c o r d in g ly .  In  a d d i t io n  to  b e in g  

c o n t r o l l e d  by an e l e c t r o n i c  d e la y  u n i t ,  th e  t r i g g e r  to  th e  l a s e r  Q -sw itch  

was a l s o  c o n t r o l l e d  by a c a b le  d e la y .  T h is  c o n s i s t e d  o f  a number o f  

l e n g t h s  o f  c a b le  g i v i n g  a d e la y  range o f  10 n s e c  to  1 ^isec in  s t e p s  o f  

10 n se c  , i . e .  t h i s  was fo r  f i n e  d e la y  c o n t r o l .

4 . 1 . 5  M on ito r in g  o f  t h e  Current and V o l ta g e  a t
th e  Gun, and t h e  Neutron Output

The c u r r e n t  f lo w in g  betw een  t h e  e l e c t r o d e s  was measured u s in g  a 

R ogowskii c o i l  cou p led  to  an i n t e g r a t in g  c i r c u i t .  F i g . 4 . 1 . 3 .  The c o i l  was 

loop ed  around th e  gun betw een  the  h ig h - v o l t a g e  and e a r th  p l a t e s ,  so th a t

lOOOn 7 5 ii  7 5 n
coax, cab  le 8 .2Ka  co ax , cab le

rd P rQ  Z :
7 5 ii

Rogowskii coil ’

%
I

75/1

4.7 K /i
^ 5 —t 1— > To o sc illo sco p e

9 .8 x10"’/j F

Integrating circuit 
F ig .  4 . 1 . 3

S ch em atic  diagram o f  th e  cu rren t-m ea su r in g  c i r c u i t
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th e  cu rr en t  f lo w  th re a d e d  th e  c o i l .  A v o l t a g e ,  cc d l / d t ,  was induced in  

th e  c o i l ,  and hy means o f  a p o t e n t i a l  d iv i d e r  a f r a c t i o n  o f  t h i s  v o l t a g e  

was fed  to  th e  i n t e g r a t i n g  c i r c u i t .  The tim e co n s ta n t  o f  th e  c i r c u i t ,

RC ^  8 0 |J se c  , was much lo n g e r  than  th e  q u a r te r  p e r io d  o f  th e  d is c h a r g e  c i r 

c u i t ,  ' ^ 2 . 8 l i s e c ,  so t h a t  th e  i n t e g r a t e d  s i g n a l  d is p la y e d  on th e  o s c i l l o 

scope was p r o p o r t io n a l  to  I  .

The system  was c a l i b r a t e d  by d is c h a r g in g  th e  c a p a c i to r  bank w ith  

s h o r t - c i r c u i t i n g  p l a t e s  con n ected  a c r o s s  th e  fe ed  p l a t e s  to  th e  gun. With 

th e  p l a t e s  in  p o s i t i o n ,  th e  d is c h a r g e  c i r c u i t  was v e r y  l i g h t l y  damped and 

th e  cu rr en t  waveform was o s c i l l a t o r y  w ith  p e r io d  t = 2it/LC = 1 1 .2 ( i s e c  , C 

b e in g  th e  c a p a c i t y  o f  th e  bank and L th e  c i r c u i t  in d u c ta n c e .  The c a p a c i ty  

C was found to  be 94  u s in g  an a . c .  b r id g e  c i r c u i t .  From th e  above 

v a l u e s ,  th e  t o t a l  c i r c u i t  in d u c ta n ce  was c a l c u l a t e d  a s  b e in g  ~ 3 4 n H ,  By 

m easuring th e  a m p litud e  o f  s u c c e s s i v e  p eak s  o f  th e  cu rr en t  waveform, from  

th e  o s c i l l o s c o p e  t r a c e s ,  th e  lo g a r i th m ic  decrement o f  th e  waveform was

o b ta in e d .  Thus, th e  am p litu d e ,  a^, t h a t  would be o b serv ed  on th e  t r a c e s

i n  th e  a b sen ce  o f  damping cou ld  be d eterm in ed . The corresp on d in g  peak  

undamped c u r r e n t .  I ,  cou ld  be c a l c u l a t e d ,  s i n c e  I  = V / c7 l  , where V i s

th e  bank v o l t a g e .  H ence, th e  c a l i b r a t i o n  f a c t o r  was l / a ^  , i . e .  th e

c u rr en t  p er  u n i t  d e f l e c t i o n  o f  th e  t r a c e .  With th e  s h o r t in g  p l a t e s  in  

p o s i t i o n ,  th e  cu r r e n t  in  th e  d is c h a r g e  c i r c u i t  a t  f i r s t  maximum was ~ 1 ,2 M A  

f o r  a bank v o l t a g e  o f  2 5 kV .

The v o l t a g e  betw een  th e  gun e l e c t r o d e s  was m onitored  b y  u s in g  a 

h igh -im p ed an ce  v o l t a g e  d iv i d e r  to  o b ta in  a sm all  f r a c t i o n  o f  th e  t o t a l  

s i g n a l ,  and d i s p l a y i n g  th e  a t t e n u a te d  s i g n a l  on an o s c i l l o s c o p e .

A t y p i c a l  cu rr en t  and v o l t a g e  s i g n a l ,  o b ta in e d  a t  V = 3 2 . 5 kV and 

Po = 3 .0  t o r r  Dg , a re  shoim i n  F i g .  2 .1 .  2. The r e l a t i o n  betw een  th e  wave

forms and t h e  p o s i t i o n  o f  th e  c u r r e n t - c a r r y in g  plasma in  t h e  gun i s
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in d i c a t e d .  D uring  th e  c o l l a p s e  p h a se ,  th e  plasma in d u cta n ce  in c r e a se d  

s h a r p ly ,  s e c t i o n  2 . 3 . 2 ,  c a u s in g  th e  c i r c u i t  cu rr en t  to  d ec r e a se  correspond

i n g l y .  A h ig h  v o l t a g e  was induced  betw een  th e  e l e c t r o d e s ,  «  d /d t  ( h i ) ,  

up to  f i v e  t im e s  th e  m agnitude o f  th e  i n i t i a l  bank v o l t a g e .  N eutrons  

were a lw ays  produced  d u r in g  a d is c h a r g e  h a v in g  such waveforms. O ccasion

a l l y ,  th e  cu r r e n t  waveform d id  n o t  e x h i b i t  th e  u s u a l  breakaway from a 

s i n u s o i d a l  form p r i o r  to  th e  fo c u s ,  and no h ig h - v o l t a g e  s p ik e s  were observed  

on th e  v o l t a g e  waveform. No n eu tro n s  were produced during  such d is c h a r g e s .

The n eu tro n  y i e l d  p er  d is c h a r g e  was m onitored  u s in g  a s i l v e r -

a c t i v a t i o n  t e c h n iq u e .  A G e ig er -M u lle r  cou n ter  w i th  a t h i n  s i l v e r  window

was embedded in  a b lo c k  o f  P o ly th e n e ,  which moderated th e  n eu tro n s ,  o f

en ergy  ~ 2 .4 5 M e V  , produced by D-D r e a c t i o n s  in  th e  p lasm a. The therma-

l i s e d  n e u tr o n s  a c t i v a t e d  th e  s i l v e r  which decayed by g e m is s io n  w ith  a

h a l f - l i f e  o f  ^ 2 . 4  m in u te s .  An a m p l i f i e r - s c a l a r  system  record ed  th e

number o f  p u l s e s  produced  by t h e  co u n ter ,  due to  th e  p p a r t i c l e s ,  during

th e  100 second  i n t e r v a l  im m ed ia te ly  f o l lo w in g  each d is c h a r g e .  The system

was c a l i b r a t e d  u s in g  n u c le a r  em u ls io n s ,  and one count was found to  be

e q u iv a le n t  to  ~ 3  X 10® n e u tr o n s .  For th e  o p e r a t in g  c o n d i t io n s  V = 3 0 kV

and p = 2 . 5  t o r r  (D„ + 4^ A r ) , th e  a verage  n eu tron  y i e l d  p er  d isc h a r g e  
o

was ^  10^®.

4 . 1 . 6  O p era t io n  o f  th e  D e v ic e  and A u x i l i a r i e s

The o p e r a t io n a l  procedu re  to  produce a plasma was as  f o l lo w s :

(a )  The vacuum chamber and gun were pumped fo r  2 -3  m inutes  

u n t i l  th e  background p r e s s u r e  was ^ 5 X 10” ® t o r r .

(b ) The chamber and gun were i s o l a t e d  from th e  vacuum pumps 

by c l o s i n g  th e  b a f f l e  v a l v e .

( c )  U sin g  th e  h o t - w ir e  l e a k s ,  th e  a p p r o p r ia te  ga s  f i l l i n g  was 

in tr o d u c e d  in t o  th e  vacuum chamber and gun -  u s u a l l y  2 .5  

t o r r  (Dg + 4P/o A r ) .

(d) The B lu m le in  t r i g g e r  c a b le  was charged to  3 5 kV .
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( e )  The c a p a c i t o r  hank was charged to  a v o l t a g e  in  th e  range  

25 -3 5  kV.

( f )  U sing  th e  c o n tr o l  system  d e s c r ib e d  in  s e c t i o n  4 . 1 . 4 ,  th e  

d is c h a r g e  was i n i t i a t e d .

(g )  F i n a l l y ,  th e  reco rd ed  v o l t a g e  and cu rren t  waveforms were  

exam ined, and th e  n eu tro n  count o b ta in e d ,  t o  e s t a b l i s h  

w h eth er  or  n o t  th e  d is c h a r g e  was s a t i s f a c t o r y .

AVhen o p e r a t in g  th e  Plasma F ocu s ,  e i t h e r  a t  a f i x e d  bank v o l t a g e  or  

f i l l i n g  p r e s s u r e ,  i t  was im portant t o  maximise th e  en ergy  t r a n s f e r  from 

t h e  c a p a c i t o r s  to  th e  d en se  p in c h .  Optimum energy t r a n s f e r  occurred  when 

t h e  c o l l a p s e  p hase  commenced a t  th e  t im e  o f  th e  f i r s t  cu rr en t  maximum in  

th e  d is c h a r g e  c i r c u i t ,  s e c t i o n  2 . 3 . 2 .  M on itor in g  th e  cu rren t  waveform  

s h o t  b y  s h o t ,  e i t h e r  th e  bank v o l t a g e  or f i l l i n g  p r e s s u r e  was v a r i e d ,  as  

a p p r o p r ia t e ,  u n t i l  th e  c h a r a c t e r i s t i c  d ip  in  t h e  waveform occurred  a t  peak  

c u r r e n t .

H aving o p t im is e d  th e  en ergy  t r a n s f e r ,  such a c t i v e  d ia g n o s t i c  d e v ic e s  

a s  a p u l s e d  l a s e r  or  a framing camera were sy n ch ro n ise d  to  th e  d is c h a r g e  

p h a se  under i n v e s t i g a t i o n .  When u s in g  a l a s e r ,  a sm all  f r a c t i o n  o f  i t s  

o u tp u t  was m onitored  u s in g  a p h o t o -d io d e  con n ected  to  a s p l i t - b e a m  o s c i l l o 

sco p e ,  such a s  a T e k tr o n ix  551, which a l s o  m onitored  th e  cu rr en t  waveform. 

By a d j u s t i n g  th e  d e la y s  c o n t r o l l i n g  th e  Q -sw itch  t r i g g e r ,  th e  l a s e r  p u l s e  

c o u ld  b e  s y n c h r o n ise d  w ith  any r e p r o d u c ib le  f e a t u r e  o f  th e  cu rren t  waveform, 

such a s  th e  p o in t  o f  b reak-aw ay from a s i n u s o i d a l  form.

I t  was found t h a t  th e  a d d i t io n  o f  4^ o f  argon to  th e  deuter ium  

f i l l i n g  made th e  d is c h a r g e  more r e p r o d u c ib le  from s h o t - t o - s h o t .  Conse

q u e n t ly ,  th e  j i t t e r  betw een  th e  p rob in g  l a s e r  p u l s e  and th e  d isc h a r g e  

s t a g e  b e in g  s t u d ie d  was reduced  from ± 50 n s e c ,  when u s in g  deuter ium  

o n ly ,  t o  ± 8 n s e c .  T h is  j i t t e r  was th e  com bination  o f  j i t t e r s  in  th e  

d e la y  u n i t s ,  th y r a tr o n  u n i t s ,  spark gap s ,  gun and th e  l a s e r .  The improved
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r e p r o d u c i b i l i t y  was p ro b a b ly  due to  enhanced plasma s t a b i l i t y  caused by 

two e f f e c t s :  F i r s t l y ,  dur ing  th e  f i n a l  p a r t  o f  th e  c o l l a p s e ,  th e  d e n se -

p inch  p h a se  and th e  b reak -u p  p h a se ,  th e  v i s c o s i t y  o f  th e  argon io n s  was 

l i k e l y  to  be h ig h  compared to  t h a t  o f  th e  deuter ium  io n s .  S econ d ly ,  th e  

p r e s e n c e  o f  th e  argon io n s  in c r e a s e d  th e  r a d i a t i v e - c o o l i n g  r a t e  by a t  l e a s t  

two o r d e r s  o f  m agnitude. Peacock e t  a l  ( l 9 6 8 ) ,  r e s u l t i n g  in  a l e s s  ener

g e t i c  p lasm a.

Adding a s i g n i f i c a n t l y  h ig h e r  p e r c e n ta g e  o f  argon r e s u l t e d  in  a poor  

n eutron  y i e l d  and a low  plasma e n e r g y - d e n s i t y ,  b ecau se  o f  th e  u n a c cep ta b ly  

h ig h ,  r a d i a t i v e  c o o l i n g .  With l e s s  argon t h a t  ~  4^, th e  s h o t - t o - s h o t  

j i t t e r  became to o  l a r g e .

4 . 2  DEVEIDPMENT OF A LASER SOURCE FOR 
OPTICAL STUDIES OF THE PLASMA FOCUS

^Vhen th e  o p t i c a l  s tu d y  which  forms th e  k ern e l  o f  t h i s  t h e s i s  was 

s t a r t e d  in  mid 1968, no d e f i n i t i v e  o p t i c a l  i n v e s t i g a t i o n  o f  a Plasma Focus  

had been  made, due to  d i f f i c u l t y  in  o b ta in in g  adequate tem poral r e s o l u t i o n .  

I t  f o l l o w s  t h a t ,  d u r in g  th e  cou rse  o f  t h i s  s tu d y ,  a s i g n i f i c a n t  amount o f  

th e  t im e  was sp en t  in  d e v e lo p in g  a l a s e r  sou rce  capab le  o f  ' f r e e z i n g '  th e  

motion o f  th e  p lasm a, on any o p t i c a l  r eco rd  produced.

4 . 2 . 1  I n i t i a l  I n v e s t i g a t i o n s

From th e  work o f  Long e t  a l  ( l 9 6 ? ) ,  d ur in g  th e  l a t e  s ta g e s  o f  th e  

c o l l a p s e  p h ase  and th e  d e n s e -p in c h  p hase  r a d i a l  v e l o c i t i e s  in  e x c e s s  o f

10^ cm sec"^  had b een  o b served  u s in g  th e  Plasma Focus th a t  i s  d e s c r ib e d  in  

s e c t i o n  4 . 1 .  Thus, i t  was c l e a r  t h a t ,  a t  t h e s e  d isc h a r g e  t im e s ,  ex p osu res  

o f  4  5 n s e c  were needed f o r  good tem poral r e s o l u t i o n  in  any o p t i c a l  s tu d y .  

However, th e  d is c h a r g e  was i n i t i a l l y  s tu d ie d ,  u s in g  th e  shadowgraph te c h 

n iq u e ,  w i th  a Q -sw itch ed  l a s e r  o f  p u l s e  d u r a t io n  ~ 3 0 n s e c  a s  l i g h t  sou rce ,  

fo r  two r e a s o n s :  F i r s t l y ,  th e  l a s e r  was s im p le  to  o p e r a te  and v e r y  r e l i 

a b le .  Thus, i t  was a c o n v e n ie n t  l i g h t  source  w ith  which to  i n v e s t i g a t e
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such  i n i t i a l  problem s as  th e  r e p r o d u c i b i l i t y  o f  th e  d i s c h a r g e ,  and th e  

e a s e  o f  s y n c h r o n is in g  l a s e r  and d i s c h a r g e .  S eco n d ly ,  i t  was q u i t e  p o s s i 

b l e  t h a t  a f t e r  th e  b reak -u p  o f  th e  d en se  p in ch  such ex p o su res  would be  

a d e q u a te .

The l a s e r  u sed  was a Barr and Stroud ruby o s c i l l a t o r ,  ty p e  LU 3, 

w h ich  was q u a r ter -w a v e  s w itc h e d  u s in g  a Kerr c e l l  ( i . e .  th e  c e l l  r o t a t e d  

t h e  p la n e  o f  p o l a r i s a t i o n  o f  th e  l i g h t  i t  t r a n s m it t e d  by 45° in  a s i n g l e  

p a s s ) .  The l a s e r  p u l s e - s h a p e  was m on itored  by u s in g  a p e l l i c l e  beam

s p l i t t e r  to  d e f l e c t  a f r a c t i o n  o f  th e  l a s e r  o u tp u t  onto an I T T  p h o to 

d io d e  co n n ec ted  to  a T e k tr o n ix  519 o s c i l l o s c o p e ,  th e  system  h a v in g  a r i s e 

t im e  o f  0 ,3 5  n s e c .  N e u tr a l  d e n s i t y  f i l t e r s  were p la c e d  o v er  th e  p h o to 

d io d e  t o  a c h ie v e  a s u i t a b l e  in p u t  l i g h t  i n t e n s i t y .  S im u lta n e o u s ly ,  th e  

en er g y  i n  th e  rem ainder o f  th e  o u tp u t  was measured u s in g  a T RG 107  

b a l l i s t i c  th e r m o p ile  c a lo r im e t e r  cou p led  to  a K e i t h le y  150A m ic r o v o ltm e te r .  

T hese  ch eck s  were made p e r i o d i c a l l y  t o  co n firm  t h a t  th e  l a s e r  o u tp u t  

rem ained  s a t i s f a c t o r y .

The p u l s e  d u r a t io n  proved  to  be to o  lo n g  to  o b ta in  sharp shadow

grams a t  any t im e d ur in g  th e  c o l l a p s e ,  d en se  p in ch  or break-up  p h a s e s .

Some hundreds o f  n anosecon ds  a f t e r  th e  d e n s e -p in c h  p h a se ,  however, m a te r ia l  

was s p a l l e d  from th e  c e n tr e  e l e c t r o d e  w i th  a v e l o c i t y  o f  ~ 10® cm sec  

The l a s e r  p u l s e  d u r a t io n  was s u f f i c i e n t l y  s h o r t  to  en a b le  sharp shadowgrams 

o f  t h i s  phenomenon to  be o b ta in e d .

4 . 2 . 2  F u r th e r  I n v e s t i g a t i o n s ,  and Developm ent

From th e  above i n v e s t i g a t i o n ,  i t  was apparent t h a t  ex p o su res  o f  

' < 5  n s e c ,  and p r e f e r a b l y  a s  s h o r t  a s  1 n s e c ,  would be needed to  o b t a in  good  

tem p o ra l  r e s o l u t i o n  in  any o p t i c a l  s tu d y  o f  th e  d is c h a r g e .  Furtherm ore,  

s i n c e  a Q -sw itch ed  ruby l a s e r  i s  i n h e r e n t l y  l i m i t e d  t o  prod ucin g  a l i g h t  

p u l s e  o f  minimum d u r a t io n  ~ 1 0 n s e c  , i t  was c l e a r  t h a t  an a l t e r n a t i v e  

t y p e  o f  l a s e r  sou rce  was need ed .
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The p r i n c i p l e s  o f  a Q -sw itched  ruby o s c i l l a t o r  are o u t l in e d :  

T y p ic a l ly ,  an o s c i l l a t o r  c a v i t y  c o n s i s t s  o f  two r e f l e c t o r s ,  a ruby rod,  

an e l e c t r o - o p t i c  r o t a t o r  and a p o l a r i s e r .  The rod i s  s i t u a t e d  between  

the r e f l e c t o r s  w ith  i t s  a x i s  normal to  b o th  r e f l e c t i n g  s u r f a c e s .  The 

r e f l e c t i v i t y  o f  th e  o u tp u t  r e f l e c t o r  i s  2&/o, th e  r e a r  r e f l e c t o r  b e in g  

100^ r e f l e c t i n g .  A h e l i c a l  xenon f l a s h - t u b e  i s  wound around th e  rod to  

o p t i c a l l y  pump i t .  The r o t a t o r ,  e i t h e r  a Kerr or P o c k e ls  c e l l ,  i s  

mounted between th e  rod and rea r  r e f l e c t o r .

Wlien a c u rr en t  i s  d isc h a r g e d  through  th e  f l a s h  tu b e ,  th e  em it te d  

l i g h t  f lu x  e x c i t e s  th e  chromium atoms in  th e  re d ,  and a p o p u la t io n  in v e r 

s io n  s t a r t s  b u i l d in g  up, th e  in v e r s io n  i n c r e a s in g  w ith  i n c r e a s in g  pumping. 

A fte r  e x c i t a t i o n ,  a number o f  atoms decay  sp o n ta n e o u s ly  to  th e  ground  

s t a t e ,  r e s u l t i n g  in  a co n t in u o u s  photon f lu x  from th e  ruby. T h is  f l u x  i s  

returned  to  th e  ruby by th e  r e f l e c t o r s ,  and w i l l  s t im u la t e  fu r t h e r  depopu

l a t i o n  from th e  m e t a - s t a b le  s t a t e  o f  th e  e x c i t e d  atom s, u n l e s s  th e  Q o f  

the c a v i t y  i s  s p o i l e d .  The l i g h t  e m it te d  by th e  ruby i s  p la n e  p o la r i s e d ,  

and i f  t h i s  p o l a r i s a t i o n  p la n e  i s  r o t a t e d  by 9 ( f  th e  amount o f  e m is s io n  th e  

l i g h t  can s t i m u l a t e  i s  d r a s t i c a l l y  redu ced . Hence, by e l e c t r i c a l l y  s t r e s 

s in g  th e  r o t a t o r ,  so t h a t  in  a s i n g l e  p a s s  th e  p la n e  o f  p o l a r i s a t i o n  o f  th e  

l i g h t  i t  t r a n s m i t s  s u f f e r s  4 ^  r o t a t i o n ,  p h o to n s  r e tu r n in g  to  th e  ruby from 

the rea r  r e f l e c t o r  ca u se  l i t t l e  s t im u la te d  e m is s io n ,  h a v in g  p a ssed  tw ic e  

through th e  r o t a t o r .  A p o l a r i s e r ,  such a s  a Glan-Thompson, i s  mounted 

between th e  ruby and r o t a t o r  and i n c r e a s e s  th e  e x t i n c t i o n  r a t i o  o f  th e  

system by d e f l e c t i n g  t h e s e  p ho to n s  o u t  o f  t h e  c a v i t y .

A f t e r  ~  1 msec , t y p i c a l  o f  th e  t im e  tak en  to  reach  peak f la s h - t u b e  

cu rren t,  th e  p o p u la t io n  i n v e r s i o n  i s  optimum. The v o l t a g e  s t r e s s i n g  th e  

r o ta to r  i s  now q u i c k l y  removed, c o n s e q u e n t ly  i t  c a u se s  no r o t a t i o n  o f  th e  

l i g h t  and p e r m it s  f u l l  t r a n s m is s io n  by th e  p o l a r i s e r .  The c a v i t y  th u s  

has a h ig h  Q, and t h e  photon  f l u x  from th e  ruby r a p i d l y  i n c r e a s e s ,  due to
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an aval anche p r o c e s s  i n v o lv in g  s t im u la te d  e m is s io n  dur ing  many t r a n s i s t s  

o f  th e  a c t i v e  medium. L asin g  o c c u r s  and a g ia n t  p u l s e  i s  o u tp u t .  How

e v e r ,  th e  t y p i c a l  d e la y  betw een i n i t i a t i n g  th e  Q -sw itch  and th e  p u ls e  

ap pearing  i s  100 n sec  , th e  t im e  taken  fo r  th e  g i a n t  p u l s e  to  b u i l d  up.  

During t h i s  b u i ld -u p  tim e , l i g h t  l e a k s  tlirough th e  o u tp u t  r e f l e c t o r ,  

making i t  im p o s s ib le  to  produce a Q -sw itched  p u l s e  o f  h a l f - w id t h  l e s s  than  

-^10 n s e c .

At th e  b e g in n in g  o f  th e  o p t i c a l  s tu d y ,  t h e r e  were two te c h n iq u e s  in  

common u se  fo r  p rod uc in g  a p u l s e  o f  d u r a t io n  < 5 n sec  from a ruby l a s e r :

(a )  The f i r s t  method was to  o p e r a te  a ruby o s c i l l a t o r  in  th e  p u lse d  

t r a n s m is s io n  mode, V u y ls te k e  ( l9 6 3 )  and Hook e t  a l ( i 9 6 0 ) .  The te c h n iq u e  

i n v o l v e s  d oub le  s w i tc h in g  o f  th e  e l e c t r o - o p t i c  r o t a t o r  in  an o s c i l l a t o r  o f  

th e  t ) p c  d e s c r ib e d  above, ex c e p t  t h a t  both  r e f l e c t o r s  are lOQP/o r e f l e c t i n g .  

The f i r s t  s w i t c h in g ,  which removes th e  s t r e s s i n g  v o l t a g e  from th e  r o t a t o r ,  

p rod uces  a Q -sw itched  p u l s e  in  th e  u s u a l  way, b ut no o u tp u t  can occu r  from 

th e  c a v i t y .  At peak l a s i n g  i n t e n s i t y  th e  s t r e s s i n g  v o l t a g e  i s  r e a p p l i e d ,  

in  two p a s s e s  r o t a t i n g  th e  p la n e  o f  p o l a r i s a t i o n  o f  th e  l i g h t  by 9CP .

The l i g h t  i s  no lo n g e r  t r a n s m it t e d  by th e  Glan-Thompson p o l a r i s e r ,  b ut i s  

dumped o u t  o f  th e  c a v i t y  o f f  th e  p o l a r i s e r  i n t e r f a c e .  For in s t a n t a n e o u s  

PTM s w i t c h in g ,  th e  h a l f  w id th  o f  th e  o u tp u t  p u l s e  i s  tw ic e  th e  c a v i t y  

t r a n s i t  t im e  fo r  a p h oton , t = 2 l / c .  The f i n i t e  t im e  tak en  to  PTM s w itc h  

broadens th e  o u tp u t  p u l s e .  With a c a v i t y  o f  l e n g t h  45cm  a p u l s e  o f  

d u r a t io n  ~ 4 n s e c  cou ld  be e x p e c te d .

(b) The second  method c o n s i s t e d  o f  mode lo c k in g  a ruby o s c i l l a t o r  and 

s e l e c t i n g ,  by means o f  an e l e c t r o - o p t i c  r o t a t o r  and a Glan-Thomspon p o la 

r i s e r ,  one p u l s e  ou t o f  th e  t r a i n  o f  u l t r a - s h o r t  p u l s e s  produced . Mode 

l o c k in g  c o n s i s t s  o f  u s in g  a s a tu r a b le  ab so rb er ,  e . g .  c ry p to cy a n in e  in  

methanol f o r  ruby, to  p a s s i v e l y  Q -sw itch  th e  o s c i l l a t o r  and, a t  th e  same 

t im e ,  t o  p hase  lo c k  th e  s im u lta n e o u s ly -o c c u r r in g  a x i a l  modes in  th e  c a v i t y .
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Mocker and C o l l i n s  ( l 9 0 5 ) ,  Fi-om F o u r ie r  a n a l y s i s ,  th e  i n t e r f e r e n c e  o f  

N i n t e g r a l l y  r e l a t e d  and p h a s e - lo c k e d  f r e q u e n c ie s ,  o f  equal i n t e n s i t y  I 

and f ie q u e n c y  s e p a r a t io n  V , g i v e s  a r e p e t i t i v e  p u l s e  t r a i n  o f  p u l s e  w id th  

At = i /N v , peak i n t e n s i t y  N^l and r e p e t i t i o n  p e r io d  T = l / v .  P la c in g  

th e  s a t u r a b le  ab so rb er  a d ja c e n t  to  th e  r e a r  r e f l e c t o r ,  th e  o u tp u t in t e n 

s i t y  i s  modulated w ith  th e  fundamental c a v i t y  freq u en cy ,  = (2 L /c)~^ .  

T y p i c a l l y ,  th e  o u tp u t  c o n s i s t s  o f  a ^ ra in  o f  p u l s e s ,  each o f  d u r a t io n  

'^ 5 X 1 0  s e c  and sep a ra ted  by i n t e r v a l s  t  = l / v ^  , w i t h in  th e  en v e lo p e  

o f  th e  Q -sw itch ed  p u l s e  o f  h a l f  w idth  ~  50 n s e c .  To s e l e c t  a s i n g l e  

p u l s e ,  an e l e c t r o - o p t i c  r o t a t o r  and Glan-Thompson p o l a r i s e r  are  added to  

th e  c a v i t y ,  A lcock  and R ichardson  ( l 9 6 8 ) .  The p r i n c i p l e  i s  v e r y  s im i la r  

to  t h a t  o f  PTM s w i t c h in g ,  th e  c a v i t y  energy  b e in g  dunq^ed o u t by  t h e  p o la 

r i s e r  in  a s i n g l e  u l t r a - s h o r t  p u l s e .

U n fo r t u n a te ly ,  th e  f i r s t  t e c h n iq u e  was not s u i t e d  to  s tu d y in g  a l l  

p h a se s  o f  t h e  Plasma F ocus d is c h a r g e ,  w h i le  th e  second te c h n iq u e  cou ld  n o t  

be a p p l ie d  a t  a l l .  To o b t a in  a p u l s e  o f  d u r a t io n  2 .5  n sec  by PTM s w itc h 

in g ,  th e  o s c i l l a t o r  c a v i t y  must n o t  be lo n g e r  than 15 cm a l lo w in g  1 n sec  

fo r  s w i t c h in g .  In to  t h i s  s h o r t  l e n g t h ,  a ruby rod , P o c k e ls  c e l l  and 

Glan-Thompson p o l a r i s e r  have to  be packed. C le a r ly ,  p u l s e s  o f  d u r a t io n  

1 n s e c  were u n o b ta in a b le  u s in g  t h i s  te c h n iq u e ,  and 2 .5  n se c  was p ro b a b ly  

th e  b e s t  r e s o l u t i o n  a c h ie v a b le .  ’ The u n s u i t a b i l i t y  o f  th e  second te c h n iq u e  

was due to  th e  la r g e  s h o t - t o - s h o t  j i t t e r  in  th e  appearance o f  th e  mode- 

lo ck ed  p u l s e s .  Even under c a r e f u l l y  c o n t r o l l e d  c o n d i t i o n s ,  in  a mode- 

lo ck ed  o s c i l l a t o r  th e  j i t t e r  between th e  i n i t i a t i o n  o f  punçing  and th e  

appearance o f  th e  o u tp u t  p u l s e s  i s  ± lO jisec  , Carman e t  a l  ( l 9 7 0 ) .  The 

Plasma F ocus r e q u ir e d  * ^ 2 .5 | i s e c  from th e  i n i t i a t i o n  o f  th e  d is c h a r g e  to  

th e  p r o d u c t io n  o f  th e  d en se  p in c h .  Thus, th e  d is c h a r g e  could  n o t have  

been i n i t i a t e d  by th e  m odc-lockcd  t r a i n  i t s e l f ,  b eca u se  i t s  l i f e t i m e  o f  

~ 5 0 n s e c  would have been fa r  too  sh o r t  to  have i l lu m in a te d  th e  p in c h .
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S t a t i s t i c a l l y ,  th e  chance o f  l a s i n g  o c c u r r in g  w i th in  a p a r t i c u l a r  100 n sec  

i n t e i v a l  d a r in g  th e  d is c h a r g e  was < 1 in  50 . Hence, th e  te c h n iq u e  was 

not co n s id e red  as  b e in g  worth u s in g  as  i t  s to o d .

In  an a ttem p t to  reduce  th e  j i t t e r  in h e r e n t  in  th e  second te c h n iq u e ,

a com bination  o f  a c t i v e  Q -sw itc h in g  u s in g  a P o c k e ls  c e l l  and m o d e- lo ck in g

u s in g  c r y p to c y a n in e  dye was u sed .  The j i t t e r  was reduced to  an a c c e p ta b le

l e v e l ,  ' ^ i l O n s e c  , b u t a v e r y  i r r e g u l a r  t r a i n  o f  m ode-locked  p u l s e s ,  v a r y 

ing c o n s id e r a b ly  in  form from sh o t  to  s h o t ,  was produced . To o b ta in  a 

r e g u la r  w e l l - d e f i n e d  t r a i n  o f  p u l s e s  i t  i s  e s s e n t i a l  t h a t  th e  Q o f  th e  

o s c i l l a t o r  c a v i t y ,  a f t e r  Q -s w itc h in g ,  i s  o n ly  m a r g in a l ly  g r e a te r  than u n i ty ,  

T his  i s  a c h ie v e d  most s im p ly  by p a s s i v e l y  Q -sw itc h in g  u s in g  a s a tu r a b le  

absorber o f  s u i t a b l e  s t r e n g t h .  However, th e  system  i s  now v e r y  s e n s i t i v e  

to  th e  s t a t i s t i c a l  f l u c t u a t i o n s  in  th e  sp o n ta n e o u s-d ec a y  r a t e  o f  th e  

e x c i t e d  atoms in  th e  a c t i v e  medium, r e s u l t i n g  in  th e  v e r y  l a r g e  j i t t e r  in  

th e  o u tp u t  from s h o t - t o - s h o t .

An ex a n p le  o f  a Q -sw itched  p u l s e  and two m ode-locked  p u l s e s  are  

shown in  F i g . 4 . 2 . 1 .  The Barr and Stroud o s c i l l a t o r  p r e v i o u s l y  d e s c r ib e d  

was u sed ,  th e  Kerr c e l l  b e in g  r e p la c e d  w ith  a P o c k e ls  c e l l .  The f i r s t  

frame o f  th e  f i g u r e  shows th e  normal Q -sw itched  p u l s e ,  o f  h a l f  w id th  

~  27 n s e c .  To o b ta in  a m ode-locked  o u tp u t ,  a dye c e l l  was p la c e d  a d ja c e n t  

to th e  r e a r  r e f l e c t o r  and th e  c o n c e n tr a t io n  o f  c r y p to cy a n in e  dye was 

in c r e a se d  u n t i l  m o d e- lo ck in g  w ith  100^ m od u lat ion  was o b serv e d .  Frame 

2 shows a m ode-locked  p u l s e  t r a i n  o b ta in e d  w ith  o n ly  th e  r e f l e c t o r  s u r fa c e s  

in  th e  c a v i t y  b e in g  p a r a l l e l .  The p u l s e s  a t  th e  s t a r t  o f  th e  t r a i n  were  

subnanosecond in  d u r a t io n  w ith  s e p a r a t io n  ~  4 n sec  , w h i le  th o s e  a t  th e  end 

were ~ l , 5 n s e c  in  d u r a t io n  w ith  l i t t l e  s e p a r a t io n .  For 1 sh ot  in  ~  10,  

a w e l l - d e f i n e d  t r a i n  o f  p u l s e s  was o b ta in e d .  The rem ainder, however, were 

i r r e g u la r ,  as  in  frame 2. The en ergy  c o n te n t  o f  a m ode-locked t r a i n  was
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F i g . 4 . 2 . 1
Q -sw itched  and m ode-locked p u i s e s  from a ruby l a s e r
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~ 'Ü .2 J .  F i n a l l y ,  th e  t h i r d  frame o f  F i g . 4 . 2 . 1  i s  t y p i c a l  o f  th e  mode- 

locked  t r a i n  o b ta in e d  w ith  a l l  o p t i c a l  s u r f a c e s  in  th e  o s c i l l a t o r  c a v i t y  

b eing  p a r a l l e l .

B ecau se  o f  th e  i r r e p r o d u c i b i l i t y  o f  th e  m ode-locked t r a i n  from s h o t -  

t o - s h o t ,  no a t te m p ts  were made a t  s e l e c t i n g  a s i n g l e  p u l s e  out o f  i t .  

I n s te a d ,  th e  m ode-locked  o s c i l l a t o r ,  prod ucin g  p u l s e  t r a i n s  s i m i l a r  to  t h a t  

shown in  frame 2 o f  F i g . 4 . 2 . 1 ,  was used  as  a l i g h t  sou rce  fo r  s c h l i e r e n  

s t u d ie s  o f  th e  Plasma F o cu s .  Each p u l s e  in  th e  t r a i n ,  b e in g  o f  d u r a t io n  

< 1 . 5  n s e c ,  produced a sharp image o f  th e  plasma on th e  f i lm ,  a lth o u g h  

s u c c e s s i v e  p u l s e s  caused  an o v er la p p in g  o f  d i f f e r e n t  im ages, which l e d  to  

d i f f i c u l t i e s  in  i n t e r p r e t a t i o n .

4 . 2 . 3  D evelopm ent o f  a Nanosecond L ight Source

For th e  r e a s o n s  d i s c u s s e d  in  th e  p r e v io u s  s e c t i o n ,  th e  te c h n iq u e s  

o f  PTM s w i t c h in g  and th e  s e l e c t i o n  o f  a s i n g l e  m ode-locked p u l s e  were  

not pursued f u r t h e r .  I n s t e a d ,  an e l e c t r o - o p t i c  s h u t t e r  was d ev e lo p ed  fo r  

u se  e x t e r n a l  to  a Q -sw itch ed  ruby o s c i l l a t o r  to  c l i p  i t s  o u tp u t to  a p u ls e  

o f  ~ 1  n se c  d u r a t io n .

The s h u t t e r  c o n s i s t e d  o f  a P o c k e ls  c e l l  and a Glan-Thompson p o l a r i 

s e r .  When t h e  o s c i l l a t o r  l a s e d ,  i t s  o u tp u t  p a ssed  through th e  u n s t r e s s e d  

P o ck e ls  c e l l  and was i n c i d e n t  on th e  p o l a r i s e r .  The p la n e  o f  p o l a r i s a t i o n  

o f  th e  o u tp u t  d id  n o t  p erm it  t r a n s m is s io n  by  th e  p o l a r i s e r .  I n s t e a d ,  th e  

ou tp ut was r e j e c t e d  a t  th e  p o l a r i s e r  i n t e r f a c e  onto a spark gap. T h is  gap 

was t r ig g e r e d  by th e  l i g h t  f l u x ,  a p p ly in g  a v o l t a g e  s te p  o f  nanosecond r i s e 

tim e to  th e  P o c k e l s  c e l l .  The v o l t a g e  s t e p  r o t a t e d  th e  p la n e  o f  p o l a r i s a 

t io n  o f  th e  l a s e r  l i g h t  p a s s in g  through th e  P o c k e ls  c e l l ,  r e s u l t i n g  in  a 

t r a n s i e n t  t r a n s m is s io n  by th e  p o l a r i s e r  t o  an a m p l i f i e r .
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(a) Apparatus

A sch em a tic  diagram o f  th e  a p paratu s  used i s  shown in  F i g . 4 . 2 . 2 .

The Korad K-1500 i-uhy l a s e r  was b a s i c a l l y  a Q -sw itched  o s c i l l a t o r  and an 

a m p l i f i e r ,  g i v in g  t y p i c a l l y  a p u l s e  o f  h a l f  w id th  ~ l 7 n s e c  and energy  

lO J . The o s c i l l a t o r  o u tp u t  was p la n e  p o la r i s e d  in  a d i r e c t i o n  normal to  

th e  p la n e  o f  th e  diagram. A p o l a r i s e r  was added to  th e  o s c i l l a t o r ,  ad ja 

cen t  to  th e  o u tp u t  r e f l e c t o r ,  to  su p p ress  l i g h t  p la n e  p o la r i s e d  a t  90° to  

th e  o u tp u t  due to  th e  ruby b ir e f r i n g e n c e .

On Q -sw itc h in g  th e  o s c i l l a t o r ,  th e  o u tp u t  p a ssed  through th e  

u n s t r e s s e d  KD^P (p o ta ss iu m  d i-d e u te r iu m  p h o sp h a te)  P o c k e ls  c e l l ,  w ith  no 

r o t a t i o n  o f  th e  p o l a r i s a t i o n  p la n e ,  and was i n c i d e n t  on th e  Glan-Thompson 

p o l a r i s e r .  The c e l l  was a z - c u t  l o n g i t u d i n a l  m odulator o f  a p er tu r e  1 cm . 

I t  r e q u ired  a modest v o l t a g e ,  '^5kV , to  r o t a t e  th e  p la n e  o f  p o l a r i s a t i o n  

o f  th e  ruby l i g h t  through 9 ( f  ( th e  h a l f -w a v e  v o l t a g e  V^y^). The p o l a r i 

ser  p rev e n ted  t r a n s m is s io n  to  th e  a m p l i f i e r ,  and d e f l e c t e d  th e  beam onto  

a l a s e r - t r i g g e r e d  spark gap (LTSG) s i m i l a r  to  th a t  d e s c r ib e d  by B ra d ley  

e t  a l  (19G9).

The L T S G  c o n s i s t e d  o f  two b r a s s  e l e c t r o d e s  lOOji a p a r t ,  open to

th e  atm osphere and s ep a ra ted  by a 5014 M elin ex  s h e e t .  A s t a t i c  v o l t a g e

o f  ~ 1 4 k V  was m ain ta ined  a c r o s s  th e  gap. T r ig g e r in g  was a ch iev ed  by  

p u n ctu r in g  th e  d i e l e c t r i c  w ith  th e  l a s e r  beam, which was fo cu sed  by  a 

5 cm l e n s  on to  one e l e c t r o d e  through a 0 .1 c m  h o le  in  th e  o th e r .  The 

M elinex  was r e p la c e d  a f t e r  each s h o t .  V o l t a g e s  ^ 1 5 k V  co u ld  be sw itch ed  

by th e  L T S G  w ith  nanosecond j i t t e r  and d e la y .  With th e  arrangement  

shown th e  t h r e s h o ld  fo r  breakdown was ~ 1 MV .

At one end o f  a B lu m le in  c a b le ,  W ilk in son  (1 9 4 0 ) ,  o f  l e n g t h  2L , 

th e  in n er  con d uctor  was con n ected  to  one e l e c t r o d e  o f  th e  L T S G , w h i le

the  o u te r  con d uctor  was con n ected  to  th e  o t h e r .  The B lum le in  was made o f
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U niradio  G7 c o a x ia l  c a b le  o f  c h a r a c t e r i s t i c  impedance = 5 0 Q . The 

B lum lein  innei- con d uctor  was charged to  a v o l t a g e  2 ’ o u te r

conductor b e in g  ea r th ed .  At th e  m idpoin t o f  th e  B lum le in  c a b le ,  th e  

P o ck e ls  c e l l  in  p a r a l l e l  w ith  a r e s i s t o r  o f  magnitude 2 was  connected  

as a load  a c r o s s  a s h o r t  break in  th e  o u te r  co n d u cto r .  The B lum le in  end 

remote from th e  L T S G  was open c i r c u i t .

(b) Mode o f  o p e r a t io n

With r e f e r e n c e  t o  th e  waveforms in  F i g . 4 . 2 . 2 ,  th e  t r i g g e r i n g  o f  th e  

L TSG  a t  t im e  t^ launched  a v o l t a g e  s t e p  o f  magnitude -  in to  th e  

ca b le  tow ards th e  lo a d .  A f t e r  a d e la y  o f  L / v ,  where v i s  th e  propaga

t i o n  v e l o c i t y  in  th e  c a b le ,  a r e c ta n g u la r  p u l s e  o f  am p litud e  -  and 

d u r a t io n  2 l / v  appeared a c r o s s  th e  lo a d .  The c l i p p i n g  a c t io n  o f  th e  

s h u t t e r  was e n t i r e l y  a s s o c i a t e d  w ith  th e  l e a d in g  edge o f  t h i s  p u l s e .  As

th e  v o l t a g e  a c r o s s  th e  P o c k e ls  c e l l  in c r e a s e d  from zero  to  -  v o l t s ,  so

th e  p la n e  o f  p o l a r i s a t i o n  o f  th e  l i g h t  p a s s in g  through i t  was r o t a te d  

p r o g r e s s i v e l y  f u r t h e r ,  up to  1 8 (f  . The r o t a t i o n  was l i n e a r l y  p r o p o r t io n a l  

to  th e  v o l t a g e .

At th e  v o l t a g e  l e v e l  - Poc ke l s  c e l l  had r o t a te d  th e  p la n e  

o f  p o l a r i s a t i o n  o f  th e  l i g h t  p a s s in g  through  i t  by 9 0 ° .  T h is  l i g h t  cou ld  

now p a s s  through  th e  p o l a r i s e r  to  th e  a m p l i f i e r ,  w ith  n e g l i g i b l e  a t t e n u a 

t i o n ,  However, a s  th e  v o l t a g e  l e v e l  dropped to  - V ^ ,  so l e s s  l i g h t  was 

t r a n s m it te d  by th e  p o l a r i s e r ,  u n t i l  i t  was a l l  r e j e c t e d  a t  th e  i n t e r f a c e .  

Thus, th e  s h u t t e r  o n ly  a d m itted  l i g h t  to  th e  a m p l i f i e r  o v er  a p o r t io n  o f  

th e  c l e c t r i c a l - p u l se. l e a d in g - e d g e  ce n tred  a t  th e  l e v e l  The

\  d u r a t io n  o f  th e  e l e c t r i c a l  p u l s e  was s u f f i c i e n t  to  b lo c k  th e  rem ainder o f  

th e  Q -sw itched  p u l s e .

By ch o o s in g  a B lum le in  o f  s u i t a b l e  l e n g t h  and by a d ju s t in g  th e  

i n t e n s i t y  o f  th e  l i g h t  i n c i d e n t  on th e  L T S G ,  th e  t im e o f  a r r iv a l  o f  th e  

e l e c t r i c a l  p u l s e  a t  th e  P o c k e ls  c e l l  cou ld  be made to  c o in c id e  w ith  th e
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tim e o f  maximum l a s i n g  i n t e n s i t y ,  t^ .  Hence, th e  c l ip p e d  p u l s e  t r a n s 

m it ted  to  th e  a m p l i f i e r  was o f  maximum i n t e n s i t y .  Because o f  m ism atching  

and l o s s e s ,  th e  s t a t i c  v o l t a g e  on th e  B lum lein  needed to  be 2 .5  kV h ig h e r  

than t h e  p u lse d  v o l t a g e  r e q u ir e d  a t  th e  P o c k e ls  c e l l .

The te c h n iq u e  d e s c r ib e d  i s  known a s  f u l l - w a v e  c l i p p i n g .

(c )  R e s u l t s  and d i s c u s s i o n

The waveform o f  th e  e l e c t r i c a l  p u l s e  a c r o s s  th e  lo a d  i s  shown in  

F ig .  4. 2 . 3 .  A lo w - in d u c ta n c e  r e s i s t i v e  v o l t a g e  d iv i d e r  coup led  to  a 

T e k tr o n ix  519 o s c i l l o s c o p e  was 

used t o  m on itor  th e  p u l s e ,  th e  

system  r i s e t i m e  b e in g  ~  Ü.9 

n s e c .  The p u l s e  had a r i s e 

t im e o f  2 .5  n s e c  which was 

~  2 . 2  T ,  where t  = 1.1 n se c  was 

th e  l / e  t im e .  F i g . 4 . 2 , 4  shows 

th e  waveform o f  th e  o p t i c a l  

p u l s e  a f t e r  15X a m p l i f i c a t i o n

t

F i g .  4. 2 .3  
Waveform o f  e l e c t r i c a l  p u l s e  a c r o s s  
P o c k e ls  c e l l .  H o r iz o n ta l  s c a l e  
10 n sec  / major d i v i s i o n .  V e r t i c a l  

s c a l e  5 .7  kV/major d i v i s i o n

I

and p a s s a g e  through  a c r y p to c y a n in e  dye c e l l .  The dye improved th e  s i g n a l  

to n o i s e  r a t i o  by a b so rb in g  th e  background l i g h t  due to  s l i g h t  lea k a g e  o f  

th e  Q -sw itc h e d  p u l s e  through  th e  p o l a r i s e r .  The o p t i c a l  p u l s e  was moni

to r e d  on an ITL (lICBl) p h o to d io d e  w hich , t o g e t h e r  w ith  th e  519 o s c i l l o 

sco p e ,  had an o v e r a l l  r i s e t i m e  o f  

~ 0 ,3 5  n s e c .  The p u l s e  had a h a l f  

w id th  o f  1 . 2 n s e c  and a r i s e t im e  

o f  0 .8  n s e c .

O perating  a P o c k e ls  c e l l ,

mounted between c r o s s e d  p o l a r i s e r s .  
F i g . 4 . 2 . 4

Waveform o f  o p t i c a l  j )u lse  a f t e r  a m p li-  in  th e  l o n g i t u d i n a l  mode , th e  
f i c a t i o n  (r e to u c h e d  fo r  c l a r i t y ) .

Time s c a l e  5 n s c c / d i v i s i o n  t r a n s m it t e d  l i g h t  i n t e n s i t y ,  l y  ,

T T
t
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expressed in terms of the applied volts, V, is

ly/l^ = sin2 (n/2 . V/V^/g) , ... (4.2.1)

where is the inceident light intensity. For any voltage waveform of

peak amplitude - , the half-intensity points of the Pockels cell's

transmission correspond to 25^ and 75% of peak amplitude, i.e. Iy/l^ = 0.5 

when V =- V^/4 or V =- 3V^/4. Thus, the half-width of the optical 

pulse produced is the time required for the voltage to decrease from - V^/4

to - 3V^/4. For an exponential waveform, i.e. =- V^[exp (-t/T) - l],

where t is the l/e time, the time required to reach -V./4 is 0.29t
K

and that to reach - 3V^/4 is 1.39 t .  The half width of the optical pulse 

is, thus, At=l.lT . Now, the measured value of T was 1.1 nsec and that 

of At was 1.2nsec . Hence, the measured ratio of At/T was ^1.1, 

which agrees with the calculated ratio.

Using a Fahry-Perot inter

ferometer, of étalon spacing 

d = l c m ,  the line width of the 

amplified clipped pulse was mea

sured. Fig. 4. 2. 5 shows a tjqjical 

interfcrogram produced using the 

clipped pulse. The free spectral 

range of the interferometer,

AX = X^/2d, was 0.24 A for X = o ’ o
6943A , giving the spectral width 

of the pulse as 0.075A . A 

lower limit to the minimum pulse

line-width, AX, obtained by careful mode selection, was given by the pulse 

duration. This was due to the uncertainty relationship between the pulse 

width and the spectral width, in terms of frequency At ^  l/Av . Thus, 

the minimum spectral width was AX X^/c. At. For At = 1.2 nsec and

' ■ ’ F i g . 4 . 2 . 5
F a b ry -P e ro t  in t e r f e r o g r a m  o f  l i g h t  
in  a m p l i f ie d  c l ip p e d  p u l s e .  Free  

s p e c t r a l  range 0 .2 4  A
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= 6 9 4 3 A , AX = 0.01 3Â , i.e. a continuous beam of ruby laser light of 

vanishingly small line-width would be broadened to 0.013A if chopped into 

pulses of duration 1.2nsec . However, in the case of the system used, 

the total line-width of 0.075 A was dominated by mode-coupling in the 

oscillator cavity, and pulse clipping did not increase the line width sig

nificantly. Tlie line width corresponded to a coherence length, equation 

(3 .3 .1 9 ), of 3.2cm .

The energy in the amplified pulse was measured, using a calorimeter, 

as being 30nk) . The beam divergence was not measurably greater than that 

of the normal Q-switched pulse, 90% of the beam energy being contained in 

a 3 milliradian cone. The divergence was measured by focusing the laser 

beam to a spot of diameter d on a piece of blackened Polaroid film, 

using a lens of focal length of ^100 cm. To a good approximation, the 

beam divergence was d/f.

Contemporaneous with the development of full-wave clipping, similar 

techniques were being developed elsewhere, e.g. Michon et al (l969) and 

Alcock and Richardson (l970). In principle, all of these techniques were 

similar, but the latter two enployed half-wave clipping. Thus, a rectang

ular pulse of amplitude was applied to the Pockels cell, the leading

edge of the pulse opening the shutter and the trailing edge closing it.

The half width of the electrical pulse defined the half width of the opti

cal pulse produced. Morgan and Peacock (l97l) discuss the relative merits 

of full-wave and half-wave clipping.

The electro-optic shutter described in this section, when used with 

a ruby oscillator-amplifier system, produced a pulse of sufficiently short 

duration, 1.2 nsec, of sufficient energy, 30mJ , of sufficiently narrow 

line-width, 0.08A , and of sufficiently low beam divergence, 3 milliradians, 

to be an extremely useful light source for the optical study of the Plasma 

Focus.
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4 .3  nPriCAL TECHNIQUES AI^PLIED TO THE PIASMA FOCUS

In t h i s  s e c t i o n ,  th e  ex p er im en ta l  d e t a i l s  o f  th e  o p t i c a l  t e c h n iq u e s  

used to  s tu d y  th e  Plasma Focus are g iv e n .  The p r i n c i p l e s  o f  t h e s e  t e c h 

n iq u es  have been d i s c u s s e d  in  Cliapter I I I .

4.3.1 The Shadowgraph Technique

The b a s i c  o p t i c a l  l a y o u t  used  i s  shown in  F i g . 4 . 3 . 1 ,  I n i t i a l l y ,  

the  system  was used w ith  th e  s im p le  Q -sw itched  o s c i l l a t o r  as  l i g h t  so u rce ,  

but l a t e r  th e  nanosecond l a s e r  l i g h t  sou rce  was u sed .  The l a s e r  o u tp u t  

was expanded 5 X by a t e l e s c o p e  and th e  p a r a l l e l  beam p a ssed  in to  th e  d i s 

charge chamber, in  a d i r e c t i o n  normal to  th e  gun a x i s ,  through  a g l a s s  

window. An area  2 .5  cm wide by 3 cm in  l e n g t l i  was i l lu m in a te d  a t  th e  

gun a x i s .  T h is  area  was ce n tred  on th e  gun a x i s  and extended  from th e  

inner e l e c t r o d e  edge away from th e  gun.

To Tektronix 
oscilloscope

ITT photodiode

BlSC. srindow
Beom splitterPolariser

F,-10cms F.*50cms

30A" bandwidth 
aSCwndow interference 

f i l te r

Kyrc^
Q switched r u b y --------

loser

rFj+IOOcms

Beom expander
Plosmo Focus l l j

" ~ \ a iComero xFilm
Magnification 4 ‘-l Poth length 
inside camera ^  5 metres

F i g . 4 . 3 . 1
Sch em atic  diagram o f  shadowgraph o p t i c s  used  on Plasma Focus  

The beam p a sse d  o u t  o f  th e  chamber through  a second window and was 

c o l l e c t e d  by a camera l e n s  o f  f o c a l  l e n g th  + 1 0 0  cm and a p er tu r e  f 25 .

The l e n s  fo c u se d  th e  p la n e  which c o n ta in e d  th e  gun a x i s ,  and was normal
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to  th e  beam, a t  a p la n e  which was ~  0 . 5  cm in  f r o n t  o f  th e  f i l m  p la n e .

Two t ) ] ) e s  o f  f i l m  were used  fo r  t h i s  and th e  o th e r  o p t i c a l  s t u d ie s ;

P o la r o id  ty p e  57 fo r  i n i t i a l  r e s u l t s  and, fo r  r e s u l t s  where a h ig h  r e s o lu 

t io n  f i l m  was needed , Kodak SO-243. T h is  l a t t e r  f i l m  was a h ig h  d e f i n i 

t i o n  a e r i a l  f i lm ,  w ith  a r e s o l u t i o n  c a p a b i l i t y  o f  ~  500 lines/ram and a 

speed o f  ~  3ASA a t  G943Â . The camera had a f i e l d  o f  v ie w  c o v e r in g  an 

area ~ 1 . 8 X 2 . 4 c m  a t  th e  gun a x i s .  To d i s c r i m i n a t e  a g a i n s t  th e  l i g h t  

em itted  by th e  p lasm a, m ain ly  by l i n e  and reco m b in a t io n  r a d i a t i o n ,  a narrow

band i n t e r f e r e n c e  f i l t e r  w ith  p a s s  band ce n tred  on G943^ was u sed  to  cover  

th e  camera in p u t .

The end windows cou ld  n o t  be p la c ed  c l o s e r  than  ~ 100 cm to  th e  

plasma, b eca u se  o f  th e  r i s k  o f  damage by d e b r i s  eroded from th e  in n er  e l e c 

tro d e  and chamber w a l l s .  T h is  r e s u l t e d ,  t y p i c a l l y ,  in  th e  minimum o b j e c t  

d is t a n c e  to  th e  camera l e n s  b e in g  '^120 cm . B ecause o f  t h e  sm all  dimen

s io n s  o f  th e  d en se  p in c h ,  i t  was d e s i r a b l e  to  o b ta in  a m a g n if ied  image on 

th e  f i l m .  A 4 X m a g n i f i c a t io n  r e q u ir e d  a camera o f  o p t i c a l  p a th  ~ 500 cm, 

which was to o  u n w ie ld y  to  be c o n s tr u c te d  a s  a s t r a i g h t - l i n e  sys tem . I n s te a d ,  

a fo ld ed  l i g h t  p a th  was employed i n s i d e  th e  camera, as shown in  F i g . 4 . 3 . 1 ,

by u s in g  a p a ir  o f  p la n e  m irro r .  The o v e r a l l  camera l e n g t h  was ~  200 cm .
*

Coarse a d ju s tm en ts  to  th e  l e v e l  o f  i l lu m i n a t i o n  on th e  f i l m  were  

made by v a r y in g  th e  pumping v o l t a g e  to  th e  l a s e r  f l a s h - t u b e .  For optimum 

c o n t r a s t ,  f i n e  a d ju s tm en ts  to  th e  l i g h t  l e v e l  were made by means o f  n e u tr a l  

d e n s i t y  f i l t e r s ,  added to  o r  su b tr a c te d  from a h o ld e r  in  f r o n t  o f  th e  

- camera l e n s .

The shadowgraph system  d e s c r ib e d  proved v e r y  s a t i s f a c t o r y  in  u s e ,  

and good d e f i n i t i o n  shadowgrams were o b ta in e d  when u s in g  th e  nanosecond  

l i g h t  s o u r c e .  For a 4 X m a g n i f i c a t io n  and an e f f e c t i v e  o b j e c t  to  f i l m  

le n g th  o f  0 . 5  cm, a t  G943A th e  minimum r e s o lv a b l e  o b j e c t  s i z e  by th e
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system , assumed to  be p e r f e c t ,  was, from eq u a t io n  ( 3 . 3 . 6 ) ,  6 Vs X /  m =

3 X 1 0 -3

During th e  c o l l a p s e  p h a se ,  th e  l o c a t i o n  o f  th e  im ploding shock  

showed a measure o f  i r r e p r o d u c i b i l i t y  in  space and t im e and th e  groi^rth o f  

i n s t a b i l i t i e s  a t  th e  plasma-vacuum boundary was random in  p o s i t i o n  and 

t im e , from s h o t - t o - s h o t . A f t e r  th e  d e n s e -p in c h  p h a se ,  th e  plasma was 

h ig h ly  i r r e p r o d u c ib le  from s h o t - t o - s h o t  due to  MlID i n s t a b i l i t i e s  d i s r u p t 

ing  th e  plasma column. Thus, in  ord er  to  measure th e  plasma c o l l a p s e  and 

expansion  v e l o c i t i e s  and to  s tudy  th e  developm ent o f  i n s t a b i l i t i e s  i t  was 

n e c e s s a r y  to  make m u l t ip l e  e x p o su r e s ,  each a t  a d i f f e r e n t  t im e ,  d ur in g  th e  

same d is c h a r g e .

Three e x p o su r e s ,  each a t  a d i f f e r e n t  t im e  during  th e  same d is c h a r g e ,  

were o b ta in e d  u s in g  th e  ap p aratu s  shown s c h e m a t i c a l ly  in  F i g . 4 . 3 . 2 .  In  

e s s e n c e ,  th e  p u l s e  from th e  nanosecond l a s e r  so u rce  was d iv id e d  in to  t h r e e  

beams o f  equal i n t e n s i t y ,  u s in g  p a r t i a l l y - r e f l e c t i n g  m irro rs  o f  s u i t a b l e  

r e f l e c t i v i t y ,  Basov e t  a l  (1 9 6 7 ) .  Each beam was d ir e c t e d  through a common 

plasma voliune. The d e s i r e d  t im e s e p a r a t io n s  betw een  th e  th r e e  beams a r r iv 

ing a t  th e  plasma were o b ta in e d  by making a p p r o p r ia te  d i f f e r e n c e s  between  

th e  th r e e  p ath  l e n g t h s  -  1 n se c  d e la y  b e in g  o b ta in e d  fo r  ev e ry  30 cm d i f 

f e r e n c e .  The t h r e e  beams were i n c l i n e d  a t  sm all  a n g le s  to  one an oth er  so 

t h a t  th r e e  s e p a r a te  images cou ld  be o b ta in e d  on t h r e e  s e p a r a te  cameras.

Each camera had a + 75 cm l e n s ,  produced a 1:1  image ^ 0 . 2 c m  from th e  f i lm  

p la n e  and covered  a f i e l d  o f  v ie w  o f  2 ,7  cm w ide by 3 .8  cm a t  th e  e l e c t r o d e s .  

A narrow-band i n t e r f e r e n c e  f i l t e r  was p la c e d  in  f r o n t  o f  each camera in p u t .

U sing  t h i s  system , many tim e seq u en ces  o f  shadowgrams o f  good 

d e f i n i t i o n  were o b ta in e d  a t  a v a r i e t y  o f  t im e s  th rou gh out t h e  d is c h a r g e .
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4 . 3 . 2  The S c h l i e r e n  T echnique

A sch em a tic  diagram o f  th e  system  used  i s  shovn in  F i g . 4 . 3 . 3 .  The 

l i g h t  so u rce  i n i t i a l l y  used  was th e  m ode-locked o s c i l l a t o r ,  fo l lo w e d  l a t e r  

by tlie  nanosecond l a s e r  s o u r c e .  Up to  th e  p o in t  where th e  l a s e r  beam was 

in c id e n t  on th e  s c h l i e r e n  l e n s ,  th e  g e n e r a l  arrangem ents were a s  d e s c r ib e d  

in  s e c t i o n  4 . 3 . 1 .  In th e  a b sen se  o f  th e  o b s t a c l e ,  th e  camera l e n s  fo c u se d  

through th e  s c h l i e r e n  l e n s  th e  p la n e  which co n ta in ed  th e  gun a x i s ,  and 

which was normal to  th e  l a s e r  beam, onto  th e  f i lm .  The same p r i n c i p l e s  

o f  d e s ig n  a p p l ie d  to  th e  camera a s  d i s c u s s e d  in  th e  p r e v io u s  s e c t i o n .  The 

p lan e  m irror  was used  to  a v o id  a p h y s i c a l  o b s t r u c t i o n .

To Tektronix 
oscilloscope

ITT photodiode

Polariser

KernçellJ

1
Beam splitter B S C. window BSC.window

-̂lOcmsj jF̂ tSOcms n.

Q, switched ruby 
loser

Beam expander Plasma Focus

Schlieren lens 
Fs + SOcms

V  Front surfaced mirror
Spherical obstacle 

y at focus of
Schlieren lens

t \

C bandwidth 
interference filterinterfer

r-^ ;   ,̂ T SOcms

i / / ;  I
I /  / '  . ! ^^Comera
I /  /  I ' ( •_ ___

II /  / , I rmagnification 44.
yf /  11 I Path length inside

/ )  /  ' 1̂  ' camera'v 3 metres

Film

F i g . 4 . 3 . 3
Sch em atic  diagram o f  s c h l i e r e n  o p t i c s  u sed  on Plasma Focus  

With th e  o b s t a c l e  p r e s e n t  a t  th e  fo c u s  o f  th e  s c h l i e r e n  l e n s ,  and 

in  th e  a b sen ce  o f  th e  p lasm a, no l a s e r  l i g h t  reach ed  th e  f i lm .  In  th e  

p r e se n c e  o f  th e  p lasm a, any r e f r a c t i v e  in d ex  g r a d i e n t s  normal to  th e  beam 

caused d is p la c e m e n t  o f  some r a y s  a t  th e  f o c a l  p la n e  o f  th e  s c h l i e r e n  l e n s .
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For s u f f i c i e n t l y  l a r g e  d is p la c e m e n ts  o f  t h e s e  r a y s ,  th e y  were n o t  o b s tr u c te d  

by th e  s p h e r ic a l  o b s t a c l e  and were record ed  on th e  f i lm .  T h is  te ch n iq u e  

was s e n s i t i v e  to  e l e c t r o n  d e n s i t y  g r a d i e n t s  in  any d i r e c t i o n  in  a p la n e  nor

mal to  th e  in c i d e n t  l a s e r  beam,

Tlie d ia m eter  o f  th e  s c h l i e r e n  o b s t a c l e  s e t  a low er  l i m i t  to  th e  

angle through which th e  l a s e r  l i g h t  cou ld  be d e f l e c t e d  by th e  p lasm a, and 

s t i l l  be record ed  on th e  f i lm .  By p r o g r e s s i v e l y  i n c r e a s in g  th e  o b s t a c l e  

s i z e ,  th e  r e g io n s  o f  th e  f i lm  which were s t i l l  exposed  corresponded  to  

r e g io n s  o f  s t e e p e r  and s t e e p e r  d e n s i t y  g r a d i e n t s  in  th e  p lasm a. Even

t u a l l y ,  a l l  l a s e r  l i g h t  was cu t  o f f  from th e  f i l m  a t  an o b s t a c l e  d iam eter

d . The maximum d e f l e c t i o n  caused  by th e  plasma was th en  a  = d / 2 f  , m j  I m m s '

f^ b e in g  th e  s c h l i e r e n  le n s*  f o c a l  l e n g t h .

With t h i s  system , s c h l i e r e n  photograp hs o f  th e  Plasma Focus d i s 

charge a t  d i f f e r e n t  t im e s  were ta k en ,

4 , 3 .3  I n tc r fe r o m e tr y

A Mach-Zehnder in t e r f e r o m e te r  was u sed  in  th e  la y o u t  shoAvn sch em a tic 

a l l y  in  F ig .  4. 3 . 4 ,  The instin im ent was s e t  up in  th e  c o n f ig u r a t io n  o f  

Kinder, s e c t i o n  3 . 3 . 3 ( b ) ( i i ) , w ith  d i s t a n c e s  Ml-BSl and BS2-M2 b e in g  h a l f  

o f  d i s t a n c e s  M1-BS2 and BS1-M2. The plasma was produced a t  th e  m idpoin t  

o f  M1-BS2. A f i e l d  o f  v ie w  o f  2 .7  cm wide by 3 ,8  cm, a t  th e  gun a x i s ,  was 

covered by th e  camera, which gave a m a g n i f i c a t io n  o f  ~  3 ,8  a t  th e  f i l m .

The s u r f a c e s  o f  th e  end windows on th e  d is c h a r g e  chamber were f l a t  to  X/lO  

and p a r a l l e l  to  2 a r c  m in u tes ,  so a s  n o t  to  in tr o d u c e  la r g e  sp u r io u s  f r in g e

s h i f t s ,  A s i m i l a r  p a ir  o f  windows were used  a s  com pensating p l a t e s  in  

the r e f e r e n c e  arm o f  th e  in t e r f e r o m e te r .  S im i la r ly ,  th e  o p t i c a l  f i n i s h  

o f  th e  l e n s e s  used  was h ig h .  The l a s e r  u sed  was th e  system  g i v in g  nano

second l i g h t  p u l s e s .
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Ca m e ra

N ar r o w  band 
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BSI & B S 2 - 5 0 ® / o  r e f l e c t i n g  beam s p l i t t e r s

l a s e r

The  d i s t a n c e s  M I - B S 2  & B S I - M2 arc twice the d i s t ances  
M l - B S l  and  B S 2 - M2.  Hence  the  plasma is v i r t u a l l y  
l oc a t e d  on M2. T h u s ,  when  f r i ng e s  a r e  f oc use d  in t h e  plasma 
by m e a n s  o f  B S 2 , t h e i r  spac ing  and  o r i e n t a t i on  can  be 
c h a n g e d  by M2 wi thout  loss of foc us .

F i g . 4 . 3 .4
Schem atic  diagram o f  i n i c r f o r o m c ir i c  o p t i c s  used on Plasma Focus
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For s e t t i n g - u p  and a l ig n m en t p u r p o se s ,  a he lium -neon  l a s e r  was 

p o s i t i o n e d  so t h a t  i t s  beam t r a v e l l e d  th e  same path  as  t h a t  taken  by th e  

i*uby l a s e r  beam. The in t e r f e r o m e te r  p l a t e s  were p o s i t i o n e d  to  be a t  th e  

co r n e rs  o f  a r e c t a n g l e ,  o f  2:1 a s p e c t  r a t i o  a s  m entioned , and were s e t  a t  

to  th e  d i r e c t i o n  o f  th e  l a s e r  beam in c i d e n t  on BSI, u s in g  a p r o t r a c t o r .  

P la te  BS2 was mounted on a c a r r ia g e  h av in g  movements p a r a l l e l  and normal 

to  any o f  th e  beams in  th e  in t e r f e r o m e te r ,  in  th e  p la n e  o f  F i g . 4 . 3 . 4 .  

Measuring l e n g t h s  u s in g  a p i e c e  o f  s t r i n g ,  th e  two p a th s  in  th e  instru m en t  

were made a s  near equal as  p o s s i b l e ,  m a in ta in in g  th e  2:1 a s p e c t  r a t i o  by 

making a d ju s tm en ts  to  th e  c a r r ia g e .

When a l i g n i n g  th e  in s tru m en t,  h a v in g  e q u a l i s e d  th e  two p a th s ,  th e  

two p a i r s  o f  beams coming from BS2, each p a ir  c o n s i s t i n g  o f  one r e f l e c t e d  

and one t r a n s m it te d  beam, were v iew ed  on two s c r e e n s  a few m etres d i s t a n c e  

from BS2. One p a ir ,  c a l l e d  p a ir  1, were p a r a l l e l  to  beam BS2-M2, and th e  

o th e r  p a i r ,  p a ir  2, were p a r a l l e l  to  beam M1-BS2. I n i t i a l l y ,  th e  two 

beams o f  p a ir  1 were made t o  o v e r la p  e x a c t l y  on th e  a p p r o p r ia te  s c r e e n ,  by  

a d ju s t in g  p l a t e  M2. Then, th e  two beams o f  p a ir  2 were o v er la p p ed  on th e  

o th e r  s c r e e n ,  by a d j u s t in g  BS2. These s t e p s  were r e p e a te d  in  ord er ,  th e  

amount o f  ad ju stm en t needed d e c r e a s in g  s t e p - b y - s t e p .  However, i f  th e  

amount o f  a d ju stm en t needed in c r e a s e d ,  th e  ord er  o f  ad justm ent was re v erse d ,  

A fte r  t e n  o r  so a d ju s tm e n ts ,  f r in g e s  were ob served  on b o th  s c r e e n s .  The 

f r in g e  sp a c in g  was made as  l a r g e  as  p o s s i b l e  by a d ju s t in g  p l a t e s  BS2, M2,

Ml and BSI in  tu r n ,  r e p e a t in g  th e  p r o c e s s  i f  n e c e s s a r y ,  u n t i l  a f r in g e  

width f i l l i n g  th e  p l a t e  a p er tu r e  was a c h ie v e d .

Both s c r e e n s  were removed, and t h e  camera was brought in t o  p o s i t i o n  

and fo c u se d  on th e  gun e l e c t r o d e  a x i s .  The f r in g e s  were v iew ed  on th e  

camera s c r e e n ,  and by a d j u s t in g  p l a t e  BS2 t h e y  were brought in to  fo c u s ,  

i . e .  t h e y  were lo c a t e d  on p l a t e  M2. P l a t e  M2 was th en  a d ju s te d ,  w ith o u t  

changing th e  fo c u s in g ,  u n t i l  th e  d e s i r e d  f r in g e  sp a c in g  and o r i e n t a t io n
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were o b ta in e d .  U s u a l ly ,  M2 was a d ju sted  so t b i  betw een  30 and 50 f r i n g e s ,  

p e r p e n d ic u la r  to  th e  gun a x i s ,  were p r e s e n t  in  6 e  f i e l d  o f  v ie w .  These  

background f r i n g e s  were used  as  a r e fe r e n c e  against which f r in g e  d i s p l a c e 

ments were measured.

The in t e r f e r o r a e t r ic  system d e sc r ib e d  provzd s a t i s f a c t o r y  fo r  o b ta in 

ing many good d e f i n i t i o n  integerogram s o f  th e  Pbsma Focus d is c h a r g e  a t  

v a i' io u s  t im e s .
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C H A P T E R  V

R E S U L T  S

The p h o to g ra p h ic  r e c o r d s  o f  th e  Plasma F ocus d is c h a r g e ,  o b ta in ed  

by s c h l i e r e n  photography , in t e r f e r o m e tr y  and shadowgraphy, are  now p re 

sen ted  and d i s c u s s e d  q u a l i t a t i v e l y .  The c o n d i t io n s  under which th e  

exp er im en ts  were c a r r ie d  o u t are  re co rd ed ,  b ut th e  q u a n t i t a t i v e  a n a ly s e s  

are p ostp oned  u n t i l  th e  f o l lo w in g  ch a p ter .

5.1 SCHLIEREN HIOTQGRAHIY

5 .1 .1  I n i t i a l  R e s u l t s

The s c h l i e r e n  system  used  to  o b t a in  th e  r e c o r d s  i s  d e s c r ib e d  in  

s e c t i o n  4 . 3 . 2 .  The m ode-locked  ruby o s c i l l a t o r ,  s e c t i o n  4 . 2 . 2 ,  was used  

as l i g h t  so u rce ,  and th e  Plasma Focus was o p era ted  under t h e  i n i t i a l  con

d i t i o n  V = 30 kV and p^ = 2 . 5  t o r r  (D^ + AP/o Ar) .

A t im e  sequence o f  f i v e  s c h l i e r e n  p h otograp h s ,  o b ta in e d  u s in g  a 

s p h e r ic a l  o b s t a c l e  o f  d ia m eter  0 .1 6  cm a t  th e  fo c u s  o f  th e  50 cm s c h l i e r e n  

l e n s ,  i s  shown in  F i g . 5 . 1 . 1 .  Each frame o f  th e  f i g u r e  was tak en  during  

a se p a r a te  d i s c h a r g e ,  a t  th e  l o c a t i o n  r e p r e s e n te d  by th e  p o s i t i o n  o f  th e  

middle frame r e l a t i v e  to  t h e  in n er  e l e c t r o d e ,  o f  d ia m eter  5 c m .  For con

v e n ie n c e ,  th e  rem aining  four  frames a re  sho\m in  d i s p la c e d  p o s i t i o n s .  T his  

r e p r e s e n t a t io n  i s  used  to  d i s p l a y  a l l  o p t i c a l  r e c o r d s  o f  th e  d is c h a r g e .

The t im e  a t  which th e  cu rren t  waveform sh a r p ly  broke away from a 

q u a s i - s i n u s o i d a l  foimi. F i g .  2 . 1 . 2 ,  was found to  be a c o n v e n ie n t  r e f e r e n c e  

p o in t  f o r  t im in g  th e  l a s e r  p u l s e  r e l a t i v e  to  th e  Focus d is c h a r g e .  T h is  

tim e was found to  c o in c id e  w ith  th e  maximum com pression  o f  th e  p in ch  a d ja 

cent to  th e  in n e r  e l e c t r o d e ,  and i s  d e s ig n a te d  t = 0 .  A l l  o th e r  t im e s  

are g iv e n  r e l a t i v e  to  t h i s  r e f e r e n c e  t im e ,  in  t h i s  and th e  o th e r  o p t i c a l  

s t u d ie s ,  w i th  e a r l i e r  and l a t e r  t im e s  h av in g  -  and + s i g n s ,  r e s p e c t i v e l y .
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The f i r s t  frame o f  F i g . 5 . 1 , 1 ,  a t  t  = -  150 n s e c ,  shows th e  le a d in g  

edge o f  th e  cu rr en t  s h e e t  during  th e  c o l l a p s e  p h a se ,  i . e .  th e  edge which  

i s  f u r t h e s t  away a x i a l l y  from th e  in n er  e l e c t r o d e .  Frame 2, tak en  100 

nsec l a t e r ,  shows t h a t  th e  l e a d in g  edge h as  moved ~  0 .6  cm a x i a l l y  during  

t h i s  t im e .  A f a i n t  o u t l i n e  o f  th e  plasma column b eg in n in g  to  form can 

be see n .  The i n t e n s e  h o r i z o n t a l  s t r e a k s  s u g g e s t  plasma l o s s  in  a r a d ia l  

d i r e c t i o n .  In Frame 3, a t  t = -  10 n se c  , th e  plasma column i s  w e l l  formed 

w ith  mean d ia m eter  ~  0 .5  cm . There i s  a s tr o n g  s u g g e s t io n  o f  a r a d ia l  

l o s s  o f  plasma and, down th e  c e n tr e  o f  th e  coliumi, a w e l l - d e f i n e d  l i n e  o f  

diam eter ~  0 .0 5  cm can be s e e n .  The s c h l i e r e n  te c h n iq u e  i s  s e n s i t i v e  to  

the r e f r a c t i v e  ind ex  g r a d ie n t s  in  a p lasm a, and t h i s  l i n e  i s  p rob ab ly  due 

to a co re  w ith  s t e e p  e l e c t r o n - d e n s i t y  g r a d i e n t s .  Frame 4, a t  t = + 3 0  n se c ,  

e x h i b i t s  two prom inent f l u t e s .  These can be accounted  fo r  by th e  growd,h 

o f  s a u s a g e - ty p e  i n s t a b i l i t i e s ,  a s  th e  plasma column i s  d is r u p te d ,  coupled  

w ith  an a x i a l  movement away from t h e  anode, during  th e  30 -40  n sec  d u ra t io n  

o f  th e  l a s e r  p u l s e .  The f i n a l  frame, a t  t  = + 80 n s e c ,  shows a co m p le te ly  

d isr u p te d  plasma column in  th e  c e n tr e  o f  th e  photograph w h i le ,  fu r th e r  

away from th e  anode, th e r e  i s  a g a in  ev id e n c e  o f  th e  p r e se n c e  o f  sa u sa g e-  

type i n s t a b i l i t i e s .

I t  was d i f f i c u l t  to  e x t r a c t  much q u a n t i t a t i v e  in fo rm a t io n  from th e  

s c h l i e r e n  r e s u l t s ,  b eca u se  o f  th e  s u p e r p o s i t io n  o f  ~ 15 s e p a r a te  images o f  

the p lasm a, a l l  a t  d i f f e r e n t  t im e s  o ver  a 30 -40  n sec  i n t e r v a l ,  on each  

photograph. However, i t  was p o s s i b l e  to  e s t im a te  th e  l i f e t i m e  o f  th e  

plasma column, l e s s  than  1 0 0 n s e c  , and to  o b t a in  th e  s c a l e  l e n g t h  o f  g r a -  

\  d ie n t s  o f  ng during  th e  dense  p in ch  p h a se ,  0 .0 5  cm. A ls o ,  i t  was 

p o s s ib l e  to  e s t im a te  th e  a x i a l  v e l o c i t y  o f  th e  cu rren t  s h e e t ,  6 X 1 0 ^  

cm sec~^ .

The e f f e c t  o f  u s in g  l a r g e r  s c h l i e r e n  o b s t a c l e s  i s  sliowi in  F ig .  5 . 1 . 2 ,  

The th r e e  frames were o b ta in e d  a t  t®“ 0, w ith  o b s t a c l e s  o f  d iam eter  0 .3 2 ,
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0 .6 4  ami 1 .2 7  cm, r e s p e c t i v e l y .  In  each frame, a c e n t r a l  core  s t r u c t u r e  

i s  much in  e v id e n c e .  I t  can he seen  t h a t  a s  th e  o b s t a c l e  d ia m ete r ,  d, 

was i n c r e a s e d ,  o n ly  th e  p lasm a r e g io n s  o f  i n c r e a s i n g l y - s t e e p  e l e c t r o n  

d e n s i t y  g r a a i c n t s  were r e c o r d e d .

A n e c e s s a r y  c o n d i t io n  fo r  t h e  f i l m  to  reco rd  l i g h t  was t h a t  some

ra y s  had to  be d e f l e c t e d  through  an a n g le  a  ^ d / 2 f  by th e  p lasm a, where

f  i s  t h e  f o c a l  l e n g th  o f  th e  s c h l i e r e n  l e n s .  In  C a r te s ia n  c o o r d in a te s ,

w ith  t h e  i n c i d e n t  beam p r o p a g a t in g  a lo n g  th e  z a x i s ,  th e  d e f l e c t i o n  a

was th e  r e s u l t a n t  o f  d e f l e c t i o n s  in  t h e  x and y d i r e c t i o n s  due to  d e n s i t y
JL L

g r a d i e n t s  in  t h o s e  d i r e c t i o n s ,  i . e .  a  = ( a ^ + a ^ ) ^ ,  where a  = F ^ ^ t n  n
'  X  y '  '  X  J  a x

( x , y , z ) d z  e t c ,  u s in g  th e  n o t a t i o n  o f  s e c t i o n  3 . 3 . 2 ( a ) .  In th e  f i n a l  frame 

o f  F i g . 5 . 1 . 2 ,  o n ly  th e  p lasm a c e n t r a l  co r e  o f  d ia m ete r  ~ 0 .0 5  cm i s  recorded .  

In t h i s  c o r e ,  t h e  s t e e p e s t  g r a d i e n t s  o f  n^ e x i s t  o r ,  more c o r r e c t l y ,  th e  

sum Q  ^  (/n n ( x ,y , z ) d z ^  + Q  ^  t n  n ( x ,y , z ) d z ^  i s  th e  l a r g e s t .

U s in g  an o b s t a c l e  o f  d ia m ete r  2 .5 4  cm , f a i n t  im ages o f  th e  p in ch  

core were som etim es re co rd ed  a t  t  ^  0 .  I n c r e a s in g  th e  o b s t a c l e  d ia m eter  

even f u r t h e r  to  2 .8 6  cm , no l a s e r  l i g h t  was reco rd ed  on th e  f i l m .  Hence,  

th e  maximiun beam d e f l e c t i o n  due to  th e  p lasm a was 25 mrads. From t h i s  

o b s e r v a t io n  o f  th e  maxirau beam d e f l e c t i o n ,  i t  was p o s s i b l e  to  e s t im a t e  th e  

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

5 . 1 . 2  R e s u l t s  U s in g  t h e  Nanosecond L ig h t  Source

A lth ou gh  i n t e r f e r o r a e t r ic  and shadowgraph r e c o r d s  were o b ta in e d  

which w ere s u p e r io r  to  th e  s c h l i e r e n  r e c o r d s ,  i t  i s  i n t e r e s t i n g  to  p r e s e n t  

some o f  th e  l a t t e r  o b ta in e d  u s in g  th e  1 n s e c  l a s e r  s o u r c e ,  s e c t i o n  4 , 2 . 3 .

The s c h l i e r e n  sy s tem  was a s  d e s c r ib e d  in  s e c t i o n  4 . 3 . 2 ,  and th e  Plasma  

Focus was o p e r a te d  under th e  i n i t i a l  c o n d i t i o n s  V = 3 0 k V  and p^ = 2 .5  to r r  

{r>2 + 4 #  A r ) .

In  F i g . 5 . 1 . 3 ,  a s c h l i e r e n  p hotograph  o b ta in e d  a t  t  = -  10 n s e c  i s

-  118 -



09

09
09

09

F i g . 5 . 1 . 3
Nanosecond exp osu re ,  s c h l i e r e n  photograph p r io r  
to  th e  d e n s e -p in c h  phase . Inner e l e c t r o d e  
d ia m eter  5 cm. I n i t i a l  c o n d i t io n s  V = 30 kV, 

p = 2 . 5  t o r r  (Dp + AP/o Ar)
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shown, fo r  which a s c h l i e r e n  o b s t a c l e  o f  d ia m eter  0 .3 2 c m  was u s e d .  The 

plasma-vacuum boundary i s  c l e a r l y  o u t l i n e d  a t  t h i s  l a t e  s ta g e  in  th e  c o l 

la p s e  p h a se ,  and i t  can be seen  t h a t  s a u s a g e - t y p e  i n s t a b i l i t i e s  are  b e g in 

ning to  d e v e lo p  in  th e  plasm a column. A c e n t r a l  co re  s t r u c t u r e  o f  d ia 

meter ~ 0 . 0 5 c m  i s  v i s i b l e .  Thus, th e  r e g io n s  o f  s t e e p e s t  d e n s i t y  g r a d ie n t s  

in th e  plasm a coluimi are  a t  th e  plasm a-vacuum boundary and a t  th e  a x i s .

I n c r e a s in g  th e  s i z e  o f  th e  o b s t a c l e  u n t i l  i t  o b s t r u c t e d  a l l  o f  th e  

l a s e r  l i g h t ,  a maximum d e f l e c t i o n  o f  ~  16 mrads by th e  p lasm a was c a lc u 

l a t e d .  T h is  v a lu e  i s  ~  35% l e s s  than  t h a t  o b ta in e d  in  th e  p r e v io u s  

s c h l i e r e n  s tu d y ,  w i th  i d e n t i c a l  i n i t i a l  c o n d i t i o n s .  The most p ro b a b le  

e x p la n a t io n  o f  t h i s  d is c r e p a n c y  i s  t h a t  th e  c a v i t y  in  th e  anode end, pro

duced by i n t e n s e  e l e c t r o n  bombardment, was q u i t e  d i f f e r e n t  in  s i z e  in  th e  

two s t u d i e s .  I t  i s  known t h a t  th e  s t a t e  o f  th e  in n e r  e l e c t r o d e  a f f e c t s  

the perform ance  o f  th e  Plasma F o cu s ,  in  term s o f  th e  e n e r g y - d e n s i t y  o f  th e  

dense p in c h .

5 .2  INTERFEROMETnY

The i n t e r f e r o m e t r i c  sy s tem  used  to  o b ta in  th e  o p t i c a l  r e c o r d s  i s  

d e s c r ib e d  in  s e c t i o n  4 . 3 . 3 .  The l a s e r  sy s tem  p ro d u c in g  a p u l s e  o f  1 n sec  

d u r a t io n  was u sed  as a l i g h t  s o u r c e ,  and th e  Plasma F ocus was op era ted  

under th e  i n i t i a l  c o n d i t i o n s  V = 30 kV and P g  = 2 . 5 t o r r  (D^ + 4% A r ) .

A t im e  seq u en ce  o f  t h r e e  in t e r f e r o g r a m s ,  ta k en  d u r in g  th e  c o l l a p s e  

o f  th e  c u r r e n t  s h e e t  to  th e  a x i s ;  th e  d e n s e -p in c h  p hase  and th e  break-up  

o f  th e  p in c h ,  i s  shown in  F i g . 5 . 2 . 1 .  The f i r s t  frame shows c l e a r l y  th e  

o b l iq u e  n a tu re  o f  th e  c o l l a p s i n g  c u r r e n t - s h e e t  a t  t  = -  30 n s e c  . O u ts id e  

the  c u r r e n t  s h e e t ,  th e  f r i n g e s  form an u n d is tu r b e d  background p a t t e r n .

The second  frame, a t  t  = 0 , i s  shown in  an en la rg ed  form in  F i g . 5 . 2 . 2 .

The upper t h i r d  o f  th e  plasm a column has p in ch ed  to  a narrow f i la m e n t ,

^ 0 . 2  cm in  d ia m e te r ,  w hich i s  b e in g  d is r u p te d  by s a u s a g e - ty p e  i n s t a b i l i t i e s .
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F i g . 5 . 2 . 2

Init?ri'erogram o f  d is c h a r g e  a t  t  = 0 . I n i t i a l  c o n d i t io n s  
V = 3Ü kV, = 2 .5  t o r r  (D^ + 4% Ar)

O
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In some p a r t s  o f  th e  f i la m e n t  th e  f r i n g e s  cannot he o b serv ed  c l e a r l y ,  

p o s s i b l y  due to  f r in g e  crowding o r  plasma m otion . The whole plasma  

column e x h i b i t s  t h e  e a r ly  s t a g e s  o f  a k in k - ty p e  i n s t a b i l i t y .  In  th e  

t h i r d  frame o f  F i g . 5 . 2 . 1 ,  th e  d en se  p in ch  h as  c o m p le te ly  broken up a t  

t  = + 30 n s e c  . Near th e  e l e c t r o d e  s u r f a c e ,  th e  p in ch  h as  become v e r y  d i f 

f u s e ,  w h i le  fu r t h e r  away t h e r e  ap pears  to  be no p lasm a. The lo w er  t h i r d  

o f  th e  frame shows a plasma column a p p a r e n t ly  u n a f f e c t e d  by  th e  d is r u p 

t i o n  o f  th e  upper p o r t io n ,  and s t i l l  u n d erg o in g  co m p ress io n .

Each f r a m e .o f  t h i s  t im e  sequence  was o b ta in e d  on a s e p a r a te  d i s 

ch a rg e .  The seq u en ce  i s  r e p r e s e n t a t i v e  o f  th e  in t e r f e r o g r a m s  o b ta in e d  

under t h e  i n i t i a l  c o n d i t i o n s  g iv e n  ab ove .  A p p roxim ate ly  20 i n t e r f e r o 

grams w ere o b ta in e d  a t  many t im e s  d ur in g  th e  i n t e r e s t i n g  s t a g e s  o f  th e  

d i s c h a r g e .  S e v e r a l  in t e r f e r o g r a m s  were ta k en  u s in g  th e  w id e s t  f i e l d  o f  

v ie w  p o s s i b l e ;  t h a t  p e r m it te d  by th e  o u tp u t  a p er tu r e  o f  th e  d is c h a r g e  

chamber. No new phenomena were obscrv^ed u s in g  t h i s  f i e l d  o f  v ie w  o f

4 . 3  cm w id e  by 4 cm.

A ttem p ts  were made to  o b t a in  in t e r f e r o g r a m s  u s in g  a pure deuter ium  

f i l l i n g  in  th e  Plasma F o cu s .  However, th e  s h o t - t o - s h o t  j i t t e r  was 

50 n s e c  , and many unrew arding ex p o su res  were made.

By a n a ly s in g  th e  f r in g e  s h i f t s  on in t e r f e r o g r a m s  ta k en  a t  d i f f e r e n t  

t im e s  d u r in g  th e  d i s c h a r g e ,  i t  was p o s s i b l e  to  o b t a in  v a l u e s  o f  n^ through

o u t  th e  p lasm a l i f e t i m e .

5 . 3  SHADOWGHAPHY

5 . 3 . 1  P r e l im in a r y  R e s u l t s

The sy s tem  u sed  to  o b ta in  th e  shadowgrams i s  d e s c r ib e d  in  s e c t i o n

4 . 3 . 1 .  U s in g  th e  s im p le  Q -sw itch ed  ruby o s c i l l a t o r ,  d e s c r ib e d  in  s e c t i o n

4 . 2 . 1 ,  a s  l i g h t  s o u r c e ,  no shadowgrams o f  good d e f i n i t i o n  co u ld  be o b ta in e d  

a t  any t im e  d ur in g  th e  l i f e  o f  th e  rap id ly -m o v in g  p lasm a. However, some
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hundreds o f  n an osecon d s  a f t e r  th e  d i s r u p t i o n  o f  th e  d en se  p in c h ,  e l e c t r o d e  

m a t e r ia l  c i o s s e d  th e  f i e l d  o f  v ie w  s u f f i c i e n t l y  s lo w ly  to  p erm it  shadow

grams o f  good r e s o l u t i o n  to  be ta k en ,  d u r in g  th e  30 n s e c  ex p o su re .  T his
r .

m a t e r ia l  was s p a l l e d  from th e  anode by e l e c t r o n  bombardment.

F ig u r e  5 . 3 .1  shows a t im e  sequence  o f  t h r e e  shadowgrams, each  taken  

d u r in g  a s e p a r a t e  d i s c h a r g e .  The i n i t i a l  c o n d i t i o n s  were V = 3 0 kV and

Pq = 2 . 5 t o r r  (D^ + 4^ A r ) . The shadowgrams were ta k en  a t  th e  t im e s

+ 160 , + 350 and + 8 9 0  n s e c  , r e s p e c t i v e l y .  The movement o f  th e  s p a l l a 

t i o n  f r o n t  acroj^s t h e  f i e l d  o f  v ie w  can be s e e n .

I t  i s  a s im p le  m a tter  to  c a l c u l a t e  th e  s p a l l a t i o n  v e l o c i t y  o f  th e  

e l e c t r o d e  m a t e r i a l .  In  th e  540 n s e c  t im e  i n t e r v a l  betw een  frames 2 and 3, 

th e  m a t e r ia l  h a s  moved a x i a l l y  ~  0 . 3  cm Thus, th e  a x i a l  v e l o c i t y  o f  th e  

f r o n t  i s  ~ 5 . 3  X lO ^ cm sec" ^ .

5 . 3 . 2  R e s u l t s  U sin g  th e  Nanosecond L ig h t  Source

U s in g  t h e  nanosecond l i g h t  s o u r c e ,  many shadowgrams o f  th e  d i s 

ch arge  were o b ta in e d  under th e  i n i t i a l  c o n d i t i o n s  V = 30 kV and P o = 2 . 5 t o r r  

(D g + d ^  A r ) .  F i g .  5 . 3. 2 shows a shadowgram ta k en  a t  t  = 0 . The o u t l i n e  

o f  t h e  p lasm a-vacuum  boundary i s  v e r y  sh arp , i n d i c a t i n g  t h a t  a t  t h i s  l o c a 

t i o n  t h e r e  i s  a s t e e p  change in  th e  e l e c t r o n  d e n s i t y  g r a d i e n t .  D i f f r a c t i o n  

p a t t e r n s  can be seen  a t  th e  boundary in  some p a r t s  o f  th e  photograp h . Near 

th e  anode s u r f a c e ,  th e  plasm a h as  p in ch ed  t o  a narrow f i l a m e n t  o f  d iam eter  

~ 0 , 1  cm w h i le  , f u r t h e r  away, th e  plasma column i s  ~  0 , 5  cm in  d ia m eter  and 

e x h i b i t s  th e  e a r l y  s t a g e s  o f  th e  d evelopm ent o f  M HD i n s t a b i l i t i e s .

B eca u se  o f  th e  i r r e p r o d u c i b i l i t y  o f  th e  d is c h a r g e  from s h o t - t o - s h o t ,  

i t  was im p o s s ib l e  to  s tu d y  th e  dynam ics o f  th e  plasma column w ith  s u f f i 

c i e n t  p r e c i s i o n  u s in g  a co m p o site  t im e -s e q u e n c e ,  i . e .  a sequence in  which  

each frame was o b ta in e d  d ur in g  a s e p a r a t e  d is c h a r g e .  T h is  was overcome  

b y  u s in g  a sy s tem  which p e r m it te d  th r e e  ex p o su res ,  each a t  a d i f f e r e n t
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F i g . 5 . 3 . 2

Nano second -expo  sure  shadowgraph o f  d is c h a r g e  a t  t  = 0, 
I n i t i a l  c o n d i t io n s  V = 30 kV , p = 2 ,5  t o r r  (Dg + 4^ Ar)
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t im e ,  to  be made d ur in g  a s i n g l e  d is c h a r g e  , a s  d e s c r ib e d  in  s e c t i o n

4 . 3 . 1 .

A t im e  seq u en ce  ta k en  d u r in g  th e  c o l l a p s e  and p in ch  p h a se s  o f  a 

d is c h a r g e ,  w i th  a 15 n s e c  i n t e r v a l  b etw een  fram es, i s  sho\>Ti i n  F i g .  5 . 3 . 3 .  

The growth o f  a c c e l e r a t i o n - d r i v e n  o r  R a y le ig h -T a y lo r  i n s t a b i l i t i e s  a t  

th e  plasm a-vacuum  boundary d u r in g  th e  c o l l a p s e  p hase  can be seen  by 

comparing fram es 1 and 2. Such t im e - s e q u e n c e s  en ab led  th e  v e l o c i t y  and 

a c c e l e r a t i o n  o f  th e  c o l l a p s i n g  c u r r e n t - s h e e t  to  be c a l c u l a t e d .  F u r th er 

more, th e  growth o f  i n s t a b i l i t i e s  co u ld  be d i r e c t l y  measured.

F ig u r e  5 . 3 . 4  shows a t im e  seq u en ce  o f  shadowgrams d ur in g  th e  dense  

p in ch  p hase  , w ith  a t im e  i n t e r \ ’̂ al o f  6 , 5  n s e c  betw een  fram es. I t  

i s  e v id e n t  t h a t ,  even on t h i s  r a p id  t i m e - s c a l e ,  th e r e  i s  c o n s id e r a b le  

change in  t h e  boundary and s t r u c t u r e  o f  th e  p in ch  betw een  fram es.  Such 

t im e -s e q u e n c e s  d u r in g  th e  d e n s e -p in c h  p hase  were u sed  to  s tu d y  th e  l i f e  

h i s t o r y  o f  th e  h ig h ly -c o m p r e s s e d  plasm a r e g io n s .

Many shadowgram se q u e n c e s  were o b ta in e d  a t  d i f f e r e n t  t im e s  d ur in g  

th e  d i s c h a r g e ,  fo r  a number o f  d i f f e r e n t  v o l t a g e s  on th e  c a p a c i t o r  bank.

A few good s e q u e n c e s  were o b ta in e d  u s in g  a f i l l i n g  o f  pure d eu ter iu m  b u t ,  

as in  th e  i n t e r f e r o m e t r i c  s t u d i e s ,  th e  s h o t - t o - s h o t  j i t t e r  g e n e r a l l y  

proved tr o u b le s o m e .
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C H A P T E R  VI 

ANALYSIS OF IffiSULTS, INTERPRETATION AND DISCUSSION

The r e s u l t s  p r e s e n t e d  in  Chapter V a re  a n a ly se d  in  d e t a i l ,  t h e i r  

s i g n i f i c a n c e  i s  d i s c u s s e d  and t h e y  are  compared w ith  r e s u l t s  from o th e r  

s t u d i e s .  The ch a p ter  i s  d iv id e d  in t o  s c h l i e r e n ,  i n t e r f e r o m e t r i c  and 

shadowgraph a n a ly s e s .

6 .1  ANALYSIS OF SCHLIEREN RESULTS 

0 . 1 . 1  R e s u l t s  from E a r ly  S t u d ie s

When a m ode-locked  l a s e r  was used  a s  l i g h t  so u r c e ,  a s  d e s c r ib e d  in  

s e c t i o n  5 . 1 . 1 ,  many s c h l i e r e n  im ages, each produced by a s e p a r a t e  p u l s e  

from th e  m ode-locked  t r a i n ,  were superim posed on ev e ry  re co rd  o b ta in e d .  

C le a r ly ,  i t  was im p o s s ib le  to  d e te rm in e  th e  d e n s i t y  g r a d i e n t s  on such  

r e c o r d s  by m easuring  th e  l i g h t  i n t e n s i t y  ch an ges ,  a s  g iv e n  by eq u a t io n  

( 3 . 3 . 1 0 ) .  However, from th e  o b serv ed  v a l u e s  o f  maximum beam d e f l e c t i o n  by  

th e  p lasm a, e s t im a t e s  o f  th e  peak e l e c t r o n  d e n s i t y  in  th e  plasma were made.

I t  i s  assumed t h a t  th e  plasma i s  a z im u th a l ly  s j in m etr ic ,  i . e .  in  

c y l i n d r i c a l  c o o r d in a t e s  n^ = f u n c ( r , z ) ,  and t h a t  dn^ /dr »  d n ^ /d z .  Hence,  

when th e  s c h l i e r e n  o b s t a c l e s  o f  l a r g e r  d ia m ete r  were u s e d ,  th e  l i g h t  

record ed  on th e  f i l m  was due to  th e  r a d i a l  d e n s i t y  g r a d i e n t s  o n ly .  (The 

v a l i d i t y  o f  t h i s  a ssu m ption  i s  l a t e r  confirm ed  by i n t e r f e r o m e t r i c  measure

m ents.)  The problem  i s  now reduced  to  one o f  d e f l e c t i o n s  in  p la n e s  normal 

to  th e  plasm a a x i s .

C on sider  such a p la n e  th rough  th e  plasm a a t  a d i s t a n c e  z be low  th e  

\  anode s u r f a c e .  An i n c i d e n t  l a s e r  beam i s  p a r a l l e l  to  t h e  y  a x i s  o f  a 

C a r te s ia n  c o o r d in a te  system . F i g . 6 . 1 . 1 ,  and s t r i k e s  th e  plasma a d i s t a n c e  

X from i t s  a x i s .  From e q u a t io n  ( 3 . 3 . 9 ) ,  th e  d e v i a t i o n  o f  th e  l a s e r  

l i g h t  due to  th e  component o f  r e f r a c t i v e  in d ex  g r a d ie n t  in  th e  x d i r e c 

t i o n  i s
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= 2 ^  -t-n n ( x , y )  dy ■
o

where 2y i s  th e  path  l e n g th  

th ro u g h  th e  plasm a a t  p o s i t i o n  

X .  T aking t h e  v a r i a b l e  r^ =

+ y 2 ,  th e  above e q u a t io n  i s  

tr a n sfo r m ed  to  g i v e  d e f l e c t i o n s  

in  te r m s  o f  t h e  r a d ia l  d e n s i t y  

g r a d i e n t ,  i . e .

« . - - Î  7 * T

X —

D i r e c t i o n  o f  
i n c i d e n t  l i g h t

where R i s  t h e  plasm a r a d iu s  

a t  th e  a x i a l  p o s i t i o n  c o n s i 

d e r e d .  Now, th e  e l e c t r o n  den

s i t y  n ^ (r )  may be r e l a t e d  to  

n ( r )  u s in g  e q u a t io n  ( 3 . 2 . 3 ) .

S u b s t i t u t i n g  t h i s  e q u a t io n  in to  th e  above eq u a t io n ,  a t  X = 6 9 4 3 ^  ,

R dn (r )
a  = -  4 . 3 2  X X r — £---------------------- . . . .  ( G . l . l )

In  t h e  ab o v e ,  n ( r )  »  1 f o r  n ( r ) . 4  10^^

F i g . G . l . l
S ch em atic  diagram r e p r e s e n t in g  th e  
i l lu m i n a t i o n  o f  an a z im u t h a l ly -  
s jm m etr ic  plasma in  a p la n e  normal 

to  i t s  a x i s

cm- 3

Choosing  an a r b i t r a r y  e l e c t r o n  d e n s i t y  p r o f i l e ,  i . e .  n^ = fu n c (r )  

where t h e  f u n c t io n  i s  a r b i t r a r y ,  e q u a t io n  (6 . I . I )  may be in t e g r a t e d  to  

y i e l d  v a l u e s  o f  equal to  t h o s e  o b se r v e d ,  a l lo w in g  e s t im a t e s  o f  n ^ (r )

to  be made. The e q u a t io n  may e i t h e r  be in t e g r a t e d  a n a l y t i c a l l y  or  numeri

c a l l y ,  d ep en d in g  upon th e  form o f  th e  p r o f i l e  ch osen .

The method i s  i l l u s t r a t e d  fo r  th e  c a s e  o f  a p a r a b o l i c  r a d i a l  d i s 

t r i b u t i o n  o f  n , i . e .e

n ^ (r )  = n (1  -  r ^ R ^ )  ,

where n i s  th e  e l e c t r o n  d e n s i t y  on a x i s .  Combining t h i s  eq u a t io n  w ith  
e

e q u a t io n  ( G . l . l )  :
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Rn r dr

X Vr^ -

where K = 8 . 0 4  X 10 x / l l^ .  The above i n t e g r a l  may be e v a lu a te d

making t h e  s u b s t i t u t i o n  r = x s e c  6 . Hence,

r  *1 '
K J = K X j^tan 0 J

s e c

I.
a = k u Jr^-  x-2 .

I f  X i s  e x p r e s s e d  a s  a f r a c t i o n  f  o f  R ,  i . e .  x = f  R,

0^ = 8 .G 4 X 10-22  ( 6 . 1 . 2 )

The above e q u a t io n  i s  ind ep en d en t o f  R .  Thus, t h e  d e f l e c t i o n  due 

t o  th e  r a d i a l  e l e c t r o n - d e n s i t y  g r a d ie n t  in  an a z im u th a l ly - s y m m e tr ic  p lasm a,  

w ith  a p a r a b o l i c  r a d i a l  d i s t r i b u t i o n  o f  n^ , i s  in d ep en d en t o f  th e  plasma  

r a d iu s  and depends o n ly  on n^ and f  . F i g . 6 . 1 . 2  shows a p l o t  o f

a g a i n s t  f  f o r  t h r e e  v a l u e s  o f  n^ , such a s  would be found d u r in g  th e

d e n s e - p in c h  p h a se .  Each curve has a maxiimun a t  f  ^  0 . 7 ,  i . e .  fo r  a 

g iv e n  value o f  n^ , th e  maximum d e f l e c t i o n  o f  th e  l i g h t  beam o c c u r s  fo r  

t h o s e  rays which are  i n c i d e n t  on th e  plasm a a d i s t a n c e  x «=« 0 . 7 R  from th e  

a x i s .

More p r e c i s e l y ,  i s  a maximum f o r  a g iv e n  v a lu e  o f  n^ when

d a ^ /d f  = 0 in  e q u a t io n  ( 6 . 1 . 2 ) ,  i . e .

d a y d f  = 0 = 8 . 6 4  X 10T22 f 2 ) 2 _  _ f 2 ) “ 2^

T h is  o c c u r s  when f  = l / / 2 ,  g i v i n g  a^(max) = 4 .3 2  X 10 n^ . H ence,

n^ = a ^ ( m a x ) /4 .3 2  X 10"22  ̂ . . .  ( 6 . 1 . 3 )

O th er  e l e c t r o n - d e n s i t y  p r o f i l e s  may be ch osen , and u sed  in  e q u a t io n  

( 6 . 1 . 1 )  t o  y i e l d  an e x p r e s s io n  fo r  n^ . U sin g  a l i n e a r  d i s t r i b u t i o n ,  i . e .

n ^ (r )  = n ^ ( l - r / R ) ,  and p r o c e e d in g  in  th e  same manner a s  p r e v i o u s l y ,  we

o b ta in
a  = 4 . 3 2  X 10 22 f  tn[(l +Vl- f ^ ) / f ]
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o<̂ (m rads)
5 0 -

H e = 7 -5  « 1 0

5 0 -

05

f = X /  R

F i g . 6 . 1 . 2

D e f l e c t i o n  o f  a l i g h t  beam p a s s in g  through  an a z im u t h a l ly -  
sym m etric p lasm a. See t e x t  f o r  s i g n i f i c a n c e  o f  p a ra m eters
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g iv in g

n = a  , (m ax)/2 .8G  X 10 ^2 ^ . . .  (6 . 1 . 4 )

Choosing a G aussian  p r o f i l e  n ^ (r )  = n^ e x p ( -  C r^ /il^ ), where th e  f a c t o r  C 

i s  chosen  so t h a t  n^(R) = 10~^ , e q u a t io n  ( 6 . I . I )  i s  in t e g r a t e d  num eric

a l l y ,  U sing  a range o f  v a l u e s  o f  n^ and f  , a com bin ation  o f  th e  two 

i s  foiuid which g i v e s  a v a lu e  o f  equal to  th e  o b serv ed  v a l u e ,  w ith

da / d f  = 0.
X

R e fe r r in g  to  th e  r e s u l t s  shown in  F i g , 5 . 1 . 2 ,  th e  t h r e e  fram es were  

o b ta in e d  a t  t = 0  u s in g  s c h l i e r e n  o b s t a c l e s  o f  d ia m ete r ,  d, 0 ,3 2 ,  0 .6 4  

and 1 . 2 7 c m ,  r e s p e c t i v e l y ,  a t  th e  fo c u s  o f  a l e n s  o f  f o c a l  l e n g t h  f  = 50 cm. 

The minimum a n g le  through which any l i g h t  ray  cou ld  be d e f l e c t e d  and s t i l l  

be reco rd ed  on th e  f i l m  was = d / 2 f , Hence, u s in g  th e  v a l u e s  o f

co r resp o n d in g  to  th e  d i f f e r e n t  o b s t a c l e  d ia m e te r s ,  th e  minimum p e a k - d e n s i t y  

fo r  each o f  th e  t h r e e  frames co u ld  be e s t im a te d ,  f o r  th e  t h r e e  d e n s i t y  

d i s t r i b u t i o n s  c o n s id e r e d .  A ls o ,  th e  maximum v a lu e  o f  n^ in  th e  d en se  

p in ch  cou ld  be e s t im a te d  from th e  o b s e r v a t io n s  t h a t  a f a i n t  image was 

o b ta in e d  w ith  an o b s t a c l e  o f  d ia m ete r  2 .5 4  cm , b ut no image was o b ta in e d  

u s in g  an o b s t a c l e  o f  d ia m ete r  2 .8 6  cm . The r e s u l t s  may be t a b u la t e d  :

T able  6 . 1 . 1

d

(cm)

*x

(mrad)

Was Image 
Observed  
a t  t  = 0?

C a lc u la te d  n (cm ^) c e '  ' i t  r  = 0

P a r a b o l ic L inear G aussian

0 .3 2 ^ 3 . 2 y e s ^ 7 . 3 X l 0 l G > 1 .1  X l o l o ^ 9 .7 X 1 0 1 8

0 .6 4 ^ 6 . 4 y e s ^  1 .5 X 1 0 ^ 9 ^ 2 .2 X 1 0 ^ ^ ^ i . o x i o i G

1 .2 7 ^ 1 2 .7 y e s ^  2 .9 X 1 0 ^ ^ 4 . 4 X 1 0 l 9 ^ 3 .9 X 1 0 1 9

2 .5 4 >  2 5 .4 y e s ^ 5 . 9 X l 0 l 9 ^ 8 . 9 X 10^9 ^ 7. 8 X I 0I9
2 .8 6 < 2 8 .6 no < 6 . 6 X I 0 I 9 < I.OXIO^O < 8 .8 X 1 0 ^ 9

Thus, f o r  exam ple, c o n s id e r in g  frame 3 o f  F i g . 5 . 1 . 2 ,  w hich  was o b ta in e d  

u s in g  an o b s t a c l e  o f  d ia m eter  1 .2 7  cm, s i n c e  images o f  th e  plasma were pro

duced, the- e l e c t r o n  d e n s i t y  on a x i s  must have been a t  l e a s t  2 .9 X 1 0 ^ ^  ,
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4 ,4  X o r  3 ,9  X 10^^ cm  ̂ fo r  t h e  c a se  o f  a p a r a b o l i c ,  l i n e a r  or

G aussian  d e n s i t y  d i s t r i b u t i o n ,  r e s p e c t i v e l y .

For any o f  th e  above o b s t a c l e  d ia m e te r s ,  th e r e  i s  a maximum d i f f e r 

ence o f  '^32^^ betw een  th e  h i g h e s t  and lo w e s t  v a l u e s  o f  n^ c a l c u l a t e d  

u s in g  t h e  t h r e e  r a d i a l  p r o f i l e s .  Thus, th e  c a l c u l a t e d  v a lu e  o f  n i s  

not u n d u ly  s e n s i t i v e  to  th e  p r o f i l e  ch o sen .  At maximum com p ress ion  in  

th e  p in c h ,  th e  a v era g e  v a lu e  o f  n^ was ~ 8  X 10^^ cm~^.

Mather (l9G5b) has a p p l ie d  a s c h l i e r e n  t e c h n iq u e ,  s i m i l a r  to  t h a t  

d e s c r ib e d  in  s e c t i o n  4 . 3 . 2 ,  to  th e  Plasma F o cu s .  The main d i f f e r e n c e  was 

th a t  a l a s e r  p u l s e  d u r a t io n  o f  ~ 1 0 0 n s e c  was u sed ,  r e s u l t i n g  in  poor tem

p ora l  r e s o l u t i o n .  From th e  observ^ed d e f l e c t i o n s ,  and assum ing a ro d -

shaped p lasm a w ith  a l i n e a r  e l e c t r o n - d e n s i t y  p r o f i l e ,  a minimum v a lu e  o f

i 9 ~ 3n^ on a x i s  o f  ~ 10 cm was e s t im a te d  a t  maximum co m p ress io n ,  in  a

d e v ic e  fo r  which C = 90 pF, V = 20 kV and p^ 2 .0  t o r r  . A maximum

v a lu e  o f  n was n o t  d e term in ed ,  e

Tlie v a l u e s  o f  n^ d e r iv e d  in  t h i s  s e c t i o n  cannot be regard ed  as  

more th a n  e s t im a t e s  o f  th e  peak d e n s i t i e s  a t t a in e d  d ur in g  th e  d e n s e -p in c h  

p h a se ,  b e c a u s e  o f  th e  models used  to  d e r iv e  t h e s e  v a l u e s .  N e v e r t h e l e s s ,  

fo r  a f i r s t  a t tem p t  a t  m easuring n^ d ur in g  a Plasma Focus d is c h a r g e ,  th e  

s c h l i e r e n  t e c h n iq u e  has proved u s e f u l .

6 . 1 . 2  R e s u l t s  O btained w ith  th e  Nanosecond L ig h t  Source

I t  i s  p o s s i b l e  to  d e term in e  v a l u e s  o f  e l e c t r o n  d e n s i t y  from s c h l i e r e n  

r e c o r d s  o b t a in e d  u s in g  a s p h e r i c a l  or c i r c u l a r  o b s t a c l e ,  p ro v id e d  t h e  den

s i t y  g r a d i e n t  in  one d i r e c t i o n  in  a p la n e  in  th e  plasm a t r a n s v e r s e  to  th e  

i l l u m i n a t i n g  beam i s  much l a r g e r  than  t h e  g r a d ie n t  in  any o th e r  d i r e c t i o n  

in  t h a t  p la n e .

C o n sid er  a s c h l i e r e n  sy stem  in  w hich a c i r c u l a r  l i g h t  so u rce  i s  u sed ,  

whose u n d is tu r b e d  image o f  r a d iu s  r^ , a t  t h e  fo c u s  o f  th e  s c h l i e r e n  l e n s ,
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i s  covered  by a c i r c u l a r  opaque s to p  o f  r a d iu s  r^ , where r^ > r^ .

Thus, th e  system  t r a n s m it s  no l i g h t  to th e  r e c o r d in g  f i lm .  However, any  

s h i f t  o f  th e  so u rce  image by an amount h > ( r ^ -  r^) w i l l  produce an 

i l lu m i n a t i o n  whose i n t e n s i t y .  I ,  i s  p r o p o r t io n a l  to  r^Ch -  ( r ^ - r ^ ) ] .  In  

th e  c a s e  o f  th e  t e s t  o b j e c t  b e in g  an a z im u th a l ly -s y m m e tr ic  plasma w ith  

dn^/dr »  d n^ /dz ,  and fo r  th e  same i l lu m i n a t i n g  geom etry  a s  g iv e n  in  F i g ,

6 . 1 . 1 ,  th e  i l lu m i n a t i o n  on th e  f i l m  i s

I ( x )  cc _ r ^ C r ^ - r g )  ,

where f  i s  t h e  fo ca l  l e n g t h  o f  th e  s c h l i e r e n  l e n s  and i s  th e  d e f l e c 

t i o n  o f  th e  l i g h t  by th e  p lasm a, i . e .  h =  f  . Combining th e  above w i th  

eq u a t io n  ( G . l . l )
R dn (r )  j

l ( x )  = -  4 . 3 2  X 10-22  r  f  xK r —  -  Kr ( r  -  r j ,s J. dr o  s >

In t h e  above e q u a t io n ,  K r e l a t e s  th e  l i g h t  i n t e n s i t y  r e a c h in g  th e  

f i l m  to  th e  r a d i a l  d e n s i t y  g r a d ie n t  in  th e  p lasm a, fo r  a g iv e n  o b s t a c l e  

d ia m eter  and i n c i d e n t  beam power. K i s  d eterm ined  e x p e r im e n ta l ly  by  

c a l i b r a t i n g  th e  f i l m  u s in g  a number o f  known r e f r a c t i v e - i n d e x  g r a d i e n t s .

The above eq u a t io n  may th en  be in v e r te d  by a p p ly in g  A b e l ' s  i n t e g r a l  t r a n s 

form, and th e  r e s u l t i n g  e q u a t io n  i s  i n t e g r a t e d  n u m e r ic a l ly  to  y i e l d  th e  

r a d i a l  e l e c t r o n - d e n s i t y  d i s t r i b u t i o n  from th e  a b s o lu t e  i n t e n s i t y  on th e  

s c h l i e r e n  r e c o r d s ,  Weyl ( l 9 5 5 ) .  However, th e  a b s o lu t e  e l e c t r o n  d e n s i t y  

a t  one p o in t  in  th e  plasm a must f i r s t  o f  a l l  be known. T h is  v a lu e  would  

u s u a l l y  be d eterm in ed  by an i n t e r f e r o m e t r i c  measurement.

The s c h l i e r e n  t e c h n iq u e  was found to  be v a lu a b le  in  d e te r m in in g  th e  

l o c a t i o n  o f  s t e e p  e l e c t r o n - d e n s i t y  g r a d i e n t s  in  th e  Plasma F ocus d is c h a r g e ,  

However, to  o b t a in  q u a n t i t a t i v e  v a l u e s  o f  d e n s i t y  th e  i n t e r f e r o m e t r i c  t e c h 

n iq u e was p r e f e r a b l e  a s  i t  m easures n^ d i r e c t l y .
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0 . 2  JNTEJd^EIiüMETRI C RESULTS

6 . 2 .1  A n a ly s i s  o f  F r in g e  S h i f t s

The in t e fe r o g r a m s  o b ta in e d  a t  v a r io u s  t im e s  d u r in g  th e  d is c h a r g e ,  

s e c t i o n  5 . 2 ,  were a n a ly se d  u s in g  en la rg ed  p r i n t s  h a v in g  a r e a l  sp ace  magni

f i c a t i o n  o f  1 2 -1 5 .  Fi’oni a s tu d y  o f  in t e r f e r o g r a m s  tak en  u s in g  th e  maxi

mum p o s s i b l e  f i e l d - 0 f - v ie w ,  i t  was found t h a t  th e  f r in g e  p a t t e r n  o b ta in e d  

w ith  a s t a t i c  g a s  f i l l i n g  in  th e  d is c h a r g e  chamber was n o t  m easureab ly  

d i f f e r e n t  to  th e  p a t t e r n  o b ta in e d  o u t s i d e  th e  plasma volume d u r in g  a d i s 

ch arge .  Thus, th e  l a t t e r  f r i n g e s  were u sed  a s  u n d is tu r b e d  r e f e r e n c e  

f r i n g e s  when e v a l u a t i n g  th e  f r in g e  s h i f t s  due to  th e  p lasm a.

A f r i n g e - s h i f t  d i s t r i b u t i o n  was o b ta in e d  by s e l e c t i n g  an u n d is tu rb ed  

r e f e r e n c e  f r in g e  a t  a c e r t a i n  l o c a t i o n  on an in te r fe r o g r a m ,  e q u iv a le n t  to  

a d i s t a n c e  z from th e  anode, and drawing a l i n e  through  th e  r e g io n  o f  d i s 

tu rb a n ce  a s  a c o n t in u a t io n  o f  th e  f r i n g e .  T h is  l i n e  was n o m a l  to  th e  gun 

a x i s  and i t  cu t  th e  d i s p l a c e d  f r i n g e s  a t  v a r y in g  i n t e r v a l s .  The p o s i t i o n ,  

X , o f  th e  f r i n g e s  a t  th e  p o i n t s  o f  i n t e r s e c t i o n ,  r e l a t i v e  to  th e  a x i s ,  cou ld  

be m easured, t o g e t h e r  w ith  th e  d is p la c e m e n t ,  s , o f  th e  f r i n g e s  from t h e i r  

u n d is tu r b e d  p o s i t i o n s .  In  F i g . 6 . 2 . 1 ,  a sequence o f  th r e e  f r i n g e - s h i f t  

d i s t r i b u t i o n s ,  o b ta in e d  d u r in g  th e  c o l l a p s e ,  d e n s e -p in c h  and break-up  p h a se s  

a t  -  7 0 ,  0 and + 20 n s e c ,  r e s p e c t i v e l y ,  i s  shovTi.

To o b t a in  th e  r a d i a l  e l e c t r o n - d e n s i t y  p r o f i l e  from a f r i n g e - s h i f t  

d i s t r i b u t i o n ,  a m o d if ie d  form o f  e q u a t io n  ( 3 . 3 . 2 1 )  must be s o lv e d .  The 

plasma produced  d u r in g  a Plasma Focus d is c h a r g e  i s ,  to  a good approxima

t i o n ,  a z im u t h a l ly  s jn im etr ic ,  i . e .  n^ = f u n c ( r , z ) .  C onsider a p la n e  

' through t h e  p lasm a normal to  th e  gun a x i s ,  a t  a d i s t a n c e  z be low  th e  anode.  

Laser l i g h t  i s  i n c i d e n t  in  th e  y  d i r e c t i o n ,  a s  shown in  F i g . 6 . 1 . 1 .  The

f r in g e  s h i f t  cau sed  by l i g h t  t r a v e r s i n g  th e  plasm a a t  any p o s i t i o n  x i s

from e q u a t io n  ( 3 . 3 . 2 l )  .

s ( x )  = -  ------------ /  n ( x ,y )  dy ,
3 . 2 X 1 0 ^ '  o
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where 2y i s  t h e  path l e n g t h  through th e  plasma.  E x p r e s s i n g  t h e  e l e c t r o n  

d e n s i t y  i n  c y l i n d r i c a l  c o o r d i n a t e s  by u s i n g  t h e  v a r i a b l e  r ^ = x ^  + y^,

s ( x )  = -  ------------   I  n ( r )  . . . .  ( 6 . 2 . 1 )
3 . 2 X 1 0  X V r ^ -

To o b t a i n  t h e  r a d i a l  e l e c t r o n - d e n s i t y  p r o f i l e ,  n^(r )  v e r s u s  r , t h e  above

e q u a t i o n  i s  i n v e r t e d  u s i n g  t h e  Abel i n t e g r a l  tr ans fo rm ,  B en n e t t  e t  a l

( 1 9 5 2 ) .  Thus,

, . . .  ( e . , . , )
r  r

Excep t  in  c a s e s  where s ( x )  i s  a s imple  a n a l y t i c  f u n c t i o n ,  equa

t i o n  ( 6 . 2 . 2 )  can not  in  g e n e r a l  be s o l v e d  a n a l y t i c a l l y .  The i n t e g r a l  may 

be e v a l u a t e d  n u m e r i c a l l y  u s i n g  th e  method o f  Bock asten  ( l 9 6 l ) .  A f r i n g e -  

s h i f t  d i s t r i b u t i o n ,  s ( x )  v e r s u s  x , c o n s i s t s  o f  a number o f  p o i n t s  through  

which a b e s t - f i t  curve may be drawn. From t h i s  curve,  a sequen ce  o f  v a l u e s  

S|  ̂ may be ta k en  f o r  e q u i d i s t a n t  x v a l u e s ,  Xĵ  = kR/n (k = 0 , 1 , 2 , . . .  , n - l )  

where II i s  t h e  plasma column r a d i u s  a t  a x i a l  p o s i t i o n  z . From t h e s e  

v a l u e s ,  a number o f  v a l u e s  o f  n ^ ( r ) ,  d e s i g n a t e d  (ng)^ and c o r r e s 

p ond ing  to  I'j = j  R/n ( j  = 0 , 1 , 2 , . . . , n -  l ) ,  may be c a l c u l a t e d  u s i n g  t h e  

formula
(^g)j  = M ®k ’ . . .  (6 . 2 . 3)

where a are  c e r t a i n  t a b u l a t e d  c o e f f i c i e n t s .  B ock as te n  g i v e s  t a b l e s  

o f  c o e f f i c i e n t s  f o r  11= 10,  n = 20 and n = 40 ( j  ^ 3 0 ) ,  t h e  l a s t  s e t  enab

l i n g  a c c u r a t e  e v a l u a t i o n s  a t  t h e  edge o f  t h e  d i s t r i b u t i o n  to  be made.

U s in g  t h i s  num er ica l  method,  t h e  f r i n g e - s h i f t  d i s t r i b u t i o n s  o b t a i n e d  

_ from t h e  i n t e r f e r o g r a m s  were a n a ly s e d  to  y i e l d  r a d i a l  e l e c t r o n - d e n s i t y  

p r o f i l e s .

F i g u r e  6 . 2 . 2  shows an i s o m e t r i c  p r o j e c t i o n  o f  r a d i a l  e l e c t r o n -  

d e n s i t y  p r o f i l e s  dur in g  th e  c o l l a p s e ,  d e n s e - p i n c h  and break-u p  p h a s e s  o f  

t h e  d i s c h a r g e .  The Plasma Focus  was o p e r a t e d  under t h e  i n i t i a l  c o n d i t i o n s

V = 3 0 k V  and p^ = 2. 5 t o r r  (Dg + 4^ Ar) . There i s  a smal l  spread o f
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'^ ü .3 c m  in  t h e  a x i a l  p o s i t i o n  o f  t h e  p r o f i l e s  b e c a u s e ,  on t h e  co rresp o n d 

ing  i n t e r f a r o g r a m s ,  r e g i o n s  o f  plasma column u n a f f e c t e d  by i n s t a b i l i t i e s  

were chosen f o r  a n a l y s i s .

F i r s t l y ,  t h e  p r o f i l e s  a t  -  70,  -  40 and -  20 n s e c ,  d ur in g  th e  

c o l l a p s e  p hase ,  are  examined. The i n w a r d l y - c o l l a p s i n g  c u r r e n t - s h e e t  a t  

t  = - 70 n s e c  i s  s h a r p ly  d e f i n e d ,  w i th  peak e l e c t r o n  d e n s i t y  ~ 9  X 10^*^cm~^. 

At t h i s  e a r l y  s t a g e ,  no e l e c t r o n  c o n c e n t r a t i o n  i s  d e t e c t a b l e  w i t h i n  t h e  

volmne e n c l o s e d  by t h e  c u r r e n t  s h e e t ,  o f  r a d i u s  ~  1 . 4  cm .  In t h e  p r o f i l e  

a t  t  = -  40 n s e c  , t h e  imploding shock i s  s t i l l  w e l l  d e f i n e d ,  w i t h  peak  

d e n s i t y  ~ 2 X 1 0 ^ ^  em b ut  a smal l  e l e c t r o n  c o n c e n t r a t i o n  (~  4 X 10^^ cm '̂ ) 

can now be d e t e c t e d  w i t h i n  t h e  e n c l o s e d  volume.  At t  = -  20 n s e c ,  t h e

p r o f i l e  shows t h a t  n^ on a x i s  h a s  i n c r e a s e d  to  a lm ost  equal  t h e  peak

v a l u e ,  ^  3 X 10^^ cm o c c u r r i n g  a t  t h e  plasma-vacuum boundary.  In  t h e s e  

t h r e e  p r o f i l e s ,  t h e  peak e l e c t r o n  d e n s i t y  a t  t h e  plasma-vacuum boundary  

v a r i e s  r a t h e r  s l o w l y  w i th  t i m e ,  i n c r e a s i n g  by a f a c t o r  o f  ~ 3 , 4  i n  50 n s e c .  

On t h e  o t h e r  hand,  on a x i s  t h e r e  i s  a ra p id  i n c r e a s e  in  n^ dur in g  t h i s

p e r i o d ,  0\ 'er t h e  20 n s e c  i n t e r v a l  between t h e  l a s t  two p r o f i l e s ,  n^

i n c r e a s e s  by a f a c t o r  o f  ~  75,

bhen t h e  imj^losion r e a c h e s  t h e  a x i s  o f  symmetry a t  t  = 0 , t h e  p r o -

19 -  3f i l e  i s  no l o n g e r  h o l l o w ,  i . e .  t h e  peak e l e c t r o n  d e n s i t y  o f  ~  3 , 4 X 1 0  cm 

i s  on a x i s .  The s t e e p e s t  d e n s i t y  g r a d i e n t  in  t h e  den se  p in c h ,  o f  d ia m eter  

~ 0 . 2  cm, i s  a d j a c e n t  t o  t h e  a x i s .

The re m ain in g  p r o f i l e s  o f  F i g . 6 . 2 , 2  are  durin g t h e  break-u p  p ha se .  

The p in ch ed  column r a p i d l y  expands in  a few t e n s  o f  nan osecon ds ,  e . g .  t h e  

p r o f i l e  a t  + 3 0  n s e c  shows a v e r y  d i f f u s e  p 1 asma-vacuum boundary,  t h e  

column r a d i u s  b e i n g  ~ 1 , 3  cm .  However,  a f t e r  t h e  d e n s e - p i n c h  phase  t h e  

r a d i a l  d e n s i t y - p r o f i l e s  show much l e s s  s h o t - t o - s h o t  r e p r o d u c i b i l i t y ,  a t  a 

g i v e n  a x i a l  l o c a t i o n ,  than  b e f o r e  t h e  d en se  p in c h .  T h i s  i s  due t o  t h e
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p r e s e n c e  o f  l o n g - w a v e l e n g t h  MHD i n s t a b i l i t i e s ,  p r i n c i p a l l y  o f  sausage  

(or  111= O) t y p e ,  which grow w i th  a randomness i n  space and t i m e ,  d i s r u p t 

ing  t h e  dense  p i n c h .  Thus, two v e r y  d i f f e r e n t  p r o f i l e s  can be o b t a i n e d  

a t  t h e  same p o s i t i o n  z from s u c c e s s i v e  s h o t s  i f ,  on one s h o t ,  t h e  ’neck'  

o f  an i n s t a b i l i t y  o c c u r s  a t  t h a t  p o s i t i o n  and, on t h e  o t h e r ,  t h e  ’ s h o u l d e r ’ 

o c c u r s .  T h i s  e x p l a i n s  t h e  apparen t  extreme v e l o c i t y  w i th  which t h e  plasma  

coliumi h as  exjianded in  t h e  t e n  nanosecond i n t e r v a l  between  t h e  l a s t  two 

pro f i l  e s .

In F i g . G . 2 . 3, an i s o m e t r i c  p r o j e c t i o n  o f  r a d i a l - d e n s i t y  p r o f i l e s

o b ta i n e d  from d i f f e r e n t  a x i a l  p o s i t i o n s  on t h e  same i n t e r f e r o g r a m  i s  shown.

The i n t e r f  erogram was ta ken  a t  t  = 0 , w i t h  t h e  i n i t i a l  c o n d i t i o n s  V = 30 kV

and P(j = 2. 5 t o r r  (Dg + 4^ Ar) . In  each p r o f i l e  t h e  peak e l e c t r o n  d e n s i t y

o c c u r s  a t  t h e  a x i s .  The maximum o n - a x i s  d e n s i t y ,  ~ 3 . 4  X 10^^ cm~^,

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

19 -  3~  1 . 0 X 1 0  cm , i s  found in  t h e  p r o f i l e  o f  l a r g e s t  r a d i u s ,  i . e .  in  

g e n e r a l ,  t h e  s m a l l e r  th e  r a d i u s  o f  t h e  plasma column t h e  h i g h e r  i t s  com

p r e s s i o n .  Furthermore ,  t h e  r a d i a l  e l e c t r o n - d e n s i t y  g r a d i e n t s  are  much 

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

i s  ~ 1 . 2  X 10^^ cm"^, w h i l e  t h e  s t e e p e s t  a x i a l  g r a d i e n t  i s  ~ 3 . 2 X l 0 ^ ^ c m  

Thus, in  t h e  e v a l u a t i o n  o f  th e  s c h l i e r e n  r e s u l t s  ( s e c t i o n  G . l . l ) ,  t h e  

assumpt ion  t h a t  t h e  a x i a l  g r a d i e n t s  o f  n^ co u ld  be n e g l e c t e d  i n  compari

son w i t h  t h e  r a d i a l  g r a d i e n t s  was j u s t i f i e d .

As d i s c u s s e d  i n  s e c t i o n  5 . 2 ,  a few i n t e r f e r o g r a m s  were o b t a i n e d  

u s i n g  a pure d eu te r iu m  f i l l i n g  o f  p r e s s u r e  3 . 4  t o r r  w i t h  a bank v o l t a g e  o f  

30 kV . T h i s  d eu ter iu m  f i l l i n g  had t h e  same s p e c i f i c  g r a v i t y  as  t h e  D^/Ai' 

m ixtu re  more u s u a l l y  u s e d ,  g i v i n g  t h e  same run-do Am t i m e  dur in g  a d i s e h a r g e ,  

Because  o f  t h e  s h o t - t o - s h o t  j i t t e r ,  few good i n t e r f e r o g r a m s  were o b t a i n e d .  

F i g . G . 2 . 4  shows an i s o m e t r i c  p r o j e c t i o n  o f  r a d i a l  p r o f i l e s  o f  n^, o b ta in e d  

a t  d i f f e r e n t  a x i a l  p o s i t i o n s  on t h e  same i n t e r f e r o g r a m  a t  t  = 0 . The
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e l e c t r o n - d e n s i t y  p r o f i l e s  a t  t  = 0 ,  showing dependence on 
a x i a l  p o s i t i o n .  I n i t i a l  c o n d i t i o n s  V = 30 kV , p^ = 3 , 4  t o r r  Dg
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p r o f i l e  h a v in g  t h e  s m a l l e s t  r a d i u s ,  ~ 0 . 1  cm, has  a den se  c e n t r a l  core  

r i s i n g  to  a peak d e n s i t y  o f  ~ 3  X 10^^ cm“ ,̂ w i th  t h e  o u t e r  ^ 3  o f  th e  

column b e i n g  more d i f f u s e .  The g e n e r a l  form o f  t h e  p r o f i l e s  i s  s i m i l a r  

to  t h a t  o f  t h e  p r o f i l e s  o b t a i n e d  u s i n g  t h e  D2/A r  m ix tu re .

6 . 2 . 2  Asses sm en t  o f  E rror s

The v a l u e s  o f  e l e c t i o n  d e n s i t y  o b t a i n e d  from th e  i n t e r f e r o g r a m s  

were,  o f  c o u r s e ,  s u b j e c t  t o  a v a r i e t y  o f  e r r o r s .  These  e r r o r s  may be  

d i v i d e d  i n t o  s i x  c l a s s e s  :

(a) E r r o r s  in  t h e  f r i n g e  s h i f t s  o b t a i n e d  from t h e  i n t e r f e r o 

grams, due to  i n a c c u r a c i e s  in  measuring t h e  f r i n g e  

p o s i t i o n s .

(b) E r r o r s  in  t h e  f r i n g e  s h i f t s  due to  o p t i c a l  i m p e r f e c t i o n s

in  t h e  s y s tem  c a u s i n g  s p u r io u s  s h i f t s .

( c )  E r r o r s  in  t h e  f r i n g e  s h i f t s  due to  d i s p l a c e m e n t  o f  th e

background f r i n g e s  a s  a r e s u l t  o f  t h e  l a s e r  beam t r a v e r 

s i n g  t h e  r e t u r n  c u r r e n t - s h e e t  to  t h e  o u t e r  e l e c t r o d e .

(d) E r r o r s  in  t h e  f r i n g e  s h i f t s  caused by n o n - e l e c t r o n  r e f r a c -  

t i v i t y  in  t h e  plasma.

( e )  E r r o r s  in  t h e  f r i n g e  s h i f t s  due to  d i s t o r t i o n s  caused  by

r e f r a c t i v e  index  g r a d i e n t s  i n  t h e  plasma.

( f )  E rro r s  in  t h e  c a l c u l a t e d  v a l u e s  o f  n g ( r )  caused by

i n a c c u r a c i e s  in  t h e  n um er ica l  method o f  a n a l y s i s .

Those e r r o r s  a re  c o n s i d e r e d  in  tu rn  :

(a) Mien u s i n g  p r i n t s  o f  t h e  i n t e r f e r o g r a m s  g i v i n g  a r e a l  space magni

f i c a t i o n  o f  1 2 -1 5 ,  t h e  p o s i t i o n  o f  a f r i n g e  c e n t r e  cou ld  be de te rm ined  

w it h  a s tan dard  d e v i a t i o n  o f  0 . 0 2 5  cm .  With t h e  background f r i n g e  sp a c ing  

employed, t h i s  r e p r e s e n t s  a s ta ndard  d e v i a t i o n  o f  0 . 0 4  o f  a f r i n g e .

(b) To a s s e s s  th e  e f f e c t s  o f  o p t i c a l  i m p e r f e c t i o n s  in  t h e  sys tem ,  an 

i n t e r f e r o g r a m  o f  background f r i n g e s  o n l y  was u s e d .  Choosing f i v e  f r i n g e s  

a t  equal  i n t e r v a l s  o v er  t h e  whole  i n t e r f e r o g r a m ,  t h e  d e v i a t i o n  o f  each
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f r i n g e  c e n t r e  from l i n e a r i t y  was measured a t  s i x  p o i n t s ,  s e p a r a t e d  by  

equal  i n t e r v a l s ,  a lo ng  t h e  f r i n g e .  The standard d e v i a t i o n  was 0 . 0 7 5  cm,  

i . e .  a 2 = 0 . 1 2  o f  a f r i n g e .

( c )  On e v e r y  i n t e r f e r o g r a m  o f  t h e  d i s c h a r g e ,  th e  f r i n g e  s h i f t s  are  th e  

r e s u l t  o f  t h e  t e s t  beam h av in g  p a s s e d  through t h e  plasma column and, in  

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

end. The maximum w idth  o f  t h e  f i e l d  o f  v i e w  b e ing  4 . 3 c m ,  i t  was impos

s i b l e  t o  re c o rd  t h e  background f r i n g e s  a t  a r a d i a l  d i s t a n c e  o f  6 cm from 

t h e  gun a x i s ,  i . e .  o u t s i d e  t h e  o u t e r  e l e c t r o d e  (lO cm d ia m ete r )  where th e  

t e s t  beam would n ot  t r a v e r s e  t h e  r e tu r n  s h e e t .  R e f e r r i n g  to  t h e  f r i n g e -  

s h i f t  d i s t r i b u t i o n  a t  t  = -  70 n s e c  in  F i g . 6 . 2 . 1 ,  ov er  t h e  i n n er  t h i r d  o f  

t h e  d i s t r i b u t i o n  t h e  f r i n g e  s h i f t  i s  c o n s t a n t  a t  ~ 0 . 2 5 .  I t  i s  r e a s o n a b l e  

to  suppose  t h a t  t h e  f r i n g e - s h i f t  d i s t r i b u t i o n  due to  t h e  r e t u r n  c u r r e n t -  

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

but  o f  e x t e n t  5 cm in  t h e  x d i r e c t i o n .  Hence,  on e v e ry  i n t e r f e r o g r a m ,  

over t h e  e n t i r e  wid th  o f  t h e  f i e l d  o f  v i e w  (n orm ally  2 .7  cm) e x t e n d in g  

a x i a l l y  from t l ie  anode end to  t h e  l e a d i n g  edge o f  t h e  c u r r e n t  s h e e t ,  t h e  

e f f e c t  o f  t h e  doub le  t r a v e r s a l  o f  t h e  r e t u r n  c u r r e n t - s h e e t  i s  to  produce

a u n i fo r m  f r i n g e - s h i f t  o f  0 . 1 -  0 . 2  o f  a f r i n g e .  Because  t h e  f r i n g e  s h i f t  

i s  u n i fo r m  o v e r  t h e  whole  w id th  o f  t h e  plasma r e g i o n ,  f o r  r e f e r e n c e  and 

s h i f t e d  f r i n g e s  a l i k e ,  t h e  e f f e c t  o f  t h e  f r i n g e  s h i f t  i s  n e g l e c t e d .

(d) The r e f r a c t i v i t y  due to  n o n - e l e c t r o n  s p e c i e s  i s  d i s c u s s e d  i n  s e c 

t i o n  3 . 2 . 3 .  I t  i s  shown t h a t ,  o f  a l l  n o n - e l e c t r o n  s p e c i e s  p r e s e n t  i n  any

- plasma,  t h e  n e u t r a l s  dominat e .  With r e f e r e n c e  t o  F i g . 6 . 2 . 2, dur ing  a

* Plasma Focu s  d i s c h a r g e  from t*%- 30 n s e c  onwards a l l  deute r iu m  p a r t i c l e s  

p r e s e n t  i n  t h e  plasma w i l l  be i o n i z e d .  The r e f r a c t i v i t y  o f  e x c i t e d  argon  

i o n s  can be n e g l e c t e d  b e c a u s e  o f  t h e i r  low c o n c e n t r a t i o n .  Thus, from 

t  =“ - 3 0  n s e c  onwards no c o r r e c t i o n  i s  n e c e s s a r y  due to  n o n - e l e c t r o n  r e f r a c 

t i v i t y .  However,  a t  e a r l i e r  t i m e s  t h e r e  are  u n i o n i z e d  deute r iu m  and argon
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atoms w i t h i n  t h e  plasma volume e n c l o s e d  by t h e  c o l l a p s i n g  c u r r e n t - s h e e t ;  

t h e i r  e f f e c t  must be e v a l u a t e d .

U s ing  a f i e l d  o f  v i e w  2 . 7  cm w id e ,  t h e  maximum d ia m e te r  o f  c u rr en t  

s l i e e t  t h a t  co u ld  be accommodated on an in t e r f e r o g r a m  was 2. 3 cm , a l l o w 

i n g  s p a ce  f o r  backgiound f r i n g e s  a t  th e  e d g e s .  Thus,  on such i n t e r f e r o 

grams,  on a x i s  t h e  t e s t  beam has  t r a v e r s e d  a pa th  o f  l e n g t h  t =  2 . 3  cm through  

t h e  u n i o n i z e d  atoms,  w h i l e  a t  t h e  edge o f  t h e  column t h i s  pa th  l e n g t h  i s  

z e r o .  From Table  3 . 2 . 1 ,  a t  X = G943A t h e  s p e c i f i c  r e f r a c t i v i t i e s  o f  

d e u t e r iu m  and argon atoms a re  = 4 . 2 4  X lO"^'^ and = 1 . 0 5  X 10~^ ^cm .̂

Assuming t h e  same number d e n s i t y  a s  g i v e n  by t h e  i n i t i a l  f i l l i n g  o f  2 . 5 t o r r  

(Dg + 4^ A i') , th en  nj^= 1 . 7 X 1 0 ^ ^  cm and n ^  = 3 . 5  X 10^^ cm The
_ Y

r e f r a c t i v e  ind ex  o f  t h e  m ix tu re  i s  g i v e n  by n -  1 = An = E n .K. = 7 . 2 X 1 0j J J
The f r i n g e  s h i f t  produced by t h i s  r e f r a c t i v e  mixture  i s  s = ^ , An/X= 0 . 0 2 5 .  

T h i s  i s  t h e  maximum v a l u e ,  th e  minimum i s  z e r o .  Thus,  f o r  p r o f i l e s  o b ta in e d  

f o r  t i m e s  b e f o r e  t = -  30 n s e c ,  t h e  s ta ndard  d e v i a t i o n  i s  s e t  to  h a l f  t h i s  

v a l u e ,  i . e .  -  0 . 0 1 3 .  For p r o f i l e s  o b t a i n e d  a t  t i m e s  a f t e r  t h i s  t i m e ,

=  0 •

( e )  For p r e c i s e  i n t e r p r e t a t i o n  o f  t h e  i n t e r f e r o g r a m s ,  t h e  d i s t o r t i o n s  

t o  t h e  f r i n g e  p a t t e r n s  due to  a n g u la r  d e f l e c t i o n s  by e l e c t r o n - d e n s i t y  

g r a d i e n t s  must be  c o n s i d e r e d .  From e q u a t i o n s  ( 3 . 3 . 2 4 )  and ( 3 . 2 . 3 ) ,  t h e  

f r i n g e  s h i f t  caused  by a t r a n s v e r s e  g r a d i e n t  o f  n^ i s

R e f e r r i n g  to  F i g . 6 . 2 . 2, a t  t  = 0 t h e  peak e l e c t r o n  d e n s i t y  dn a x i s  i s

~  3 . 4  X 10^^ cm"^ i n  a column o f  r a d i u s  r  = 0 . 1  cm. Thus

— — = 3 . 4  X 10^0 cm"^. For X = 6 9 4 3 A and p u t t i n g  L = 1 . 5 r =  0 . 1 5  cm,

6 = 0 . 0 4 4 .  At t = +  30 n s e c  , t h e  peak e l e c t r o n  d e n s i t y  on a x i s  i s

~  5 . 9  X lO^^cm"^ in  a column o f  r a d i u s  r ~ 1 . 3 c m .  Thus 4 . 6  X 10 cm .

F o r  X = 6 9 4 3 A and p u t t i n g  L = 1 . 5 r  = 1 . 9  cm,  6 = 0 . 0 1 6 .  From t h e s e  two
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e x t r e m e s ,  th e  aver age  v a l u e  o f  6 = 0 . 0 3 .  Thus,  we s e t  cr̂  = 0 . 0 3  o f  a 

f r i n g e .

( f )  To a s s e s s  t h e  accuracy  o f  t h e  num erica l  method in  e v a l u a t i n g  th e  

f i ' i n g e - s h i  f t  d i s t r i b u t i o n s ,  a p a r a b o l i c  f r i n g e - s h i f t  d i s t r i b u t i o n  was 

assumed,  i . e .  s ( x )  = s ( I - xV b ^) w i th  s and R h av in g  v a l u e s  t y p i c a l  

o f  t h o s e  o b s e r v e d .  Us ing t h i s  d i s t r i b u t i o n  in  eq u a t io n  ( 6 . 2 . 2 ) ,  th e  

e q u a t i o n  may be i n t e g r a t e d  a n a l y t i c a l l y  to  g i v e

- . . . ( 6 . 2 . 4 )

V a l u e s  o f  s ( x )  a t  20 equal  i n t e r v a l s  o v er  t h e  r a d i u s ,  c a l c u l a t e d  from 

t h e  p a r a b o l i c  e x p r e s s i o n ,  were used  as  da ta  f o r  t h e  num er ica l  method,  

e q u a t i o n  ( 6 . 2 . 3 ) ,  to  c a l c u l a t e  tw e nty  v a l u e s  o f  n ^ ( r ) .  These  v a l u e s  

were coinj)ared w i th  t h o s e  a t  c o r r es p o n d in g  p o s i t i o n s  r c a l c u l a t e d  u s in g  

t h e  same v a l u e s  o f  s ( x )  in  e q u a t i o n  ( 6 . 2 . 4 ) .  The l a r g e s t  d i f f e r e n c e  was 

l e s s  t h a n  1 in  5 , 0 0 0 .  Thus,  t h e  e r r o r  in t ro d u c ed  by t h e  num er ica l  method 

can be n e g l e c t e d  in  comparison w i t h  t h e  o t h e r  e r r o r s .

The s tandard  d e v i a t i o n  in  t h e  measured v a l u e  o f  any f r i n g e  s h i f t  

i s  o b t a i n e d  by compounding th e  s ta ndard  d e v i a t i o n s  e v a l u a t e d  above,  i . e .  

a =  (cr  ̂ + a |  + Qg + o f ) ^  =“ 0 . 1 3  o f  a f r i n g e  fo r  a l l  t i m e s  c o n s i d e r e d .  The 

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

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

d i s t r i b u t i o n  from an i n t e r f e r o g r a m  was p r o c e s s e d ,  i n  t h e  u s u a l  manner,  

by d i v i d i n g  t h e  r a d i u s  i n t o  tw e n t y  equal i n t e r v a l s ,  g i v i n g  t w e n t y - o n e  

v a l u e s  o f  s ( x ) .  Using  t h e  n um er ica l  method,  t h e  co r res p o n d in g  v a l u e s  o f  

n ^ ( r )  were c a l c u l a t e d .  Then, a c e r t a i n  number o f  t h e  t w e n t y - o n e  v a l u e s  

o f  s ( x )  were e i t h e r  i n c r e a s e d  o r  d e c r e a s e d  by an amount g  , and t h e  

n u m e r i c a l  method was used aga in  to  r e c a l c u l a t e  t h e  v a l u e s  o f  n ^ ( r ) .  T h i s  

was r e p e a t e d ,  f o r  each d i s t r i b u t i o n ,  p e r t u r b i n g  from one to  s i x  v a l u e s  o f  

s ( x ) ,  i n  v a r i o u s  com bin at i ons  o f  p o s i t i o n  and s p a c i n g ,  from t h e  c e n t r e  to  

t h e  ed ge  o f  t h e  d i s t r i b u t i o n .  The v a l u e s  o f  n^^r) from t h e  p er t u r b e d
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d i s t r i b u t i o n s  were compared w i t h  t h e  v a l u e s  from t h e  unper tu rb ed  d i s t r i 

b u t i o n s .

F i g u r e  6 . 2 . 5  shows t h r e e  r a d i a l  e l e c t r o n - d e n s i t y  p r o f i l e s ,  a t  - 4 0 ,

0 and + 30 n s e c ,  w i t h  t h e  a s s e s s e d  e i-rors i n s e r t e d  a t  v a r i o u s  p o i n t s  in  

t h e  p r o f i l e s .  E rror b a r s  are  dra\%Ti a t  t h e  edge and c e n t r e  o f  each p r o f i l e  

and a l s o  a t  t h e  a x i s ,  but  a t  low v a l u e s  o f  d e n s i t y  t h e s e  e r r o r  b a r s  are  

d i f f i c u l t  to  s e e .  In  g e n e r a l ,  t h e  e r r o r s  on a x i s  are  ~  lÔ o, f a l l i n g  

q u i c k l y  o v e r  fo ur  or  f i v e  i n t e r v a l s  o f  r a d i u s  to  ~ 4^. T h i s  magnitude  

o f  e r r o r  i s  m a in ta in e d  a lo n g  t h e  p r o f i l e  u n t i l  four or  f i v e  i n t e r v a l s  from 

t h e  ed g e ,  when t h e  e r r o r s  r i s e  s t e e p l y  to  ~  20^ a t  t h e  edge.  Of c o u rs e ,  

t h e  e r r o r s  d i f f e r  from p r o f i l e  to  p r o f i l e ,  but  t h i s  i s  t h e  g e n e r a l  t r e n d .

6 . 2 . 3  F u r t h e r  A n a l y s i s  and I n t e r p r e t a t i o n

I t  i s  i n s t r u c t i v e  to  c a l c u l a t e  th e  e l e c t r o n  l i n e  d e n s i t y ,  , i . e .

t h e  t o t a l  number o f  e l e c t r o n s  p e r  u n i t  l e n g t h  o f  plasma column, a t  v a r i o u s

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

t h e  d i f f e r e n t  p h a s e s .  The l i n e  d e n s i t y  i s  o b t a i n e d  by i n t e g r a t i n g  t h e

r a d i a l  e l e c t r o n - d e n s i t y  p r o f i l e ,  i . e .

R
N = 2 t t  J n ( r ) r d r  . . . .  ( 6 . 2 . 5 )

o

A n um er ica l  i n t e g r a t i n g  p roce dure  such as  S im pson’ s r u l e  g i v e s  s u f f i c i e n t  

a c c u r a c y .

Tlie r a d i a l  e l e c t r o n - d e n s i t y  p r o f i l e s  shoAm i n  F i g . 6 . 2 .  2 were i n t e 

g r a t e d  t o  g i v e  t h e  e l e c t r o n  l i n e - d c n s i t i e s  shoAm i n  F i g . 6 . 2 . 6 .  During  

t h e  c o l l a p s e  p h a s e ,  from t  = -  70 t o  -  20 n s e c ,  t h e  l i n e  d e n s i t y  i s  remark

a b l y  c o n s t a n t ,  a t  ~  9 X 10^^ cm” ,̂ in  s p i t e  o f  th e  imploding shock sweep

ing  up t h e  p a r t i c l e s  i n  i t s  p a th .  Thus,  an e q u i l i b r i u m  i s  e s t a b l i s h e d  

between p a r t i c l e  l o s s  by f l o w  p a r a l l e l  t o  and a lo ng  t h e  c u r r e n t  s h e e t ,  

away from t h e  gun,  and p a r t i c l e  g a i n  by th e  snow-p loughing a c t i o n  o f  t h e .  

shock .  The a x i a l  l o s s  o f  p a r t i c l e s  i s  caused by t h e  o b l i q u i t y  o f  t h e
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P i 2 , G . 2 . 5

Rcidial c l c c t r o n - d e n s i t y  p r o f i l e s  a t  v a r i o u s  t i m e s  durin g  
a d i s c h a r g e ,  showing d i s t r i b u t i o n  o f  a s s e s s e d  e r r o r s .  • 
I n i t i a l  c o n d i t i o n s  V = 30 kV, = 2 . 5  t o r r  (Dg + 4̂  ̂ Ai’)
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F i g . G . 2 .6

E l e c t r o n  l i n e - d e n s i t y  a t  v a r i o u s  t i m e s  dur in g  a d i s c h a r g e .  
I n i t i a l  c o n d i t i o n s  V = 30 kV, p = 2, 5 t o r r  (Dg + 4^ Ar)
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im ploding  c u r r c n t - s h c e t , t h e  r a d i u s  o f  which i n c r e a s e s  w i t h  i n c r e a s i n g  

a x i a l  d i s t a n c e  from t h e  anode.  F i g . 5 , 3 . 3  c l e a r l y  i l l u s t r a t e s  t h i s  o b l i 

q u i t y .  At t  = 0,  in  F i g . 6 . 2 . 6 ,  has  dropped by a f a c t o r  o f  ~ 4  due

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

a d j a c e n t  p o s i t i o n s  both  upstream and downstream o f  t h e  l o c a l  co m pres s ion  

t h ro u g h  a x i a l  plasma f lo w .  T h is  f l o w  a c c o u n t s  f o r  t h e  r e c o v e r y  o f  t h e  

l i n e  d e n s i t y  a t  t =  + 10 and + 2 0  n s e c ,  t h e  s t a r t  o f  t h e  break -up  p h a s e .  

F i n a l l y ,  t h e  p in c h  i s  s e v e r e l y  d i s r u p t e d  by s a u s a g e - t y p e  i n s t a b i l i t i e s  and 

b r e a k s  up i n t o  r e g i o n s  where no e l e c t r o n  c o n c e n t r a t i o n  can be d e t e c t e d  

( t h e  i n t e r f e r o g r a m  f r i n g e s  assume a uni form  p a t t e r n  s i m i l a r  t o  t h a t  o f  t h e  

backgroiuid -  frame 3 o f  F i g .  5 . 2 . 1 )  aiid i n t o  r e g i o n s  o f  a few c e n t i m e t r e s ’ 

d ia m e t e r  c o n t a i n i n g  many p a r t i c l e s .  The l i n e  d e n s i t y  a t  t = + 3 0  n s e c

18i s  f o r  such a r e g i o n  as  t h e  l a t t e r ;  h av in g  i n c r e a s e d  t o  ~  3 . 2 X 1 0

-1 cm .

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

F i g . 6 . 2 . 3 were i n t e g r a t e d ,  y i e l d i n g  t h e  e l e c t r o n  l i n e - d e n s i t i e s  a t  t  = 0 

f o r  d i f f e r e n t  a x i a l  l o c a t i o n s ,  F i g . 6 . 2 . 7.  Near th e  e l e c t r o d e  s u r f a c e ,  

i s  ~  5 . 6 X 1 0 ^ ^  cm” .̂ From z ~  0 . 4 - 1 . 6  cm, th e  l i n e  d e n s i t y  has  

dropped to  ~ 2X10 ^*^  cm~^ in  t h e  r e g i o n s  o f  h ig h  co m pres s ion .  F i n a l l y ,

18 — i
a t  z ~ 2 . 1  cm, has  r i s e n  s h a r p l y  to  ~  3 . 9 X 1 0  cm . T h i s  h ig h  v a l u e  

o f  l i n e  d e n s i t y  i s  due to  a x i a l  plasma f low  ca u s in g  an a g g r e g a t i o n  near  

t h e  open end o f  t h e  im ploding c u r r e n t - s h e e t .

The a v e r a g e  e l e c t r o n  d e n s i t y  may be  o b t a i n e d  by d i v i d i n g  th e

e l e c t r o n  l i n e - d e n s i t y  by t h e  c r o s s - s e c t i o n a l  are a  o f  t h e  plasma column,

\  i . e .  R
n = (2 tt J n (r)  r dr) /rr II , 

o

A p l o t  o f  n^ a g a i n s t  t i m e  i s  shown i n  F i g . 6 . 2 . 8 .  T h i s  f i g u r e  c o r r e s 

ponds t o  t h e  p r o f i l e s  o f  n ^(r )  shoA\m in  F i g . 6 . 2 . 2.  ̂ In  F i g . 6 . 2 . 8 ,  t h e  

a v er a g e  e l e c t r o n  d e n s i t y  i n c r e a s e s  r e l a t i v e l y  s l o w l y  i n i t i a l l y ,  r i s e s
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F i g , 6 . 2 . 7
E l e c t r o n  l i n e - d e n s i t y  a t  t = 0  as  a f u n c t i o n  o f  a x i a l  p o s i t i o n .

I n i t i a l  c o n d i t i o n s  V = 30 kV , = 2. 5 t o r r  (Dg + 4^ Ar)
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Fig.6.2.8

Average e l e c t r o n  d e n s i t y  a t  v a r i o u s  t i m e s  dur in g  a d i s c h a r g e .
I n i t i a l  c o n d i t i o n s  V = 30 kV , = 2 . 5  t o r r  (Dg + AP/o Ar)

• -  154 -



18 _ ^
s h a r p l y  to  u maximum o f  ~ 6 X 1 0  cm a t  t  = 0 and d e c r e a s e s  a b r u p t l y

d u r in g  t h e  break-up  jdiase .

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

c i e n c y  o f  t h e  f o c u s i n g  mechanism and o f  t h e  p a r t i c l e  l o s s  r a t e  may be made:

The c o l l a p s e  phase  commences when t h e  c u r r e n t - s h e e t  s p i l l s  o f f  t h e  

i n n e r  e l e c t r o d e  end and s t a r t s  imploding r a d i a l l y  inwards i n t o  t h e  u n d i s 

t u rb ed  g a s .  Suppose t h e  cu rr e n t  s h e e t  sweeps  up a l l  atoms c o n t a i n e d  w i t h i n  

a c y l i n d e r  o f  r a d i u s  equal  to  t h a t  o f  t h e  in n er  e l e c t r o d e ,  R ( 2 . 5  cm), and 

l e n g t h  {/ , and com pr es ses  them on a x i s  to  form a d en se  p i n c h .  For a f i l 

l i n g  o f  2 . 5  t o r r  (Dg + 4^ A i ) , th e  i n i t i a l  d e n s i t i e s  o f  deute r iu m  and argon  

atoms i s  n^ = 1 . 7  X 10^^ cm  ̂ and n ^  = 3 . 5  X 10^^ cm IVhen a l l  t h e

atoms i n i t i a l l y  c o n t a i n e d  in  t h e  volume are  i o n i z e d ,  t h e  r e s u l t i n g

e l e c t r o n  l i n e - d e n s i t y  i s  r e l a t e d  t o  t h e  i n i t i a l  d e n s i t i e s  by

= ttR (iijj + Z ^j^)  » . . .  ( 6 , 2 . 6 )

where Z i s  t h e  argon ion ch arge .  T h i s  i s  t h e  maximum p o s s i b l e  l i n e -  

d e n s i t y  and i s  a r b i t r a r i l y  used to  d e f i n e  lOÔ o f o c u s i n g  e f f i c i e n c y .

During  t h e  d e n s c - p i n c h  p ha se ,  when Z = 14,  f o r  100^ f o c u s i n g  e f f i c i e n c y  

i s  ~  4 . 4  X 10^^ cm” .̂ The v a l u e  o f  Z was d e r i v e d  from s p e c t r o 

s c o p i c  measurements  on t h e  den se  p i n c h .  Peacock e t  a l  ( l 9 7 l ) .  In  t h e  

d en se  p i n c h ,  from F i g . 6 . 2 . 6 ,  a t  t = 0  i s  2 . 3  X 10^^ cm Thus,

t h e  e f f i c i e n c y  o f  t h e  f o c u s i n g  mechanism i s  ~  5̂ ,̂ i . e .  ~ 9 5 ^  o f  t h e  atoms  

are l o s t  by a x i a l  f l o w  d ur in g  th e  c o l l a p s e  o f  t h e  c u r r e n t  s h e e t  t o  t h e  

a x i s .

With r e f e r e n c e  t o  F i g . 6 . 2 . 2, dur in g  t h e  c o l l a p s e  phase  t h e  plasma  

' r a d i u s  d e c r e a s e s  from R  ̂ ^  1 . 4 c m  to  R̂  ^ 0 . 4  cm i n  a t i m e  i n t e r v a l  o f  

60 n s e c ;  an a v er a g e  shock v e l o c i t y  o f  ~ 2 . 1  X 10^ cm s e c  The e l e c t r o n

l i n e - d e n s i t y  d ur in g  t h i s  t ime remains  r e a s o n a b l y  c o n s t a n t  a t  ~  9 X 10  ̂ cm 

F i g , 6 . 2 . 6 .  From t h e s e  r e s u l t s ,  t h e  p a r t i c l e  l o s s  r a t e  i s  e s t i m a t e d .
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During t h e  c o l l a p s e ,  a shock e l e c t r o n  tc m p e i a t u r e  o f  ~ 60 eV h a s  been  

o b t a i n e d  from num erica l  co m pu ta t io n s .  P o t t e r  ( l 9 7 l ) .  At t h i s  te m p era tu r e ,  

a v a l u e  o f  Z = 8 can be d e r i v e d  f o r  t h e  argon i o n s  in  t h e  shock,  u s i n g  

th e  s t e a d y - s t a t e  i o n i z a t i o n  cur\^es o f  House ( l 9 6 3 ) .  With t h i s  v a l u e  o f  

Z , f o r  t h e  c a s e  o f  lOÔ o f o c u s i n g  e f f i c i e n c y ,  t h e  number o f  e l e c t r o n s  

produced p er  u n i t  l e n g t h  o f  coluimi by t h e  shock imploding from r a d i u s  

to  Rg may be o b t a i n e d  from e q u a t io n  ( 6 . 2 . 6 ) ,  r e p l a c i n g  R̂  by ( R ^ - R ^ ) .  

T his  number, ~ 1 , 2 X  10^^ cm i s  g r e a t e r  than t h e  ave rage  l i n e - d e n s i t y  o f  

~  9 X 1 0 ^ ^  cm  ̂ o v e r  t h e  same i n t e r v a l .  Thus,  ~  10^^ atoms cm~^ are  

l o s t  through  a x i a l  f low  d ur in g  a 50 n s e c  t i m e  i n t e r v a l .  T h is  r e p r e s e n t s  

an a v er a g e  l o s s  r a t e  o f  ~  2 X 10^^ atoms cm  ̂ s e c   ̂ dur in g  t h i s  p a r t  o f  

t h e  c o l l a p s e .

R e f e r r i n g  to  F i g . 6 . 2 . 7,  a t  t  = 0 t h e  t o t a l  number o f  e l e c t r o n s  

co n t a i n e d  in  t h e  2 . 1 c m  l e n g t h  o f  plasma column a d j a c e n t  to  t h e  anode may 

be o b t a i n e d  by i n t e g r a t i n g  t h e  e l e c t r o n  l i n e - d e n s i t y  p r o f i l e  , i . e .
L i g

N = J N ( z )  dz . T h i s  number i s  ~ 2 . 8 X l O  . The p o r t i o n  o f  column
® 18 

between z = 1 . 6  cm and z = 2 . 1 c m  c o n t a i n s  ~ 2 . 3  X 10 e l e c t r o n s ,  i . e .

t h i s  p a r t  o f  t h e  colunui a d j a c e n t  to  t h e  open end o f  t h e  ' fu nne l  ' c o n t a i n s

•^ 8 0 ^  o f  t h e  plasma in  th e  whole  column, due to  a x i a l  f l ow  from upstream.

A t t em p ts  to  measure t h e  e l e c t r o n  d e n s i t y  dur in g  t h e  d i f f u s e - p i n c h  

phase  were l a r g e l y  u n s u c c e s s f u l ,  due a p p a r e n t l y  to  t h e  plasma b e i n g  a l o w -  

d e n s i t y  colunui o f  d ia m e t e r  g r e a t e r  than o r  equal  to  t h e  w id th  o f  t h e  f i e l d  

o f  v i e w .  The f r i n g e s  o v e r  t h e  whole  o f  t h i s  wi d th  showed a gradua l  s h i f t ,  

o f  up t o  0 . 6  from edge t o  c e n t r e ,  and hen ce  t h e  edge o f  t h e  coluimi co u ld  

n o t  be de te rm in ed  w i t h  p r e c i s i o n .  However,  i t  was p o s s i b l e  to  e s t i m a t e  

th e  peak e l e c t r o n  d e n s i t y  a t  t h e  a x i s ,  from t h e  f r i n g e  s h i f t s ,  by making 

a few a s s u m p t i o n s .

F i r s t l y ,  a p a r a b o l i c  f r i n g e - s h i f t  d i s t r i b u t i o n  i s  assumed,  i . e .
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s ( x )  = - s ( 1 - x V R ^ )  . . . .  ( 6 . 2 . 7 )

N e i t h e r  t h e  peak f r i n g e - s h i f t  s nor th e  plasma r a d i u s  R cou ld  be d e t e r 

mined from th e  i n t e r f e r o g r a m s ,  b ut  i t  was obsei^ved t h a t ,  i n  moving r a d i a l l y  

a d i s t a n c e  d from t h e  gun a x i s ,  a f r i n g e  s h i f t  o f  p o c c u r r e d .  The 

t r u e  f r i n g e - s h i f t  a t  d i s t a n c e  d i s  -  ( s - p ) ,  i . e .

- ( s - p )  = -  s ( l - d V R ^ )  ,

s = - p n 7 d ^ . . . .  ( 6 . 2 . 8 )

S e c o n d ly ,  i t  i s  assumed t h a t  dur ing  t h e  d i f f u s e - p i n c h  phase  i s  t h e

same as  dur in g  t h e  c o l l a p s e  and break-up  p h a s e s ,  i . e .  plasma i s  co n serv ed

a f t e r  break-u p  and forms a d i f f u s e  column. T h i s  v a l u e  o f  N i s  * e

~  9 X 10^^ cm"^ .
1

The r a d i a l  e l e c t r o n - d e n s i t y  p r o f i l e  may be de te rm ined  by s u b s t i t u t 

ing  eq u a t i o n  ( 6 . 2 . 7 )  i n t o  e q u a t io n  ( 6 . 2 . 2 ) ,  and i n t e g r a t i n g  a n a l y t i c a l l y ,

„ (r) = _ (1 . .
c rrR

The peak e l e c t r o n  d e n s i t y ,  on a x i s ,  i s  t h u s

n = -     - . . .  ( 6 . 2 . 9 )e ttR '

S u b s t i t u t i n g  t h e  above e x p r e s s i o n  f o r  t h e  r a d i a l  d e n s i t y  p r o f i l e  i n t o  equa

t i o n  (6 . 2 . 5 ) and i n t e g r a t i n g ,  t h e  e l e c t r o n  l i n e - d e n s i t y  i s

= -  1 2 . 8  X 1 0 ^ ^ s R / 3 , 

or n  = -  3 N ^ / ( 1 2 . 8  X lO^'^s) .

S u b s t i t u t i n g  eq u a t i o n  ( 6 . 2 . 8 )  i n t o  t h e  above

/ 3dZ N_
R = ( ~ ----------------------- 7^  • • • •  (6 . 2 . 1 0 )

p X 1 . 2 8  X 10 ®

Thus,  h a v in g  measured p and d on an i n t e r f e r o g r a m ,  R and s 

were c a l c u l a t e d  u s i n g  e q u a t i o n s  ( 6 . 2 . 1 0 )  and ( 6 , 2 . 8 ) .  These l a t t e r  v a l u e s  

were used  in  e q u a t io n  ( 6 , 2 , 9 )  t o  e s t i m a t e  n^ , On most i n t e r f e r o g r a m s  a t  

t = +  200 n s e c ,  i t  was o b serv e d  t h a t  ov e r  r e g i o n s  e x t e n d i n g  a x i a l l y  from
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z ~ 0 . 5 _ 2 . 5  cm p was < 0 . 6  f o r  d =  1 . 2  cm.  On a few i n t e r f  er og rams , 

t a k e n  a t  t h e  same t im e ,  no d e f i n i t e  f r i n g e - s h i f t s  co u ld  he o b s e r v e d .  How

e v e r ,  i n  a l l  c a s e s ,  t h e  l a s e r  p u l s e  used to  o b t a i n  t h e  i n t e r f e r o g r a m s  had 

b e e n  s y n c h r o n i s e d  w i th  th e  peak o f  t h e  s o f t  X -r ay  e m is s i o n  a s s o c i a t e d  w i th  

t h e  d i f f u s e  p in c h .

U s ing  t h e  above v a l u e s  o f  p and d , s and R are  1 . 2  and 

~ 1 , 7  cm, r e s p e c t i v e l y .  These  v a l u e s ,  in  tu r n ,  l e a d  to  a v a l u e  o f

1 . 5 X 1 0 ^ ^  cm  ̂ f o r  n^ , Thus,  a t  t h e  t i m e  o f  peak s o f t  X -r ay  e m is s i o n  

d u r i n g  t h e  d i f f u s e - p i n c h  p hase ,  t h e  plasma has  expanded t o  d ia m eter  ^ 3 , 4  cm 

and l ias  peak e l e c t r o n  d e n s i t y  ~ 1 . 5  X 10^^ cm

6 . 2 . 4  D i s c u s s i o n  and Summary

From t h e  d e r i v e d  v a l u e s  o f  e l e c t r o n  l i n e - d e n s i t y  and from a s e r i e s  

o f  te nq iera ture  measurements made on t h e  d i s c h a r g e ,  v a l u e s  o f  b e t a  and o f  

t h e  c o n f i n i n g  m a g n et ic  f i e l d  may be c a l c u l a t e d  f o r  t h e  den se  p i n c h .  The 

p a ra m e ter  b e t a  in  a plasma i s  d e f i n e d  as  t h e  r a t i o  o f  t h e  k i n e t i c  energy  

t o  t h e  sum o f  t h e  k i n e t i c  and m agn et ic  e n e r g i e s ,  i . e .

P = p /  (p + B? /  8 tt)  ,

where p i s  t h e  plasma k i n e t i c  p r e s s u r e  and i s  t h e  i n t e r n a l  magnet ic

f i e l d .

■ At maximum com press ion ,  t h e  dense  p in c h  i s  t r a n s i e n t l y  i n  e q u i l i 

brium w i t h  t h e  c o n f i n i n g  az im uth a l  m ag net ic  f i e l d .  T h i s  may be e x p r e s s e d

®i
P - ^ 8 ^  = 8ÏÏ  *

I n  t h e  c a s e  o f  a d i s c h a r g e  i n  a Dg/Ar mixtu re

P = k(n^T^ + n ^  T^jj + n . ^  T ^ ^ J  .

The s t r e n g t h  o f  t h e  e x t e r n a l  m a g n et ic  f i e l d  may be r e l a t e d  to  t h e  a x i a l

c u r r e n t  f l o w  th rough t h e  p in ch  by

Bg = I / 5 R  .

Combining t h e  above four  e q u a t i o n s ,  we a r r i v e  a t  t h e  B en n e t t  r e l a t i o n  f o r
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a p in ch ed  jilasina column in  e q u i l i b r i u m

200 k (N ,T ,  + N .oT.0  + N . ^ , T . ^ )  = Pg .

From t h e  i n t e r f c r o m c t r i c  s tu dy ,  a t  t = 0  in  a d i s c h a r g e  produced

a t  V = 3 0 k V  and p ^ = 2 . 5 t o r r  (D^ + 4̂  ̂ A r ) , ^  2 . 3  X 10^^ cm~^. The

deu ter iu m and argon l i n e - d e n s i t i e s  may be o b t a i n e d  from u s i n g  t h e

r e l a t i o n s h i p  + Z , where Z i s  t h e  ave rage  argon i o n  charge ,

and from t h e  i n i t i a l  f i l l i n g  c o n d i t i o n s  N._ = 48 N . . . In t h e  den seiD lAr

p in c h ,  Z = 14 from s p e c t r o s c o p i c  s t u d i e s ,  Peacock e t  a l  ( l 9 7 l ) .  The 

c u r r e n t  f l o w i n g  i n  t h e  d i s c h a r g e  c i r c u i t  a t  t = 0  was ~ 6 1 0 k A  under t h e  

above o p e r a t i n g  c o n d i t i o n s .

The e l e c t r o n  temperatu re  was determined  by a b s o r b e r - f o i l  measure

ments on t h e  s o f t  X -r ay  f l u x .  Peacock e t  a l  ( l9 G 8 ) ,  and s p e c t r o s c o p i c a l l y  

from t h e  r a t i o  o f  t h e  i n t e n s i t i e s  o f  t h e  I l e - l i k e  a r g o n - i o n  re so na n ce  

l i n e s  to  t h e  s a t e l l i t e - l i n e  i n t e n s i t i e s .  Peacock and Hobby ( 1 9 7 4 ) .  From 

t h e s e  two methods,  T^'^2.  2keV . The argon io n  tem peratu re  was o b t a i n e d  

from t h e  D o p p le r  bro a d en in g  o f  t h e  H e - l i k e  re so na n ce  l i n e s  due to  i o n  

thermal  m o t io n .  Peacock e t  a l  ( l 9 7 l ) .  '^iAr found to  be ^ 9 . 5  keV.

F i n a l l y ,  T^^ was determ ined  by c o o p e r a t i v e  s c a t t e r i n g  o f  ruby l a s e r  l i g h t .  

Peacock e t  a l  ( l 9 7 2 ) .  The e x p e r i m e n t a l l y - d e t e r m i n e d  s c a t t e r  p r o f i l e s  were  

compared w i t h  computed p r o f i l e s  which i n c l u d e d  t h e  e f f e c t s  due to  impuri

t i e s .  A b e s t  f i t  was found f o r  T̂ ^̂  ~  700 eV a t  t = 0 .

U s in g  t h e  above v a l u e s  in  t h e  B e n n e t t  r e l a t i o n ,  and assuming t h a t  

a l l  o f  t h e  c i r c u i t  c u r r e n t  f l ow ed  through  t h e  d i s c h a r g e ,  th e n  3 q = 0 , 6 ± 0 . 1 5 .  

The e r r o r s  a r c  p r i m a r i l y  due to  t h e  u n c e r t a i n t i e s  in  t h e  v a l u e s  o f  tempera

t u r e  and i n  t h e  c u r r e n t  f l o w i n g  a t  peak co m press ion .  Thus,  t h e  plasma k i n e 

t i c  p r e s s u r e  i s  s u f f i c i e n t l y  h ig h  to  be b a la n ce d  by a c o n f i n i n g  magn et ic  

f i e l d  produced by between  67 and 87^o o f  t h e  t o t a l  p in ch  c u r r e n t ,  in  g e n e r a l  

agreement  w i t h  t h e  f l u i d  code o f  P o t t e r  ( l 9 7 l ) .  The e x t e r n a l  magn et ic  f i e l d ,
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13g = 1 / 511, i s  ~  1 . 2  MG f o r  a column o f  r a d i u s  0 ,1  cm. For t h e  d en se

p in c h ,  th e  l o c a l  i n s t a b i l i t y  t i m e  i s  s ee n  to  bo ~ 5 n s e c  from t h e  shadow

graph s t u d i e s ,  s e c t i o n  6 . 3 . 2 ,  which i s  l o n g e r  than  t h e  s e l f - c o l l i s i o n  t ime  

o f  each p a r t i c l e  s p e c i e s  p r e s e n t .  Thus,  from t h i s  p o i n t  o f  v i e w  i t  i s  

r e a s o n a b l e  to  assume t h a t  t h e  p in ch  i s  t r a n s i e n t l y  in  e q u i l i b r i u m .

Apart from t h e  i n t e r f e r o m e t r i c  s tu d y  re p o r t e d  in  t h i s  t h e s i s ,  th e  

o n l y  o t h e r  d e t a i l e d  s t u d y  o f  a Plasma Focus by i n t e r f e r o m e t r y ,  t h a t  has  

been r e p o r t e d ,  h as  been  made by F i l i p p o v ' s  group,  F i l i p p o v  e t  a l  ( l 9 7 l ) ,  

Gribkov e t  a l  (1972)  and Gribkov e t  a l  ( 1 9 7 3 ) .  However,  i t  i s  d i f f i c u l t  

to  make a d i r e c t  comparison between th e  two s e t s  o f  r e s u l t s  b eca u s e  t h e  

l a t t e r  s tu d y  was o f  a F i l i p p o v  d e v i c e .  D e t a i l e d  com puta t i ons  o f  t h e  

plasma p a r a m e te r s ,  th rou gh out  t h e  d i s c h a r g e  l i f e t i m e  up to  t h e  break-up  

p h a s e ,  have been made by P o t t e r  ( l 9 7 l ) .  R e s u l t s  were o b t a i n e d  f o r  an 

i d e n t i c a l  geometry to  t h e  d e v i c e  used i n  t h e  p r e s e n t  s tu d y ,  b ut  w i th  i n i 

t i a l  f i l l i n g s  o f  pure d eu te r iu m  o n l y .

The main r e s u l t s  o f  t h e  i n t e r f e r o m e t r i c  s tu dy  are  summarised,  and 

t h e  r e s u l t s  o f  F i l i p p o v  and P o t t e r  are  conpared w i t h  t h e s e  where appro

p r i a t e .

(a )  During t h e  c o l l a p s e  p ha se ,  t h e  t o t a l  number o f  i o n i z e d  p a r t i c l e s  in  

t h e  plasma column remains  remarkably c o n s t a n t ,  b e ca u s e  o f  an e q u i l i b r i u m  

between  p a r t i c l e  g a i n  due to  snowploughing by t h e  imploding shock and 

p a r t i c l e  l o s s  due to  mass f l o w  p a r a l l e l  t o  and a long  t h e  shock.  The l o s s  

o f  '^95% o f  t h e  p a r t i c l e s  d ur in g  t h e  c o l l a p s e  i s  t h e  k ey  to  t h e  working  

o f  t h e  Plasma F o c u s ,  b e c a u s e  t h e  energy s t o r e d  i n d u c t i v e l y  b eh in d  t h e  

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

c l e s  compressed a t  th e  a x i s ,  in  t h e  d e n se  p i n c h .  The f e a t u r e s  observe d  

dur in g  t h e  c o l l a p s e  are  in  good agreement  w i t h  t h e  com puta t i ons  o f  P o t t e r  

and in  f a i r  agreement  w i t h  F i l i p p o v ' s  r e s u l t s .  The com pres s ion  i n  t h e  

shock,  Up/(np + 8 n^^.) , a t  t  = -  40 n s e c  i s  ~  10 above t h e  i n i t i a l  f i l l i n g  

d e n s i t y ,
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(b)  In  t h e  (lenbG p i n c h ,  peak e l e c t r o n  d e n s i t i e s  o f  ~  3 . 4 X 1 0 19 - 3cm

have  b e e n  measured f o r  a p in c h  r a d i u s  o f  0 . 1  cm .  T h i s  r e p r e s e n t s  an

a v e r a g e  e l e c t r o n  d e n s i t y  o f  ~  G X 10 ^ cm  ̂ o v e r  t h e  p in ch  r a d i u s .  The

c o m p r e s s i o n  i n  t h e  p in c h ,  n ^ ( n ^  + 14 n ^ ) , i s  ~  150 above t h e  i n i t i a l

f i l l i n g  d e n s i t y .  P o t t e r ' s  co m puta t i ons  are  in  good agreement  w i t h  th e

e x p e r i m e n t a l  r e s u l t s ,  b u t ,  b e ca u s e  o f  t h e  d i s c r e t e  s p a c e - l a t t i c e  employed

in  t h e  c o m p u ta t io n s ,  t h e  p in ch  i s  p a r t i a l l y  d i f f u s e d .  T h i s  g i v e s  v a l u e s

o f  li^ which a re  a l i t t l e  low,  ~  10^^ cm F i l i p p o v  h as  n o t  measured

n^ f o r  t l ie  den se  p in c h  b ut  a t  t  = -  100 n s e c  o b t a i n s  a v a l u e  o f  ~ 4 . 5 X  

10 " 310 cm on a x i s  f o r  a p in ch  o f  r a d i u s  1 . 3  cm. T h i s  s u g g e s t s  t h a t ,  dur

i n g  t h e  d e n s e - p i n c h  p hase ,  v a l u e s  o f  n^ ^ 10^^ cm"^ are  a t t a i n e d .  The 

e f f i c i e n c y  o f  t h e  f o c u s i n g  mechanism has  been e s t im a t e d  as  b e i n g  ~  5% in  

t h e  p r e s e n t  s t u d y .  P o t t e r  c a l c u l a t e s  t h a t  ~ 15^ o f  t h e  plasma i n i t i a l l y  

a t  t h e  end o f  t h e  i n n e r  e l e c t r o d e  i s  f i n a l l y  c o l l e c t e d  i n t o  t h e  dense  

p i n c h .

( c )  Some 200 n s e c  a f t e r  t h e  d e n s e - p i n c h  p ha se ,  a p u l s e  o f  s o f t  X -r a y s  

and o f  n e u t r o n s  are  e m i t t e d  from a low d e n s i t y  plasma o f  r a d i u s  a few 

c e n t i m e t r e s .  The peak e l e c t r o n  d e n s i t y  o f  t h i s  plasma has  been  e s t im a t e d  

a t  1 , 5 X 1 0 ^ ^  cm"3. Gribkov e t  a l  (1972)  has  measured peak e l e c t r o n  d e n s i 

t i e s  o f  ^^2 X 10^^ cm"^ dur in g  t h e  d i f f u s e - p i n c h  p ha se .  Morgan e t  a l  

( 1 9 7 3 ) h a v e  measured peak d e n s i t i e s  o f  ~  3 X 10^^ cm  ̂ i n  a plasma o f  

r a d i u s  ~  2 cm , a t  t h e  peak o f  t h e  d i f f u s e - p i n c h  neutr on  p u l s e  i n  a F i l i p p o v  

d e v i c e .  The f l u i d  code o f  P o t t e r  does  no t  i n d i c a t e  f u r t h e r  s o f t  X-ray  

or n e u t r o n  e m i s s i o n  a f t e r  t h e  break-up  o f  t h e  d en se  p in c h .
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6 . 3  ANALYSIS OF  SIIADOWGRAPir RESULTS

0 . 3 . 1  V c l o c i l y  and A c c e l e r a t i o n  o f  C o l l a p s i n g
C u r r e n t - S h e e t

During t h e  c o l l a p s e  phase ,  hy measuring t h e  d ia m eter  o f  t h e  implod

ing  shock a t  t h e  same r e l a t i v e  p o s i t i o n  on t h e  t h r e e  s u c c e s s i v e  frames o f  

a t i m e  s eq u en ce ,  t h e  d i s t a n c e s  t r a v e l l e d  by t h e  shock i n  t h e  i n t e r v a l s  

between e x p o s u r e s  were found.  Thus,  a t  any a x i a l  l o c a t i o n ,  two v a l u e s  o f  

r a d i a l  v e l o c i t y  and one o f  r a d i a l  a c c e l e r a t i o n  were o b t a i n e d ,  from each  

t i m e  s e q u en ce .  A l s o ,  by measuring t h e  d i s t a n c e s  o f  a p a r t i c u l a r  d i s t u r 

bance on t h e  c iu'rent  s h e e t  from t h e  anode end, t h e  a x i a l  v e l o c i t y  o f  t h e  

s h e e t  was o b t a i n e d .

The v a r i a t i o n  o f  r a d i a l  v e l o c i t y  w i t h  a x i a l  p o s i t i o n  i s  shown i n  

F i g . 0 . 3 . 1 ,  The two c u r v e s  were o b t a i n e d  from two d i f f e r e n t  t i m e - s e q u e n c e s  -  

one o b t a i n e d  w i t h  i n i t i a l  c o n d i t i o n s  V = 2 8 . 3 k V  and p^ = 2. 5 t o r r  (D^ + 4̂ o Ar) 

and t h e  o t h e r  w i t h  V = 2 4 . 3  kV and p^ = 2. 5 t o r r  (Dg + d^ Ar) . Each v a l u e  

o f  v e l o c i t y  i s  aver aged  o v e r  a 0 . 5  n s e c  i n t e r v a l .  C o n s ide r ing  t h e  v e l o c i 

t i e s  f o r  V= 2 4 . 3 k V  , t h e  e r ro r  a s s o c i a t e d  w i t h  t h e  h i g h e s t  v e l o c i t y  v a l u e  

i s  i  0 . 15X  10*̂  cm scc"*^ and t h a t  a s s o c i a t e d  w i th  t h e  l o w e s t  v a l u e  i s  

±  0 . 1 4 X 10^ cm s e c ” I t  can be s een  t h a t  t h e  r a d i a l  v e l o c i t y  d e c r e a s e s  

w ith  i n c r e a s i n g  a x i a l  d i s t a n c e  from t h e  i n n e r  e l e c t r o d e  end. T h i s  i s  

b e c a u s e  t h e  d r i v i n g  p r e s s u r e  o f  t h e  azimuthal  magn et ic  f i e l d  i s  i n v e r s e l y  

p r o p o r t i o n a l  t o  t h e  square o f  t h e  plasma column r a d i u s ,  P = 1 ^ / 2 0 0 rrR^, and 

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

However,  as  t h e  c u r r e n t  s h e e t  im plodes  so t h e  i n t e r n a l  plasma p r e s 

sure  i n c r e a s e s .  In  t h e  a b sen ce  o f  a x i a l  plasma l o s s ,  t h e  plasma p r e s s u r e  

v a r i e s  i n v e r s e l y  w i t h  R  ̂ and d i r e c t l y  w i t h  t e m p era tu re .  Thus,  a t  s u f 

f i c i e n t l y  sm al l  r a d i i  t h e r e  i s  a r a p i d l y - i n c r e a s i n g  p r e s s u r e  w i t h i n  t h e  

plasma column,  a s  i t  implode s  r a d i a l l y ,  which o p po ses  t h e  com press ing  

a c t i o n  o f  t h e  e x t e r n a l  f i e l d .  In  F i g . 0 . 3 . 2 ,  t h e  r a d i a l  v e l o c i t y  o f  th e
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Vr(cm sec“’)

3

2

2 8 - 3  kV

X -  24 * 3  k V

F i g . G . 3 .1

V a r i a t i o n  o f  r a d i a l  v e l o c i t y  w i t h  a x i a l  p o s i t i o n  dur in g  t h e  
c o l l a p s e  p h a s e .  I n i t i a l  c o n d i t i o n  p = 2 , 5 t o r r  (Dg + 4^ Ar)

( c m )
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3

2

(I
(c ni)

F i g . 6 . 3 . 2
V a r i a t i o n  o f  r a d i a l  v e l o c i t y  w i th  c u r r e n t - s h e e t  d ia m eter  
dur in g  t h e  c o l l a p s e  phase ,  a t  z ^ O . 4  cm. I n i t i a l  con

d i t i o n s  V -  2 8 .3 k V  , p^ = 2 . 5  t o r r  (Dg + 4^ Ar)

im p lo d in g  shock a t  z ~ 0 . 4 c m  i s  p l o t t e d  as  a f u n c t i o n  o f  t h e  shock d i a 

m e ter ,  showing t h i s  e f f e c t .  The i n i t i a l  c o n d i t i o n s  were V = 2 8 . 3  kV and

p ^ = 2 . 5  t o r r  (Dg + 4^ Ai ' ) . I t  can he s ee n  t h a t  t h e  r a d i a l  v e l o c i t y  

d e c r e a s e s  w i t h  d e c r e a s i n g  d ia m ete r ,  a t  s u f f i c i e n t l y  smal l  d ia m e t e r s .

The above e f f e c t  i s  a l s o  shown in  F i g . 6 . 3 . 3 ,  where th e  r a d i a l  a c c e l 

e r a t i o n  o f  t h e  im ploding  shock i s  p l o t t e d  a g a i n s t  a x i a l  d i s t a n c e .  The 

r e s u l t s  were o b t a i n e d  from two s e p a r a t e  t i m e - s e q u e n c e s  -  one o b t a i n e d  w i th  

i n i t i a l  c o n d i t i o n s  V = 26. 3 kV and p^ = 2. 5 t o r r  (D2 + 4^ Ai’) , and t h e  o t h e r  

w i t h  V = 2 4 . 3 k V  and p = 2 . 5  t o r r  (Dg + 4^ Ai ) . In b oth  s eq u e n ces  t h e  in t e r -
t

v a l  be tw een  frames was 6 . 5  n s e c .  At sm al l  v a l u e s  o f  z t h e  shock i s  

d e c e l e r a t i n g ,  b u t  f o r  z ^  0 . 7 c m  t h e  shock i s  a c c e l e r a t i n g  b e c a u s e  o f  th e  

l o w e r  plasma p r e s s u r e  a t  t h e s e  a x i a l  l o c a t i o n s .  I t  i s  no ted  t h a t  a t  smal l
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v a l u e s  o f  z t h e  a c c e l e r a t i o n  i n i t i a l l y  d e c r e a s e s  w i t h  i n c r e a s i n g  a x i a l  

d i s t a n c e ,  b e f o r e  i n c r e a s i n g  and e v e n t u a l l y  becoming p o s i t i v e  a t  l a r g e r  

d i s t a n c e s .  T h i s  iikay be i n t e r p r e t e d  as  t h e  co o l  anode e n d - f a c e  c o o l i n g  

t h e  plasma a d j a c e n t  to  i t s e l f ,  t h e r e b y  r e d u c in g  t h e  plasma p r e s s u r e .

The h i g h e s t  measured r a d i a l  v e l o c i t y  was ~ 4 , 2  X 10*̂  cm sec"^ and 

t h e  h i g h e s t  measured r a d i a l  a c c e l e r a t i o n  was ~ 4 . 2  X lO ^^c m sec "^ ,  both  

a t  t h e  o p e r a t i n g  c o n d i t i o n s  V = 30 kV and p^ = 2. 5 t o r r  (Ü2 + 4^ A r ) .

A x i a l  v e l o c i t i e s  o f  t h e  c u r r e n t  s h e e t  in  t h e  range 4 . 9 -  9 . 7  X 10^ cm sec"^  

were measured o v er  t h e  v o l t a g e  range 2 5 -  30 kV .

6 . 3 . 2  L i f e t i m e  o f  Dense  Pinch

Shadowgram s e q u e n c e s  ta k en  d ur in g  t h e  d e n s e - p i n c h  phase  have b een  

used  to  s tu d y  t h e  l i f e t i m e  o f  t h e  h ig h l y - c o m p r e s s e d  plasma.  F i g . 5 . 3 . 4  

i s  one such t i m e  s eq u en ce ,  taken  w i t h  V = 30 kV and p^ = 2. 5 t o r r  (Ü2 + 4^ Ar) 

Tlie f i r s t  frame shows t h a t  t h e  maximum co m pres s ion  o f  t h e  plasma column, to  

a r a d i u s  o f  ' ^ 0 . 1  cm, o c c u r s  a t  an a x i a l  p o s i t i o n  o f  z ~ 0 . 4 c m .  In  t h e  

second frame,  ta k en  6 . 5  n s e c  l a t e r ,  t h e  column a t  t h i s  p o s i t i o n  h a s  broken  

up,  and t h e  r e g i o n  o f  maximum com pres s ion  o c c u r s  f u r t h e r  away from t h e  

anode,  a t  z =  0 . 8  cm .  F i n a l l y ,  in  t h e  t h i r d  frame,  which was ta k en  13 n s e c  

a f t e r  t h e  f i r s t ,  t h e  r e g i o n  o f  maximum com press ion  h a s  a g a i n  moved f u r t h e r  

downstream to  z = 1 . 3  cm . The p r e v i o u s  r e g i o n  o f  maximum com press ion  has  

been  c o m p l e t e l y  d i s r u p t e d .

Thus,  t h e  d e n s e - p i n c h  phase  c o n s i s t s  o f  a s u c c e s s i v e  s e r i e s  o f  com

p r e s s i o n s  and d i s r u p t i o n s  o f  t h e  plasma column, t h e  l o c a l i t y  o f  t h e  com

p r e s s i o n  moving p r o g r e s s i v e l y  downstream w i t h  t i m e .  On t h i s  b a s i s ,  i t  i s  

e v i d e n t  t h a t  t h e  den se  p in c h  l a s t s  f o r  a maximum o f  4 0 -  5 0 n s e c  , i . e .  

d ur in g  t h i s  t i m e  a l o c a l  r e g i o n  o f  h i g h l y - c o m p r e s s e d  plasma i s  a lw ays  

p r e s e n t .  However,  t h e  l i f e t i m e  o f  any one such r e g i o n  i s  n o t  l o n g e r  than  

~  5 n s e c .

-  166 -



The d en se  p in ch  i s  broken up m a in ly  by s a u s a g e - t y p e  i n s t a b i l i t i e s ,

F i g . 5 . 3 . 4 .  These  grow e x p o n e n t i a l l y  in  a m pl i tu de  as  t i m e  p r o g r e s s e s .

The a m p l i tud e  i n c r e a s e  i s  g i v e n  by,  J e f f r e y  and T a n i u t i  ( 1 9 6 6 ) ,

®t ^ % Pxp(ujt) , . . .  ( 6 . 3 . 1 )

where a^ i s  t h e  i n i t i a l  am p l i tud e  and UJ i s  t h e  growth r a t e .  The

l a t t e r ,  in  tu r n ,  i s  g i v e n  by u) = ^ v y i î ,  where v^ = VYp/p i s  t h e  v e l o c i t y

o f  sound in  t h e  p in ch  o f  r a d i u s  R . Taking t y p i c a l  v a l u e s  f o r  t h e  den se  

p i n c h ,  s e c t i o n s  6 . 2 . 3  and 6 . 2 . 4 ;  n^ = 6 . 0  X 10^® cm~^, T^ = 2 . 2  keV,

^iÜ ~ keV, T^^^ = 9 . 0  keV and Z = 14,  S e t t i n g  y,  t h e  s p e c i f i c

h e a t  r a t i o ,  to  5 / 3 ,  th e  sound speed v^ 4 . 5  X 10^ cm s e c ” ^. In  a column

o f  r a d i u s  0 . 1  cm, w ^  4 . 5  X 10® s e c ” .̂ Thus, t h e  t ime r e q u i r e d  f o r  

t h e  a m p l i tu d e  o f  t h e  i n s t a b i l i t y  to  i n c r e a s e  by a f a c t o r  e i s  

T  = ^  2 . 2  n s e c .  T h i s  i s  a p p r o x im a t e l y  t h e  l i f e t i m e  o f  a d en se

plasma r e g i o n  a s  o b s e r \  ed in  t h e  shadowgraph s t u d i e s .

6 . 3 . 3  S tudy o f  R a y l c i g h - T a y l o r  I n s t a b i l i t i e s

(a )  Theory o f  t h e  i n s t a b i l i t y

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

by R a y l e i g h  ( l 8 9 9 )  and t h e  t h e o r y  was s u b s e q u e n t l y  d e v e lo p e d  by T a y lo r  ( l 9 5 0 )  

Cons ider  t h e  i n t e r f a c e  between two i n f i n i t e  p la n e  f l u i d  l a y e r s ;  and

b e i n g  t h e  d e n s i t i e s  o f  t h e  upper and lo w er  f l u i d s ,  r e s p e c t i v e l y .  I f  an 

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

lo w er  f l u i d  t o  t h e  upper ,  th e n  an i n i t i a l  d i s t u r b a n c e  o f  ampl i tu de a  ̂ and 

wave number k=2rr/X,  where \  i s  t h e  d i s t u r b a n c e  w a v e le n g t h ,  grows expo

n e n t i a l l y  w i t h  t ime a c c o r d in g  to  e q u a t i o n  ( 6 . 3 . 1 ) .  The growth r a t e  i s  

g i v e n  by,  Appendix 3 ,

The i n t e r f a c e  i s  u n s t a b l e  o n l y  when p^ > p^ , i . e .  when t h e  a c c e l e r a t i o n  i s
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d i r e c t e d  from t h e  l i g h t e r  to  t h e  h e a v i e r  f l u i d .  T h i s  i s  t h e  c l a s s i c a l  

R ' l y l e i g h - T a y l o r  i n s t a b i l i t y .  The e x p r e s s i o n  f o r  uj , which i g n o r e s  such  

e f f e c t s  as  s u r f a c e  t e n s i o n  and v i s c o s i t y ,  shows t h a t  t h e  growth r a t e  

i n c r e a s e s  i n d e f i n i t e l y  w i t h  d e c r e a s i n g  w a v e le n g t h .

K iuska l  and S w a r t z s c h i l d  ( l 9 5 4 )  were t h e  f i r s t  to  d i s c u s s  R a y l e i g h -  

T a y l o r  i n s t a b i l i t i e s  in  an a c c e l e r a t e d  i n t e r f a c e  between an e l e c t r i c a l l y  

c o n d u c t i n g  f l u i d  and a magn et ic  f i e l d .  They d e s c r i b e d  in  d e t a i l  t h e  way 

i n  which t h e  i n e r t i a l  f o r c e s  produce charge s e p a r a t i o n  and p a r t i c l e  d r i f t ,  

which  d r i v e  t h e  i n s t a b i l i t y .  I t  was shown t h a t ,  even though i n  t h i s  

i n s t a n c e  e l e c t r o m a g n e t i c  f i e l d s  produce t h e  plasma m o t io n s ,  t h e  i n s t a b i l i t y  

g r o w t h - r a t e  i s  e x a c t l y  t h e  same a s  in  th e  p u r e l y  hydrodynamic c a s e .  For  

t l ie  c a s e  o f  a plasma a c c e l e r a t e d  by a m agn et ic  f i e l d ,  t h e  d e n s i t y ,  e l e c 

t r i c a l  c o n d u c t i v i t y  and v i s c o s i t y  o f  th e  lower  f l u i d  a re  s e t  to  z e r o .  Thus,  

t h e  growth r a t e  o f  th e  i n s t a b i l i t y  i s

W = V g k  . . . .  ( 6 . 3 . 2 )

H a r r i s  (19 62 )  h a s  c o n s i d è r e  1 t h e  growth o f  R a y l e i g h - T a y l o r  i n s t a 

b i l i t i e s  a t  a plasma-vacuum boundary f o r  t h e  c a s e  o f  c y l i n d r i c a l  geom etry .  

H a r r i s  c o n s i d e r e d  a c y l i n d r i c a l  plasma s h e l l  a c c e l e r a t e d  r a d i a l l y  inwards  

by an a z im u th a l  m agn et ic  f i e l d  produced by an a x i a l  c u r r e n t  f l o w  i n  th e  

s h e l l .  The a n a l y s i s  f o l l o w s  t h e  same l i n e s  a s  t h a t  in  Appendix 3, w i th  

p r e s s u r e  terms  added t o  t h e  eq u a t i o n  o f  mot ion  to  a cc o im t  f o r  t h e  magnet ic

f i e l d .  The growth r a t e  o f  t h e  most u n s t a b l e  mode i s  g i v e n  by

,2
+ B / E n )  + , . . . ( 6 . 3 . 3 )

where 11 i s  t h e  r a d i u s  o f  t h e  plasma column which, ov er  a s u f f i c i e n t l y -
%

s h o r t  t i m e  i n t e r v a l ,  may be regard ed  as  c o n s t a n t .  The wave number k 

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

a x i s .  For maximum g r o w t h - r a t e  t h e  a z im uth a l  w a v e le ng t h  i s  i n f i n i t e ,  i . e .  

m = 2tt/ = 0 . In  t h e  l i m i t  o f  i n f i n i t y  l a r g e  R, t h e  g r o w t h r a t e  re d u ce s  

t o  t h a t  g i v e n  by e q u a t i o n  ( 6 . 3 . 2 ) .
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The above t r e a t m e n t s  c o n s i d e r  t h e  f l u i d s  as  b e i n g  p e r f e c t ,  r e s u l t i n g  

i n  growth r a t e s  wliich i n c r e a s e  i n d e f i n i t e l y  w i th  d e c r e a s i n g  w a v e le n g t h .  In  

p r a c t i c e ,  t h e  e f f e c t s  o f  v i s c o s i t y  and r e s i s t i v i t y  in  a plasma are  to  damp 

o u t  t h e  s h o r t e r  w a v e le n g t h s ,  p rod uc in g  a wavenumber o f  maximum i n s t a 

b i l i t y .  For example ,  t h e  e f f e c t  o f  v i s c o s i t y  i n c r e a s e s  w i t h  d e c r e a s i n g  

w a v e le n g t h  b e c a u s e  th e  s h e a r i n g  f o r c e s  i n c r e a s e .  In  e s s e n c e ,  t h e  wave

l e n g t h  o f  maximum i n s t a b i l i t y  i s  t h e  w a v e le n g t h  a t  which t h e  r a t e  o f

do in g  work b y  t h e  i n e r t i a l  f o r c e s  i s  b a la n ce d  by t h e  r a t e  o f  d i s s i p a t i o n  

o f  en er gy  due t o  t l ie  v i s c o u s  f o r c e s .  A I l a y l e i g h - T a y l o r  i n s t a b i l i t y  o f  

dominant w a v e le n g t h  X  ̂ has  been obserx^ed in  a z - p i n c h  plasma,  Curzon 

e t  a l  ( l 9 G ü ) ,  and in  a 0 - p i n c h  plasma.  Green and N i b l e t t  ( i 9 6 0 ) .

Z a d o f f  and Begun ( l 9 6 S )  have c o n s i d e r e d  t h e  e f f e c t s  o f  plasma r e s i s 

t i v i t y  and v i s c o s i t y  on t h e  growth o f  R a y l e i g h - T a y l o r  i n s t a b i l i t i e s .  The 

plasma was t r e a t e d  a s  an i n c o m p r e s s i b l e  homogeneous f l u i d  a c c e l e r a t e d  by  

a u n i fo r m  m a g n et ic  f i e l d  a t  a p l a n e  plasma-vacuum boundary.  Two g e n e r a l  

r e s u l t s  were found: f i r s t l y ,  t h e  o r i g i n a l  i n s t a b i l i t y  i s  m o d i f i e d  due to

d i s s i p a t i v e  j i r o c e s s e s  and,  s e c o n d l y ,  new modes o f  i n s t a b i l i t y ,  n o t  o t h e r 

w i s e  p r e s e n t ,  appe ar.  I t  was dem onstra ted  t h a t  when t h e  wave v e c t o r  o f  

t h e  growing  R a y l e i g h - T a y l o r  i n s t a b i l i t y  i s  normal to  t h e  d i r e c t i o n  o f  th e  

m agn et ic  f i e l d ,  i . e .  i{ . B = 0,  t h e  w a v e le n g t h  o f  t h e  i n s t a b i l i t y  i s  d e t e r 

mined a s  a f u n c t i o n  o f  v i s c o s i t y  and a c c e l e r a t i o n  o n l y .  The plasma  

r e s i s t i v i t y  p l a y s  no p a r t  i n  damping t h e  growing i n s t a b i l i t y ,  s i n c e  i t  does  

n o t  deform t h e  m a g n e t i c - f i e l d  l i n e s  i n  t h e  p r o c e s s .  Under t h i s  c o n d i t i o n ,  

t h e  o b s e r v e d  R a y l e i g h - T a y l o r  i n s t a b i l i t y  i s  t h e  f a s t e s t  growing o f  a l l  t h e

 ̂ modes.  The w a v e le n g t h  o f  t h e  mode o f  maximum i n s t a b i l i t y  i s

= 1 2 . 8  g"3 V? , . . .  ( 6 . 3 . 4 )

where v  i s  t h e  plasma k i n e m a t i c  v i s c o s i t y .  The c o r r e s p o n d in g  grow th-

= ( l . l f x j  • . . . ( 6 . 3 . 5 )
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S i n c e  t h e  c l a s s i c  k in e m a t i c  v i s c o s i t y  o f  a plasma i s  p r o p o r t i o n a l  to

n^^ , knowing t h e  ion  d e n s i t y ,  t h e  plasma ion  tem peratu re  may be e s t i 

mated by o b s e r v i n g  t h e  w a v e le n g th  o f  maximum i n s t a b i l i t y  and measuring t h e  

a c c e l e r a t i o n  o f  t h e  i n t e r f a c e .

In t h e  sliadowgraph s t u d i e s  d e s c r i b e d  in  t h i s  t h e s i s ,  t h e  az imuth a l  

p e r i o d i c i t y  o f  any i n s t a b i l i t y  o c c u r r i n g  co u ld  not  be o b s e r v e d ,  due to  th e  

o p t i c a l  l a y o u t  u s e d .  Only t h e  i n s t a b i l i t y  p e r i o d i c i t i e s  in  a p l a n e  which  

c o n ta i n e d  t h e  gun a x i s  co u ld  be o b s e r v e d ,  f o r  which ]£ • B = 0 .  Thus,  t h e  

f a s t e s t - g r o w i n g  mode o f  R a y l e i g h - T a y l o r  i n s t a b i l i t y  was a lw a y s  o b s e r v e d .  

Under t h i s  c o n d i t i o n ,  t h e  new modes o f  t h e  i n s t a b i l i t y  r e p o r te d  by Z a do f f  

and Begun ( l9G8)  need n o t  be c o n s i d e r e d  f u r t h e r .

F i n a l l y ,  a l l  t h e o r i e s  c o n ce rn in g  R a y l e i g h - T a y l o r  i n s t a b i l i t i e s  are  

b ased  on smal l  am p l i tud e  p e r t u r b a t i o n s  to  th e  f l u i d  i n t e r f a c e ,  i . e .  a « X .  

I t  i s  p e r t i n e n t  to  e n q u ire  up to  what p e r t u r b a t i o n  a m pl i tu de  can l i n e a r  

a n a l y s i s  be u s e d .  B i r k h o f f  (1 95 4)  h a s  shown t h a t  i n  c l a s s i c a l  f l u i d s  th e

growth o f  t h e  i n s t a b i l i t y  i s  e x p o n e n t i a l  w i t h  t ime up to  an am pl i tu de

a ~ 0 . 4 X  . For a 0 . 4 X  , t h e  growth i s  no l o n g e r  e x p o n e n t i a l .

(b) E x pe r im en ta l  data

The growth o f  R a y l e i g h - T a y l o r  i n s t a b i l i t i e s  i n  t h e  c u r r e n t  s h e e t  

dur in g  t h e  c o l l a p s e  phase  was o b s er v e d  i n  many shadowgram t i m e - s e q u e n c e s ,  

e . g .  F i g . 5 . 3 . 3 .  However,  i n  th e  m a j o r i t y  o f  c a s e s  t h e  i n s t a b i l i t i e s  were  

n o t  o b s e r v e d  to  grow beyond t h e  second frame o f  such a s eq u en ce ,  b e c a u s e  

t h e  c u r r e n t  s h e e t  was d e c e l e r a t i n g  by t h i s  s t a g e .  Furthermore ,  t h e  ampl i 

tu d e  o f  t h e  i n s t a b i l i t i e s  te nded  t o  be ~ 0 . 5 \  a t  t h i s  s t a g e .  Thus,  s i n c e  

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

f o r  which  t h e  a c c e l e r a t i o n  was d e te rm in ed ,  t h e s e  t i m e - s e q u e n c e s  were  

r e j e c t e d .
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B ecause  o f  t h e  f i e l d - o f - v i e w  l i m i t a t i o n  due to  t h e  o u t p u t  a p er t u r e  

o f  t h e  d i s c h a r g e  chamber, th e  c u r r e n t  s h e e t  could n o t  be o b serv e d  a t  

l a r g e r  d i a m e t e r s ,  where i t  would s t i l l  be a c c e l e r a t i n g  and t h e  i n s t a b i l i t y  

a m p l i t u d e  would be s m a l l .  I t  was n o t  p r a c t i c a l  to  u s e  a much s h o r t e r  

t i m e  i n t e r v a l  than 6 . 5 n s e c  between  e x p o s u r e s ,  b eca u s e  th e  i n c r e a s e  in  

a m p l i t u d e  from fr a m e- t o - f r a m e  was b e a r l y  m ea sur a b le .  However,  from t h e  

many t i m e - s e q u e n c e s  o b t a i n e d ,  in  a smal l  number o f  t h e s e  t h e  i n s t a b i l i t y  

grow th  was e x p o n e n t i a l  be tween t h e  t h r e e  e x p o s u r e s .

C o n s ide r  th e  data  from a shadowgram t i m e - s e q u e n c e ,  w i t h  a r e a l - s p a c e

m a g n i f i c a t i o n  o f  4 . 7 5 ,  o b t a i n e d  i n  a d i s c h a r g e  under t h e  i n i t i a l  c o n d i t i o n s

V = 30 kV and p g = 2 . 5 t o r r  (Dg + 4^ . i r ) . At t h e  b e g i n n i n g ,  m id po in t  and

end o f  a 13 n s e c  i n t e r v a l ,  t h e  shock d ia m e t e r s  were d^ = 1 1 . 6 3  cm,

dg = 1 0 . 7 5 c m  and d^ = 9 . 7 8  cm ,  r e s p e c t i v e l y ,  a t  an a x i a l  p o s i t i o n

z ^ 7 . 0  cm. The i n s t a b i l i t y  w a v e le n g t h  a t  t h i s  a x i a l  p o s i t i o n  was

= 1 . 6 0  cm ,  w i th  t h e  i n s t a b i l i t y  a m p l i tu d e  a t  t h e  t h r e e  t i m e s  b e i n g

a^ = 0 . 2 3 c m ,  a 2 = 0 . 3 0 c m  and a^ = 0 . 3 8 c m ,  r e s p e c t i v e l y .  During th e

13 n s e c  i n t e r v a l ,  t h e  shock t r a v e l l e d  a x i a l l y  ~  0 . 1  cm .  The c i r c u i t  

c u r r e n t  f l o w i n g  a t  t h i s  s t a g e  o f  t h e  c o l l a p s e  was I =3 6 . 1  X 10^ A,

( c )  A n a l y s i s  and i n t e r p r e t a t i o n  o f  data

From t h e  above d a t a ,  t h e  am p l i tu d e  r a t i o s  a ^ /a ^  = 1 . 3 0  and 

a ^ / a g  = 1 . 2 7  a r e  a lm o s t  e q u a l ,  i n d i c a t i n g  t h a t  t h e  i n s t a b i l i t y  growth i s  

e x p o n e n t i a l ,  to  a good a p p r o x im a t io n .  Furthermore ,  t h e  r a t i o  a ^ X  = 0 . 2 4 .  

Thus,  l i n e a r  t h e o r y  can be a p p l i e d  to  an a n a l y s i s  o f  t h e  d a ta ,  s i n c e  

a/X < 0 . 5 .

U s i n g  t h e  measured v a l u e s  o f  shock d ia m e te r ,  and i n s t a b i l i t y  a n p l i -  

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

13 n s e c  i n t e r v a l  :
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t h e  r a d i a l  a c c e l e r a t i o n  g ^  2 , 2  X 10^^ cm s e c  ^r
t h e  r a d i a l  v e l o c i t y  ~  1 . 5  X 10^ cm sec"^

t h e  i n i t i a l  shock r a d i u s  ~  1 . 2 2  cm

th e  f i n a l  shock r a d i u s  R  ̂ ~  1 . 0 3  cm

t h e  i n s t a b i l i t y  w a v e le ng t h  ~  0 . 3 4  cm

t h e  i n s t a b i l i t y  wave number k = 2rr/X^ ~  1 8 . 6  cm"^m ^ —
t h e  i n s t a b i l i t y  growth r a t e  Uüi,̂  = t n ( a 2/ a ^ ) / l . 3 X 10~® ~  3 . 9  X 10 sec"^

I g n o r i n g  f o r  t h e  p r e s e n t  t h e  e f f e c t s  o f  v i s c o u s  damping, t h e  growth  

r a t e  o f  a R a y l e i g l i - T a y lo r  i n s t a b i l i t y  o f  wave number k^ a t  a p l a n e  i n f i 

n i t e  plasma-vacuum boundary under a c o n s t a n t  a c c e l e r a t i o n  g^ i s ,  u s i n g  

t h e  above v a l u e s  in  eq u a t i o n  ( 6 . 3 . 2 ) ,  uü̂  = ^ 6 .4 0  X 10^ sec"^ .  For a c y l i n 

d r i c a l  plasma-vacuum i n t e r f a c e  o f  r a d i u s  (R^-f-R^)/2,  under  t h e  above co n d i 

t i o n s  t h e  growth r a t e  o f  th e  i n s t a b i l i t y  i s ,  from eq u a t i o n  ( 6 . 3 . 3 ) ,

ID ^  6 . 4 7  X 10^ s e c  The d i f f e r e n c e  between  uu. and uu i s  ~ 1 % .c 1 c

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

mulae d e r i v e d  f o r  th e  c a s e  o f  a p l a n e  i n f i n i t e  i n t e r f a c e  may be a p p l i e d  to  

an a n a l y s i s  o f  t h e  c o l l a p s i n g  c u r r e n t - s h e e t  in  t h e  Plasma F o cu s ,  p ro v id e d  

R  ̂ >  0 . 5 c m  . T h i s  may be conf irmed by c a l c u l a t i n g  t h e  growth r a t e  o f  a 

v i s c o u s ly - d a m p e d  i n s t a b i l i t y  o f  wave number k^ a t  a p l a n e  i n t e r f a c e ,  

u s i n g  t h e  above da ta  in  eq u a t i o n  ( 6 . 3 . 5 ) .  The c a l c u l a t e d  v a l u e  o f  

o f  ^^4.2  X 10^ s e c   ̂ i s  i n  good agreement  w i t h  t h e  o b serv e d  v a l u e  o f  

-  3 . 9  X 10^ s e c " l .

The t e m p era tu r e  o f  t h e  deute r iu m  i o n s  in  th e  c o l l a p s i n g  shock i s  

now e s t i m a t e d  from t h e  R a y l e i g h - T a y l o r  i n s t a b i l i t y  growth r a t e .

In  t h e  a b s en c e  o f  an i n t e r n a l  m a g n et ic  f i e l d ,  t h e  c o e f f i c i e n t  o f

dynamic v i s c o s i t y  o f  a plasma i s ,  from S p i t z e r  (1962 )  ,
i  1

0 .  41 m! (k T . ) z  .
| i  =     —  , . . .  ( 6 . 3 . 6 )

Z* t n A . .
11

where . k ^ T ^ T .  . J
A . . = — ^-------- (  S _ J . )  T i s  i n °K  .
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The c o e f f i c i e n t  o f  k in e m a t i c  v i s c o s i t y  v  i s  r e l a t e d  to  t h a t  o f  dynamic  

v i s c o s i t y  hy
V  = p / n .  m. . . . .  ( 6 . 3 . 7 )

Thus,  u s i n g  t h e  v a l u e s  o f  g^ and determ ined  from t h e  shadow

graph s t u d i e s  in  eq u a t io n  ( 6 . 3 . 4 ) ,  a v a l u e  o f  V  can be d e r i v e d .  Using  

t h e  above two e q u a t i o n s ,  a v a l u e  o f  T  ̂ may be e s t im a t e d  from t h e  v a l u e  

o f  V ,  s i n c e  t h e  ion  d e n s i t y  n^ d ur in g  t h e  c o l l a p s e  p hase  i s  known from 

i n t e r f  er om etry ,  s e c t i o n  6 . 2 . 1 .  Because  t n  i s  a s l o w l y - v a r y i n g  func

t i o n  o f  T  ̂ and T  ̂ , in  t h e  a b s e n c e  o f  a v a l u e  f o r  t h e  l a t t e r  i t  may be  

s e t  equal  to  t h e  former,  w i t h o u t  ca u s in g  a s i g n i f i c a n t  e r r o r .

However,  an i n t e r n a l  m a g n et ic  f i e l d  o f  s t r e n g t h  B  ̂ in  a plasma  

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

due to  ion  c y c l o t r o n  o r b i t i n g  e f f e c t s .  Kaufman ( i 9 6 0 )  q u o t e s

Ux =  p / ( l  + t . . ) 2 )  . . . .  ( 6 . 3 . 8 )

In t h e  above
= Z e B^/m^c

i s  t h e  i o n  c y c l o t r o n  f r e q u e n c y ,  and

m? ( 3 k T . ) 2
T .  . =

8 X 0 . 7 l 4 n n .  Ẑ  Un A. .1 11

i s  t h e  s e l f - c o l l i s i o n  t i m e  f o r  i o n s ,  S p i t z e r  ( 1 9 6 2 ) .  Thus, i t  i s  n e c e s 

s a ry  to  know t h e  magnitude o f  B  ̂ b e f o r e  any e s t i m a t e  o f  T^ can be made 

from measurements  on t h e  R a y l e i g h - T a y l o r  i n s t a b i l i t i e s .  An e s t i m a t e  o f  

B  ̂ may be made from momentum-conserv’̂ ation c o n s i d e r a t i o n s  o f  t h e  c o l l a p s i n g  

c u r r e n t - s h e e t .

However,  f i r s t l y  t h e  p a ra m e ter s  which d e te rm in e  t h e  k i n e m a t i c  

v i s c o s i t i e s  o f  t h e  d eu te r iu m  and argon  i o n s  a re  conpared to  s e e  i f  th e  

p r e s e n c e  o f  t h e  l a t t e r  in  t h e  plasma can be i g n o r e d .  During t h e  c o l l a p s e  

p h a s e ,  i t  i s  r e a s o n a b l e  to  assume t h a t  T^^ ^  ^iAr t h a t  ^ n À r  ’

In t h i s  c a s e ,  t h e  o n l y  pa ra m e ters  which can cause  each io n  s p e c i e s  t o  have
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a d i f f e r e n t  v a l u e  o f  V a re  , Z and nr , i . e .  v  «  l / n .  m? and 
1

T _  œ l / n ^  Z^m? . From th e  i n i t i a l  c o n d i t i o n s  t h a t  p ^ = 2 . 5  t o r r

(D^ + 4% A r ) ,  n^^ =- 50 n ^ ^  . During t h e  c o l l a p s e  phase ,  t h e  e s t im a t e d

a rgon  io n  charge i s  ~ 8 ,  s e c t i o n  6 . 2 . 3 .  F i n a l l y ,  t h e  mass o f  an argon ion  

i s  a p p r o x i m a t e l y  20 t i m e s  t h a t  o f  a d eu ter iu m  i o n .  Hence,  =- 366

and (uJ^i'^ii^D ^  ^^^^ci '^i i^Ar * p r o v id e d   ̂ have

^ • Under t h i s  c o n d i t i o n ,  t h e  c o n t r i b u t i o n  o f  th e  argon  i o n s

t o  t h e  ])lasma k i n e m a t i c  v i s c o s i t y  i n  t h e  c o l l a p s i n g  c u r r e n t - s h e e t  i s  n e g l i 

g i b l e .

As s t a t e d  p r e v i o u s l y ,  may be e s t i m a t e d  from c o n s i d e r a t i o n s  o f

momentum c o n s e r v a t i o n .  The im ploding  c u r r e n t - s h e e t  i s  a c c e l e r a t e d  inwards  

b y  t h e  a z im u th a l  magntic  f i e l d ,  o f  s t r e n g t h  Bg = l / 5 R  , a g a i n s t  op po s in g  

f o r c e s  due t o  t h e  plasma i n t e r n a l  m agn et ic  f i e l d  and t h e  plasma k i n e t i c  

p r e s s u r e .  In  a d d i t i o n ,  en ergy  i s  g i v e n  t o  th e  p a r t i c l e s  which a re  encoun

t e r e d  b y  t h e  c u r r e n t  s h e e t  dur in g  i t s  c o l l a p s e  and which a re  l o s t  from t h e

p i n c h  by a x i a l  f l o w .  The r a t e  o f  momentum change o f  t h e  plasma,  t h e

p r e s s u r e  o f  t h e  i n t e r n a l  m a g n et ic  f i e l d ,  t h e  energy p er  u n i t  volume expen

ded in  removing t h e  p a r t i c l e s  w i t h i n  t h e  c u r r e n t  s h e e t ,  and t h e  plasma  

k i n e t i c  p r e s s u r e  are  b a la n ce d  a g a i n s t  t h e  e x t e r n a l  m a g n et ic  p r e s s u r e .

Thus,  a t  any t i m e  dur in g  t h e  c o l l a p s e

/ E N .  m. \  n2

e , 1

where p i s  t h e  i n i t i a l  f i l l i n g  d e n s i t y  i n  t h e  d i s c h a r g e  chamber, and t h e  

sym bol s  e and i  i n  t h e  summations d e n o t e  e l e c t r o n s  and a l l  i o n s .

From t h e  i n i t i a l  f i l l i n g  p r e s s u r e  o f  2 . 5  t o r r  (D2 + 4^ Ai ' ), t h e  den

s i t y  p  i s  X 10 "^ gm cm"" .̂ U s ing  t h e  r e s u l t s  o f  i n t e r f e r o m e t r y ,

s e c t i o n  0 . 2 , 3 ,  d u r in g  t h e  c o l l a p s e  phase  =“ 8 . 8 X 1 0 ^ ^  cm  ̂ and in  t h e  

shock  n^ =“ 1 ,1 X 1 0 ^ ®  c m " T h e  a v er a g e  a r g o n - i o n  charge dur in g  t h e
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c o l l a p s e  i s  Z ~ 8 ,  s e c t i o n  6 . 2 . 3 ,  and t h u s  t h e  ion  d e n s i t i e s  and l i n e  den

s i t i e s  may he c a l c u l a t e d  u s i n g  t h e  r e l a t i o n s  n^ = n^^ + Z n^^^ and

""e = "iD + " ^ l A r  '

I’iD may now be e s t im a t e d  by an i n t e r a t i v e  p r o c e s s .  In  th e  f i r s t  

i n s t a n c e ,  t h e  i n t e r n a l  magnet ic  f i e l d  i s  assumed to  be ze ro  and a v a l u e  o f  

(minimum v a l u e )  i s  o b t a i n e d  from e q u a t i o n s  ( 6 . 3 . 4 ) ,  ( 6 . 3 . 6 )  and ( 6 . 3 . ? ) ,  

u s i n g  t h e  a p p r o p r i a t e  v a l u e s  o f  and n ^ ^ . I n s e r t i n g  t h i s

v a l u e  o f  i n t o  eq u a t i o n  ( 6 . 3 . 9 ) ,  and assuming t h a t

t h e  e q u a t i o n  i s  s o l v e d  to  y i e l d  a v a l u e  o f  . B ecause  o f  th e  u n c e r 

t a i n t i e s  a l r e a d y  p r e s e n t  in  t h e  e s t i m a t e  o f  no s i g n i f i c a n t  a d d i t i o n a l  -

e r r o r  w i l l  be i n t r o d u c e d  by e q u a t in g  and w i t h  ^ d ur in g  t h e

c o l l a p s e .  Using th e  c a l c u l a t e d  v a l u e  o f  B. and o f  (T ._ )  . , uj . t . .*  ̂ 1 ' i D ' m i n ’ C l  11

i s  de te rm in ed .  T h is  e n a b l e s  a b e t t e r  v a l u e  o f  T̂ ^̂  t o  be  o b t a i n e d  u s i n g  

e q u a t i o n s  ( 6 . 3 . 4 ) ,  ( 6 . 3 . 7 )  and ( 6 . 3 . 8 ) .  T his  b e t t e r  v a l u e  o f  T̂ j  ̂ i s  

t h en  used in  eq u a t i o n  ( 6 . 3 . 9 ) ,  and so on.  The s t e p s  a re  r e p e a t e d  u n t i l  

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

In t h i s  manner, from t h e  data  g i v e n ,  t h e  e s t i m a t e d  v a l u e  o f  T̂ ,  ̂

i s  ~ 7 4  eV w i th  an a s s o c i a t e d  UJ . t  . . o f  ~  0 . 2 .  For t h e  c a s e  o f  zero
C l  1 1

i n t e r n a l  m a g n e t ic  f i e l d ,  i . e .  UJT—0 ,  T̂ j  ̂ i s  ~  70 eV . I t  i s  d i f f i c u l t  

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

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

t i o n  and f o r  a p l a n e  i n f i n i t e  i n t e r f a c e ;  a l l  o f  t h e s e  c o n d i t i o n s  are  

• v i o l a t e d  dur in g  t h e  c o l l a p s e  phase  in  t h e  Plasma F o cu s .  There a r e  no 

p u b l i s h e d  v a l u e s  o f  T^^ which have been  measured d u r in g  t h i s  p h a s e .  

However,  t h e  com pu ta t i on s  o f  P o t t e r  ( l 9 7 l )  a r e  in  f a i r  agreement  w i t h  t h i s  

«est imate;  a v a l u e  o f  ~ 3 0 e V  b e i n g  c a l c u l a t e d  f o r  T  ̂ d u r in g  t h e  c o l l a p s e ,  

under t h e  i n i t i a l  c o n d i t i o n s  C = 4 0  p F ,  V = 4 0 k V  and p^ = 0 .  26 t o r r  .
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ü . 3 . 4  D i s c u s s i o n  and Summary

There a r e  no p u b l i s h e d  r e s u l t s  o f  o t h e r  shadowgraph s t u d i e s  o f  a 

Plasma Focu s  w i t h  which to  compare t h e  r e s u l t s  o f  t h i s  s tu d y .  However,  

a com par ison may be made w i th  t h e  r e s u l t s  o b t a i n  by Patou  e t  a l  (196?)  

u s i n g  an i in a g e - c o n v e r t e r  framing camera g i v i n g  ex p o s u re s  o f  1 n s e c  dura

t i o n .  A l s o ,  a comparison miiy be made w i t h  t h e  r e s u l t s  o f  t h e  f l u i d  

code o f  P o t t e r  ( l 9 7 l ) .

The main f e a t u r e s  o f  t h e  shadowgraph r e s u l t s  a r e  summarised :

( a )  During t h e  c o l l a p s e  p h a s e ,  r a d i a l  v e l o c i t i e s  i n  t h e  range 9 . 7 X 1 0 ^ -  

4 . 2 X 1 0 ^  cm s e c   ̂ have been measured f o r  t h e  incoming c u r r e n t - s h e e t ,  f o r

a range  o f  c a p a c i t o r  bank v o l t a g e s  from 2 4 . 3  -  3 0 . 0  kV . R ad ia l  a c c e l e r a 

t i o n s  in  t h e  range -  1 . 6  X 10^^ to  4 . 2  X 10^^ cm s e c   ̂ have a l s o  been  mea

s u r e d .  The r a d i a l  a c c e l e r a t i o n  a t  any t im e  d ur in g  t h e  c o l l a p s e  i n c r e a s e s  

w i t h  i n c r e a s i n g  a x i a l  d i s t a n c e  from t h e  anode.  The v a l u e s  o f  r a d i a l  

v e l o c i t y  a rc  in  good agreement  w i th  t h e  r e s u l t s  o f  P o t t e r .  Pa tou  e t  a l

( 1 9 6 7 ) ,  u s i n g  a Mather d e v i c e  under i n i t i a l  c o n d i t i o n s  C = 9 0  pF, V = 18 kV 

and p = 2.  5 t o r r  D « ,  measured r a d i a l  v e l o c i t i e s  from 1 -  3 X 10^ cm s e c   ̂

d u r in g  t h e  c o l l a p s e .

( b )  During  t h a t  p a r t  o f  t h e  c o l l a p s e  phase  when t h e  c u r r e n t  s h e e t  i s  

b e i n g  a c c e l e r a t e d ,  R a y l e i g h - T a y l o r  i n s t a b i l i t i e s  grow a t  t h e  p lasma-  

vacuum boundary.  From o b s e r v a t i o n s  on t h e  growth o f  t h e  i n s t a b i l i t y  o f  

dominant  w a v e le n g t h ,  a d eu te r iu m  io n  te m p eratu re  o f  ~ 70 eV h a s  been  

e s t i m a t e d .  Bernard e t  a l  ( 1 9 7 3 ) ,  u s i n g  a n o n - c y l i n d r i c a l  z - p i n c h ,  have  

e s t i m a t e d  e l e c t r o n  t e m p e r a t u r e s  o f  ~  30 cV by s i m i l a r  means.  During t h e  

c o l l a p s e  p h a s e ,  t h e  i n s t a b i l i t i e s  do n o t  grow to  such am p l i tu d e  t h a t  th e  

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

However,  t h e  p e r t u r b a t i o n s  t h a t  are  produced d e v e l o p  s u b s e q u e n t l y ,  dui'ing  

t h e  d e n s e - p i n c l i  p h a s e ,  i n t o  s a u s a g e - t y p e  i n s t a b i l i t i e s .  The f l u i d  code  

o f  P o t t e r  d o es  n o t  p r e d i c t  t h e  developmen t  o f  R a y l e i g h - T a y l o r  i n s t a b i l i t i e s
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dur in g  t h e  c o l l a p s e .  For t h e  i n i t i a l  c o n d i t i o n s  C = 40 pF , V = 4 0 k V  and 

p^ = 0 . 2G t o r r  D^, an ion  t em p era tu re  o f  about  30 eV i s  c a l c u l a t e d  by 

P o t t e r ,  f o r  t h e  shock .

( c )  The t o t a l  l i f e t i m e  o f  t h e  d en se  p in c h  i s  about  40 n s e c .  The p in ch  

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

s u c c e s s i o n  o f  l o c a l  r e g i o n s  o f  den se  plasma produced a t  t h e  gun a x i s .  Each 

r e g i o n  i s  a few m i l l i m e t r e s  in  a x i a l  e x t e n t  and i s  produced p r o g r e s s i v e l y  

f u r t h e r  away from t h e  anode than t h e  p r e c e d i n g  d en se  plasma r e g i o n .  Such 

r e g i o n s  have a l i f e t i m e  o f  about  5 n s e c  , which i s  t h e  same o rd er  a s  t h e  

growth t i m e  o f  a s a u s a g e - t y p e  i n s t a b i l i t y  in  t h e  d en se  p lasma.  In  con

t r a s t ,  t h e  r e s u l t s  o f  P o t t e r ’ s co m pu ta t io n s  i n d i c a t e  t h a t  t h e  whole  p in ch ed  

column i s  s t a b l e  f o r  about  50 n s e c  , b e f o r e  b e i n g  d i s r u p t e d  by s a u s a g e - t y p e  

i n s t a b i l i t i e s .
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C H A P T E R  VIT

C O N C L U S I O N S

7 . 1  GENERAL DISCUSSION

Tho a p p l i c a t i o n  o f  s c h l i e r e n  photogra phy ,  i n t e r f e r o m e t r y  and shadow-  

graphy,  u s i n g  a l i g l i t  p u l s e  o f  about  one n a n o s e c o n d ' s  d u r a t i o n ,  to  s tu d y  

tho  Plasma Fo cu s has  p r o v ide d  s i g n i f i c a n t  a d d i t i o n s  to  our knowledge o f  

t h i s  t y p e  o f  p lasma.

The s c h l i e r e n  t e c h n i q u e  was found to  be  v a l u a b l e  in  d i s t i n g u i s h i n g  

e l e c t r o n - d e n s i t y  g r a d i e n t s  in  t h e  Plasma Fo cu s d i s c h a r g e .  However,  f o r  

a d e t a i l e d  s tu d y  o f  t h e  dynamics o f  t h e  d i s c h a r g e  and f o r  o b t a i n i n g  q u a n t i 

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

t i v e l y ,  were p r e f e r a b l e .

The i n t e r f e r o m e t r i c  t e c h n i q u e  used  in  t h e s e  s t u d i e s  had a h ig h  

temporal  and s p a t i a l  r e s o l u t i o n .  T h i s  enab led  t h e  plasma e l e c t r o n -  

d e n s i t y  p r o f i l e  to  be determ ined  unambiguously  through  t h e  v a r i o u s  p h a s e s  

o f  t h e  d i s c h a r g e  and a t  a v a r i e t y  o f  a x i a l  l o c a t i o n s  -  a h i t h e r t o  unaccom

p l i s h e d  t a s k .  From t h e s e  d e n s i t y  p r o f i l e s ,  t h e  plasma l i n e - d e n s i t y  has  

been c a l c u l a t e d  so t h a t  t h e  a b s o l u t e  number o f  p a r t i c l e s  i n  a u n i t  l e n g t h  

o f  plasma column i s  known. T h is  i s  a n e c e s s a r y  parameter  i n  c a l c u l a t i n g ,  

f o r  example ,  t h e  th erm on uc le ar  r e a c t i o n  r a t e  i n  t h e  d en se  p in c h  and t h e  

a b s o l u t e  l e v e l  o f  d e n s i t y  f l u c t u a t i o n s  in  t h e  p lasma,  a t  any t i m e ,  due to  

i o n  ther mal  m o t io n .  Thus,  comparisons  may be made w i t h  e x p e r i m e n t a l l y -  

dete rm ined  n eu tro n  f l u x e s  and w i t h  t h e  l e v e l  o f  d e n s i t y  f l u c t u a t i o n s  mea- 

, sured in  l i g h t  s c a t t e r i n g  e x p e r im e n t s ,  l e a d i n g  t o  a b e t t e r  u n d e r s t a n d i n g  

o f  t h e  micro p r o c e s s e s  in  t h e  p lasm a.  F i n a l l y ,  t h e  o v e r a l l  r a t e  o f  l o s s  

or  g a i n  o f  p a r t i c l e s  by t h e  plasma through  t h e  v a r i o u s  p h a s e s  o f  t h e  d i s 

charge  h a s  been  d e term in ed ,  g i v i n g  an i n s i g h t  i n t o  t h e  mechanisms r e s p o n s i 

b l e  f o r  t h e  c r e a t i o n  o f  t h e  h o t  d en se  p in c h .
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By u s i n g  a shadowgraph t e c h n i q u e  which p e r m i t t e d  t h r e e  t i m e -  

s e p a r a t e d  e x p o s u res  to  he made d u r in g  a s i n g l e  d i s c h a r g e ,  t h e  b eh a v io u r  o f  

t h e  plasma-vacuum boundary has  been s t u d i e d  w i t h  f a r  g r e a t e r  c l a r i t y  than  

had p r e v i o u s l y  been a t t a i n e d .  T h i s  enab led  t h e  dynamics  o f  t h e  fo r m a t io n  

and d i s r u p t i o n  o f  t h e  dense  p in ch  to  be e s t a b l i s h e d .  A c c u ra te  v a l u e s  o f  

t h e  v e l o c i t y  and a c c e l e r a t i o n  o f  t h e  plasma-vacuum boundary have been  

o b t a i n e d ,  e s p e c i a l l y  dur in g  t h e  c o l l a p s e  o f  t h e  c u r r e n t - c a r r y i n g  s h e e t  to  

t h e  gun a x i s .  A l s o ,  t h e  growth o f  plasma i n s t a b i l i t i e s  d ur in g  d i f f e r e n t  

p h a s e s  o f  t h e  d i s c h a r g e  has  been i n v e s t i g a t e d ,  and t h e  o v e r a l l  l i f e t i m e  o f  

t h e  d en se  p in c h  measured. From o b s e r v a t i o n s  on t h e  growth o f  a c c e l e r a t i o n -  

d r i v e n  i n s t a b i l i t i e s  d ur in g  t h e  c o l l a p s e  p h a s e ,  t h e  d eu ter iu m  io n  tempera

t u r e  has  been e s t i m a t e d .

I t  has  been d i f f i c u l t  t o  compare t h e  r e s u l t s  o f  t h e s e  o p t i c a l  

s t u d i e s  w i th  t h o s e  o f  o t h e r  groups o p e r a t i n g  Plasma Focus d e v i c e s ,  f o r  two 

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

are  new, and up t o  t h e  p r e s e n t  t h e r e  have been  few o t h e r  e x p er im en ta l  

measurements  w i th  which to  make a compar ison.  S e c o n d ly ,  b e c a u s e  no two 

d e v i c e s  arc  o f  t h e  same g e o m e t r i c a l  c o n s t r u c t i o n  nor a r e  t h e y  o p era ted  

under t h e  same i n i t i a l  c o n d i t i o n s ,  even where s i m i l a r  measurements to  t h o s e  

re p o r te d  h e r e  have been  made, a d e t a i l e d  comparison i s  u s u a l l y  n o t  meaning

f u l .  However,  t h e  r e s u l t s  o b t a i n e d  u s i n g  a num er ical  t w o - d i m e n s i o n a l  

f l u i d  code,  P o t t e r  ( l 9 7 l ) ,  to  s i m u l a t e  a Plasma Focus d i s c h a r g e ,  have been  

compared w i t h  t h e  p r e s e n t  r e s u l t s .  The code was w r i t t e n  f o r  a Focus  

d e v i c e  o f  i d e n t i c a l  geometry t o  t h e  one used  h e r e ,  and good agreement  

\  between  t h e o r y  and exp er im en t  has  been  o b t a i n e d .
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7 . 2  LIMITATIONS IN THE EXPERIMENTAL ME^niODS, AND
SUGGESTIONS EUR FUTURE GFIICAL STUDIES

Tho r e s u l t s  o b ta i n e d  from th e  o p t i c a l  s t u d i e s  were s u b j e c t  to  a

numbei- o f  l i m i t a t i o n s  in  t h e  e x p er im en ta l  methods.  These  l i m i t a t i o n s  are

c o n s i d e r e d  in  tu rn  and s u g g e s t i o n s  are  made fo r  improvements.

( i )  In t h e  i n t e r f e r o m e t r i c  s t u d y ,  each e l e c t r o n - d e n s i t y  p r o f i l e  in  th e  

t ime se q u e n c e s  produced was o b t a i n e d  f o r  a s e p a r a t e  d i s c h a r g e ,  s i n c e  o n ly  

one i n t e r f e r o g r a m  could be o b ta i n e d  p e r  d i s c h a r g e ,  a s  in  s e c t i o n  5 . 2 .  I f  

a t  l e a s t  t h r e e  t i m e - s e p a r a t e d  i n t e r f e r o g r a m s  were o b t a i n e d  d ur in g  each  

d i s c h a r g e ,  t h e  temporal  v a r i a t i o n  o f  e l e c t r o n  d e n s i t y  could be f o l l o w e d  

more p r e c i s e l y .  I t  would be i m p o s s i b l e  t o  a c h i e v e  t h i s  by u s i n g  a Mach- 

Zehnder i n t e r f e r o m e t e r  w i th  an o p t i c a l  t i m e - d e l a y  sys te m  s i m i l a r  to  t h a t  

d e s c r i b e d  in  s e c t i o n  4 . 3 . 1 ,  s i n c e  t h e  s t r i c t  c o n d i t i o n s  f o r  i n t e r f e r e n c e  

could  o n l y  be s a t i s f i e d  fo r  one o u t  o f  t h e  t h r e e  s e t s  o f  beams. However,  

t h e  t e c h n i q u e  o f  h o l o g r a p h i c  i n t e r f e r o m e t r y ,  Jahoda and Sawyer ( l 9 7 l ) ,  

could be used  w i t h  such a t i m e - d e l a y  s ys te m  to  produce m u l t i p l e  i n t e r -

ferogram s d ur in g  a d i s c h a r g e .

( i i )  I t  was n o t  p o s s i b l e  to  o b s e r v e  phenomena o v er  a r a d i a l  d i s t a n c e

g r e a t e r  than  4 . 3 c m ,  b e c a u s e  o f  t h e  f i e l d - o f - v i e w  l i m i t a t i o n  imposed by  

t h e  i n p u t  and o u t p u t  a p e r t u r e s  o f  t h e  Plasma Focus  d i s c h a r g e  chamber.

Thus,  t h e  b e h a v io u r  and form o f  t h e  r e t u r n  c u r r e n t - s h e e t  to  t h e  o u t e r  

e l e c t r o d e ,  o f  d ia m e te r  10 cm ,  was n o t  known p r e c i s e l y .  T h i s  caused  some 

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

p ro b in g  l a s e r  beam p a s s e d  t w i c e  th rough  t h e  r e t u r n  c u r r e n t - s h e e t .  However,  

i n t u i t i v e l y  t h i s  c u rr en t  s h e e t  sh ould  be s i m i l a r  i n  form t o  t h e  r a d i a l l y -  

im ploding  c u r r e n t  s h e e t  a t  e a r l y  t i m e s  dur in g  t h e  c o l l a p s e  p h a s e .  In

a d d i t i o n ,  b e c a u s e  o f  t h e  narrow f i e l d - o f - v i e w ,  i t  was o n l y  p o s s i b l e  to  

o b s e r v e  t h e  d i f f u s e - p i n c h  phase  w i t h  d i f f i c u l t y ,  and to  o b s e r v e  t h e  l a t e r  

s t a g e s  o f  t h e  c o l l a p s e  p h a s e .  A d i s c h a r g e  chamber w i th  p o r t s  s u f f i c i e n t l y
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l a r g e  to  g i \ o  a f i e l d  o f  v i e w  w id er  than t h e  o u t e r  e l e c t r o d e  d ia m ete r  would  

be  a v e r y  u s e f u l  f a c i l i t y .  Then, in  i n t e r f e r o m e t r i c  s t u d i e s ,  t h e  u n d i s 

tu rb ed  background f r i n g e s  o u t s i d e  t h e  Focus  gun could  be  reco rd ed  and used  

a s  an unambiguous r e f e r e n c e .  A l s o ,  dur in g  t h e  d i f f u s e - p i n c h  p ha se ,  t h e  

wh ole  e x t e n t  o f  t h e  broad plasma column could  be o b s e r v e d .  F i n a l l y ,  t h e

c o l l a p s e  phase  cou ld  be f o l l o w e d  c o m p l e t e l y  from b e g i n n i n g  to  end.

( i i i )  To e l i m i n a t e  t h e  e f f e c t  o f  n o n - e l e c t r o n i c  r e f r a c t i v i t y  in  i n t e r 

f e r o m e t r i c  measurements  made d u r in g  t h e  c o l l a p s e  p h a s e ,  when u n i o n i z e d  

atoms a r e  t rapp ed  w i t h i n  th e  c o l l a p s i n g  c u r r e n t - s h e e t ,  i t  i s  n e c e s s a r y  to  

t a k e  s i m u l t a n e o u s  i n t e r f e r o g r a m s  o f  th e  plasma a t  two d i f f e r e n t  w a v e le n g t h s ,  

A lco c k  and Rnmsden ( 1 9 6 6 ) .  A l s o ,  t h e  e f f e c t  o f  t h e  n o n - e l e c t r o n i c  s p e c i e s  

a t  o t h e r  t i m e s  dur ing th e  d i s c h a r g e  cou ld  th en  be ch ecked .  R e f e r r i n g  to

s e c t i o n  3 . 2 ,  t h e  r e f r a c t i v i t y  o f  an e l e c t r o n  g a s  v a r i e s  a s  a l l  o t h e r

f a c t o r s  reiiui ining c o n s t a n t ,  w h i l e  t h e  r e f r a c t i v i t i e s  o f  t h e  dominant non

e l e c t r o n i c  s p e c i e s  a rc  o n l y  dep en dent  on X to  t h e  s ec ond  o r d e r .  Thus,  t h e  

c o n t r i b u t i o n  o f  t h e  l a t t e r  s p e c i e s  to  th e  t o t a l  r e f r a c t i v i t y  cou ld  be  e v a l u 

a t e d .  Two w a v e le n g t h s  w i th  s u f f i c i e n t  s e p a r a t i o n  can be o b t a i n e d  s im u l 

t a n e o u s l y  when u s i n g  a Q-switc he d  ruby l a s e r  by c o n v e r t i n g  about  15^ o f

i t s  o u t p u t  t o  t h e  second harmonic o f  t h e  fundamental  a t  6 9 4 3 A. T h i s  i s  

a c h i e v e d  by i l l u m i n a t i n g  a u n i a x i a l  c r y s t a l ,  such as  ADP or KDP, w i t h  t h e  

o u t p u t  o f  t h e  l a s e r ,  Wang and R a c e t t e  (1965)  and P r e s s l e y  ( l 9 7 l ) .

( i v )  On i n t e r f e r o g r a m s  o b t a i n e d  dur in g  t h e  d e n s e - p i n c h  p h a s e ,  i t  was not

a l w a y s  p o s s i b l e  t o  r e s o l v e  t h e  f r i n g e  s h i f t s  in  r e g i o n s  o f  h ig h  com pres s ion .

-  T h i s  was due t o  one or  more o f  t h e  f o l l o w i n g  r e a s o n s  :

* ( a )  Motion o f  t h e s e  plasma r e g i o n s  d ur in g  t h e  1 n s e c

ex p o s u re .

(b)  D e f l e c t i o n s  o f  t h e  t e s t  beam by s t e e p  g r a d i e n t s  o f  

n^ i n  t h e s e  r e g i o n s .

( c )  F r i n g e  crowding duo t o  n b e i n g  v e r y  h i g h .
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The t ime r e s o l u t i o n  cou ld  be improved by a p p r o x im a t e l y  a maximum o f  fo ur  

by c a r e f u l  o p t i m i s a t i o n  o f  t h e  p u l s e - c l i p p i n g  c i r c u i t  u sed  w i t h  t h e  l a s e r ,  

as  d i s c u s s e d  by Morgan and Peacock ( 1 9 7 1 ) ,

Tlie e f f e c t s  due to  l a s e r  beam d e f l e c t i o n s  and t o  f r i n g e  crowding  

could be s i m u l t a n e o u s l y  reduced by u s i n g  l i g h t  o f  a s h o r t e r  w a v e le n g t h  

than  C943Â . R e f e r r i n g  to  s e c t i o n s  3 . 3 . 1  and 3 . 3 . 3 ,  t h e  beam d e f l e c t i o n  

0 «  and t h e  f r i n g e  s h i f t  s cc X , a l l  o t h e r  f a c t o r s  b e i n g  unchanged.

By u s i n g  a s u i t a b l e  u n i a x i a l  c r y s t a l ,  t h e  second harmonic o f  t h e  ruby  

l a s e r  o u tp u t  co u ld  be g e n e r a t e d .  By means o f  two such c r y s t a l s  i n  s e r i e s ,  

th o  f o u r t h  harmonic  could be g e n e r a t e d ,  i . e .  X = 1736 A , b ut  t h e  c o n v e r s io n  

e f f i c i e n c y  would be about  2^.

(v)  During t h e  d i f f u s e - p i n c h  p h a s e ,  a t  t h e  peak o f  t h e  s o f t  X -r ay  emis

s i o n ,  t h e  plasma was found t o  be  a p p r o x im a t e l y  4 cm in  r a d i a l  e x t e n t  and 

had a peak e l e c t r o n  d e n s i t y  o f  about  lO^? cm~^. Such a plasma was d i f f i 

c u l t  to  d e t e c t  w i t h  p r e c i s i o n  by i n t e r f e r o m e t r y  b e c a u s e  o f  t h e  smal l  f r i n g e  

s h i f t s  i n v o l v e d ,  s ~ l .  By u s i n g  r a d i a t i o n  o f  w a v e le n g th  l o n g e r  than  t h e  

6 9 4 3 A u s e d ,  i n c r e a s e d  s e n s i t i v i t y  could be o b t a i n e d  s i n c e  s «  X . A 

p u l s e d  carbon d i o x i d e  l a s e r  working a t  1 0 . 6  lim would be a s u i t a b l e  r a d i a 

t i o n  s o u r c e ,  b e c a u s e  such a l a s e r  can produce a p u l s e  o f  s e v e r a l  hundred  

MW power and o f  d u r a t i o n  a few n a no se co n ds .  U s in g  a CO2 l a s e r  would

g i v e  an i n c r e a s e  i n  s e n s i t i v i t y  o f  about  15.  However,  d e t e c t i o n  o f  1 0 . 6  |Jm

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

p h o t o g r a p h i c  e m u l s i o n s  do n o t  respond a t  t h i s  l o n g  w a v e le n g t h .  The most  

common approach to  r e c o r d i n g  f r i n g e  p a t t e r n s  a t  i n f r a - r e d  w a v e le n g t h s  i s  

to  u s e  f i l m s  o f  B i , Sb or  Cd, o f  about  100 A * t h i c k n e s s ,  d e p o s i t e d  on a 

g l a s s  s u b s t r a t e ,  Braun ( 1 9 7 2 ) .  D e t e c t i o n  i s  by l o c a l  e v a p o r a t i o n  o f  th e  

f i l m .  S e n s i t i v i t i e s  o f  about  0 . 5 J  cm  ̂ and r e s o l u t i o n s  o f  about  150  

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

p u r p o s e s .
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( v i )  In  t h e  shadowgraph s tu d y ,  i t  would have been a d vant ageou s  to  have  

i n c r e a s e d  t h e  number o f  e x p o s u r e s  p er  d i s c h a r g e  from t h r e e  t o  f i v e  or  s i x .  

T h is  would have p e r m i t t e d  a more d e t a i l e d  s tu d y  o f  t h e  dynamics  o f  th e  

d i s c h a r g e .

O p t i c a l  d i a g n o s t i c  t e c h n i q u e s  i n c o r p o r a t i n g  t h e  improvements  sug

g e s t e d  above would form a sound b a s i s  f o r  f u t u r e  d e t a i l e d  s t u d i e s  o f  th e  

Plasma F o cu s .  In  p a r t i c u l a r ,  much o f  t h e  c u r r e n t  e f f o r t  on Plasma Focus  

i s  c o n c e n t r a t e d  on th e  d i f f u s e - p i n c h  p h a s e ,  t h e  p r e s e n t  u n d e r s t a n d in g  o f  

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

t e c h n i q u e s  i s  l i k e l y  to  p rove  v e r y  f r u i t f u l .

7 . 3  SUMMARY OF CONCLUSIONS FIK)M OPTICvlL STUDIES

The main c o n c l u s i o n s  d e r i v e d  from t h e  o p t i c a l  s t u d i e s  a r e  now 

summarised ;

( i )  During  t h e  c o l l a p s e  p h a s e ,  when t h e  c u r r e n t - c a r r y i n g  plasma s h e e t  

i s  im plod ing  r a d i a l l y  inwards a t  a v e l o c i t y  which may be  a s  g r e a t  as

4 X 10^ cm s e c “ t h e  p a r t i c l e  l i n e - d e n s i t y  i n  t h e  plasma remains  remarkably  

c o n s t a n t .  T h i s  i s  due to  an e q u i l i b r i u m  b e i n g  e s t a b l i s h e d  between t h e  

g a i n  o f  p a r t i c l e s  by t h e  sn ow -p lough ing  a c t i o n  o f  t h e  im ploding  s h e e t ,  on 

t h e  one hand,  and t h e  l o s s  o f  p a r t i c l e s  by mass f l o w  i n  an a x i a l  d i r e c t i o n ,  

on t h e  o t h e r .  Only about  5^ o f  th e  p a r t i c l e s  t h a t  are  i n i t i a l l y  e n c l o s e d  

by t h e  c o l l a p s i n g  c u r r e n t - s h e e t  a re  compressed i n t o  t h e  d en se  p i n c h .  The 

l o s s  o f  t h e  m a j o r i t y  o f  t h e  p a r t i c l e s  dur in g  t h e  c o l l a p s e  i s  an im portant  

mechanism.  I t  r e s u l t s  in  th e  en er gy  p r e s e n t  i n  t h e  d r i v i n g  a z im u th a l  

m a g n e t ic  f i e l d  b e i n g  fed  i n t o  t h e  r e l a t i v e l y  sm al l  number o f  r e s i d u a l  par 

t i c l e s ,  w i t h  t h e  a t t a i n m e n t  o f  h i g h  t e m p e r a t u r e s  and d e n s i t i e s  i n  th e  p in c h  

which i s  f 0 rmed.

( i i )  A c c e l e r a t i o n - d r i v e n  (or  R a y l e i g h - T a y l o r )  i n s t a b i l i t i e s  form a t  t h e

plasma-vacuum boundary dur in g  th o  c o l l a p s e  p h a s e ,  when t h e  plasma i s
\
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a c c e l e r a t e d  towards  t h e  a x i s  a t  up t o  4 X 10^  ̂ cm s e c “ ^. The e f f e c t  o f  t h e  

plasma v i s c o s i t y  i s  to  damp o u t  t h e  i n s t a b i l i t i e s  o f  s h o r t e s t  w a v e l e n g t h s ,  

and a s  a r e s u l t  an i n s t a b i l i t y  o f  a c e r t a i n  c r i t i c a l  w a v e le n g t h  has  t h e  

h i g h e s t  growth r a t e .  From o b s e r v a t i o n s  on t h e  growth o f  t h i s  i n s t a b i l i t y  

o f  dominant w a v e le n g t h ,  a deute r iu m  io n  t em p era tu re  o f  about  70 eV has  been  

e s t i m a t e d .  The i n s t a b i l i t i e s  have t o o  s low  a growth r a t e  t o  cause  s e r i o u s  

d i s r u p t i o n s  to  t h e  c u r r e n t  s h e e t .  However,  t h e  r e s u l t i n g  p e r t u r b a t i o n s  

d e v e l o p  i n t o  s a u s a g e - t y p e  i n s t a b i l i t i e s  a s  t h e  d e n s e - p i n c h  i s  formed.

( i i i )  In  t h e  d en se  p i n c h ,  peak e l e c t r o n  d e n s i t i e s  o f  about  3 . 4 X 1 0 ^ ^  cm“  ̂

have been de te rm ined  f o r  a p in c h  o f  r a d i u s  about  0 . 1 c m .  T h i s  r e p r e s e n t s  

an i n c r e a s e  in  d e n s i t y  o f  about  150 above t h e  i n i t i a l  d e n s i t y  o f  atoms in  

t h e  g a s  f i l l i n g .

( i v )  The d en se  p in c h  i s  n o t  formed s i m u l t a n e o u s l y  o v e r  i t s  whole  l e n g t h ,  

b u t  c o n s i s t s  o f  a s u c c e s s i o n  o f  l o c a l  r e g i o n s  o f  d en se  plasma produc ed ,  

i n i t i a l l y  a d j a c e n t  t o  tho anode,  a t  t h e  a x i s .  Each r e g i o n  i s  a few m i l l i 

m etre s  in  a x i a l  e x t e n t ,  and i s  produced p r o g r e s s i v e l y  f u r t h e r  a\%ay from 

t h e  anode than t h e  p r e c e d i n g  r e g i o n .  The l i f e t i m e  o f  any one such r e g i o n  

i s  about  5 n s e c  . T h i s  i s  t h e  same magnitude a s  t h e  growth t i m e  o f  a 

s a u s a g e - t y p e  i n s t a b i l i t y  in  t h e  d en se  p lasma.  Such i n s t a b i l i t i e s  cause  

t h e  d i s r u p t i o n  o f  t h e  r e g i o n s  o f  den se  p lasma.

(v )  A f t e r  a d e l a y  o f  about  200 n s e c  from t h e  s t a r t  o f  t h e  d e n s e - p i n c h  

p h a s e ,  a p u l s e  o f  s o f t  X - r a y s  and a p u l s e  o f  n e u t r o n s  a re  e m i t t e d .  Then,  

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

tems o p t i m i s e d  t o  s t u d y  t h e  d en se  p i n c h .  From i n t e r f e r o m e t r y ,  t h e  peak  

d e n s i t y  in  t h i s  d i f f u s e  plasma has  been  e s t i m a t e d  a s  1 . 5 X 1 0 ^ ^  cm w i t h  

a r a d i u s  o f  2 c m .
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A P P E N D I X  1

THE NOTATION

The symbols  used i n  t h e  t e x t  are  d e f i n e d .  CGS ( e . s . u . )  u n i t s  a re  

used t h ro u g h o u t ,  u n l e s s  o t h e r w i s e  s t a t e d .

a Ampli tude

B Magnet ic  f i e l d

c V e l o c i t y  o f  l i g h t

C C apac i ta nce

d D iameter

e E l e c t r o n i c  charge

E E l e c t r i c  f i e l d

f  F o ca l  l e n g t h

g A c c e l e r a t i o n

I Current; i n t e n s i t y

j , J  Current  d e n s i t y

k Boltzmann c o n s t a n t ;  wave number

K S p e c i f i c  r e f r a c t i v i t y

L ,L  Length

L In du ct anc e

m P a r t i c l e  mass

n P a r t i c l e  d e n s i t y ;  r e f r a c t i v e  ind ex

N P a r t i c l e  l i n e  d e n s i t y

p P r e s s u r e

p^ I n i t i a l  p r e s s u r e

P Power

r , R  Radius

s  F r i n g e  s h i f t

t  Time

T Temperature

V  V e l o c i t y

v^ D r i f t  v e l o c i t y ,  E X B / cB^

v ^  Centre  o f  mass v e l o c i t y

Vg Sound speed ,  ( y p /p ) ^

v^^ E l e c t r o n  thermal  v e l o c i t y ,  (kT^/m^)^ 

V V o l t a g e

W Energy

Z Charge
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p B e t a , p /  (p + B^/8 rr)

Y Rati o  o f  s p e c i f i c  h e a t s

X Wavelength

u .• C o e f f i c i e n t  o f  dynamic v i s c o s i t y

•V C o e f f i c i e n t  o f  k in e m a t i c  v i s c o s i t y

P Mass d e n s i t y

a Standard d e v i a t i o n

T C h a r a c t e r i s t i c  t ime;  growth t ime

\ i E l e c t r o n - i o n  c o l l i s i o n  t i m e

-"ii l o n - i o n  c o l l i s i o n  t ime

Angular  f r eq u e n c y

Û ce E l e c t r o n  c y c l o t r o n  fr eq u e n c y , gB/ m

t"ci Ion  c y c l o t r o n  fr eq u e n c y , ZeB/i

^pe E l e c t r o n  plasma fr eq ue nc y .

Ion plasma fr eq ue nc y . ( 4 n n j

Suh scr i p t s

E l e c t r o n ;  e x t e r n a l  to  t h e  plasma  

Ion ; i n t e r n a l  ( i n s i d e  t h e  plasma)

Components in  c y l i n d r i c a l  c o o r d i n a t e s

Components in  C a r t e s i a n  c o o r d i n a t e s
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A P P E N D I X  2

DERIVATION OF THE DISPERSION ELATION FOR AN E.M. WAVE 

]'R0PAGAT1NG THROUGH A FULLY-IONIZED PLASMA

C ons ider  t h e  p r o p a g a t i o n ,  i n  t h e  % d i r e c t i o n  in  a C a r t e s i a n  

c o o r d i n a t e  sy s tem ,  o f  a t r a n s v e r s e  e l e c t r o m a g n e t i c  wave o f  smal l  a m p l i tud e  

t h r o u g h  an i n f i n i t e  homogeneous f u l l y - i o n i z e d  plasma,  in  which c o l l i s i o n  

p r o c e s s e s  are  dominant .  A s t e a d y  m a g n et ic  f i e l d  i s  a p p l i e d  i n  t h e  d i r e c 

t i o n  o f  p r o p a g a t i o n .

The e .m,  wave e x e r t s  a f o r c e  on t h e  e l e c t r o n s  and i o n s  a s  i t  propa

g a t e s  t h ro u g h  t h e  p lasma.  T h i s  f o r c e  g i v e s  r i s e  to  a c c e l e r a t i o n s  o f  t h e  

c h a r g e s  which in  turn  mod i fy  t h e  t i m e - v a r y i n g  e.m.  f i e l d  components  o f  t h e  

wave,  t h e r e b y  a l t e r i n g  i t s  c h a r a c t e r i s t i c s .  In  g e n e r a l ,  t h e  magnet ic  f o r c e s  

e x e r t e d  by an e.m.  wave are  much weaker than t h e  e l e c t r i c  f o r c e s ,  and in  t h e  

f o l l o w i n g  d e r i v a t i o n  t h e  magnet ic  f i e l d  o f  t h e  wave i s  n e g l e c t e d .

S e l f - c o n s i s t e n t  s o l u t i o n s  f o r  t h e  e.m.  wave i n  t h e  plasma can be  

o b t a i n e d  by s o l v i n g  M a x w e l l ' s  e q u a t i o n s ,  t o g e t h e r  w i t h  t h e  L oren tz  f o r c e  

e q u a t i o n  o f  motion f o r  charged p a r t i c l e s  i n  an e.m.  f i e l d  under t h e  i n f l u e n c e

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

p r o p a g a t i n g  in  t h e  z d i r e c t i o n  a r e  o f  t h e  form

E ( z , t )  = E  ̂ exp [ i ( k z - o j t ) ]  , . . .  (A2 .1 )

where t h e  r e a l  p a r t  o f  E r e p r e s e n t s  t h e  p h y s i c a l  q u a n t i t y .  The wave number 

k = 2n /x  d e f i n e s  t h e  space p e r i o d i c i t y  or  w a v e le n g t h  X , and uj i s  t h e  wave 

a n g u l a r  f r e q u e n c y .

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

g e n e r a l  wave e q u a t i o n  f o r  th e  e l e c t r i c  f i e l d  from M a x w e l l ' s  e q u a t i o n s .

S i n c e  i t  i s  c o n v e n i e n t  to  t r e a t  a l l  c h a rg e s  and c u r r e n t s  e x p l i c i t l y .

M a x w e l l ' s  e q u a t i o n s  may be w r i t t e n  in  term s  o f  t o t a l  ch arges  and c u r r e n t s :
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2  X E  = -  ^  ^  . . .  (A2.2 )

1 (
V X B  = - ( 4 n J  . . .  (A2.3 )

V , E = 4 n p  . . .  (A2 .4 )

2 -  1* = 0 . . . .  (A2.5)

where p and J r e f e r ,  r e s p e c t i v e l y ,  to  t h e  t o t a l  charge and cu rr e n t  

d e n s i t i e s .

Taking t h e  c u r l  o f  both s i d e s  o f  e q u a t i o n  ( A 2 . 2) and s u b s t i t u t i n g  

f o r  V X D  from eq u a t i o n  ( A 2 .3)

, 1 /  ÔJ
V X ( 7 X ^  = -  —  (4T1 ^  •

U s i n g  t h e  v e c t o r  i d e n t i t y  V X ( V X ^  = V(v . ^  -  7^E and s u b s t i t u t i n g  fo r

V . E from eq u a t i o n  ( A 2 . 4 ) ,  the  above e q u a t i o n  may be w r i t t e n

A —

w hich  i s  t h e  g e n e r a l  wave e q u a t i o n .  For t h e  c a s e  o f  a t r a n s v e r s e  e.m.

wave *( . E = 0 ,  and hence combining e q u a t i o n s  (A2.1 )  and (A2 .4 )  i t  i s

s e e n  t h a t  p =  0 .  The wave eq u a t io n  i s  th en

y2jg _ ^  _ J _  L j= = 0 . . . .  (A2 .6 )
C o t  C ^ t

B e f o r e  t h e  above eq u a t io n  can be s o l v e d ,  i t  i s  n e c e s s a r y  t o  e s t a b 

l i s h  t h e  r e l a t i o n s h i p  between  J  and E .  I g n o r i n g  f o r  t h e  moment t h e  

p r e s e n c e  o f  t h e  e x t e r n a l  m ag net ic  f i e l d  and t h e  e f f e c t  o f  p a r t i c l e  c o l l i 

s i o n s ,  t h e  f o r c e s  e x e r t e d  on t h e  e l e c t r o n s  and i o n s ,  r e s p e c t i v e l y ,  are

m ^ = -  e E  , . . .  (A2 .7 )

m̂  Vĵ  = -  Ze E . . . .  (A2 .8 )

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

J = e(n^ Z V i  -  He v^)  .

Thu s,  g j

—  = e C n^ Z v .  -  n ,  v^)  .
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S u b s t i t u t i n g  e q u a t io n s  (A 2 .7)  and (A 2 .8 )  i n t o  th e  above

s i n c e  i k Z = n^ , Because  m^/z »  we may w r i t e

S = ^ - ’
i . e .  t h e  i o n  c o n t r i b u t i o n  can be ig n o r ed  i n  d e t e r m i n in g  a r e l a t i o n s h i p  

between J  and E, b e c a u s e  o f  th e  l a r g e  d i s p a r i t y  between t h e  e l e c t r o n  and 

i o n  m a s s e s .

R e tur n in g  to  t h e  c a s e  o f  a plasma w i t h  an a p p l i e d  s t a t i c  m agn et ic  

f i e l d  o f  s t r e n g t h  B  ̂ in  t h e  z d i r e c t i o n ,  and c o n s i d e r i n g  t h e  e f f e c t  o f  

c o l l i s i o n s  between  t h e  e l e c t r o n s  and i o n s ,  c h a r a c t e r i s e d  by a f r e q u e n c y  v ,  

t h e  eq u a t i o n  o f  motion o f  t h e  e l e c t r o n s  i s

As above,, t h e  i o n  c o n t r i b u t i o n  can be n e g l e c t e d .  C o n seq uent ly ,  t h e  sub

s c r i p t  e may be dropped.  For an o s c i l l a t i n g  e l e c t r i c  f i e l d  E v a r y i n g  as  

e x p ( - i u j t )  , t h e  e l e c t r o n  v e l o c i t y  y  w i l l  have t h e  same t im e  dependence  a s  

E ,  i . e .

Y = l o  e x p ( - i  ujt)

ÿ  = -  i  Ujy . . . .  (A 2 .9 )

S u b s t i t u t i n g  e q u a t i o n  (A 2 .9 )  i n t o  t h e  e l e c t r o n  eq u a t io n  o f  mot io n ,  t h e  

l a t t e r  e q u a t i o n  may be w r i t t e n  e x p l i c i t l y  in  terms o f  t h r e e  s c a l a r  e q u a t io n s ,

( v  -  itu) + ( % )  V = -  f  ,

(v  -  im) Vy -  = -  I  Ey ,

(v  -  .

. . .  (A2 .1 0)

The t h i r d  e q u a t io n  in  s e t  (A 2 .10 )  i s  n o t  concerned w i t h  t h e  t r a n s -  

v e r s e  e f f e c t s  o f  t h e  f i e l d  E , S i n c e  t h i s  e q u a t io n  i s  decoup le d  from t h e  

o t h e r  two,  i t  may be ig n o r e d .  The q u a n t i t y  eB^/mc i s  t h e  e l e c t r o n
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c y c lo t r o n  freq u e n c y  w^e' M u l t ip ly in g  e q u a t io n  b by i  and adding to

( v - i u ) ) ( v ^ + i V y ) - i u ) ^ ^ ( v ^ + i V y ) =  -  ^  (E^ + i E y )  .

M u l t i p l y i n g  eq u a t i o n  b by i  and s u b t r a c t i n g  from a

( v - i u j ) ( v ^ - i V y ) + i u j ^ ^ ( v ^ - i V y ) =  -  f  (E^ - i E y )  .

The above two e q u a t i o n s  may be combined by a d o p t in g  t h e  f o l l o w i n g  n o t a t i o n  ;

+ i v  , V = V - i v  , E = E + i E  and E = E -  i  E . Hence , y ’ - x  y ’ + x  y -  x v ’
V =  V

(v  -  i  U) T i  U)̂  J  = -  ^  E^ 

and ~  E ^ / ( v  -  i ( w ± W c e ) )  • • • •  ( A 2 . l l )

The complex c u r r e n t  due t o  t h e  e l e c t r o n s  i s

e v^ = Ug e^ E^/m (v  -  i  (u) ± Wee) ) -

S u b s t i t u t i n g  t h e  above e q u a t i o n  i n t o  e q u a t i o n  (A2.6)

V^E -   y j v -----------  ^  = 0 . . . .  (A2.12)
m c ^ ( v - i ( i u ±  u)j.g}) ^ c a t

S u b s t i t u t i n g  e q u a t i o n  ( A 2 . l ) ,  which r e p r e s e n t s  t h e  t ime and space  v a r i a t i o n  

o f  t h e  e l e c t r i c  f i e l d ,  i n t o  eq u a t i o n  (A2 .1 2 )  and d e n o t i n g  t h e  q u a n t i t y  

drrn^e^/m by w^^,  t h e  e l e c t r o n  plasma f r eq u e n c y ,  we o b t a i n

-  k '  -  ( v _  i ( w l ' w c c ) )  "  ÿ  =  °  •

Hence 2 /

■ 1 = 0 .  . . .  (A2. 13)
c2 L U)±U)ce + 1 V -1

The above e q u a t i o n  i s  o f  t h e  form 

^  g ' ( w )  =  0  .

' T h i s  i s  t h e  d i s p e r s i o n  r e l a t i o n ,  t h e  e q u a t i o n  r e l a t i n g  t h e  wave f r eq u e n c y

and t h e  wave number in  terms o f  t h e  complex d i e l e c t r i c  c o n s t a n t  e ' ( w ) .

Hence,  from e q u a t i o n  (A 2 .13)

Ŵ „ w è w „ „ - i v
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The r e f r a c t i v e  in d e x  i s  r e l a t e d  t o  t h e  complex d i e l e c t r i c  c o n s t a n t  hy

n = Re .

I f  Ĝ  = a  + i p »  th e n
1 1

Hence,  from e q u a t i o n  (A2.14)

W* wf _ n

d
» .  R c [ l  _ 5 -  . .  i  üke .  ^

L U) . ... \ 2   ̂ _ 2  UÜ . ... \ 2  . . . 2
(^=^d)ce) + ^ (w± Wce)^

+  rJÜ E l . ______________________ .

^ (u) ± ' '*

T h i s  i s  t h e  r e f r a c t i v e  ind ex  o f  a f u l l y - i o n i z e d  c o l l i s i o n - d o m i n a t e d  plasma  

f o r  an e.m,  wave p r o p a g a t i n g  p a r a l l e l  t o  an a p p l i e d  s t e a d y  m a g n e t ic  f i e l d ,
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A P P E N D I X  3

DERIVATION OF THE GPQ\vTII RATE OF THE CLASSICAI. 

RAYLEIGH-TAYI.OR INST API LIT Y

C ons ider  a f l u i d  in  a C a r t e s i a n  c o o r d i n a t e  sys tem.  Let  v  be

t h e  v e l o c i t y  o f  t h e  f l u i d  a t  t h e  p o i n t  ( x , y , z )  and t h e  t i m e  t  , and l e t  p

be t h e  p r e s s u r e ,  p t h e  d e n s i t y  and F t h e  e x t e r n a l  f o r c e  p er  u n i t  mass,  

a t  t h e  same p o s i t i o n  and i n s t a n t  o f  t i m e .  The e q u a t i o n  o f  motion o f  t h e  

f l u i d  I s  /  a N 1
( â t  + 2 )  X = l - p l P -

The e q u a t i o n  o f  c o n t i n u i t y  i s

( • | t  + 1 *  ^  P + PZ • X =  0 '

Suppose  t h e  e x t e r n a l  f o r c e  h a s  a p o t e n t i a l  Q such t h a t  F = -  •

The p o t e n t i a l  Q d e n o t e s  t h e  p o t e n t i a l  en ergy ,  p e r  u n i t  mass,  a t  t h e  p o i n t

( x , y , z ) ,  in  r e s p e c t  o f  t h e  f o r c e  a c t i n g  a t  a d i s t a n c e .  Furthermore,  i f  

t h e  v e l o c i t y  o f  t h e  f l u i d  can be e x p r e s s e d  in  terms o f  a v e l o c i t y  p o t e n t i a l  

cp, i . e .  y  = -  , th en  fo r  t h e  ca s e  o f  c o n s t a n t  f l u i d  d e n s i t y ,  or  t h e

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

be i n t e g r a t e d .  Lamb ( 1 9 6 2 ) ,  t o  g i v e :

^  = p / p  + n + i  v^ . . . .  (a 3 . i )

In t h e  c a s e  o f  an i n c o m p r e s s i b l e  f l u i d ,  t h e  eq u a t i o n  o f  c o n t i n u i t y  re d u ce s  

t o
Z * Z ~  “ Z» Zc p ~   ̂ ,

i . e .  V̂ cp = 0 , . . .  ( A 3 . 2 )

We n e x t  c o n s i d e r  p e r t u r b a t i o n s  o f  t h e  h o r i z o n t a l  boundary between  

■* two i n c o m p r e s s i b l e  n o n v i s c o u s  f l u i d s ,  which a r e  o t h e r w i s e  u n l i m i t e d ,  a c t e d  

on by a g r a v i t a t i o n a l  f i e l d ,  g ,  which i s  p e r p e n d i c u l a r  t o  t h e  i n t e r f a c e .

C o n s id e r  a r e c t a n g u l a r  frame o f  r e f e r e n c e  such t h a t  t h e  i n t e r f a c e  l i e s  

a l o n g  t h e  x y  p l a n e  a t  z = 0 ,  w i t h  t h e  g r a v i t a t i o n a l  f i e l d  a c t i n g  in  t h e  

-  z d i r e c t i o n .  The d e n s i t i e s  o f  t h e  two f l u i d s  a re  p^ and p^ , t h e
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s u b s c r i p t  1 r e f e r r i n g  to  t h e  upper f l u i d ,  and c o n v e r s e l y .  The f l u i d s  are  

c o n s t r a i n e d  t o  move in  two d im en s io n s  o n l y ,  t h e  y and z d i r e c t i o n s .

L e t  t h e  i n t e r f a c e  be s u b j e c t e d  to  a p e r i o d i c  p e r t u r b a t i o n  such t h a t ,  

i f  T) d e n o t e s  t h e  e l e v a t i o n  o f  t h e  s u r f a c e  above t h e  p o i n t  ( y , 0 )  a t  any  

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

T| = a exp i  ( k y - w t )  . . . .  (A3 .3 )

The wave number k = 2n /x  d e f i n e s  t h e  space  p e r i o d i c i t y  or  w a v e le n g t h  \ 
i n  t h e  y d i r e c t i o n ,  and uj i s  t h e  fr eq ue nc y  o f  th e  d i s t u r b a n c e .  S e t t i n g  

t h e  p o t e n t i a l  Q = g z  in  eq u a t i o n  ( A 3 . 1 ) ,  and assuming t h e  am p l i tu d e  a o f  

t h e  d i s t u r b a n c e  i s  s u f f i c i e n t l y ,  smal l  t o  be a b l e  to  n e g l e c t  t h e  term in  v^,  

we o b t a i n  f o r  t h e  two f l u i d s

p /p i = lü T  -

ÔCP, • • • •  (A 3 .4 )

p /P 2  = l a r  -  e  =

At t h e  i n t e r f a c e ,  t h e  nonnal component o f  t h e  f l u i d s '  v e l o c i t i e s  

m ust be equal  to  t h e  normal v e l o c i t y  o f  t h e  s u r f a c e  i t s e l f .  Thus,  w i th  

s u f f i c i e n t  a c c u r a c y .

I t  = -  [ ' i r J z = o  = -  y ] z = 0  • . . .  (A 3 .5 )

A l s o ,  e q u a t i o n  (A 3 .2 )  must be s a t i s f i e d  i n  t h e  y and z d i r e c t i o n s  f o r  

t h e  two f l u i d s ,  i . e .

^  + ^  =  0 . 
5y2

We ch o o s e  p o t e n t i a l s  f o r  t h e  two f l u i d s  which s a t i s f y  t h e  above e q u a t i o n ,

i . e .

cp̂  = e x p ( -  k z + i ( k  y -  ujt))

Cpg = Cg exp(  k z + i ( k  y -  w t ) )
. . .  (A3 .6 )

and which v a n i s h  a t  z = + »  and z = -  » ,  r e s p e c t i v e l y .
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S u b s t i t u t i n g  f o r  cp̂  and cp̂  from e q u a t io n  (A3.6)  and f o r  r\ 

from eq u a t i o n  (A3 .3 )  i n t o  e q u a t i o n s  ( A 3 . 5 ) ,

_ a i w  = C]k = -  C g k .  . . .  (A3,7 )

At t h e  i n t e r f a c e  t h e r e  i s  c o n t i n u i t y  o f  p r e s s u r e .  Thus,  e q u a t in g  t h e  two 

h a l v e s  o f  e q u a t i o n  (A3.4)

r 3* 1  \  f -,
Pi I inr - 8% ) = Pz t lüT - G = )'

S u b s t i t u t i n g  f o r  cp̂  and cpg from e q u a t i o n  (A3 .6 )  i n t o  t h e  above,  and in  

t h e  l i m i t  o f  smal l  p e r t u r b a t i o n s  a =* z = 0

P i  { -  C i i  W -  g a ]  = P g { -  C g i  W -  g a j .

S u b s t i t u t i n g  t h e  v a l u e s  o f  and from e q u a t io n  (A3 .7 )  i n t o  t h e  above,

wc have
ÜÜ U)̂

P i  I T  + P i  8 = -  P2 TT + P 2 8 '

(P 2 - P 1 )

“  = • • • •  (A 3 .8 )

In t h e  above e q u a t i o n ,  i f  p ^ y  p ^  th en  Vtii  ̂ i s  im aginary  

and i s  equal  t o  i  w , say .  Then, t h e  a m p l i tud e  o f  th e  d i s t u r b a n c e  grows  

e x p o n e n t i a l l y  in  t i me  a s  r| = a exp ( w t ) . T h i s  i s  t h e  c l a s s i c a l  R a y l e i g h -  

T a y lo r  i n s t a b i l i t y  a t  t h e  i n t e r f a c e  o f  two i n f i n i t e l y - e x t e n d e d  f l u i d s ,  when 

t h e  s ys te m  i s  u nd er g o in g  a c o n s t a n t  a c c e l e r a t i o n  d i r e c t e d  from t h e  l i g h t e r  

towa rds  t h e  h e a v i e r  f l u i d ,  T ay lor  ( 1 9 5 0 ) .
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P R O P E R T I E S  O F  T H E  D E N S E  P L A S M A  

P R O D U C E D  I N  P L A S M A  F O C U S
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A b s tra c t

PROPERTIES OF THE DENSE PLASMA PRODUCED IN PLASMA FOCUS. The plasm a produced by the 
focus or quasi-cylindrical m agnetic compression which occurs a t the open end of a m eta l-w alled , coaxia l 
plasma gun has been studied, using the e lec trica l waveforms and the elec trom agnetic  and reaction  p artic le  
emission. The elec trom agnetic  radiation in the XUV region of the spectrum has previously been briefly 
reported, and the present paper describes further m ore deta iled  analyses of the line emission at wavelengths 
shorter than 10 A when im purities are added to the gas filling. The emission is characteristic  o f a plasm a 
w ith a tem perature o f a few keV and a density greater than I C ’ cm*^, w hile the appearance o f optical 
transitions in highly stripped ions, e. g. A X V in ,  gives a m easure of the therm alization  in the plasm a.

T he stored e lec trica l energy has been doubled and the scaling of the neutron emission w ith the 
applied voltage and the in itia l partic le  density is presented. The duration of the neutron and X -ray 
emission is considerably longer than the observed instability  growth tim e in the plasm a filam ent. C a lcu la 
tions o f the m ode o f heating and the confinem ent of the plasm a are com pared w ith experim ental observations.

1 .  u r m o n u c T iO H  . _  .

F i l ip p o v  e i  atid have d e s c r ib e d  d i f f e r e n t  v e r s io n s
o f  a m e ta l -w a l le d  c o a x ia l  plasma gun which produces a d en se  pinch when 
operated  in  deuterium  gas a t  about 1 t o r r  p re s su r e  o r  h ig h e r .  The 
pinch i s  accompanied by th e  e m is s io n  o f  a h igh  f i u x  (about 10^^s e c ”“ ) 
o f  neutrons from D-D r e a c t i o n s  anil by an in t e n s e  b u r s t  o f  X -rays b o th  

f o r  a d u r a t io n  o f  10"^s e c .

The e l e c t r o n  tem perature o b ta in ed  from measurements o f  th e  hard
n ess  o f  th e  X-ray spectrum i s  th ou ght to  be a few keVl^J w h i le  d e n s i t y  
e s t im a te s  are o f  the  order  o f  lO^®em“̂  [4 ] t o  2 x I0^°cm“^ [ 5 ]  in  a 
plasma volume o f  about lO“^cni”̂  . Measurements o f  th e  t o t a l  plasma  
energy [ 5 ] i n d i c a t e  e q u a l ly  e n e r g e t i c  i o n s .  There e x i s t s ,  t h e r e f o r e ,  
th e  p o s s i b i l i t y  th a t  th e  neutron  f l u x  may a r i s e  f r o m  c o l l i s i o n s  b etw een  
io n s  a t  thermal e n e r g ie s  c h a r a c t e r i s t i c  o f  a tem perature o f  a fev/ keV, 
and indeed F i l ip p o v  and F i l ip o v a  [ 5 ] p ''in t out t h a t  a therm al b lo b  o f  
plasma moving witli a v e l o c i t y  2 x 10^ cm /sec  may b e s t  account f o r  th e  
observed en erg y  spectrum and i n t e n s i t y  d i s t r i b u t i o n  o f  th e  n eu tro n s .
In s im i la r  d e v i c e s  how ever, th e  n eu tro n  e m is s io n  has b een  a t t r i b u t e d  
t o  non-thcrm al a c c e l e r a t i o n  o f  i o n s  in  th e  plasma ( e . g .  Meskan e t  a l .
[ 6 ]  and i t  has been  su g g es ted  t h a t  th e  io n  and e l e c t r o n  en erg y  d i s t r i 
b u t io n s  are uncoupled (Beckner [ ? ] ) .  ^

The p r e s e n t  paper d i s c u s s e s  t h e r m a l i s a t io n  b etw een  io n s  ard  
e l e c t r o n s  from the appearance o f  o p t i c a l  t r a n s i t i o n s  in  h ig h l y - s t r i p p e d  
io n  s t a g e s  and fixani th e  t o t a l  f l u x  o f  en erg y  i n  th e 'X -r a y  r e g io n  o f  
the  spectrum. M acroscopic con fin em ent o f  th e  plasma has been  s tu d ie d

*  Im perial C ollege, London.
Royal Holloway C ollege, London.
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w ith  an image co n v er ter  fram ing camera, w h ile  th e  dynamic s t a t e  o f  th e  
fo c u s  and s c a le  o f  th e  d e n s i t y  g r a d ie n t s  have been  i n v e s t i g a t e d  u s in g  
p u l s e d - l a s e r  shadowgrams.

2 . APPARATUS

The d im ensions o f  the d is c h a r g e  chamber and th e  c o a x ia l  e l e c t 
ro d es  are shoivn in  F i g . 1 .  The 5 cm d ia m eter  in n e r  e le c t r o d e  ( th e  
anode) i s  shrouded by an  ou ter  c u r r e n t  r e t u r n  10 cm d ia m eter  w ith  a 
p e r fo r a te d  s e c t i o n  f o r  vievring th e  d i s c h a r g e .  The en erg y  source i s  a 
94 pF c a p a c i to r  bank which w ith  a source  in d u cta n ce  o f  2o nH and 
operated  at 3 0  kV w i l l  d e l i v e r  1 .5  mA peak cu rr en t  i n t o  a s h o r t  c i r c u i t  
w ith  a r i s e  tim e o f  2 .4 5  p s e c .  P r e v io u s  r e s u l t s  [ l ]  have been  rep o r ted  
w ith  h a l f  t h i s  bank c a p a c i ta n c e  (4 8  pF ).  a  r a d i a l  im p lo s io n  or ’f o c u s '  
a t  the open end o f  th e  gun can be produced w ith  a s t a t i c  p r e s s u r e  
f i l l i n g  i n  th e  range 0 ,2 5  to  g r e a t e r  than  30 t o r r  Da and over  the  
o p e r a t in g  v o l ta g e  range o f  th e  bank from 23 kV to  4 0  kV.

HCM CURRENT c o n n e c t io n  
(AXIAU.V ADJUSTABLE 
CENTRAL ELECTRODE)

.MCX

.•S'

OUTER ELECTRODE

■STAINLESS STEEL MAMFOLD

F IG .l. Schem atic diagram  o f plasma focus.

3 . FOCUS CHARACTERISTICS

The c i r c u i t  Waveforms are sho7tn  f o r  th e  48  pF bank i n  F i g . 2 ( a , b )  
and in  F i g . 2 ( c , d )  f o r  the 94 pF bank. During the tim e Tq t o  th e  
cu rren t sh eath  i s  d r iv en  by the  x  Bq f o r c e  b etw een  th e  e l e c t r o d e s  
and rea ch es  an a x i a l  s p e e d ,  v^ , whicn v a r ie d  from 2.1- x 10  ̂cm s e c “  ̂
t o  7 X lO®cm sec"*’ .The a x i a l  sp eed  v a r i e s  w ith  a p p l ie d  v o l t a g e  and gas  
p ressu re  as p red ic ted  by a snowplough com press ion . .At tim e th e  
cu rren t sh ea th  c o l l a p s e s  r a d i a l l y  in t r o d u c in g  a h igh  v o l t a g e
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~  Ig dL /dt in t o  tho c i r c u i t ,  v.iierc Tg i s  t h e  cu rren t a t  ' c o l l a p s e ' .  
The e l e c t r i c  f i e l d s  g en era ted  i n t e r n a l l y  by the r a d i a l l y  im ploding  

2vr I  ^
s h e a th ,  Eg = — - .  — _, show as s p ik e s  a t  t  ^  i g  i n  F ig ,  2 and are  r e s 

p o n s ib le  f o r  th e  i n t e n s e  f l u x e s  o f  hcird X -rays w ith  mean energy equal  
to  the c h a r a c t e r i s t i c  K - s h e l l  r a d i a t i o n  o f  tu n g s te n  from th e  \V/Cu 
a l l o y  anode.

The neutron  p u l s e ,  F i g . 2 ,  depsnds on the o p e r a t in g  c o n d i t io n s  
and c a p a c i t o r  s o u r c e .  T y p ic a l ly  a sharp sp ik e  i s  produced in  pure Da 
w ith  th e  4 8  p F ban-: P ig .  2 ( a ) , w h i le  m u l t ip le  b u r s t s  were more normal 
w ith  added im p u r ity  F i g . 2 ( b ) ,  and i n  a l l  c o n d i t io n s  o f  p u r i t y  w ith  
th e  94 pF bank F i g . 2 ( c , d ) . .  'Die s i n g l e  sharp  s p ik e  i s  a s s o c i a t e d  w ith  
r e c o v e r y  o f  th e  c u rr en t  a f t e r  c o l l a p s e  ; v/hen m u l t ip le  s p ik e s
occurred  the  c u r r e n t  a f t e r  c o l l a p s e  tended to  remain near h a l f  i t s  
peak v a lu e .  No v i s i b l e  l i g h t  co u ld  be s e e n  on th e  im a g e -co n v er ter  
p i c t u r e s  d ur in g  th e s e  l a t e r  s p ik e s  which s u g g e s t s  th a t  tJie neutrons  
were e m it te d  from lo w er  d e n s i t y  plasma than  a t  th e  f i r s t  c o l l a p s e .
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 ^
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(d)
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FIG .2 . Plasma focus waveforms and neutron emission for different values of C (capac itance),
V (applied  voltage) and p , , ( in itia l gas pressure): (a) C = 48 pF; V = 30 kV; p , = 0 .8  torr D%;
(b) C = 48 pF, V = 3 0 k V , p , = 1.1 torr D%+ 2% A; (c) C = 96 pF; V = 30 kV; pj = 0 .5  torr D , ;
(d) C = 96 pF; V = 2 5 k V ,  p , = 0 .8  torr D, + 3 ^  A.

The s c a l e  le n g th  o f  th e  change i n  th e  e l e c t r o n  gra d ien t  
(c  0 .0 1  cm) was measured from shadowgrams u s in g  a Q -s p o i le d  (35  t o  
2 5  n sec  p u l s e )  ruby l a s e r  which v/as modulated by m o d e- lo ck in g  t o  
g iv e  a r e s o l u t i o n  < 10"  ̂ s e c .  The p resen ce  o f  a dense  j e t  o f  e l e c t r o d e  
m a t e r ia l  v i s i b l e  on th e s e  shadowgrams a t  a t im e 0 , 2  p sec  l a t e r  th an  t g  
i s  th o u g h t  t o  b e  the cause o f  th e  n o n -reco v ery  o f  th e  c u r r e n t ,  
P i e . 2 ( b , c , d ) .

A mode o f  o p e r a t io n  vzhich occurred  i r r e g u l a r l y  b e fo r e  the e l e c t 
ro d es  became c o n d it io n e d  by r e p e a te d  d is c h a r g e s  i s  a l s o  shown in  F i g . 2 
and i s  termed ' n o n - f o c u s ' .  The cu rren t  i n  such a d is c h a r g e  approxim ates  
t o  t h a t  f o r  a s h o r t - c i r c u i t ,  s o  a major f r a c t i o n  must co n tin u e  t o  f lo w  
a c r o s s  th e  i n s u l a t o r ,  F i g . 1 .  In  t h i s  ' i n a c t i v e  mode' image co n v e r te r  
p i c t u r e s  show a d e la y ed  and s lo v / ly  ( 5 x 10® cm /sec )  im ploding  cu rr en t  
s h ea th  b u t  no n eu tron s  or s o f t  X -rays from th e  plasma volum e, or  hard  
X -rays from th e  an o d e ,  a re  e m it te d .
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Zh.1 RADIATION MEASURF.Î-SMTS -  EXPERIMENTAI Tr:CHNIQUES

A f u r t h e r  c h a r a c t e r i s t i c  o f  the compressed plasma a f t e r  c o l l a p s e
i s  th e  f l u x  o f  r a d i a t i o n  in  th e  XUV r e g io n  i . e .  from 1 A t o  about 20 X. 
S u rfa ce  b a r r i e r  d e t e c t o r s  w ith  a  known e l e c t r i c a l  c o n v e r s io n  e f f i c i e n c y ,  
p la c e d  i n  th e  image p la n e s  o f  2 p in h o le  cam eras , and v ie w in g  the  
sajne volume o f  p lasm a, were u sed  to  measure th e  r e l a t i v e  tr a n s m is 
s i o n  tlirough t h i n  f o i l s  and a l s o  the a b s o lu te  i n t e n s i t y  o f  th e  e m is s io n .  
The X-rays from the  anode were scr een ed  from the  image p lane by a 
5 mm t h ic k  le a d  s h e e t .  F i g . 3 shows the  time o f  th e  e m is s io n  a c r o ss
a 2 cm d ia m eter  f i e l d  o f  v iew  r e l a t i v e  t o  th e  v o l t a g e  s p ik e .  The Da
plasma in  th e s e  exp er im en ts  was doped w ith  a few  p ercen t  argon by  
volume in  o rd er  to  enîiance th e  e m is s io n  and t o  ren d er  th e  plasma volume 
and p o s i t i o n  more rep ro d u cea b le  from s h o t  t o  s h o t .

. . . .  M  Torr (D^ +  3®/o A)
2

n e u t r o n s

X-Rays channel  1
c a B w r  p p s »  * i m i i n i n w n M

J  L

0*5 / j s e c / d i v i s i o n
FIG .3 . Neutron and emission in X -ray region from plasma focus 

C = 4 8 p F : V = 30 kV: pj = 1.1 torr D , + 3 ^  A

Both X -ray im age channels screened with 2 .68  m g/cm * A l. p-n junction (SjO j -Si) surface barrier 
d e tec to n  with 80 p depletion layer.

P in h o le  images o f  th e  plasma in  i t s  own XUV l i g h t  are shown 
i n  F i g . 4 .  A lthough i n  Fig./». th e  D s i s  doped w ith  h e a v ie r  g a se s
and th e  s p a t i a l  r e s o l u t i o n  i s  l i m i t e d  by th e  f i n i t e  ( l  ram) s i s e  o f  
th e  p in h o le ,  th e  images c l e a r l y  show th e  r a d i a l  e j e c t i o n  o f  plasma 
from th e  column due t o  l o c a l i s e d  com pression  and i n s t a b i l i t i e s ( r e f e r 
red to  i n  s e c t i o n  6 . l )  V/ith much improved s p a t i a l  r e s o l u t i o n  and i n  
pure Da th e  minimum d ia m ete r  o f  the  plasma column was 0 . 5  mm w ith  a 
minimum volume o f  10^‘̂ cin"^. S in c e  t h e  f i la m e n t  r e t a i n s  an a x ia l  v e l o 
c i t y  o f  k, 1(f cm sec"^ a c r o s s  th e  f i e l d  o f  v iew  th e  pinJiole images have an 
in h e r e n t  t i m e - r o s o lu t io n  o f  5 0  n s e c ,  about th e  h a l f -w id t h  o f  tiie e m is s io n  
in  F i g . 3 . ' '
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2^.2 Tim .OBSERVED RyiSSl'ON SPECTRUM ' ' ' '

F i g . 5 shov/5 ih c  c m ls s ig n  spectrum from an argon-doped D2 plasma a t  
w a v e len g th s  s h o r te r  than 1O A. The to p  spectrum i s  recorded  u s in g  a 
p la n e - g r a t in g  w ith  a higti e f f i c i e n c y  in  th e  X-ray r e g jo n  [ 8 ] ,  The r e s o 
l u t i o n  i s  l im i t e d  by ^he en tra n ce  c o l l i m a t i o n  t o  0 ,2  A. The i n t e n s e  
f e a t u r e  a t  3 .9  — 0.1  A ÿ  due m ain ly  to  th e  f i r s t  r e so n a n ce  o p t i c a l  
t r a n s i t i o n  to  the ground l e v e l  o f  H e - l ik e  argon . The weaker f e a t u r e  a t  
3 . 3  i  1 A in c lu d e s  the h i^ i e r  members o f  t h i s  s e r i e s  and free-b o u n d  con
tinuum in t o  th e  I l e - l i k e  io n .

Open end of 
electrodeCcm)

Inner electrode

D E

FIG .4 . P in-hole im ages in X -ray light from plasma focus; (D) C = 48 pF; V = 30 kV; 
Pj = 1 .1 torr D, + 4 0 ^  HE; (E) C = 48 pF; V = 30 kV; p , = 1 .2  torr + 10%Xe. 
(visible light screened by 2.68 rng /cm  Al)

The same spectrum was o b ta in e d  in  h ig h e r  r e s o l u t i o n , F i g . 5 (b e lo w ) ,  
by d i f f r a c t i o n  frcxn a mica c r y s t a l  b en t in t o  th e  de B r o g l i e  c o n f ig u r a t io n  
[ 9 ] convex to  th e  so u rce .  The r e s o lu t io n ,O .O 1 A, i s  now determ ined  by  
th e  l a t e r a l  m otion o f  th e  source  and th e  ’window f u n c t i o n ’v o f  the' mica.  
Lyman-a o f  H - l ik e  argon and th e  s e r i e s  1s^ -  1snp i n  H e - l ik e
argon have been observed w ith  n up to  5 ( i . e . -  w ith  an e x c i t a t i o n  o f  
3 . 9 5  keV ). The w avelength  s c a l e  o f  th e  c r y s t a l  in stru m en t was c a l i b r a t e d  
by su perim p osin g  He X o p t i c a l  resonance  l i n e s  from a neon-doped plasma  
on th e  t h i r d  order argon l i n e s  so  th a t  th e s e  o p t i c a l  t r a n s i t i o n s  cannot  
be con fu sed  w ith  in n er  s h e l l  and X-ray t r a n s i t i o n s ,  Peacock e t  a l  [ 1O]. 
The p resence  o f  a weak background continuum from free-^ o u n d  reco m b in a t io n  
i n t o  L i - l i k e  argon showed as an i n t e n s i t y  s t e p  a t  7.9  A due t o  th e  k t  
f i l t e r .  Moreover a lthough  th e  e m it t in g  plasma volume was f r e e  o f  o p t i c a l  
Cu l i n e s ,  X-ray Cu l i n e s  were ob served  a t  and v.'ithin about a mm from  
the  anode. These e n e r g e t i c  o p t i c a l  t r a n s i t i o n s  e s t a b l i s h  th a t  th e  e l e c 
tr o n  tem perature i s  o f  th e  o rd er  o f  1 keV. F u r th er ,  th e  t r a n s i e n t  
s t r ip p in g  time t o  reach  charge Z, (Z = 1? f o r  a h y d ro g en ic  io n  w i th  
an i o n i z a t i o n  p o t e n t i a l  eq u a l t o  AXVIl) must not be lo n g e r  than th e  con
f in em en t  tim e o f  th e  plasma i . e .

z=1 7
P ’

E
z = 1

i o n i z a t i o n  ^ < ne?p, f o r  Z = 1 7 ,

t h i s  g i v e s  a low er  l i m i t  o f = 1(f  ̂ cm"° s e c . Tg IS equa- ̂ I f  now
t e d  t o  the d u r a t io n  o f  th e  X -ray e m is s io n  p u ls e  ( ~  30 n s e c )  we f in d  
He > lO^®co"^. The r e s u l t s  o f  more d e t a i l e d  c a l c u l a t i o n s  o f  th e  t r a n s 
i e n t  io n  p o p u la t io n s ,  i n c lu d in g  r a d i a t i v e  re co m b in a t io n ,  i n  F i g . 6 ,  show 
t h a t  f o r  the H e - l ik e  a n i  H - l ik e  io n s  t o  dominate th e  spectrum w i t h in  
3 0  n s e c ,  riQ > cnf ̂  . The co r o n a l  b a la n c e  used h ere  betw een  e l e c -
ti*on im pact i o n i z a t i o n  and* r a d i a t i v e  re co m b in a t io n  i s  . j u s t i f i e d  [ 1 1 ]
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f o r  i o n i z a t i o n  p o t e n t i a l s  o f  4  keV a t  t h i s  d e n s i t y .  I t  i s  deduced  
( s e c t i o n  i f . 5)  fra n  an a n a l y s i s  o f  th e  t o t a l  X -rey f l u x  t h a t  tiq cannot
exceed  10^ cm^

If.3 COMP.ARISON WITH LASER-PRODUCED PL/^SYAS

Supporting  ev id en ce  f o r  th e  above plasma param eters i s  o b ta in ed  
by comparing th e  spectrum o f  Plasma Focus vrith th a t  from l a s e r  i r r a d i a 
t i o n  o f  a s o l i d  t a r g e t  [ l 2 ] .  In  th e  laser .-produced  plasma the d e n s i t y  
i s  h ig h  enough f o r  a s te a d y  s t a t e  io n  p o p u la t io n  to  be approached i n  th e  
plasma fo rm a tio n  p hase .  The e l e c t r o n  t*cmpcr;;.lure i s  100 eV ani the  
e m is s io n  continuum re a ch es  a m":<imum a t  80 A. Ions  w ith  i o n i z a t i o n  
p o t e n t i a l s  about f i v e  t im e s  th e  mean therm al e l e c t r o n  eriorgy are  
produced [ l 2 ] ,  '

3*9 M

0  2 i 6 8 I O 1----1 1.1 11_________ _

Grating d ispers ion

0  o rd e r 2nd o rd e r  3 rd  o rd e r

1
F

Mica c rysta l  d ispersion

Inner shell
3 7 3 ( 3 )

A XVIII Lycc

l ' S - 4 ' P  l 'S - 3 'P  l ' S - 2 ' P  l ' S - 2 ’ P
A n n

FIG .5. Crystal and grating dispersion of spectrum from plasma focus with in itia l gas pressure 
1 .3  torr D, + 8*!̂  A.
Above Etched grating 300 lines/m m , a t 10 arc m inutes grazing angle and 2 arc m inutes co llim ation  

of source.
Below Mica crystal bent convex to plasma with radius of 3 .8  cm .

In tlio riaisma Focus on the o th e r  hand, the continuum i n t e n s i t y  
i n c r e a s e s  m onoton iea l l y  t o  e n e r g ie s  above th e  K-edge o f  A l, a s  ex p ec ted  
f o r  an e l e c t r o n  t e r n r a tu r e  o f  1 keV. The observed  i o n i z a t i o n  p o ten 
t i a l s  4  kcV) are co r r e sp o n d in g ly  more e n e r g e t i c .

4 . 4  MEASUREMENT OF ELECTRON TEMPERATURE

From tlie observed sp e c tra l fe a tu re s  described in  sec tio n  4 .2  
using the steady  s ta te  approxim ation, the transm ission  throu^Ji th in  
f o i l s  can be computed, to  give f o r  example, the spectra  p lo tted  in  F ig. 7.
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Transient Ion Population in P lasm a Focus
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( / n g = 1 0 ^ c m - ’̂  ; n t = 1 0  p 2 * 1 7 .  A r g o n

Te= 1 keV

?
S

N(Z-3,g)cQ

N(Z.g)

03
t (usee)

FIG .6 . C alcu lated  transient argon ion population; the electron tem perature Tg is 1 keV; 
elec tron  density (fu ll line), n^ = 10*’ c m " ’; (dotted line) Og = 10** c m " ’.

Calculotrd cntssion tp e c tn m  frwm plowno focus 

O j*3 *4 A rgon.n, •! 5«  itf* cm*’  Te "2keV F ilte r  thickness 2 68mgm /cm’ AI. F ille r  thickness 7 Omgm/cm’  Al.

Argon XVIII _
37 5 %  IK

toII 1001 10
W avelength (%)

FIG .7 . C alcu lated  emission spectrum from plasma focus in D% + 3% A through various thickness of 
alum inium  filters
electron density , n^ = 1 .5  x l o ”  c m " ’ 
elec tron  tem perature, Tg = 2 keV.
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Tlie calculated, relative transmission through Kt r Be and,Ni foils is 
compared vdth that observed to give an estimate of Tq [13]. Typical, 
results for Kt filtration are shov/n in Fig.8 . The mean temperature 
over a number of different absorbers in Dz + 3^ argon at 1 .1 torr is
1 . 8  (± 0.6 keV) while in pure Dz> Tg = 2.5 (i 0,8 keV).

The technique Is most reliable for transmission of that part of 
the spectrum which includes only the shortest wavelength free-bound 
recombination. The estimate of Tg using the thinnest foils (Fig.8 ) 
is lower than average and this can be attributed to continuum and line 
radiation not taken into account in the calculations from Li- and 
Bo-like ions whose population v.lll be higher than that calculated 
for steady state conditions. For the thickest foils (Fig.7) the 
steady state approximation gives a reasonable value since only the rela
tive intensities at different wavelengths on the same continuum are 
involved. „ -

4.5 ABSOLUTE FLUX OF RADIATION ' 1

The total flux of unfiltered radiation calculated for an argon- 
doped plasma in steady state conditions is shown in Fig.9 as a function 
of Te, for ne = 1.5 x lO^®cm"^(the stripped argon ions increase the 
initial no by 5^^). After filtration through Kt foils the flux is 
mainly due to the He end H-like ions and this is compared to the total 
chai'ge, <f>, received on the surface barrier detectors as follows:

> /’‘pulse ‘ ^ 5  2=16

5.76 X 1 0 -  /  [- g  + Y. ^ o n t ( f - t )
O . , . . 2= .17 . Z = l 8

2 = 1 6 2=1

/ ^cont(f-f) / ^cont(f-f) I exp - p(v)x
* 2 = 1 8  '■ ' " '

( 2 is the ionic charge)
where t is the emission time of the plasma in the field of view of
the detector; I is the intensity of the spectral feature and p(v ) is 
the absorption coefficient in a foil thickness x. V is the volume of 
the emitting region, 1 0 "̂  cm”°; d2 is the solid angle subtended at the 
pinhole. Results are shown in Table I* If the plasma is confined 
for a time long enough for a steady state population to be reached the 
observed radiation flux should equal that calculated. At heavy filtra- . 
tion, Fig.7 (7 mg cm"") the calculated transmission is about an order
of magnitude more than that observed and this is interpreted as evidence
that the H-like and He-like ion populations are less than for a steady- 
state plasma*.

Fig . 6 shows that at n^ = 1 x 10^® the time to reach a steady state is 
120 nsec. The observed results in Table I can readily be attributed to 
a plasma confinement time at this density which is limited to less than 
the steady-state time and is of the order of 4 0 nsec. It is possible 
that the volume and density should be scaled up by as much as a factor 
of 1 0 ; however, both these factors would increase the discrepancy between 
the calculated and observed fluxes, implying that the ion population 
is even further from a steady-state. The emission time in these circum
stances would be much shorter than observed. '
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T/iBLE I
Comparison o f  observed and c a lc u la t e d  tr-jngmii;r.ion from ' 

a D2 4 y/ô a i’gon plasma v/ith Oc -  1.5 %

At
filter

Iq (observed intensity 
Ergs cni"̂  sec"^

Ijj(calculated intensity Ergs cm“^sec“^

1 . 0  keV 1 . 5  keV 2 . 0  keV

0 mg/cm*
4.36  "
7 . 0  "

9 . 8 5  X 10"^
5.4  X 1(/"
2 . 7  X i C f "

7 X 10""
3.2  X 1 ( f ^  

8.9 X 10"^

1.2  X itf ’ 
8 . 5  X
3.2  X l V =

1 . 5  X 10 ' ’

1 .4  X i C ®  

6.8 X 10"®

0  5

l lmtn D;4 3*/» Argon. n , - h 5 x l O  cm
0 4

0  3

I,o

0-2

0-1

T hickness of Al. foil (mgm/cm^)

FIG .8 . C alcu lated  transmission through Al foil for varying plasma tem peratures com pared with 
experim ental values ( in itia l gas pressure, p j = 1 .1  torr + 3 ^  A).

Thus it is concluded from the observed spectrum, and from the 
duration and intensity of the E.M. radiation that a steady-state is 
approadied, but not achieved, probably because the plasma is in a com
pressed state (at a density ~ 10^^ cm" ) for only a limited period 
^ 4 0  nsec.

5 . EOUIPARTTl'ION BET.'/E5N IONS MID ELECTRONS ' /

The relaxation times for the charged particles in the plasma 
focus are sufficiently short at densities of about I0^®cm“  ̂ to ensure 
a thermal distribution of both ions and electrons. Equipartition 
between the energy distributions of the deuterium ions and electrons 
is given by ; * . -

n K 1.1 X 1(^^, for a 1 keV temperature.• e ie '
Tn addition,’the time"necessary to reach a steady-state ion popu

lation (lIcY/hirter [11 ]) is
n^ T (steady-state) ~ 1 x 10̂
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and t h i s  c r i t e r i o n  a p p l i e s  over a wide range o f  Tg. S in ce  i t  has b een  
shovm ( s e c t i o n  4 . 5 )  th a t  a s t e a d y - s t a t e  io n  p o p u la t io n  i s  approached,  
the containm ent tim e cannot be much s h o r te r  than the  e q u ip a r t i t i o n  t im e .

Radiation lo s s  from P lasm a F ocu s
( ng = 1Ql9cm -3 D9 ♦ 17 , A rg o n )

 total radiation

_  lin es

Bnemsstrahlur

He-like 
recombination 
' H-like 
recombination

pure H

Li-like
recombination

FIG .9 . C alcu la ted  radiation loss versus elec tron tem perature in D , + 1% A, plasma electron  density, 
n g  = 1 . 5  X 1 0 "  .

6 .1  STABH.ITY

In ter ch a n g e  i n s t a b i l i t i e s  a r e  t o  be ex p e c te d  i n  th e  h i ^ i l y -  
pinched f i l a m e n t  such a s  e x i s t s  i n  Plasma F ocu s .  In  p a r t i c u l a r ,  th e  
m = 0  i n s t a b i l i t y  h a y in g  th e  s h o r t e s t  w a v e len g th  (k)" should  grow a t  
a  r a t e  w -  ( v ^  k / r ) ? ;  w ith  -a plasma d ia m eter  o f  0 . 5  mm and eq u a l io n  
and e l e c t r o n  tem peratures th e  growth tim e Tg ~  IO"® seco n d s .

Image c o n v e r te r  photographs as i l l u s t r a t e d  i n  F ig .  10 ,  show t h a t  
th e  q u a s i - c y l i n d r i c a l  com press ion  produces a ' f o u n t a i n ’ o f  plasma which  
t r a v e l s  a x i a l l y  away from th e  e l e c t r o d e s  w ith  a v e l o c i t y  ^  cm sec"^ .  
B o th  s a u s a g e -  and k in k - ty p e  i n s t a b i l i t i e s  grow ^ in  th e  p l a s m a  c o lu m n  w ith  
Tg «  5 X 10"* s e c .  They occur  p r e f e r e n t i a l l y  a t  th e  most compressed  
p a r t  o f  th e  column or f i l a m e n t ,  which a t  any tim e i s  n e a r e s t  the cen tre  
e l e c t r o d e T h e  r a d i a l  e j e c t i o n  o f  p l a s m a  due to  t h e s e  i n s t a b i l i t i e s  i s  a l s o

* Schlicrcn pictures taken In Q -spoiled ruby laser light and for the sam e plasm a conditions as in 
Fig. 10 confirm  the radial fluting.
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d i s c e r n i b l e  on th e  X-r%r im a g es .  F i g . 4 .  The i n s t a b i l i t i e s  do not d i s 
ru p t th e  c i r c u i t  cu rren t  how ever ,  s in c e  f u r t h e r  compressed r e g io n s  
appear as th e  f i la m e n t  t r a v e l s  a x i a l l y  away from th e  e l e c t r o d e .  The 
p u lsed  l a s e r  shadpwgrams r e v e a l  th a t  d ur in g  th e  c o l l a p s e  phase and 
a fterw a r d s  th e  plasma boundary u ndergoes r a p id  ( «  lO~®sec)  r a d i a l  
o s c i l l a t i o n s .

A l o s s  l i k e l y  i n t e r p r e t a t i o n  o f  F ig s  10 and 4  i s  th a t  the dense  
b lo b s  o f  plasma rem ain  i n t e g r a l  a s  th ey  t r a v e l  downstream w ith  th e  
plasma column. To s u s t a i n  t h i s  argument a mechanism, p o s s ib ly  due to  
f i n i t e  larmor ra d iu s  [ 4 ] ,  must b e  invoked f o r  s t a b i l i s i n g  th e  b lo b s .  
At th e  s u r fa c e  o f  th e  plasma t h i s  c r i t e r i o n  [ l 4 ]  f o r  s t a b i l i s a t i o n  i s  
not s a t i s f i e d .  A l t e r n a t i v e l y  s o m e  f o r m  o f  s t a b i l i s a t i o n  e i t h e r  due to  
th e  b o u n c in g  o f  th e  p l a s m a  b o u n d a r y  o r  to  th e  h i g h - v e l o c i t y  a x ia l  f lo w  
o f  th e  io n s  m a y  b e  e f f e c t i v e .

Exposure 
10 nsec/frome

Al -50 nsec 

(51 ‘

Al -50 nsec
CO

Al -SOnsec 
0)

Inner electrode Outer electrode
5cm dio

Image of 5cm 
bock port

Field of view
Frome oreo

FIG. 10. Im age convener sequence of plasma focus during collapse phase. 10 ns exposure/fram e; 
C *= 48 pF; V = 28 kV; p , = 1 .1  torr D , + 1 .5 ^  A.

6 . 2  ENERGY LOSS PROCESSF.S

R a d ia t io n  i n  th e  XUV r e g io n ,  s e e  Table I ,  can be see n  t o  c o o l  th e  
plasma (w ith  added argon ) .1 th  a tim e c o n s ta n t  nkT /lg  = 0 . 2  p s e c .  
in  a pure Da plasma t h i s  c o o l in g  tim e i s  a t  l e a s t  two o rd ers  o f  magni
tude lo n g e r  and can be n e g l e c t e d .

A more s e r io u s  l o s s  i s  t h a t  o f  p a r t i c l e s  whose a x ia l  f lo w  i s  
u n r e s t r i c t e d .  For a plasma i n  e q u il ib r iu m  th e  tim e c o n s ta n t  f o r  io n  
l o s s  out o f  the ends i s  f p / ( 2 v i )  = 5 0  n s e c ,  where (p i s  th e  l e n g t h  
o f  th e  plasma column. However, tn e  i o n  l o s s  t o  th e  anode w i l l  be sup
p r e s s e d ,  b eca u se  th e  a x i a l  v e l o c i t y  o f  th e  f i la m e n t  i s  o f  th e  order  
o f  th e  therm al v e l o c i t y ,  and in  th e  la b o r a to r y  frame o f  r e f e r e n c e  th e  
io n s  smear out o n ly  "dovmstream".

A ga in , assum ing th e  plasma and th e  c o n f in in g  f i e l d  to  be i n  e q u i 
l ib r iu m  a f t e r  th e  r a d i a l  com press ion  th e  tim e c o n s ta n t  f o r  h ea t  l o s s  
g iv e n  by f ^ V g  \ qq i s  so  sh o r t  (5  n s e c )  th a t  th e  plasma cannot  
remain i n  therm al c o n ta c t  w ith  th e  e l e c t r o d e .
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7 .  ENERGY CONVSRSTOM IN PL/iSI.IA FOCUS

A s o l u t i o n  o f  th e  c i r c u i t  eq u a t io n s  [ 1 5 ]  v/ith

. L = 2Vg lo g ^  Ri/Ra = 1 .8  x 10"  ̂ &

where R±, Ra are th e  r a d i i  o f  th e  e l e c t r o d e s ,  shows th a t  o f  th e
e l e c t r o s t a t i c  banJ: energy i s  s to r e d  as m agnetic  en erg y  behind the
cu rren t  sh ea th  a t  t - - T q. The p art  o f  t h i s  energy  used  t o  do mechani
c a l  work on the c u r r e n t  slieath d u r in g  c o l la p s e  i s

j .  ° I* ^ ( lo g  R i/r )  (p - (p r / r j  d f  -

’'c

and t h i s  amounts t o  2 . 5  k jo u le s  a t  peak c u r r e n t .  Ohmic h e a t in g  i s  
e s t im a te d  [ l 6 ]  t o  c o n tr ib u te  a l s o  0 . 1 5  k j o u l e s ,  making a t o t a l  energy  
in p u t  o f  2 . 6 5  k j o u le s .  T nis  i s  much h ig h e r  than  th e  t o t a l  energy  
a s s o c i a t e d  w i th  th e  compressed f i l a m e n t ,  so th a t  most o f  th e  m echanical  
work must have been expended i n  removing plasma from th e  com pression  
r e g io n .  • , . . .  ...

The therm al en er g y ,  2VnkT i s  10 j o u l e s  i n  th e  low er  l i m i t  and 
100 j o u l e s  i n  th e  upper l i m i t  depending on th e  plasma volume. This  
can be compared w ith  the k i n e t i c  energy c a l c u l a t e d  f o r  a p inch  c a r ry 
in g  a l l  th e  cu rr en t  and in  e q u il ib r iu m  w ith  i t s  s e l f - f i e l d ,  v i z . .

= i  Li ( l ?  -  I? ) / (  1 + 2  loGg R i/r  )  ( 1 )

where th e  numerator i s  th e  d i f f e r e n c e  i n  s to r e d  m agnetic  energy b e fo r e  
and a f t e r  c o l l a p s e .  For I 2 = J i / 2  ,7^o o f  th e  s to r e d  energy  i s  a v a i l 
a b le  f o r  plasma thermal energy i . e .  about 8 5 O j o u le s .  More u s u a l l y  
Eĵ  amounted t o  5 0 0  j o u l e s  i n d i c a t i n g  th a t  o v er  h a l f  the  energy i n  th e  
pinch  i s  a s s o c i a t e d  w ith  non-therm al e f f e c t s  such as sh ock s  and mass 
motion  in  a x i a l  f lo w  and r a d ia l  o s c i l l a t i o n s .  Again e q u a t in g  the  
therm al energy t o  E^, T should  s c a l e  a s  and th e  neutron  y i e l d  
as 1̂  ( f o r  c o n s ta n t  pinch r a d iu s  and p a r t i c l e  d e n s i t y ) .  F i g . 11 
shows a p lo t  o f  th e  n eutron  y i e l d  as a f u n c t i o n  o f  co n s ta n t  p r e s s u r e .  
F i g . 11( a )  , and c o n s ta n t  v o l t a g e ,  F i g . 1 l ( b ) ,  The i n t e r p r e t a t i o n  i s  
co m p lica ted  a s  i t  i s  not known how th e  k i n e t i c  energy i n  th e  compressed  
plasma i s  shared  betw een the d e n s i t y  o f  th e  p a r t i c l e  and t h e i r  thermal  
energy as Ii  i s  v a r ie d .  I t  i s  apparent however th a t  as  th e  s to r e d  
m agn etic  en ergy  and I i , i s  in c r e a s e d  th e  n eutron  o u tp u t in c r e a s e s  and 
s c a l e s  ap prox im ate ly  as from the cu rves  in  F i g . 1 1 .

8 .  CONCLUSIONS

E n e r g e t ic  ( 4  keV) o p t i c a l  t r a n s i t i o n s  in  h ig h l y - s t r i p p e d  io n s  
are produced in -P lasm a Focus. From the t o t a l  f l u x  o f  energy in  th e s e  
t r a n s i t i o n s  and t h e i r  time o f  e m is s io n  i t  i s  concluded t h a t  th er e  i s  
c o n s id e r a b le  c o u p lin g  between the e l e c t r o n  and io n  d i s t r i b u t i o n s ;  the  
co n fin em en t time o f  th e  plasma i s  on ly  a f a c t o r  o f  about 5 to o  sh o r t  
f o r  com plete  e q u ip a r t i t i o n .  At 1 .1 t o r r  in  Dsthe e l e c t r o n  tem perature  
from a b so rb er  f o i l  t e c h n iq u e s  i s  2 .5  ±  0 .8  keV; the  plasma vol'ume 
v a r i e s  from 10"* cm”  ̂ up.rards t o  a lm ost iO”  ̂ cm”̂  and the e l e c t r o n  
d e n s i t y  i s  from 1 t o  2 x lO"^®cm“* .



CN-24/G-4 : 63

2q JJOi
•o

O

fvi

>

tn

<

a  c S

(AX) *ftOî|OA JJDIS
> o rvi

J  _______1_ O
S

\  '%
% '

, L

w
lA
Cl.

~So

C) . 
>*

2 I
n
M p

\  . \  • \

o
P

o 2
" ^  
o o3#
i l
I s
t-> lO
S f

JO

II
< >
o m  
co .
S.^ta coeo
2 ■

â
s  -•&c«

r . >

3
CV 
>
T3 
«

II
^■8

S  S-2

g l i

T
O  

X•oX»o

•S|nd/p|s|A uoJ)n»H



64 PEACOCK et al.

The q u a s i - c y l in - . l r i c a l  com pression  produces a f i la m e n t  o f  plasma  
w hid i  t r a v e l s  away from th e  e l e c t r o d e  vri.th an a x i a l  v e l o c i t y  
~  ld^ era s e c .  S h o r t  w a v e le n g t h  MHD i n s t a b i l i t i e s  in  th e  p l a s m a  c o lu m n ,  
and some r a d i a l  l o o s  o f  plasma are obnci'vod. The fo r e g o in g  ex p er im en ta l  
r e s u l t s  i n d i c a t e  th a t  dur ing  th e  r a d i a l  com pression  and w h ile  th e  f i l a 
ment e l o n g a t e s ,  th e  plasma undergoes r a d ia l  o s c i l l a t i o n s  a n i  th a t  
r e g io n s  o f  l o c a l  h ig h  com pression  are s u s ta in e d  i n  th e  moving f i l a 
ment. The c o n v e r s io n  from i n d u c t i v e l y  s to r e d  en er g y  to plasma therm al  
energy i s  r e l a t i v e l y  s m a l l ,  about 7;o i n  th eo r y  and maximum in  
p r a c t i c e .
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ABSTRACT
A two-dimensional numerical fluid model of the implosion phase of the 

dense Plasma Focus [1,2] is conpared with experiment. The plasma parameters 
are determined from radiation measurements, while the plasma dynamics are 
established by image converter and pulsed laser Schlieren photography» The 
theoretical model assumes a fully-ionized two-fluid plasma» Transport pro
cesses include electron and ion heat conduction, ion viscosity, resistive 
and Hall electric fields» Variable coefficients are used to describe both 
collisionless and collision-dominated regimes.

Such a thermal fluid model is shown to describe the dynamical formation 
and high kinetic energy densities of the plasma focus» A magnetic trap on 
the anode acts as a plasma source for flow through the pinch» Short wave
length instabilities are stabilised by ion viscosity» Non-linear effects 
repinch long wavelength m = 0 type instabilities (growth rate ~ 40 nsec) 
and a double pinch effect (double neutron peak, voltage spike) results. A 
total sustainment time of ~  150 nsec is demonstrated»

EXPERIMENTAL RESULTS

The Plasma Focus device and its operating conditions relevant to this 
paper are described in [3]» Values of electron temperature and density have 
been obtained from the shape of the emission spectrum and fron the absolute 
radiation flux in the soft X-ray region. At an initial gas pressure of
1*1 torr (D_+3% A) T^ ~  1*8 ± 0*6 keV and n^ ~ 1*5 x 10^® c m ^ . The ion2 0 0
confinement time is ~  40 nsec [3]»

Image converter photographs of the focus show that the compression is 
sustained for ~  70 nsec by the radial collapse of the axially-travelling 
current sheath [3]. The pinch diameter from X-ray pinhole photographs is

-  1 -
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0*7 mm at peak compression, and the O u t e r  e l e c t r o d e

total volume of hot (~ 2 keV) plaana
cm"^ [3].- 3  - 2varies between 10 and 10 • Inner  e l f c t r o d e

■ É '

_ 8
t - 9 X 10 secs

- 8
t + 1 X 10 secs _Q

t + 6 X 10 secs 
Fig.1

Pulsed laser Schlieren photographs 
of focus

The spatial definition of the plasma 
boundary in the image converter photo
graphs is limited by the 10 nsec 
exposure»

Shorter exposures were obtained 
by using a cryptocyanine dye cell to 
mode-lock a ruby laser pulse and using 
the train of irregularly spaced light 
pulses of ~  1 nsec duration as a source for Schlieren photography. Fig.1 
shows a Schlieren time sequence of the focus using a spherical Schlieren 
obstacle and an initial gas filling of 2*5 torr (D^ + 5% A ) , Frame 1 shows 
an ionization front 90 nsec before peak density is attained, frame 2 shavs 
the detailed structure of the pinch and frame 3 shavs its subsequent break up, 
The characteristic length (~ 0°1 mm) of the density gradients is smaller than 
the plasma radius measured from X-ray photo
graphs» Also the prominent flutes in frame 2 
Figo1 are absent in the image converter photo
graphs .

If a sufficiently large Schlieren obstacle 
is used, only the denser pinch regions are re- Fig»2 Dense pinch region 
corded, Fig»2. Assiming an electron density distribution of the form

r is the pinch radius, enables a minimun density value

I n n e r  E l e c t r o d e

"e = "e
of 3-8 X IQi* _ 3cm to be derived from Fig.2. Increasing the obstacle size
until all the refracted light is just eliminated yields a maximum density
value of 8 X 10^® cm '» The above values are several times the maximum 
obtained from X-ray measurements. These however give the mean value through
out the plasma volume»

A laser operating in the pulsed transmission mode is at present being 
used to obtain ~  6 nsec exposure Schlieren photographs.

- 3

TWO-DIMENSIONAL MHD MODEL

A two-fluid electron-ion fully-ionized plasma is assumed» The equations 
are written in conservation form, in cylindrical co-ordinates assuming azi
muthal symmetry, with the magnetic field restricted to the 6-direction. The
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set of six dependent variables 
satisfies the equations of con
tinuity, conservation of axial 
and radial momentum, Faraday's 
law (with the generalised Ohm's 
law), conservation of electron 
pressure and total energy [4],
The equations are integrated in 
time using the two-step Lax- 
Wendroff method [5] on an 
Eulerian mesh, and are coupled 
with an external L-C circuit.

Results are given for an 
anode length of 10 cm, initial 
filling pressure of 1 torr 
and an initial capacitor voltage 
of 40 kV,

In the collapse to the axis. 
Fig,3, mcmentun flô v parallel to 
the current sheet removes 90% of 
the plasma initially at the end 
of the centre electrode. Adia
batic compression is thus permit-

TIME = 0*5 psec (a)

TIME =0*85 psec

TIME = 0 * 8  psec (b)

(c)

• H

:: ^

i
i

.  ,j

Figo 3
Distribution of plasma density p = p(r,z). 
(a) Run down phase. (b) Collapse phase, 
(c) Dense pinch phase. (The scale in (c) 

is a factor 10 greater than in (a,b)).

tea to raise the remaining plasma to thermonuclear tanperatures,

(d)(b)
•85 psec *91 psec «96 psec

Fig.4
Plasma density in the R-Z plane in the dense pinch phasCr The 
series shows the collapse, (a) to the axis, the dense pinch (b), 

partial break up (c), and repinch (d).
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Time(us)

A near equilibrium magnetic trap is estab
lished on the anode, by the removal of thermal ( 
energy through electron heat conduction and the 
resultant resistive diffusion of field. The trap '
sustains the pinch try axial flov ( V~ 4x  cm sec )
Short wavelength fast hydromagnetic instabilities 
are damped by the large ion viscosity. The break- _  ̂  ̂̂
up of the pinch through a long wavelength (m = 0) Fig.5

Theoretical curve of the 
mode is observed in Fig.4, with a grovth rate of current against time
40 nsec. Fig.4d shows a non-linear effect on the instability causing a ’re
pinch’. This double pinch effect manifests itself in the interruption of
the characteristic drop in the ’focus-shot’ current curve, Fig.5.

Typical values for the plasma parameters in the pinch are T^ ~  2 keV,
T^ ~  1 keV, n^ ~  4 X 10^® cm" . Although these values are in qualitative 
agreement with e^qperiment more accurate values are obtained on a fine scale 
mesh (switched in at the focus stage) in which the pinch relaxes to a radius

I Q — 3 ^~  0*6 mm and electron densities n^ ~  10 cm are obtained.

DISCUSSION

Qualitative agreement with experiment for the dense pinch phase (pinch 
radius, electron density, electron temperature, sustainment time) demon
strates that the essential features of the plasma focus can be described in 
terms of a thermal fluid model.

The duration of the pinch is enhanced by two effects; ion viscous 
stabilisation of shori: wavelength hydromagnetic instabilities and the non
linear repinch of the slower modes; and a sustairment of the pinch through 
axial flow.
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ABSTRACT
( r e v i s e d )

The s t r u c t u r e  and v e l o c i t y  o f  t h e  plasma boundary d u r in g  th e  
im p lo s io n  p hase  o f  th e  d en se  Plasma Focus has been  s t u d ie d  u s in g  
r e p e t i t i v e l y - p u l s e d ,  1 nanosecond e x p o s u r e ,  t r a n s m is s io n  photography  
w ith  s p a t i a l  r e s o l u t i o n  o f  100 m icr o n s .  Both a c c e l e r a t i o n  and d e c e l e r 
a t i o n  o f  th e  plasma boundary a r e  o b serv ed  by shadowgram and s c h l i e r e n  
p h o to g ra p h y .  L o n g -w a v e len g th ,  R a y le ig h -T a y lo r  i n s t a b i l i t i e s  grow on  
th e  boundary d u r in g  i t s  a c c e l e r a t i o n .  On su b se q u en t  d e c e l e r a t i o n ,  a 
s i n g u l a r l y - s t e e p  d e n s i t y  g r a d i e n t  i s  o b serv e d  t r a n s i e n t l y  on th e  a x i s  
o f  symmetry and has d im en s io n s  s m a l le r  than any o t h e r  plasm a param eter  
e x c e p t  th e  c o l l i s i o n - f r e e  s k i n  d e p th .  The d e n s i t y  d i s t r i b u t i o n ,w h i c h  
i s  a p p r o x im a te ly  p a r a b o l i c  w i t h  a maximum on th e  a x i s  o f  symmetry when 
th e  p in ch  i s  w e l l  d e v e lo p e d ,  i s  d e r iv e d  d i r e c t l y  from i n t e r f e r o g r a m s . 
L ocal b reak -u p  o f  th e  p in ch  ta k e s  p la c e ,  o f t e n  due to m = 0  a n d , l e s s  
commonly, m = 1 i n s t a b i l i t i e s .  The su s ta in m e n t  t im e  o f  th e  p inched  
plasniia i s  n o t  more than 50 nanoseconds and co r resp o n d s  d i r e c t l y  w ith  
th e  i n i t i a l  b u r s t  o f  therm al X -r a y s .

No c o r r e l a t i o n  o f  th e  r e f r a c t i v e  in d e x  g r a d i e n t s  c o u ld  be found  
w ith  th e  l a t e r ,  d oub le  and t r i p l e  p u l s e s  o f  s o f t  X -ra y s  (and n e u t r o n s ) ,  
w hich  i n  some i n s t a n c e s  a r e  e m it t e d  200 n anosecon ds a f t e r  th e  f i r s t  
p u l s e ,  and t h i s  im p l i e s  th e  e x i s t e n c e  o f  a more tenuous plasma  
(n e  < 8 X 10^® cm"^) a t  t h i s  t im e .

The io n  e r e r g y  d i s t r i b u t i o n s ,  t r a n s v e r s e  to th e  a x i s  o f  symmetry, 
o f  s e v e r a l  i o n  s p e c i e s  o f  argon  and neon have been measured u s in g  h ig h  
r e s o l u t i o n .  X -ray s p e c t r o s c o p i c  t e c h n iq u e s .  The i o n s  have a therm al  
en erg y  d i s t r i b u t i o n  w ith  a mean energy  o f a b o u t  9 keV. T hese r e s u l t s ,  
i n  a d d i t i o n  to th e  d eu ter iu m  io n  tem p eratu re  e s t im a t e d  from the n eu tro n
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e m i s s i o n ,  a r e  i n t e r p r e t e d  a s  g i v i n g  a s c a l i n g  law  f o r  th e  t r a n s v e r s e  
en er g y  = T q( 1 + Z^/M), where T q r e s u l t s  from  c o m p r e ss io n  and
r e s i s t i v e  h e a t i n g  and tl'ie rem aind er  may be due to  weak t u r b u le n c e .

D i e l e c t r o n i c  r e c o m b in a t io n  i s  r e s p o n s i b l e  f o r  th e  L i - l i k e  i o n  
s a t e l l i t e s  and h a s  to  be ta k en  i n t o  a c c o u n t  to  e x p l a i n  th e  i n t e n s i t y  
and the  tim e o f  a p p e a ra n ce  o f  the l i n e  e m is s i o n .

1 . INTRODUCTION

I n  c o n t r a s t  t o  much o f  th e  r e s e a r c h  on th e  d en se  Plasm a Focus  
w hich  i s  aimed a t  p r o v id in g  an e x p la n a t io n  f o r  th e  c h a r a c t e r i s t i c s  o f  
t h e  i n t e n s e  n e u tr o n  e m is s i o n  [ 1 , 2 ] ,  th e  a u t h o r s ’ progranme a t t e m p ts  to  
r e l a t e  th e  p a r t i c l e  h e a t i n g  and c o n f in e m e n t  to  th e  o b serv e d  d ynam ics  
and s t r u c t u r e  i n  th e  c o l l a p s e  p h a s e .  An im p o r ta n t  f e a t u r e  o f  t h i s  
prograr.ime has b een  th e  d ev e lo p m en t o f  a 2 - d im e n s io n a l  ( r , z , t ) ,  2 -  
f l u i d  MHD n u m er ica l  cod e  to  d e s c r i b e  the F o c u s ,  [ 3 ] ,  and i t s  co m p a r i
s o n  w i t h  th e  e x p e r im e n ta l  o b s e r v a t io n s ,  [ 4 ] .

The p r e s e n t  p aper  e x te n d s  th e  e x p e r im e n ta l  o b s e i 'v a t io n s  on th e  
dynam ics and s t r u c t u r e  o f  the  f o c u s  [ 5 ,  h e r e i n a f t e r  r e f e r r e d  to a s  
P ap er  1 ]  u s i n g  im proved t im e  and s p a t i a l  r e s o l u t i o n ,  and ex a m in es  th e  
r o l e  o f  i n s t a b i l i t i e s  i n  t h e  p la sm a . The o b j e c t  o f  th e  e x p e r im e n ts  i s  
to  d e r i v e  a more d e t a i l e d  d e s c r i p t i o n  o f  th e  plasm a d ynam ics and o f  the  
e l e c t r o n  d e n s i t y  d i s t r i b u t i o n  w hich  th e n  may be compared w i t h  t h e  c o d e .  
The d im e n s io n s  o f  th e  e l e c t r o d e s  and th e  d i s c h a r g e  chamber and th e  
p a ra m eters  o f  th e  e l e c t r i c a l  c i r c u i t  a r e  i d e n t i c a l  t o  t h o s e  d e s c r ib e d  
p r e v i o u s l y , [ P a p e r  1 , 6 ] .

I n  a d d i t i o n ,  th e  s p e c t r o s c o p i c  stucty o f  th e  i o n  e n e r g i e s  and th e  
i o n  c o n f in e m e n t  r e p o r te d  i n  t h e  e a r l i e r  P aper  1 has been  e x t e n d e d .  
P r o f i l e s  o f  l i n e  e m is s i o n  from heavy g a s e s  s e e d e d  i n t o  t h e  d eu ter iu m  
and v iew ed  t r a n s v e r s e  to  th e  a x i s  o f  symmetry g i v e  i n f o r m a t io n  on th e  
mean t r a n s v e r s e  i o n  en erg y  a s  a f u n c t i o n  o f  mass and ch a r g e  o f  th e  i o n ,  
and e n a b le  u s  to p ro p o se  a mechanism f o r  th e  i o n  h e a t i n g .

S in c e  any co m p reh en s iv e  model o f  th e  n e u tr o n  e m is s i o n  [ 2 ] i s  
l i k e l y  t o  i n v o l v e  a n i s o t r o p i c  i o n  e n e r g i e s  i n  th e  d i r e c t i o n s  t r a n s 
v e r s e  and p a r a l l e l  to th e  a x i s  o f  symmetry ( i . e .  Ep # E ^ ) , i t  i s  
c l e a r l y  d e s i r a b l e  to  m easure b o th  co m p o n en ts .  The p r e s e n t  p a p er  d i s 
c u s s e s  o n ly  th e  t r a n s v e r s e  e n e r g y .

2 .  DYNAMICS OF THE FOCUS

2.1  E x p e r im en ta l  Arrangeme n t  -  N anosecond T ran sm is s i o n  P h otograp h y

M easurem ents o f  th e  plasm a r e f r a c t i v e  in d e x  and i t s  g r a d i e n t s  
a c r o s s  th e  p lasm a boundary a re  c o n v e n i e n t l y  made by i n t e r f e r o m e t r i e ,  
shadowgraph and s c h l i e r e n  photograp hy  u s i n g  a p u ls e d  ruby l a s e r  a s  an 
e x t e r n a l  l i g h t  s o u r c e .  I n  o r d e r  t o  s tu d y  t h e  f i n e  s t r u c t u r e  (< 0*1 mm) 
i n  t h e  f o c u s  a t im e  r e s o l u t i o n  o f  1 n anosecon d  i s  r e q u i r e d .  T h i s  i s  
a c h ie v e d  by c l i p p i n g  th e  o u tp u t  from th e  c o n v e n t i o n a l l y  Q - s w itc h e d  
l a s e r  w i t h  an e x t r a - c a v i t y ,  e l e c t r o - o p t i c  s h u t t e r ,  [ ? ] .

I n  t h e  shadowgraph and s c h l i e r e n  p h o to g ra p h y ,  a t im e - s e q u e n c e  o f  
t y p i c a l l y  t h r e e  e x p o s u r e s  i s  o b ta in e d  by s p l i t t i n g  th e  l a s e r  p u l s e  and 
i l l u m i n a t i n g  th e  same d i s c h a r g e  a t  v a r i a b l e  t im e  i n t e r v a l s  u s i n g  o p t i -  
c a l - d e l a y  t e c h n i q u e s , [ 8 ] .  I n  t h e  s c h l i e r e n  t e c h n iq u e  a s p h e r i c a l  
o b s t a c l e  i s  u s e d  t o  r e c o r d  d e n s i t y  g r a d i e n t s  i n  th e  plas:na i n  a l l  
d i r e c t i o n s  i n  th e  p la n e  o r th o g o n a l  t o  th e  i n c i d e n t  l a s e r  beam. By 
v a r y in g  th e  o b s t a c l e  d ia m e te r  i t  h a s  been a s c e r t a i n e d  t h a t  d e v i a t i o n s  
o f  th e  l a s e r  l i g h t  o f  up t o  ~  30 m i l l i r a d i a n s  a r e  in t r o d u c e d  by plasma  
r e f r a c t i o n .  T h is  s e t s  a lo w e r  l i m i t  to  th e  maximum d e n s i t y  and i t s  
g r a d i e n t .
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The density itself is measured by fringe-shift interferometry 
using a parallel-plate Mach-Zehnder, arranged so that single-plate 
control is possible, [9],
2.2 Results of Shadowgraph and Schlieren Photography - Motion of the

Plasma Boundary, Dimensions of the Plasma and Fine Structure
Figure 1 shows a sequence of shadowgrams taken during the implo

sion of the current sheatli, tlie time between exposures, At, being in 
this case 15 nanoseconds. Figure 2 shows a sequence, later in time, 
during the dense pinch phase wliere At = 6*5 nanoseconds, and it is evi
dent that there is considerable change in the boundary and structure 
of the focus even on tJiis rapid time scale. From these and similar 
records,values of the velocity and acceleration of the boundary can be 
derived particularly since instabilities at the boundary serve as 
local identification tags. The change in the refractive gradient at
the boundary is quite sharp ^ 1 mm and does not change appre
ciably during the implosion, 'nie non-cylindrical nature of the plasma 
compression is tlius readily followed. The velocity of the boundary is 
initially greatest close to the anode wliere,due to the ousped shape, 
figure 3, the plasma pressure is highest. As pressure balance is 
approached the boundary close to the anode decelerates as illustra
ted in figure 4. Boundary velocities up to a maxinum of 4 x 10^ cm sec“  ̂
have been measured, corresponding to the highest voltages (30 kV) and 
with filling pressures of 3 torr D^. A few percent of argon added to 
even lower deutorium pressures is sufficient to slow down the implosion. 
All of the subsequent analysis pertains to 2*5 torr D + 4% Ar doping.
At the time the plasma has reached a maximum compression the boundary 
is fluted (figure 2) due to the Rayleigh-Taylor instabilities, which 
have grown earlier during the implosion phase (figure 1). However 
local break up of the pinch then proceeds through the growth of m = 0 
and, less often, m = 1 instabilities (figure 2). Over a field of view 
(z X 2r) of 3‘8 cm X 2*7 cm covered by the transmission photography, 
the total duration of the quasi-cylindrical implosion, of the formation 
of the dense pinch and its break-up is no greater than 100 nanoseconds. 
After this time no features are observed with n^ > 8 x 10’® cm"^ (see 
also section 2.4).

At a distance z below the anode where locally the boundary 
decelerates to almost zero velocity, there appears transiently, along 
the axis of symmetry, a singularity in the density gradient (see
figures 2,6). The dimension of ^ 100 microns and is smaller
than all characteristic plasma dimensions except the collisionless 
skin depth c/wpe. This may be interpreted as damping of a collision- 
free shock arriving on the axis of symmetry.

The regions of the plasma, with refractive index n, which result
r

in maximum laser beam refraction n ?r ' are readily determined

by inserting a large obstacle in tne%chlieren optics and resorting 
to a long (undipped) Q-spoiled laser pulse of width about equal to 
the duration of the dense-pinch phase. A schlieren photograph,figure 
5, shows the region of the steepest density gradients and highest den
sity to be on the axis. Tlie fine structure occurs widiin an envelope 
1 mm in diameter. This region also corresponds, figure 5, to the

— 3 —



locality of intense line emission due to collisions of thermal (2 keV) 
electrons with ions, [Paper l]. A lower limit for the peak density 
in this region can be derived from the refraction and is 7*5 x 10^^ cm~^ . 
The average density across the plasma is however less, (section 2.4 
and also Paper 1) by at least a factor of two.
2.3 Instability Growth Rates

During the acceleration phase, Rayleigh-Taylor instabilities (R.T) 
develop in the plasma boundary. Direct measurements of w, the growth 
rate, g, the acceleration and k, tlie wave number are taken from the 
shadowgrams (figure 1). Dissipative processes such as viscosity v 
and resistivity (cr̂ '‘) will damp out the fastest growing (large k) 
disturbances, and there will be some value of co (i.e. (%) where the
inertial forces are just balanced by the rate of energy dissipation,[10]. 
The corresponding wave-length will then dominate the instability
spectrum.

Assuming resistive damping as the dominant meclianism, the observed 
R.T. wavelength could be explained by a resistivity which is anomalously 
higher than the zero-field value by a factor approaching 100 or, as is 
more likely, by the effects of a few percent Li-like argon ions in the 
plasma. If, on the other hand, viscous damping was dominant, a consider
ation of the figures in Table 1 shows that the observed wavelength can 
be accounted for provided Wci'Tii ~ 2, an entirely reasonable situation. 
For either damping mechanisms (e.g. Table 1) w (observed) < 
(calculated). A plane boundary approximation has however been used in 
these preliminary calculations.

Table 1

[Rayleigh-Taylor growth for mean plasma radius rp = 9 mm, 
g = 2*1 X 10^5 cm sec“  ̂, Vp = 26*3 kV, 2»5 torr (D + 4% Ar),
Te = 100 eV and Ti = 250 eV (from the computations [3]), n^ = 2 x 10^® 
cm"^ (from interferometry, section 2.4), cociT̂ ii ~ 2]

Ü) (observed) X (observed) Vgk ^m Vgkm/2
3'3 X 10^ sec~i 3* 2 mm 2 X 10® sec-1 3'2 mm 1*3 X 10®sec"i

In the pinch phase local break-up of the compressed plasma is due 
to m = 0 instabilities as seen in figure 2. The growth time and wave
length are derived and the former is in reasonable agreement with that 
estimated from rp/VypTp (~ 10 nsecs), where the square root factor is the 
sound speed. Kink (m = 1 ) instabilities are less commonly observed 
with much slower growth rates and these are less important in the 
break-up of the pinch.
2.4 Interferometry - Radial Density Distribution

The interferogram at peak compression in figjre 6 shows well- 
developed m = 0 instabilities and an early-stage of an m = 1 instability. 
The fringe shifts along the section A A (figure 6) are plotted in 
figure 7 as a function of position r/a orthogonal to the axis of 
symmetry,_where a is the radius of the column. An average value of 
density ng(r/a), at position r/a, may be obtained by dividing 

n^dl at that position by the chord of length 2 (a^ - r )̂"̂ . In 
figure 7, Ug(r/a) is plotted versus r/a and is in approximate
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agreement with the parabolic function n^^(I - (r/a)^), where n^^ 
is the maximum value of n (r/a). Thus it is also reasonable to 
propose a parabolic distribution for the actual density, n^(r/a), and 
thus obtain an estimate of the peak density on the axis, n^. For the 
section A A, a value of 8 x 10^® cm“  ̂ is obtained for n^. Values of 
ne up to 4 X 10''̂  cr.F"̂  have been evaluated at other axial positions, 
closer to the anode, and are in good general agreement with those 
evaluated from tiie schlieren measurements (section 2.2) and from the 
soft X-ray intensity [Paper l]. Relaxation of the sharp density front, 
observed during the implosion,to the parabolic distribution iny)lies 
considerable penetration of the current finally into the pinch. Taking 
into account the effect of the impurities, the electrical conductivity 
temperature must be anomalously low by at least a factor of 10 to 
explain the field diffusion.
3.1 Line Emission Profiles in tlie X-ray Region

Line radiation between 3 and 14 Â from optical and inner-shell 
transitions in argon and neon seeded into the focus are observed from 
the pinched plasma, [paper 1].

Doppler broadening of the lines due to thermal motion is,

AXq  = X • 2'44 X 10~^ • (T in keV, M in a.m.u) (1)

For a complete profile analysis a resolution -r  > 10^ is recjuired
A^inst

at temperatures of the order of 1 keV, and this was achieved using a 
focussing mica spectrometer [ll] with an aperture W, of a few cms. Spectra
from several discharges of tlie Plasma Focus (viewed orthogonal to the 
axis of symmetry and in 2*5 torr, -  4% Ar, Ne) were recorded 
in several orders on photographic emulsion placed round the Rowland 
circle. The Ar XVII lines shown in a microphotometer trace, figure 8, 
are considerably broadened relative to the characteristic X-ray lines 
of the anode material, e.g. WLp,.

The measured line profiles are subject to several instrumental 
broadening effects which must be removed before a true analysis can 
proceed. As well as the intrinsic broadening due to the dispersive 
crystal diffraction window there is an aperture-dependent geometrical 
aberration inherent in semi-focussing optics of the Johann type. There 
is also the broadening introduced by the finite emulsion thickness at 
oblique incidence. Overall corrections to the intensity profiles due to 
these effects are typically quite small, being 8^ of FWHM for W l P̂  
in figure 8 and 3% of FWHM for the ^So - ip, Ar XVII line.

Tile corrected profiles e.g.,figure 9, are found to be a good fit 
to a Voigt function. The dispersive component of the profiles can 
be accounted for in all orders and at all wavelengths by the crystal 
diffraction pattern and the remaining Gaussian component is the true 
source function.
3.2 Results

Figure 10 shows the component profiles of the Ar XVII 3*9492 Â 
line. The Gaussian component of 0*0046 ± 0*0006 Â, if interpreted as 
a thermal width, corresponds to an ion temperature of 9 ± 3 keV. A 
similar analysis for the same argon line in third order yields an 
equivalent ion tenperatire of 10 ± 1 keV, and for the Ne X line in 
first order 9 i 1 keV. The results are shown in Tible 2. The deuterium 
ion temperature has not been measured in this work but laser-beam
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scattering experiments in a similar apparatus [l3], the neutron emission 
assuming a moving thermal source [12] and numerical calculations [3], 
all indicate an ion teiiperature of about 1 keV or slightly more.
There remains only the problem of explaining the Gaussian source func
tion and in particular its scaling with ion charge, Z, and atomic 
mass, M.

Ta b l e  2

Ion Transition X (Â) Order
n (Gaussian)

T^(eqiiv) Z M

Ar XVII 1s^  ̂S q - 1s2piPi 3*9492 1 S t 0*0046 9 ± 3 keV 16 40

Ar XVII 1s^ ^So - 1s2p’p, 3*9492 3rd 0*0048 10 ± 1 keV 16 40

Ar XVII 'So - ^Pi 3*9689 1 s t 0*0047 9*4 ± 1 keV 16 40

Ne X Is - 2p 12*134 1 st 0*0203 9 ± 1 keV 10 20

DII ~1^-> 2 keV* 
<5 keV^

1 2

°[13], *[3], ̂ 12]
3.3 Interpretation of source function of lines

In sUiimary, the spectroscop ic  r e su lts  are (a) the source fu n ction
Ix(dX) is Gaussian, (b) a and (c) 500 to 1000 for
the Neon and Argon lines. Resonance absorption broadening can be dis
counted on the grounds that the oscillator strength of the intercombina
tion line is ICP times smaller than that of the allowed line of Ar XVII 
while the broadening of both lines is similar. Stark broadening at 
densities of ~ 10^® cm“  ̂ is also small relative to Doppler effects at 
these short wavelengths. For the Ne X Lyman series, the quasi-static 
effect is

AX , , = 0*064 X^ nP E (E in kV/cm)stark(cm)
which is ~  8 X 10"^ Â at approximately 10 Â for Lya. This is likely 
to be an upper limit to Stark broadening for the spectral lines under 
consideration. Wavelength shifts corresponding to the observed plasma 
velocity (section 2.2) of $ 4 x 10^ cm sec”i can quantitatively account 
for the observed line broadening, AX^. However, the source function 
I(dX) is strictly Gaussian and this requires the ion velocities to 
have, or imitate, a thermal distribution.

The spectroscopic data is consistent with an ion temperature 
T i  ~ 9 keV, common to all the ions in the plasma. In this case, how
ever, the neutron emission from thermonuclear reactions would exceed 
the observed emission while the plasma kinetic energy would also exceed 
that predicted by pressure balance. It is more reasonable to propose 
that the deuterium ion temperature is closer to that observed by laser 
scattering [13] and is between 1 and 2 keV as predicted by the 2- 
dimensional MHD code [3]. It is, therefore, probable that each separate ion 
species has a characteristic ion temperature. This could arise for 
example when there are electric fields in the plasma due to current- 
driven ion acoustic waves [14] with characteristic freqiency
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V
< ü)jp = 1*5 X 10^ c/s, (i.e. < 7*5 x c/s). These waves will be
damped by coulomb collisions, 10“'̂ c/s.

An estimate of the electric field, ^^e^^t jug to these waves can 
be derived from the average particle energy, E,

F -  — ^  roi
4( i o| p + v |^ )  M

^  = 5 X ICf V/cm, and this is still analler than the interionic Stark
field in the plasma.

It is clear that if one includes an estimated value for Tĵ , for 
deuterium, Table 2, the ion energies do not scale either with M or Z 
alone. However, a scaling with Z^/V! gives as a best fit to the results

= T o d  + Z=/M) (3)
with T q the true thermal component equal to 1*4 keV. Since the 
ion-ion relaxation time is of the order of a few nanoseconds, it is 
somewhat difficult to explain the existence of a separate energy for 
the different ions. However, a similar situation is known to exist in 
the orthogonal pinch, [l5].

We now consider wliether current-driven turbulence could play a 
role in heating the ions. Certainly the critical field for run-away 
electrons

Eç = 2 X 1Qi2 n Z ^ A e  V/cm
can be exceeded in a magnetic field-free region by the inductive

v/cm field in tlie plasma column. The flux of hard
I> ICX) keV) X-rays are evidence that mucli higher electric fields can 
be generated during Uie plasma column break-up. However, the condi
tion for relatively weak ion-acoustic turbulence, namely that the 
electron drift velocity should exceed the ion sound speed, is not satis
fied unless a substantial fraction of the total current is confined 
to dimensions of tJic order of the filamentary structure observed 
with the nanosecond transmission photography and with the space resolved 
Ar XVII emission (see sections 2.2 and 3.4).

It has been pointed out recently [16 ,17] that a two-component ion 
distribution with a non-thermal component accelerated along the axis 
of symmetry could suitably modify the moving thermal plasma concept 
proposed in [ 1 ] and [18] to explain the puzzling features of the 
neutron emission (the latter are the large equivalent centre of mass 
velocity of the ions, > 10® cm sec~i, and the nearly isotropic neutron 
emission). The spectroscopic analysis in this paper is concerned only 
with the thermal component since the plasma is viewed orthogonal to 
the axis of symmetry and the results in no way discount the exist
ence of two-component ion-energy distribution.
3.4 Source-Crystal Aspect (and Evidencefor Fine Structure)

Also emerging from tlie study of line profiles obtained with 
various source-spectrometer configurations is the vital importance of 
geometrical matching of the source to the crystal and its plane of 
curvature for maximum use of the source-radiation. The bandwidth of 
the instrument is entirely determined by the angular width of the 
source. The effect of this is demonstrated in fignre 10 where the 
limited bandwidth of ~ 0* 1 Â imposed by a source 1 cm long, 130 cms
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from the crystal truncates tlie Ne X 1 s - 2p line. Deliberately mis
matching the source and crystal so that the bandwidth would be severely 
restricted for a very narrow source has, in fact, indicated the pre
sence of thin, mobile filamentary structures in the pinch. Figure 11 
shows the spectral intensity of the Ar XVII resonance line in third 
order when such a mismatch was effected. The ’structure' is consis
tent with emitting regions of the order of 100 pm in diameter. Fila
ments of the same dimensions are also evident in interferometrie and 
shadowgram studies of the discharge, section 2.2.
3.5 Tine-Resolution of Line Emission and Evidence for Dielectronic

Recombination
In Paper 1, calculations of the ion confinement, estimated from tlie 

appearance time and relative intensities of the H and He-like argon 
ions,depended on the rate coefficients for ionisation and recombina
tion. Following this, it is important to consider modifications to' 
those rates due to dielectronic recombination, autoionisation and colli- 
sional step-wise excitation [19].

At most it would seem tliat the ionisation rates could be enhanced 
by a factor of 2 or 3 due to step-wise effects. Dielectronic recombina
tion, on the other hand, could account for most of the recombination 
for highly-stripped ions. A consideration of the expression derived 
by Burgess, [20 ], indicates that for Ar XVII with n^ = 2 x 10^^ cm“  ̂
and Te = 2 keV, dielectronic recombination could be a factor of ten 
higher than collisional-radiative recombination, assumed in Paper 1. 
The effect of the low thermal limit (n* = 10 for Ar XVII) which de
creases the dielectronic recombination has been taken into account in 
this estimate.

The structure of the Li-like satellites (ls^2s - 1s2s2p,1s2p^) 
to the He-like resonance line (Is/ - ls2p ip^), shown in figure 8 
for the Ar XVII ion, provides direct confirmation that dielectronic 
recombination is the dominant process for this ion. In tlie case where 
dielectronic recombination populates the upper levels of the satellite 
lines there will be typically two satellites, of equal intensity; this 
according to [21] should be ~ 20̂ o of the resonance line intensity.

In the focus the two Li-like satellites, figure 8, have been 
identified previously, [6], and have an intensity which is 20Ç̂  of the 
He-like resonance line intensity for neon, and 15% for argon. In the 
alternative case that the 1s2s2p,1s2p^ levels are populated directly 
from the Li-like ion, only one component, that arising from the 
1s2p^ ^P^ level, would be in evidence. The other levels would lead 
preferentially to autoionization.

The effect of the enhanced recombination is to lower the degree 
of ionization which would exist in the steady-state at a given tempera
ture. The intensity of H-like relative to He-like argon then indicates 
a closer approach to a steady state than in Paper 1.

In the analysis of ion energies it has been demonstrated [22] 
that it is important to compare ions which appear at the same time. 
Figure 12 shows typical time-histories of the inner-shell Li-like 
lines and the He-like resonance lines of argon measured with p-n 
junction surface barrier detectors [Paper 1]. These are compared with 
the neutron emission and the electrical waveforms. For all the plasma 
lines considered in this paper the time of emission was similar, though 
this result may be in error, since, except for the 1 s^ - 1s2p transi
tions a relatively large continuum contribution was admitted with the 
line.
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It is of interest to note that when the plasma meets the axis of 
symmetry (dl/dt (Minimum)) the peak of the soft X-rays follows some 
20 nsecs or so later, and after a similar time interval the peak of 
the neutron emission follows. In many instances double and even 
triple, soft X-ray pulses have been seen, separated by 100 nsec or 
more. Corresponding multiple neutron pulses are also seen, with the 
later ones of low intensity. These later pulses of soft X-rays were 
synchronized with the laser pulse used in the optical studies but no 
refraction or shift of the background fringe pattern could be dis
cerned.
4. CONCLUSIONS AND DISCUSSION

The nanosecond-exposure transmission photography confirms the 
following features of the plasma dynamics which are predicted by the 
2-D two fluid code, [s]: (a) The cusped topology of the plasma
boundary during the implosion phase results in a continuous axial 
flow of plasma from the compression volume so that only a small 
fraction (~ 5% is measured by the interferograms) of the original 
gas exists in the final pinch, (b) The width of the plasma boundary 
is 1 mm during the implosion, but at peak compression the density 
distribution relaxes to a parabolic form typical of a diffuse pinch.

Rayleigh-Taylor instabilities cause fluted distortions of the 
imploding sheath but since the boundary decelerates before maximum 
compression they do not contribute greatly to plasma loss. The most 
highly compressed region of the pinch, initially close to the anode, 
suffers break-up through m = 0 and, less often, m = 1 instabilities, 
the former having a growth time of 10 nanoseconds.

One feature not predicted by the fluid code is the fine 
(< 100 microns) filamentary structure within the envelope of the com
pressed plasma. This has been observed both in the optical study and 
in the X-ray spectroscopy.

The emission line profile analysis indicates a thermal energy 
distribution for each ion species, the transverse energy in each 
scaling as Z^/M. The component of the ion energy along the axis has 
not been investigated. The importance of dielectronic recombination 
for these ions has been indicated.

Average values of the measured pinch parameters e.g. the 
deuterium ion temperature, the electron density and the electron 
temperature measured previously, [s], are in agreement within a factor 
of two with those predicted by the fluid code.

The scaling of temperature with Z^/\1 suggests a method for 
transferring some of the directed energy in the implosion into thermal 
energy, namely the addition of a small percentage of heavy gas (less 
than that which would cause radiative cooling i.e., ~ 5% argon).
Finally the X-ray and neutron pulses which occur up to 200 nanoseconds 
later than the first pulses cannot be identified with apy optical 
features of a dense focus. This is unlikely to be simply a field of
view limitation, since this was extended to 6 cm below the centre
electrode. It is more likely that the source of the later emission
is a much more tenuous plasma with n^ « 8 x 10^® cm"®.
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Figure 2 Shadowgram sequence during dense-pinch stage; Time
in te rv a l between frames « 6*5 nsec. Inner electrode 
diam eter ■ 5 cm; V ■ 30 kV; p^ = 2*5 to r r  (D^ + 4^ Ar).

C R 7 1 6 6



14) c m
r

UUULiJLlLl LllUllULlUlTO

;U)em2

2.9x10 ccn /tcc 

V r .V .

(I) (2)

Figure 3 V ariation  of ra d ia l and a x ia l v e lo c ity  of the imploding
sheath  with distance from -electrode su rface ; ( l )  V = 28*3 kV; 
(2) V = 24 '3  kV; = 2*5 to r r  (D^ * A r),

10 cm/sec4.0

0 - V =  26 3 kV 
o - V -  243 kV

20

05

cm

- 2  0  -

- 4 0
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Figure 12
E le c tr ic a l ,  s o f t  X-ray and neutron d iag n o stic  time sequences 
o f a Plasma Focus d ischarge; 7 = 2 8  kV, p = 2*5 to r r  
(Dg + iS  A r). (a ) I ,  (b) d l / d t ,  (0 ) so f t  fi-rays, Ar XVII
He-llke wavelength, (d) so f t  x -ray s , Ar XVI L l- llk e  wavelength 
and continuum, (e) neutrons (co rrec ted  f o r  time of flight).

CB71M



Nanosecond laser p u lse  
jeneration using  an e lectro-optic  
îhutter external to the Q -spoiled  
:avity

D Morgant and N J Peacock^
!)epartment o f Physics, Royal Holloway College, 
.gleheld Green, Surrey
Culham Laboratory, UKAEA, Abingdon, Berks. 

) received 9 March 1971

Abstract An electro-optic switching circuit is described 
which will produce a pulse o f duration 1 ns or less from a 
ruby laser. The switch, external to the Q-spoiled oscillator 
cavity, uses a KD*P Pockels cell which is driven by a 
full-wave voltage pulse. The laser pulse, after x 15 
amplification, has an energy o f 3 x lO"  ̂ j  and is sufficiently 
coherent and free o f jitter to find a ready application in the 
diagnostics o f highly transient plasmas.

Introduction
t  problem of producing a laser pulse o f 1 ns duration or 
i  is o f importance in diagnostic measurements o f transient 
{h density plasmas produced, for example, in the plasma 
eus device (Peacock et at. 1969) or by irradiation o f solid 
•gets by high-powered lasers (Basov et al. 1968). The speed 
the density fronts in these plasmas can be up to 0-4 mm ns~^ 
lile the characteristic dimensions o f the structure in the 
isma are often less than 01  mm. For diagnostic purposes, 
L refractive index measurements, pulses o f high energy are 
'(necessary, less than 0 01 J being adequate for single pulse 
jmination o f the plasma, though for multiple exposure 
quences (Basov et al. 1967) at least this energy per pulse is 
sirable. It is advantageous when making holographic or 
■frferometric studies to have a coherence length of several 
atimetres and a beam divergence o f a few milliradians. It 
ilso desirable to have the pulse-to-pulse jitter considerably 
ithan 10 ns, so as to be able to illuminate the plasma at the 
•ne time during its formation or decay on successive dis- 
irges.
Because o f the fine-grained spatial structure o f these tran- 
nt phases it is not very practicable to illuminate the plasma 
■Ji a long (~ 5 0 n s )  laser pulse and shutter the exposure 
ng recent developments in image converter cameras (Bradley 
(tl. 1970). It is desirable therefore to employ laser pulses 
ich have the required time resolution or shorter (i.e. <  1 ns). 
There are two well tried methods o f producing pulses of 
orter duration than those yielded by conventionally switched 
spoiled lasers, namely the pulse-transmission mode laser 
iook et al. 1966) and the mode-locked laser (e.g. DeMaria 
al. 1966). The duration o f a light pulse produced by the 
it method is determined by the time required for light to 
ivel twice the path between the reflectors o f the oscillator 
%. In order to produce a pulse duration of 500-700 ps 
: overall oscillator cavity length has to be less than 7-5 cm 
d the switching o f the electro-optic cell in the cavity has to 
accomplished in approx. 200 ps. These requirements are 
ficult to meet. The mode-locked oscillator on the other hand 
■ks the coherence which is convenient for interferometric 
'gnostics. In order to produce clean, mode-locked pulses a 
arable dye switch within the cavity is necessary, and the 
(rail jitter between the start o f the flashtube discharge and

the appearance o f the output pulse is typically of several 
microseconds.

The present paper describes the results o f pulse-clipping the 
output pulse from a conventionally Q-switched cavity. This 
technique gives a pulse which fulfills all the requirements for 
the optical study o f highly transient plasmas.
2 The experimental method
The use of an extra-cavity electro-optic shutter to shorten 
the output o f a Q-switched laser is perhaps an obvious tech
nique, but it has been employed only recently (e.g. Michon 
et al. 1969, Alcock and Richardson 1970). In these references 
the electro-optic shutter was switched from zero voltage 
corresponding to the condition for blocking the polarized 
oscillator beam to (the half-wave voltage) corresponding 
to full transmission, and then back to zero voltage. The half
width o f the voltage pulse then determined the laser pulse 
width.

In the present arrangement, shown schematically in figure 1, 
the electro-optic shutter external to the cavity is a KD*P cell, 
which requires a relatively modest voltage, approximately 
5 kV, to rotate the plane o f polarization through 90’ (the 
half-wave voltage). A  laser-triggered spark gap (LTSG) 
similar to that described by Bradley et al. (1969) is used to 
generate the voltage pulse on the KD*P cell. Maximum 
energy in the transmitted pulse is gained by clipping the 
oscillator output at its peak intensity, using a Blumlein 
circuit (figure 1). Full-wave switching is employed; i.e. the 
transmission o f the output from the ruby oscillator is allowed 
only over that part o f the steep falling edge o f the voltage 
pulse centred around the voltage as illustrated in figure 1. 
For identical circuit parameters, e.g. switching voltage, spark 
gap impedance, Pockels cell impedance and coaxial cable 
characteristics full-wave switching in this manner can yield 
shorter laser pulses than those reported previously.
3 Mode of operation
The Korad K1500 ruby laser system used for the short pulse 
generation is basically a conventionally Q-switched oscillator 
and an amplifier giving typically 10 J in a pulse whose half
width is of the order of 17 ns. When Q-switched the plane 
polarized output from the oscillator passes through the 
unbiased KD*P Pockels cell with no rotation o f the plane of 
polarization. The Pockels cell is operated in the longitudinal
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Figure 1 Schematic diagram of nanosecond optical pulse 
generator. K D*P Pockels cell fed from centre o f Blumlein 
cable and shunted with 2Zo impedance

mode and has an aperture o f 1 cm. A Glan-Thompson polar
izer prevents transmission through to the amplifier and deflects 
the beam on to the LTSG.

The LTSG consists of two brass electrodes, 100 fim  apart 
and open to the atmosphere, with a Melinex sheet o f thickness 
50 /xm separating the electrodes. A static voltage o f about 
14 kV is maintained across the gap. Triggering is achieved by 
puncturing the dielectric with the laser beam which is focused 
with a 5 cm focal length lens on to one electrode through a 
1 mm hole in the other. The Melinex sheet is replaced after 
each shot. The LTSG is capable of switching voltages o f the 
order o f 15kV  with nanosecond rise-time and jitter. The 
delay in the gap breakdown is o f the order o f a few nano
seconds and depends on the incident laser power. With the 
present arrangement the threshold for breakdown occurs at 
a power level o f approx. 1 MW.

One electrode o f the LTSG is connected to the inner conduc
tor at one end o f the Blumlein cable (Wilkinson 1946), of 
half-length L, while the other electrode is connected to the 
outer conductor at the same end o f the cable. Uniradio 67 
cable is used with a characteristic impedance Zo o f 50 Q. 
The inner conductor of the Blumlein cable is charged to a 
voltage +  the outer conductor being earthed. The outer 
conductor has a short break in it at the midpoint of the 
Blumlein, and the load which is the Pockels cell in parallel 
with a 2Zo resistance is connected across the break to the two 
sections o f conductor. The other end o f the Blumlein cable 
is an open circuit.

When the LTSG is triggered, at time ti  (figure 1), a voltage 
step of magnitude — is launched into the cable in the 
direction o f the load. At a time Ljv  after the gap breakdown 
(v denotes the velocity of propagation in the cable), a rectan
gular pulse o f magnitude -  V^, and duration IL jv  appears 
across the load. As the voltage across the Pockels cell decreases 
from zero to — volts, during the leading edge of the pulse, 
so the plane o f polarization of the laser light passing through 
the cell is rotated through a full 180°. The degree of rotation 
is proportional to the applied voltage. Thus, at a given voltage 
level — on the leading edge of the pulse, the plane of
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polarization at the output o f the Pockels cell will have rotated 
through 90°. The oscillator light can now pass straight 
through the Glan-Thompson polarizer into the amplifier. 
However, the applied voltage continues to fall to -  V^, 
corresponding to 180 of rotation, where again the oscillator 
output is rejected sideways at the Gian polarizer interface. 
The duration o f the rectangular clipping pulse IL jv  is suffi
ciently long to block the remainder of the Q-spoiled pulse. 
Thus, the shutter only admits light through to the amplifier 
over a portion o f the leading edge o f the applied electrical 
pulse, centred around the point where the voltage is -  V̂ x. 
(figure I). By adjusting the flux o f light on the LTSG and 
choosing a suitable length for the Blumlein cable, the time 
at which the voltage pulse arrives at the KD*P Pockels cell 
is arranged to coincide with the maximum of the Q-spoiled 
pulse (/= /p ). The shuttered pulse which is admitted to the 
amplifier is thus o f maximum intensity. Because of mismatch
ing and losses in the cable, the static voltage on the Blumlein 
has to be somewhat greater than the pulsed full-wave voltage 
of the Pockels cell. Also, because of losses within the Pockels 
cell, the applied pulse voltage is approx. 1 kV higher than the 
calculated pulsed full-wave voltage (10 4 kV).
4 Results and discussion
Figure 2 shows the waveform of the electrical pulse appearing 
across the Pockels cell. The pulse is monitored using a low- 
inductance resistive voltage divider coupled to a Tektronix 
519 oscilloscope, the inherent rise-time of the measuring

|/A

Figure 2 Waveform of electrical pulse across Pockels cell. 
Horizontal scale, 10 ns per major division; vertical scale,
5 7 kV per major division
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oure 3 Waveform of optical pulse after amplification 
'touched for clarity). Time scale, 5 ns per division

i te m  being 0-9 ns. The rise-time between 10% and 90% of 
ale amplitude is 2-5 ns. This is approximately equal to 
y, where t  is the 1/e time.
Figure 3 shows the waveform of the amplified optical pulse 
mitored using an ITL (HCBI) photodiode which with a 519 
cilloscope has an inherent rise-time o f 0 35 ns. The duration 
the optical pulse (HPFW) is T2 ns.
For an electro-optic cell operating in the longitudinal 
xie and mounted between crossed polarizers as in figure 1, 
; transmission I  can be expressed as a function o f the 
adulation voltage ratio i.e.

7i'//f = sin2 I 7̂T ^ ( 1 )

30
th

4 03 0

?iire 4 (a) Computed optical waveform o f pulse produced 
'full-wave clipping. Full curve, t i >  or broken 
•rve, Ti =  T2 . (For definition o f n  and t 2 see text). 
•Computed optical waveform of pulse produced by 
ilf-wave clipping. Full curve, t i >  or < to ', broken curve, 
=T2. (For definition o f t i  and t 2 see text)

where h  is the incident light flux. For any voltage step the 
half-intensity points o f the Pockels cell transmission corre
spond to 25% and 75% of the full amplitude o f the switching 
voltage — V \ as given by equation (1). The time between 
these voltage levels is approx. 1-2 t ,  as shown in figure 4(a). 
The measured optical pulse width (figure 3), is 1 2  ns and is 
in good agreement with this value. The rise-time o f the optical 
pulse is 0 8 ns.

The fall time of the leading edge o f the electrical pulse at 
the Pockels cell can be considered as the product o f two 
exponentially decreasing voltages with characteristic times ri 
and T2 , where ri, the fall time due to the switch inductance 
La is LajZo, and t 2 , the fall time due to the Pockels cell capaci
tance C, is 2CZo. With full-wave switching using a Blumlein 
circuit it can be shown that in general the open time o f the 
electro-optic switch varies from Tl T(r =  T i^T 2 or t  =  t 2 > t i )  
to T3 T ( j i  — T2 = r), see figure 4(fl).

Similarly the half-wave switching procedure, e.g. Alcock 
and Richardson (1970), using a different circuit configuration 
can be shown to give transmission, reaching full intensity, for 
approximately T5 r to T8 r, figure 4(6).

Some improvement in narrowing the pulse can be achieved 
by (i) reducing the aperture (and hence capacitance) o f the 
Pockels cell ; (ii) using several cables in parallel in the Blumlein 
Z eff=Zo/A  and (iii) reducing the inductance o f the LTSG. 
N o special attempts were made to do so in the work described 
in this paper, and for example, a standard Pockels cell o f  
aperture 1 cm was used. Taking the simple precautions above, 
however, it should be possible to produce a voltage pulse 
with a rise-time o f the order o f 1 ns across the Pockels cell 
and thus obtain an optical pulse o f approx 500 ps duration.

After amplification ( x  15) and passage through a crypto- 
cyanine cell to improve the peak-to-background contrast the 
energy in the shuttered pulse is 3 x 10~2 j, which is sufficient 
for many diagnostic purposes in plasma physics. The diverg
ence o f the clipped laser pulse was not measurably greater 
than that o f the conventional Q-spoiled pulse, i.e. 3 mrad 
contained 90% of the beam energy.

A lower limit to the spectral width o f the laser beam 
X^jcAt, is set by the duration o f the clipped pulse Ar. In the 
present experiments (with A /= T 2 n s )  a monochromatic 
continuous laser beam would be broadened to 0-013 Â. 
However, mode coupling in the oscillator cavity did not, in 
practice, allow linewidths o f less than 0 075 Â  so that no 
appreciable deterioration in linewidth, and therefore in 
coherence length, was introduced by the pulse clipping. A  
Fabry-Perot interferogram o f the amplified pulse, taken with 
an étalon spacing o f TO cm, is shown in figure 5. The

Figure 5 Fabry-Perot interferogram of light in amplified 
clipped pulse. Free spectral range, 0-24 Â
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line-width, 0-075 Â, corresponds to a coherence length of 
3-2 cm, which is sufficiently long for nanosecond exposure
interferometry.

A  10 ns exposure photograph of the visible light from the 
dense plasma focus (Peacock et al. 1969) using an image 
converter camera is shown in figure 6{a). For comparison a 
1 ns exposure shadowgraph o f  the same plasma using the 
ruby laser source with full-wave switching is shown in figure 
6(6). It is readily appreciated that without the required spatial 
and temporal resolution many of the features of the plasma 
are overlaid and lost. Along the axis o f symmetry of the 
device the shadowgram shows that there is a density gradient

4  cm

A xis o f symmetry

(«)

3 cm

Axis of  symmetry

(6)
Figure 6 (a) 10 ns exposure of pinch stage of plasma focus 
device taken with image converter camera. The plasma is 
compressed into the form of a fountain by the axisymmetric 
magnetic field. The stem of the fountain is close to the 
anode surface. (6) Shadowgram of pinch stage of plasma 
focus device using amplified clipped pulse for illumination. 
The diagonal striations across the field are spurious and are 
due to nonuniformity o f the illuminating laser beam

structure which has characteristic radial dimensions of less 
than 0-1 mm. The boundary of the plasma is also sharp 
and is scalloped by Rayleigh-Taylor instabilities. Multiple 
exposure shadowgrams show that these features change in 
their spatial positions in times considerably less than 10 ns. 
High spatial resolution (> 1 0 0 1 m m -i) and nanosecond 
exposure is therefore necessary to study the growth rate of 
the instabilities and to identify the source of the axial structure.
5 Conclusions
An electro-optic shutter has been developed which is capable 
of giving nanosecond pulses from a ruby laser. The method 
used involves full-wave switching of a KD*P Pockels cell 
external to the oscillator cavity. The laser, with a x i s  ampli
fier, has adequate energy, 30 m l, coherence length, 3-2 cm, 
and time resolution, 1 ns, to find immediate application in 
the diagnostics o f dense, highly transient plasmas. It may 
also prove useful as a first stage of a multistage laser system 
for creating high temperature plasmas from a solid target 
when irradiated by the focused laser beam.
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NANOSECOND TRANSMISSION PHOTOGRAFHY OP A DENSE PLASMA 
USING A PULSE-CUPPED Q-SMITCHED USEE

P. D. Morgan* and N. J .  Peacock^ 

a Eqyal Holloway C o lle g e , E n g le fle ld  Green, Surrey, U.K. 

/  The Culham Laboratory, Abingdon, B erk sh ire , U.K.

1. In troduction
The study o f  r e fr a c t iv e  index v a r ia tio n s  in  pl-.smas o f  e le c tr o n  d e n s ity , n^, 

i  10^^ om”  ̂ u sin g  shadowgram, sc h lie r e n  and in ter fer o m etr ic  techniques has y ie ld ed  

much u se fu l in fo n sa t io n  on the s p a t ia l  and temporal v a r ia tio n s  in  n^, on the gross  

motion o f  the plasm a, on the gn w th  of i n s t c b i l i t i e s  a t  the plasma boundary and on 
plasma turbulence [ l ,? ] .  The p ro p ertie s  o f  th e  l i g h t  p u lses from a Q-switched ruby 

l a s e r ,  v i s .  sh ort d uration  (~  1) n s e c ) ,  h i ^  in t e n s it y  ( - lo '^ w a tts  cm '^sterndian"’ ) ,  

sm all beam divergence ( — 1 n i l l l r a d la n ) , long coherence len gth  (~  5 cm) and high  
degree o f  m onochrom aticity (AX - 0 . 1  X), make i t  an inva lu ab le l ig h t  source fo r  use 
w ith  the above tech niq ues in  th e ir  a p p lic a tio n  to  the study o f  tr a n s ie n t plasmas.

In order to obtain  good time r e so lu tio n  o f  the h igh  v e lo c it y  ( —3 x  10^os s e c ”' )  

shock fr o n ts  a sso c ia te d  w ith  d en se , h i^ ly - t r a n s ie n t  plasmas (such as  th ose produced 
in  the Plasma Poous d ev ice  [ ) ]  o r  by ir r a d ia tio n  o f  s o l id  ta r g e ts  by high-powered 

la s e r s  [4 ] ) ,  l ig h t  p u lses  o f  d uration  -  1 nsec are n ecessary . A sim ple and r e lia b le  

wsy o f  o b ta in in g  l i g h t  p u lses  o f  s u it a b le  duration  from any Q-switched ruby la s e r ,  
w ithout ad verse ly  a f f e c t in g  the o th er  p rop erties  o f  th e  p u lse s , i s  to  c l ip  the pulse  

from the la s e r  by means o f  an e x tr a -c a v ity  e le c tr o -o p t ic  sh u tte r  [ 5 ].

This paper d escr ib es  th e use o f  such a  system as a l i g h t  source fo r  shadowgram, 

sc h lie r e n  and in ter fer o m etr ic  s tu d ie s  o f  a d en se , h ig h ly -tr a n s ie n t plasma, and some 

o f the r e s u lt s  obtained are p resented .
2 . The Experimental Apparatus

The e le c tr o -o p t ic  s h u tte r , shown sch em a tica lly  in  P i g . t , used to  c l ip  the ou t

put from a Korad K-15OO la s e r  qjratem was s itu a te d  between the o s c i l l a t o r  and a m p lif ier  

s e c t io n s .  An output p ulse from the o s c i l l a t o r  passes through 1 , a  Glan-Thompson 
p o la r is e r ,  and 2 ,  an unbiased KD*P P ockels c a l l ,  and i s  in c id e n t on 3 , another G-T 
p o la r ise r  which i s  crossed  w ith 1 . This p o la r ise r  r e je c ts  the la s e r  l i ^ t  sideways 

a t the In ter fa ce  onto 4 ,  a la se r - tr ig g e r e d  spark gap (LTSG) [6 ] .
The LTSG c o n s is t s  o f  two e le c tr o d e s  separated  by a 30 p m elinex s h e e t ,  one 

e le c tr o d e  b eing  a t  a v o lta g e  ♦ V \ (— 12 kV) e h i la t  th e o th er e le c tr o d e  i s  earthed .
A sh ort fo c a l length  le n s  fo c u se s  the la s e r  l i g h t  onto one e le c tr o d e  through a mnall 

h o le  in  the o th e r , thereby puncturing the d ie l e c t r i c  and tr ig g e r in g  the gap. The 

inn er  oonduetor a t  one end o f a c o a x ia l  c a b le , o f  le n g th  2L and c h a r a c te r is t ic  impe

dance Z^, i s  connected to  the p o s it iv e  e le c tr o d e  and the o u ter  conductor i s  connected

KT +

r r u .  1
The E lectro -O p tic  Shutter  

to  the earthed e le c tr o d e . At th e  m idpoint o f  th e  cab le the Pockels c e l l ,  in  p ara l
l e l  with a 2 Zg r e s is t o r .  I s  connected as a load  across a sh ort break in  the ou ter  

conductor. The o th er  end o f  th e cab le i s  an open c ir c u it .  This cab le  arrangement,

3 , i s  known as a  B liaalein  [ 7 ] .
When the LTSG i s  tr ig g e r e d , a  rectan gu lar pulse o f  magnitude -  and duration  

2 t /v ,  where v i s  th e  propagation v e lo c it y  in  the c a b le , appears across the load  

a f t e r  a d elay  o f  L /v . The c lip p in g  a c t io n  o f  the sh u tte r  i s  a sso cia te d  e n t ir e ly  

w ith  the lea d in g  edge o f  th is  p u lse , in  co n tra st to  [ 3 ] .  As the v o lta g e  across the 

load  d ecreases from 0 to  -  V^, during the f a l l - t im e  o f the lea d in g  ed ge, so  the 

plane o f  p o la r isa t io n  o f  the l i g h t  p assin g  through the Pockels c e l l  i s  rotated  

fu r th e r  from i t s  o r ig in a l p lan e, the f u l l  v o lta g e  -  causing 18O r o ta tio n . In
order fo r  th e  l i g h t  from th e  o s c i l l a t o r  to pass with undiminished in t e n s it y  through 

3 to the a n p l i f ie r  i t s  plane o f  p o la r isa t io n  must s u ffe r  90° ro ta tio n  by the Pockels  

c e l l ,  and t h is  on ly occurs when the v o lta g e  a cro ss  i t  i s  - 5  V \. The h a lf-w id th  of 

the o p t ic a l  pulse transm itted  to the m s p lif le r  i s  d efin ed  by the fa l l - t im e  o f  the 
e l e c t r ic a l  p ulse frcra - i  Vx to  -1  V^.

a d ju st in g  th e  l i g h t  f lu x  in c id e n t on th e LTSG and choosing a su ita b le  len gth  

f o r  th e  B lum lein , c lip p in g  i s  made to  occur a t  peak l i g h t  output from the o s c i l l a t o r .  

The duration  o f  th e e l e c t r ic a l  pulse i s  s u f f i c i e n t ly  long to b lock  the remainder o f  

the Q -switched p u lse . A fter  a m p lif ic a tio n  the h a lf-w id th  o f  the clip p ed  pulse was

-  1 .2  nsec a n i i t s  energy c o n te n t was -  30 m i l l i j o u le s .  The beam d iv erg en ce  and 

l in e -w id th  o f  th e  c lip p e d  p u lse  was e s s e n t i a l l y  unchanged from t h a t  o f  th e  Q-
sw itched  p u ls e s ,  b e in g  ~  3 m i l l i r a d ia n s  (9 0 ^ e n e rg y )  and -  0 .0 8  A r e s p e c t iv e ly .

3. A p p lic a tio n s  and R esu lts
A lthough q u a n t i ta t iv e  v alu e s  o f  n^ a re  u s u a l ly  d i f f i c u l t  to  o b ta in  u s in g  the  

shadowgram te c h n iq u e , v a lu a b le  in fo rm a tio n , such as shock v e lo c i t i e s  and i n s t a b i l i t y  

grow th r a t e s ,  can be o b ta in ed  about th e  fo rm a tio n  and b re ak -u p  p ro c e sse s  o f  a  t r a n 
s i e n t  plasm a. To o b ta in  m eaningful in fo rm a tio n  from ir re p ro d u c ib le  plasm as i t  i s  

n e c e ssa ry  to  o b ta in  a ry  tim e sequence re q u ir e d  from as  few d isc h a rg e s  a s  p o s s ib le . .
One m ethod o f a c h ie v in g  a  m u ltip le  exposure tim e sequence from a  s in g le  d i s 

charge [8 ] u t i l i s e s  sem i-i> e flec tin g  m ir ro rs  to  s p l i t  th e  s h o r t  l a s e r  p u lse  i n t o  a  

number (3 -5 )  o f  equal i n t e n s i ty  p u ls e s . Each p u lse  has i t s  own p a th  to  th e  common 

plasm a volume, and time s e p a ra t io n  i s  a c h iev ed  by m aking each  p a th  le n g th  d i f f e r e n t .  
I f  th e  p a th s  a re  in c l in e d  a t  sm all an g le s  to  each o th e r ,  th e  shadowgrams produced 
can be re co rd e d  a s  s e p a ra te  images on a  f i lm .  P ig .2 i s  an  ex a sp le  from a  time

sequence o f  3 fo cu sed  shadowgrams taken d u rin g  th e  c o lla p s e  phase o f  th e  Plasm a
Focus d e v ic e . The plasma-vaouum in te r f a c e  i s  c l e a r ly  shown, w ith  a s s o c ia te d  
R g y le ig h -T q y lo r and m = 0 i n s t a b i l i t i e s .  C o lla p se  v e l o c i t i e s  o f  — 4  x 10^ cm s e c ” '  

have been recorded  and i n s t a b i l i t y  growth r a te s  o b ta in e d , ( 10̂  ^  ~  10® sec  ' ) .

I n te r fe r o m e tr ic  s tu d ie s  o f  th e  c o lla p se  and d en se  p in ch  s ta g e s  o f  th e  Plasma 

Focus d ev ic e  have been made u s in g  a Mach-Zehnder in te r f e ro m e te r .  Over th e  re g io n s  
o f  h ig h e s t  e le c t r o n  d e n s i ty  th e  f r in g e  s h i f t s  were to o  la rg e  to  be  r e l i a b ly  t r a c e d .

In  re g io n s  o f  low er d e n s i t y , the f r in g e  s h i f t s  could  be c o u n te d , and d e n s i t i e s  o f
— 4 X 1 0 '®  ora ^ have been  o b ta in e d .

In  th e  s c h l ie r e n  te c h n iq u e , i f  in s te a d  o f  u s in g  a k n ife  edge a t  th e  fo c u s  o f  

th e  s c h l ie r e n  le n s  a  c i r c u l a r  o b s ta c le  i s  u se d , th e  d e n s i ty  g ra d ie n ts  i n  th e  plasm a 
in  a l l  d i r e c t io n s  i n  th e  p lane  o rth o g o n a l to  th e  in c id e n t  l a s e r  beam can be 

re co rd e d . By u s in g  an  o b s ta c le  o f  s u f f ic ie n t ly  la r g e  d ia m e te r , on ly  th e  plasma 
re g io n s o f  h ig h  e le c t r o n  d e n s i ty  and s te e p  d e n s i ty  g ra d ie n ts  w i l l  be re c o rd e d .

F ig .3 shows a  s c h l ie r e n  photograph  o f  th e  c o l la p s e  phase o f  th e  Plasma Focus d ev ic e  

Peak d e n s i t i e s  in  e x c ess  o f 7 x  1 0 '®  cm ^ have been  ev a lu a ted  u s in g  t h i s  te c h n iq u e .
The p resence  o f i n s t a b i l i t i e s  on th e  plasma-vacuum boundary i s  c le a r ly  shown.

4 . C onclusions
An e l e c t r o - o p t i c  s h u t te r  has been used to  A o r te n  th e  p u lse  from a  Q -sw itched 

ruby l a s e r  to  — 1 nsec d u ra tio n . T h is  system  has been  used  as  a  l i g h t  so u rc e  f o r  
s tu d y in g  a  d e n se , h ig h ly - t r a n s ie n t  plasm a by shadowgram, s c h l ie r e n  and i n t e r f e r o 

m e tr ic  te c h n iq u e s . V alues o f  e l e c t r o n  d e n s i ty ,  shock f r o n t  v e lo c i t i e s  and i n s t a b i l i t y  
growth r a te s  have been o b ta in e d .

Nanosecond Exposure Shadowgram Nanosecond Exposure S ch lie ren  Photograph

[ 1]

[ 2] 

13)

[A]

[3] 
[6)

[7)
[8]
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A b s tr a c t  : The e l e c t r o n  and io n  l i n e - d e n s i t i e s  o b ta in ed  by in t e r f e r o m e tr y  during

the c o l l a p s e ,  d en se -p in ch  and break-up s ta g e s  o f a Plasma Focus d isc h a r g e  are

re p o r ted .  U sin g  t h e s e  v a l u e s ,  t o g e t h e r  w ith  p r e v io u s ly  rep o r ted  v a lu e s  o f  th e

average tem p eratu res  o f  th e  p a r t i c l e s ,  th e  B en n ett  r e l a t i o n ,  I^ g = 2 k ^ . NT,

i s  s a t i s f i e d  i n  th e  dense p inch  fo r  a v a lu e  o f  g (b e t a )  ~  0 . 6 .  T his  i s  c o n s i s t e n t
0

with a f l u i d  model in  which plasma i s  t r a n s i e n t l y  i n  e q u i l ib r iu m  w ith  th e  s e l f -  

m agnetic f i e l d  o f  th e  cu rren t  i n  th e  p in ch .

1. I n t r o d u c t io n : In  th e  Plasma Focus i t  i s  im portant to  know th e  v a lu e  o f b eta  

(B g),  Which fo r  th e  t r a n s i e n t ,  dense p inch  can be d e f in e d  by th e  B en n ett  r e l a t i o n :

gg  = 2 k  ^ 2 .  NT

Where I i s  the current flowing in the pinch and NT is the product of line density
and average  tem perature f o r  each o f  th e  p a r t i c l e  s p e c i e s .

T w o-d im en sional,  MHD com putations based  on a 2 - f I u i d  model u s in g  c l a s s i c a l

tr a n sp o r t  c o e f f i c i e n t s ,  [ l ] ,  i n d i c a t e  th a t  the dense p inch  i s  t r a n s i e n t l y  in

e q u il ib r iu m  w ith  th e  c o n f in in g  m agnetic  f i e l d ,  and has a g o f  v a lu e  u n i t y .  In
-, 0

the dense p in ch ,  because  o f  c y c lo t r o n - o r b i t i n g  e f f e c t s  and c o l l i s i o n  le n g th s  of  

the order o f  th e  plasma d im en sio n s ,  i t  i s  n o t  c l e a r  a p r i o r i  th a t  a f l u i d  model 

i s  j u s t i f i e d .

Up to  th e  p r e s e n t  no exp er im en ta l v a lu e  o f  has been re p o r te d .  In  t h i s

paper measured v a lu e s  o f  l i n e  d e n s i t i e s ,  average tem p eratu res  and cu rren t are  used

in th e  B en n ett  r e l a t i o n ,  from which a v a lu e  o f  6 i s  d e r iv e d .
0

2. E xperim enta l Method: D e t a i l e d  d e s c r ip t io n s  o f  th e  Plasma Focus d e v ic e  u sed

and i t s  mode o f  o p e r a t io n  are to  be found i n  [ 2 , 3 ]  . The o p e r a t in g  c o n d it io n s

used f o r  th e  work d e s c r ib e d  in  t h i s  paper were an i n i t i a l  gas f i l l i n g  o f 2 .5  t o r r

(D  ̂ + 4% Ar) and a c a p a c i to r  bank v o l t a g e  of 30 kV (42  kJ s to r e d  e n e r g y ) .

F ig u re  1 shows an in ter fero g r a m  of th e  p inch  tak en  a t  th e  o n se t  o f  s o f t

X-ray e m is s io n  ( t  = O), u s in g  a nanosecond l i g h t  p u ls e  from a ruby l a s e r ,  [ 3 , 4 ]  .

The minimum ra d iu s  of th e  p inched  column i s  0 .1  cm. In  order to  o b ta in  th e

rad ia l  e l e c t r o n  d e n s i t y  p r o f i l e ,  n ^ ( r ) ,  th e  f r i n g e - s h i f t  p r o f i l e s  o b ta in ed  must be 

eva lu ated  n u m e r ic a l ly  u s in g  th e  A bel i n t e g r a I - tr a n s fo r m ,  [ 5] . F igu re  2 shows 

three r a d i a l  d e n s i t y - p r o f i l e s  o b ta in ed  during  th e  c o l la p s e  ( t  = -4 0  n s e c ) ,  dense  

pinch ( t  = O) and break-up  ( t  = + 30 n s e c )  s t a g e s .  The v a lu e s  o f e l e c t r o n  d e n s i t y
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Figure 1: Interferogram o f  dense pinch a t  onset  o f  s o f t

X-ray emission ( t= 0 ) .  Exposure time 1 nsec.

obtained, and th e  shapes o f th e  p r o f i l e s  are i n  g en er a l  agreement w ith  the r e s u l t s  

of com pu tation s ,  [ l ]  .

The e l e c t r o n  l i n e - d e n s i t y

= 2tt n^(r)r dr 
0

cm- 1

where R i s  th e  r a d iu s  o f th e  p inch  as determ ined by in t e r f e r o m e tr y ,  has been ev a lu  
a te d .  There i s  a sharp d ecr ea se  i n  Ng a t  t= 0 ,  co rresp o n d in g  to  th e  time when peak

com pression  o cc u r s ,  f i g u r e  3 , due to  a x i a l  f lo w  from th e  compressed p inch , to  a 

v a lu e  2 . 3  X 10^^ cm The deuterium  and argon io n  l i n e - d e n s i t i e s  are obtained  

u s in g  th e  r e l a t i o n :
N = N. + z N. 

where z i s  th e  average argon io n  ch arge .

From s p e c t r o s c o p ic  s t u d i e s ,  [ 3 ] ,  z = 12 i n  th e  dense p in ch ,  and a l lo w in g  fo r  the

-  2  -
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d i s s o c i a t i o n  o f th e  deuter ium , one o b ta in s :

N. = 0 .8  N
*

N. = 0 .0 1 7  N 
'A

The plasma e l e c t r o n  tem perature has been determ ined by a b s o r b e r - f o i l  measure

ments on th e  s o f t  X -ray  f l u x ,  [2 ]  , and s p e c t r o s c o p i c a l l y  from th e  r a t i o  o f th e  

i n t e n s i t i e s  o f  th e  H e - l ik e  a rg o n - io n  resonance l i n e s  to  th e  s a t e l l i t e - l i n e  i n t e n 

s i t i e s ,  [6 ]  . The mean e l e c t r o n  tem perature by t h e s e  two methods i s  ^  2 .2  keV.

The tem perature o f  th e  argon io n s  has been  determ ined as  b e in g  ~  9 .5  keV by 

measuring th e  D o p p ler-b ro a d en in g , due to  th e  io n  therm al m otion , o f  th e  H e - l ik e  

resonance l i n e s ,  [ s ]  . From c o o p e r a t iv e  s c a t t e r i n g  o f  ruby l a s e r  l i g h t ,  th e  

deuterium io n  tem perature i s  ~  0 .7  keV, [7 ]  . F i n a l l y ,  th e  cu rren t  in  th e  d isc h a r g e  

c i r c u i t  was measured u s in g  a c a l i b r a t e d  Rogowskii c o i l  coupled  to  an i n t e g r a t in g  

c i r c u i t .  At t  = 0 a v a lu e  o f  610 kA i s  o b ta in ed .

3. D i s c u s s i o n : Assuming t h a t  a l l  o f  th e  cu rren t  in  th e  d isc h a r g e  c i r c u i t  f lo w s

through th e  p in ch ,  (n o t  an u nreason ab le  assum ption , [ s ] ) ,  and i n s e r t i n g  the  measured  

parameter v a lu e s  f o r  th e  dense pinch i n t o  th e  B en nett  r e l a t i o n ,  a v a lu e  o f  

I = 0 . 6  ± 0 .1 5  i s  o b ta in e d .  The e r r o r s  are due to  th e  u n c e r t a i n t i e s  i n  th e  v a lu e s  

of th e  p a r t i c l e  tem peratures and o f  th e  cu rren t a t  maximum com pression . T his  means 

th a t  th e  plasma k i n e t i c  p res su re  i s  s u f f i c i e n t l y  high  to  be b a lanced  by a c o n f in in g  

m agnetic  f i e l d  p ^ d u c e d  by between 67 and 87% of th e  t o t a l  p inch cu rr en t  f lo w in g ,  

in  g en er a l  agreement w ith  th e  f l u i d  code ,  [ l ]  . From o p t i c a l  s t u d ie s  th e r e  i s  

ev id en ce  t h a t  th e  l o c a l  i n s t a b i l i t y  time o f  th e  dense pinch i s  5 n s e c ,  [3 ]  , which  

i s  s t i l l  lo n g e r  than th e  s e l f - c o l l i s i o n  tim e of each o f  th e  p a r t i c l e  s p e c i e s ,  th e  

pinch b e in g  t r a n s i e n t l y  i n  e q u i l ib r iu m  i s  rea so n a b le  from t h i s  p o in t  of v iew .

The f a c t  t h a t  Qq i s  measured t o  be f r a c t i o n a l l y  l e s s  than  u n i t y  can be 

a sc r ib e d  to  l o s s e s  n o t  in c lu d ed  in  th e  f l u i d  code, e g ,  anomalous h eat con d uction .  

xlO"

D t - +30ns

00
r (cm)

z (cm)

Figure 2 :
Radial e l e c tr o n - d e n s i ty  

p r o f i l e s  during c o l la p s e  

at  t  = - 40 nsec ,  maximum 

compression at  5 mm from 

anode ( t  = 0) and at  

t  = + 30 nsec.
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Figure 3 : 

Electron l i n e - d e n s i t y  at  d i f f e r en t  

times be fore ,  during and a f t e r  the 
t .nsec. dense-pinch s tage  ( t  = 0 ) .

-6 0  -4 0  -20  0 +20

An a l t e r n a t i v e  e x p la n a t io n  i s  th a t  i s  indeed  u n i t y  and t h a t  between --o 13 and 33% 

of th e  curc u i t  cu rren t  f lo w s  o u ts id e  th e  p inch  r e g io n .  However, th e r e  i s  no 

ev id en ce  from th e  e l e c t r i c a l  waveforms t o  support t h i s  p o s s i b i l i t y .

4 .  C on clu s ion s  : Measurements o f th e  plasma k i n e t i c  p r e s su r e  i n d i c a t e  th a t  a high

beta  plasma e x i s t s  in  th e  d en se -p in ch  phase o f  th e  F ocu s .  The k i n e t i c  pressure i s  

s u f f i c i e n t l y  h ig h ,  th a t  to  be ba lan ced  by th e  s e l f - m a g n e t i c  f i e l d  of the current,  

r e q u ir e s  a t  l e a s t  67% f lo w in g  i n  th e  dense p in ch .  U sin g  th e  B en n ett  r e l a t i o n ,  a 

v a lu e  o f  I q = 0 .6  ± 0 .1 5  i s  d e r iv e d ,  in  agreement w ith  a f l u i d  model in  which the 

plasma and s e l f - m a g n e t ic  f i e l d  are t r a n s i e n t l y  in  e q u i l ib r iu m .
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EVIDENCE FOR A BROAD AND UN I FORM NEUTRON-PRODUCING 
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A B C ~^RACT
Holographic interferometry, time of flight measurements on the 

fusion reaction neutrons and time-resolved x-ray imagery have been 
used to specify some of the parameters of the plasma during the la- 
te-time history of the dense pinch in the 120 kJ Plasma Focus at 
Frascati. The measured parameters are in agreement with the model 
of a broad and uniform plasma column which is turbulently heated 
after the- break-up of the pinch.
INTRODUCTION

One of the first goals of the Joint European effort on Plasma 
Focus is to check by direct measurements on the Frascati device 
/ 1 / the validity of the model / 1 / proposed to account for the 
neutron emission. Following this model, most of the neutron a \̂ o.'ld 
be of thermonuclear origin, and a small fraction only v/cJild be pro 
ducèd at the time of maximum compression, whereas the bulk of neu
tron emission would originate later from a diffuse plasma of consi. 
derably larger dimensions, lower density, and higher temperature re 
suiting from efficient turbulent heating during the radial expansion 
of the plasma column.

The present experimental effort is aimed at assessing the im
portance of ion beams in the plasma and defining the region of elec 
tron density by holographic interferometry. Also, the location of 
hot electrons and hot ions is found by soft-x-ray and by neutron 
imaging techniques respectively.

. Preliminary results using the first three methods are given 
hereafter. It is anticipated that final density measurements and 
more x-ray measurements will be included in a supplement paper.

((<() P o i j a l  H o l l o v o a t j  C o l l z g t  ( L o n d o n )  
( + ) S u p p o r t e d  bi j  U S A f  u n d z ^  c o n t ^ C L c t  P . 4 4 6 2 0 - 7 1  - C - 0 0 9  8



HIGH ENERGY lOlTS
The method for measuring the number of high-energy ions is 

based on the intensity of (D,Li^) reactions. The method has been 
used successfully for tracing in a Focus device / 2 / the nuraber 
of ions with energy exceeding'' 300 keV  ̂where the reaction cross-sec 
tion becomes substantial. Lithium ceuteride is placed in the anode 
and lithium hydride in the cathode, both on axis. Three time-of- 
-flight spectrometers are used for analysing the neutron spectrum 
and are placed at 8 m, 13m, and 20 m respectively from the Focus.
The arrangement has a threshold sensitivity for detecting neutrons 
from the (D,Li ) reactions which is about 10® neutrons per dischar
ge.

The neutron spectra recorded on the Frascati Focus show little 
evidence of ions having energies above 300 keV. Over more than 
50 discharges with pressures varying between 0.5 and 2 Torr, only 
one case indicates the presence of a few (D,Li^) neutrons above 
threshold. The bulk of neutrons are from (D,D) reactions. By contrast, 
on the Julich Focus the (D,Li/) reactions exceed the (D,D) reactions 
by a factor of five. The total neutron yield is about equal for both 
experiments (rj 2 x 10^^).
DENSITY MEASUREMENTS ' ! -
,  . . .  , ■ I ■    I

Fig. 1 is a schematic diagram of the apparatus used for the 
holographic interferometry. 1 - ruby laser, / 3 /; 2,7-expansion 
telescopes; 3,5-pellicle beaim splitters; 4-photo-diode; 6-mirror 
arrangement to equalise the scene and reference paths; 8-hoilow 
wedge; 9-lens focusing plasma plane onto diffuser; 10-1mm pinhole;
11-camera; 12-diffuser; 13-lens to expand reference beam to fill 
film 14. The input apertures of the camera are closed by narrow- 
-band interference filters.

The double-exposure holograms v/ere recorded on Kodak SG-243 
film. Background fringes were introduced by replacing the initial 
air filling in the hollow wedge with helium, between exposures. 
Electron-density profiles were obtained from the interferograms 
after an Abel-inversion, / 4 /. '

In particular, the diffuse-pinch phase, during which maximum 
neutron emission occurs, has been investigated. Preliminary results 
show clearly the presence of a broad,well-defined column of plasma 
during this phase, with peak electron densities approximately two 
orders of m.agnitude lower than those in. the dense pinch; there is 
'evidence that the line density remains constant. Fig. 2 shows an 
electron density profile obtained at the maximum intensity of neu
tron emission, v/ith an inset showing a typical neutron signal. The 
radius of the column is 1.9 cm and the peak electron density is 
^  3.2 X 10^ ̂  cm-3, it can be seen that the plasma boundary is sharp
and that the electron density within the column is, to a first ap
proximation, constant. The line density, Ng = 2  ̂ n^Cr) r  d  r j 
-1.G ^ 2 , 1  X 10^® cm"^ and the column length is ^  3 cm. In o r d c  to 
account for the neutron yield of 4.8 x 10^0, observed on the dischar 
ge pertaining to the density profile, a deuterium ion temperature



of 8 keV is necessary for a thermal plasma with an emission time 
of 100 nsec. At even later times in the discharge, during the decay 
of the second neutron burst, the plasma expands to a diaraeter which 
is larger than the width of the field of view of 5.7 cm. For example, 

60 - 100 nsec after peak neutron intensity^the recorded fringe 
shifts become ass^mpmetric about the electrode axis and are irregular 
across the field of view. This indicates that during this phase the 
plasma column breaks up shortly after the peak^neutron emission.

/SOFT X-RAYS
Fig.3 is a 50 ns exposure,soft x-ray image centered on the max 

imum of the second neutron burst shown inset on Fig. 2.
Fig. 3 shows a diffuse plasma of much larger diameter than the 

2 mm dimension of the plasma column at maximum compression, / 5 /.
The latter appears in the picture as a black filament at the centre. 
This is due to early charge depletion of the x-ray intensifier (chan 
nel plate) by the much higher emissivity of the denser plasma. A 
syster.iatic investigation of the spatial and temporal evolution of the 
x-ray emitting volume is in progress.
CONCLUSION

A well-defined^hot plasma column of about 4 cm in diameter with 
a mean density of 2.3 x 10^ ̂  cm"^ exists at the time of maximum neu 
tron intensity. No gross density perturbations within the colur.m 
are observed. There is no evidence of high energy ion beams in the 
plasma. These results are in agreement with the model previously pro 
posed / 1 /.
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Pa^o L i no Lino Îrn; inning Co fro ci ion

3 10 Tho p r i n c i p l e s  o f .......................................................... . .  ’ showdowjrrapliy’
should  read ' shadowgraphy*

9 27 From a r e v i e w ...................................................................  ' d i f f u s e - p i n c h ’
should  read  'b reak -u p  and d i f f u s e - p i n c h '

21 20 Thus T ç ............. after *Thus* insert *, in general,*

22 11 2 .3 .2 The  *Collpae* should read 'Collapse*

26 The o v e r a l l  l i f e t i m e   .....................................  '1 0 -1 0 0  kJ cm^^'
should  read  ' 1 - 1 0 0  kJ. cm

30 11 However, th e  ........................................   'b e '  sh ou ld  read  'by*

12  For an e l e c t r o n  a f t e r  *?&' d e l e t e  *= E X ^ c B ^  *

42 14 Even in  th e     ' i o n i z e d '  should  read  ' s t r i p p e d '

15  The i n t e n s i t y ......................... ' w i l l  be* sh o u ld  read  ' w i l l  n o t  be*

50 8 O c c a s io n a l ly ,  i t  ..............  'n e c e s s a r y '  should  read ' d e s i r a b l e '

56 15 Combining th e  . . . . . . . .  ~ - t n ( x , y , z )  dz ( i n  e q u a t io n  ( 3 . 3 . 1 0 ) )
à

should  read f,n n ( x , y , z ) d z

91 10 With l e s s   ..................................................  ' t h a t '  should  read  ' th a n '

103 3 O peratin g  a ...........................  ' i n c e i d e n t '  should  read  ' i n c i d e n t '

113 6 The i n t e r f e r o m e t r i c  ......................................................... ' in teg er o g ra m s '
should  read  ' in t e r f e r o g r a m s '

118 19 From t h i s   ........................   'maximu' should  read  'maximum'

141 1 There i s  a  ...........................  a f t e r  'b e c a u se '  i n s e r t
'where p o s s i b l e '

155 11 For a f i l l i n g  ................................................... . . ' i s '  sh ou ld  read  'a r e '

168 28 In  th e  l i m i t .......................... ' i n f i n i t y '  should  read  ' i n f i n i t e l y '

171 6 I t  was n o t  ........................................  ' b e a r l y ' should  read  ' b a r e ly '

1 7 4  12 As s t a t e d  ..................................'m a g n t ic ' should  read 'm a g n e t ic '

i y 5  If ■ m a y   * in t e r a t iv e *  sh o u ld  rea d  ' i t e r a t i v e *

176 19 (b)^ During ....................................................  'when' sh ou ld  read  ' t h a t '

1 0^ 31 V ,  Drift   replace *, EX  ̂ c B  * with
* of electrons relative to ions*

2  ̂ I 2 I
191 9 H ence, f r o m ...................................... + should  read  F^ ■.
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