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TIME-RESOLVED SPECTROSCOPIC STUDIES OF LASER PRODUCED PLASMAS

by

SYLVIA SIM

ABSTRACT

High speed  o p t i c a l  m easurem ents a r e  im p o r ta n t  f o r  l a s e r  f u s i o n  

s t u d i e s .  At p r e s e n t ,  s t r e a k  cam eras p ro v id e  th e  most v e r s a t i l e  d i r e c t  

o p t i c a l  r e c o r d i n g  te c h n iq u e s  w i th  p ic o se c o n d  tim e r e s o l u t i o n ,  b u t  th ey  

p o s s e s s  l i m i t e d  dynamic r a n g e .  T h e i r  p o o r  p e rfo rm a n ce  i s  b e l i e v e d  to  

be p a r t l y  due to  space  charge  e f f e c t s  a t  th e  e l e c t r o n  o p t i c a l  c r o s s 

o v e r  p o i n t .  T h is  was e x p e r im e n ta l ly  i n v e s t i g a t e d  i n  t h i s  t h e s i s ,  b u t  

found to  be r e l a t i v e l y  u n im p o r ta n t .  E f f e c t s  i n s i d e  th e  p h o to c a th o d e  a r e  

s u g g e s te d  as  an a l t e r n a t i v e  e x p l a n a t i o n .

The dynamic r a n g e s ,  sweep speeds  and l i n e a r i t y  o f  two com m ercial 

s t r e a k  cam era system s w ere m easured  u s in g  a m odelocked dye l a s e r  and an 

é t a l o n .  The s p a t i a l  r e s o l u t i o n  was m easured  w i th  a t e s t  c h a r t .

These two s t r e a k  cameras w ere th e n  u sed  to  s tu d y  th e  tem pora l

e v o l u t io n  o f  th e  b a c k s c a t t e r e d  fundam en ta l  and harm onic  e m is s io n  s p e c t r a

from m ic ro b a l lo o n  t a r g e t s  when th e y  were i r r a d i a t e d  by a neodymium

l a s e r .  The s p e c t r a  a t  th e  fu n d am e n ta l  f re q u e n c y  d i s p la y e d  th e

c h a r a c t e r i s t i c  re d  s h i f t  of B r i l l o u i n  s c a t t e r i n g .  The s p e c t r a l  f e a t u r e s

of th e  2o)  ̂ harm onic  a r e  e x p la in e d  in  term s o f  io n  a c o u s t i c  tu r b u le n c e

d r iv e n  by th e  e l e c t r o n  r e t u r n  c u r r e n t .  The 3o)^/2 harm onic  s p e c t r a

were o b s e rv e d  to c o n s i s t  o f  two w in g s ,  s y m m e tr ic a l ly  s h i f t e d  to  th e

b lu e  and r e d ,  w i th  a s e p a r a t i o n  depend ing  on th e  e l e c t r o n  te m p e ra tu r e .

Both th e  2oj and 3w /2  harm onic e m is s io n  were found to  c o n s i s t  o f  o o

p ic o se c o n d  p u l s a t i o n s  which a r e  a t t r i b u t e d  to  d e n s i t y  p e r t u r b a t i o n s  

d r iv e n  by th e  u n s t a b l e  a b l a t i o n  f lo w  a c r o s s  a s te e p e n e d  d e n s i t y  p r o f i l e .

F i n a l l y ,  p r o p o s a l s  a r e  made f o r  the  developm ent o f  d i a g n o s t i c  

t e c h n iq u e s  in  l a s e r  p roduced  p la sm as .
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CHAPTER 1 

GENERAL INTRODUCTION

1.1  I n t r o d u c t i o n

U l t r a s h o r t  h ig h  power l a s e r  p u l s e s  can  be u sed  to  i r r a d i a t e  p e l l e t s  

to  c r e a t e  i s o l a t e d  h ig h  d e n s i t y ,  h ig h  te m p e ra tu r e  p la sm as  i n  w hich 

th e rm o n u c le a r  r e a c t i o n s  (1 .1  -  1 .3 )  may o c c u r .  One such  r e a c t i o n  i s  

th e  f u s i o n  o f  d e u te r iu m  and t r i t i u m  n u c l e i  to  p roduce  h e l iu m  n u c l e i  

( a lp h a  p a r t i c l e s ) ,  n e u t ro n s  and e n e rg y :

D + T - > a + n  + 1 7 .6  MeV I  -  1

The r e a c t i o n  r e q u i r e s  t h a t  th e  i n i t i a l  p a r t i c l e s  have s u f f i c i e n t

en e rg y  to  overcome th e  m u tua l r e p u l s i o n  o f  th e  n u c l e i  i n  a c o l l i s i o n .

This  r e q u i r e s  te m p e ra tu re s  o f  th e  o r d e r  o f  10^ °C (10^ eV ). The r e a c t i o n  

r a t e  a l s o  i n c r e a s e s  w i th  p a r t i c l e  d e n s i t y .  F o r  a g iv e n  d e n s i t y  n ^ ,  

a p p r e c i a b l e  f u s io n  o c c u rs  o n ly  when th e  h o t  gas i s  c o n ta in e d  f o r  a 

tim e n o t  l e s s  th a n  a c r i t i c a l  v a lu e  T , f i r s t  c a l c u l a t e d  by J .D .  Lawson 

( 1 . 4 ) .  The minimum v a lu e  o f  th e  Lawson c r i t e r i o n  nT f o r  th e  D-T 

r e a c t i o n  i s  10^^ cm ^s a t  a te m p e ra tu re  o f  25 keV ( 1 .4 )  and t h i s

m ust be s a t i s f i e d  by any f u s i o n  r e a c t o r .

In  l a s e r  d r iv e n  f u s i o n ,  th e  D-T t a r g e t  i s  com pressed  and h e a te d  by 

th e  l a s e r  p u l s e  and th e n  l e f t  to  f r e e l y  expand. The m ain  co m p re ss io n  

comes from the  r a p i d  a b l a t i o n  o f  the  o u t e r  p a r t  o f  th e  t a r g e t  w hich 

d r iv e s  th e  co re  inw ards  by r e c o i l .  A s m a l l e r  c o n t r i b u t i o n  a r i s e s  from 

th e  r a d i a t i o n  p r e s s u r e .  A 1 TW beam fo c u s s e d  to  50ym can  e x e r t  a 

p r e s s u r e  of 1 0  ̂ a tm.

L a s e r  r a d i a t i o n  i n c i d e n t  on th e  expand ing  p lasm a from  th e  i r r a d i a t e d  

s u r f a c e  e n c o u n te r s  a d e n s i t y  g r a d i e n t  i n  th e  p la sm a . Where th e  r e s o n a n t



f req u en cy  o f  the  plasm a e l e c t r o n s  i n  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  

i s  equa l to  th e  l a s e r  f req u en cy  i . e .  0)  ̂ = , th e  d i s p e r s io n

r e l a t i o n  f o r  th e  e .m . wave canno t be s a t i s f i e d  f o r  r e a l  k ,  hence the  

e.m . wave cea se s  to  p ro p a g a te  and i n s t e a d  , i s  r e f l e c t e d .  This 

c r i t i c a l  d e n s i t y  i s  g iven  by:

n = 1 0 ^^ X ^ e l e c t r o n s  cm ^ 1 - 2LK ym

where X i s  the  l a s e r  w av e le n g th .

In  the  case  o f  f u l l  i o n i z a t i o n  o f  a low Z m a t e r i a l  where the  atom ic 

mass A'T' 2Z, th e  c r i t i c a l  d e n s i ty  co rre sp o n d s  to  a mass d e n s i t y :

At th e  c r i t i c a l  d e n s i ty  s u r f a c e ,  anomalous h e a t in g  o f  the  p lasm a

can occu r  due to  th e  p ro c e s s  of re so n an ce  a b s o r p t io n  ( 1 . 5 ) .  This  i s  the

dominant h e a t in g  mechanism s in c e ,  as c o l l i s i o n a l  a b s o r p t io n  i . e .  i n v e r s e

- 3 / 2b re m s s tra h lu n g  (1 . 6 ) i s  p r o p o r t i o n a l  to  T^ , i t  i s  n o t  ex p ec ted

to  p la y  an im p o r ta n t  r o l e  i n  h ig h  te m p e ra tu re  p lasm as .

The i n c i d e n t  l i g h t  can  a l s o  a c t  as  a pump d r iv in g  o th e r  modes 

which may be t r a n s v e r s e  o r  l o n g i t u d i n a l  w aves. These waves o r  p a r a m e tr ic  

i n s t a b i l i t i e s  w i l l  grow p ro v id ed  the  d r iv e n  modes r e c e iv e  more energy  

th a n  they  lo s e  by damping i . e .  i n c i d e n t  l a s e r  energy  must exceed  a 

th r e s h o ld .  The e x i s t e n c e  o f  some o f th e s e  i n s t a b i l i t i e s  r e s u l t s  in  

l i g h t  b e in g  s c a t t e r e d  o u t  of th e  plasm a b e fo re  i t  r e a c h e s  n^^^ e . g .  

s t im u la t e d  B r i l l o u i n  s c a t t e r i n g  (1 .7 )  and s t im u la t e d  Raman s c a t t e r i n g  

( 1 .7 ) .  O thers  may coup le  th e  l a s e r  energy  to  th e  plasm a e . g .  th e  two 

plasmon decay (1 .8 )  and th e  p a r a m e t r i c  d e c a y ' - i n s t a b i l i t i e s  ( 1 .9 ) .

The two most pow erfu l l a s e r s  a t  th e  moment a r e  CO  ̂ (X = 1 0 . 6  ym) 

and N d /g la s s  (X = 1 .06  ym). The l a t t e r  i s  used  in  th e  e x p e r im e n ta l  

s t u d i e s  o f  l a s e r  plasma i n t e r a c t i o n  in  t h i s  t h e s i s .  P r e s e n t  l a s e r



powers o f  1 TW have l i m i t e d  optimum t a r g e t  s i z e  to  l e s s  th a n  100 ym

d ia m e te r  f o r  e f f i c i e n t  en e rg y  c o u p l in g  to  t a r g e t  im p lo s io n .  Im p lo s io n

7 8 - 1sp eed s  a r e  t y p i c a l l y  o f  th e  o r d e r  o f  10  -  10  cm s  ( 1 . 1 0 ) so l a s e r

p u l s e  l e n g th s  a r e  a round  100 p s . Hence p ic o se c o n d  tim e r e s o l u t i o n  i s  

r e q u i r e d  f o r  b o th  l a s e r  developm ent and t a r g e t  im p lo s io n  d i a g n o s t i c s .

The developm ent o f  th e  s t r e a k  camera w hich  i s  c a p a b le  o f  tim e 

r e s o l u t i o n  o f  l e s s  th a n  1 ps ( 1 . 1 1 ) h as  g r e a t l y  f a c i l i t a t e d  s t u d i e s  i n  

b o th  th e s e  f i e l d s .  However, t h e  low dynamic ran g e  p o s s e s s e d  by t h i s  

in s t r u m e n t  when used  w i th  p ic o se c o n d  r e s o l u t i o n ,  rem a ins  a s e v e re  

l i m i t a t i o n .  Some o f  th e  r e a s o n s  t h a t  m ig h t c o n t r i b u t e  to  t h i s  p e r fo rm 

ance a r e  i n v e s t i g a t e d  i n  t h i s  t h e s i s .

The s t r e a k  camera can be coup led  to  th e  d i s p e r s e d  o u tp u t  o f  a 

s p e c t r o g r a p h  to  p ro v id e  h ig h  speed  s p e c t r o s c o p y .  T h is  te c h n iq u e  i s  

u sed  as  a d i a g n o s t i c  to  s tu d y  th e  sp ec tru m  o f  th e  l i g h t  b a c k s c a t t e r e d  

th ro u g h  th e  main f o c u s s in g  l e n s .  I t  i s  in t e n d e d  i n  t h i s  t h e s i s  to  

examine th e  sp ec tru m  f o r  e m is s io n  a t  th e  f r e q u e n c i e s  03^, and 3üü̂ / 2 

s in c e  th e y  p ro v id e  e v id e n c e  f o r  the  e x i s t e n c e  o f  p a r a m e t r i c  i n s t a b i l i t i e s  

P re v io u s  o b s e r v a t i o n s  (1 .1 2  -  1 .1 4 )  have i d e n t i f i e d  c h a r a c t e r i s t i c s  o f  

th e s e  t h r e e  s p e c t r a :

i )  03 e m is s io n  shows a r e d  s h i f t  c h a r a c t e r i s t i c  o f  B r i l l o u i n  o

s c a t t e r i n g  (1 . 1 2 ) 

i i )  2o3̂  e m is s io n  h a s  a sp ec tru m  b ro ad en e d  to  th e  r e d  (1 .1 3 )  

i i i )  3o3^/2 e m is s io n  p o s s e s s e s  a doub le  peak sp ec tru m  (1 .1 4 )

With th e  a d v an tag e  o f  s im u l ta n e o u s  h ig h  tem p o ra l  and s p e c t r a l  

r e s o l u t i o n ,  i t  i s  hoped t h a t  th e  g e n e r a t io n  mechanisms f o r  th e s e  

f e a t u r e s  can  be i d e n t i f i e d  more p r e c i s e l y  th a n  i n  th e  e a r l i e r  s t u d i e s .

The o b s e r v a t i o n  o f  th e  b a c k s c a t t e r e d  e m is s io n  can a l s o  be u s e f u l  as  a 

d i a g n o s t i c  f o r  th e  e l e c t r o n  te m p e ra tu r e ,  d e n s i t y  g r a d i e n t  s c a l e l e n g t h s  

and b u lk  m otion  o f  th e  p lasm a.

T h is  t h e s i s  b e g in s  w i th  a b r i e f  d i s c u s s i o n  o f  th e  p ro c e s s e s



in v o lv e d  in  l a s e r  l i g h t  a b s o r p t i o n  and s c a t t e r i n g  i n  p la sm a s .  E a r l i e r  

e x p e r im e n ta l  i n v e s t i g a t i o n s  o f  th e  b a c k s c a t t e r e d  e m is s io n  a r e  re v ie w e d .  

The d i a g n o s t i c s  f o r  th e  h ig h  speed  s p e c t r o s c o p y  e x p e r im e n ts  a r e  d i s c u s s e d  

and c a l i b r a t e d  i n  C h ap te r  5, fo l lo w e d  by d e s c r i p t i o n s  and a n a l y s i s  o f  

th e  e x p e r im e n ts  i n  C h ap te rs  6 -  8 on l i g h t  s c a t t e r e d  a t  th e  f r e q u e n c i e s  

2cu  ̂ and 3Wg/2 r e s p e c t i v e l y .  F i r s t ,  how ever,  we c o n c lu d e  t h i s  

C h a p te r  w i th  a rev ie w  o f  th e  N d /g la s s  l a s e r  f a c i l i t y  w here th e s e  

e x p e r im e n ts  w ere p e rfo rm e d .

The a u th o r  h a s  b een  r e s p o n s i b l e  f o r  th e  e x p e r im e n ta l  work, d a t a  

a n a l y s i s  and f i t t i n g  th e  r e s u l t s  to  e x i s t i n g  t h e o r e t i c a l  m odels i n  

t h i s  t h e s i s .

1 .2  The Neodymium G la s s  L a s e r  and T a rg e t  A rea

The main l a s e r  p u l s e s  f o r  th e s e  e x p e r im e n ts  w ere p ro v id e d  by th e  

neodymium g l a s s  l a s e r  a t  th e  S c ie n c e  and E n g in e e r in g  R esea rc h  C o u n c il  

(SERC) L a s e r  F a c i l i t y ,  R u th e r fo rd  L a b o r a to r y .  F u l l  d e s c r i p t i o n s  o f  

t h i s  system  can  be  found  i n  R e fe re n c e s  1 .1 5  and 1 .1 6 .  The g l a s s  i s  

doped w i th  th e  t r i p l y  i o n i s e d  r a r e  e a r t h  neodymium io n  Nd̂ "*" and th e  

o p t i c a l  t r a n s i t i o n s  in v o lv e d  a r e  w i t h i n  th e  p a r t i a l l y  f i l l e d  4 f  s h e l l  

( e . g .  ^^ 3 / 2  ^^1 1 / 2^* l a s e r  p ro d u ces  p u l s e s  o f  up to  100  J  w i th

d u r a t i o n s  o f  50 ps to  2 us and w a v e le n g th s  n e a r  to  1 .06  ym. S in g le  o r  

m u l t i p l e  beam o p e r a t i o n  i s  p o s s i b l e .  A wide ran g e  o f  d i a g n o s t i c s  i s  

a v a i l a b l e  b o th  i n  th e  l a s e r  a r e a  and in  th e  v i c i n i t y  o f  th e  i n t e r a c t i o n  

chamber.

1 .3  D e s c r ip t i o n  o f  th e  N d /g la s s  L a s e r  System

The l a s e r  sy stem  c o n s i s t s  o f  a Q u an te l  neodymium YAG ( y t t r i u m  

alum inium  g a r n e t )  o s c i l l a t o r  w hich i s  u sed  to  d r iv e  s i l i c a t e  g l a s s  ro d  

and d i s c  a m p l i f i e r  c h a in s  as  shown in  F i g .  1 .1 .  For th e s e  e x p e r im e n ts ,  

b o th  s h o r t  (1 0 0  p s )  and lo n g  ( 1 . 8  n s )  p u l s e s  were u se d ,  which a r e  

g e n e r a te d  by d i f f e r e n t  m ethods .
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1 . 3 . 1 .  S h o r t  P u ls e  G e n e ra t io n

F ig .  1 .1  shows th e  s c h e m a t ic  l a y o u t  o f  th e  l a s e r .  The p a s s i v e l y  

mode lo c k e d  o s c i l l a t o r  g e n e r a te s  a t r a i n  o f  a p p ro x im a te ly  10  p u l s e s  

(FWHM = 100 p s)  w i th  an  i n t e r p u l s e  sp a c in g  o f  7 n s .  One o f  th e  mode 

lo c k ed  p u l s e s ,  'V' 1 mJ, i s  s w i tc h e d  o u t  by a P o c k e ls  c e l l  u n i t  and th e n  

p a s s e d  th ro u g h  a s e r i e s  o f  ro d  and d i s c  neodymium doped s i l i c a t e  g l a s s  

a m p l i f i e r s .  The f i n a l  beam d i r e c t i o n  i s  i n d i c a t e d  by *1’ f o r  s i n g l e  

beam o p e r a t i o n  and ^2 ' f o r  doub le  beam o p e r a t i o n .

O th e r  beam components in c lu d e  th e  a p o d iz e r  and vacuum s p a t i a l  

f i l t e r  to  im prove the  beam q u a l i t y  and re d u c e  th e  f o c a l  s p o t  s i z e .

The s a t u r a b l e  dye c e l l  a f t e r  th e  f i r s t  F a rad ay  i s o l a t o r  i n  th e  c h a in ,  

r e d u c e s  p r e p u l s e s  and a m p l i f i e d  sp o n tan eo u s  e m is s io n .  T h is  c e l l  a lo n g  

w i th  th e  two F a raday  r o t a t o r s  (45° r o t a t i o n )  re d u c e s  b a c k  r e f l e c t i o n s  

from th e  t a r g e t  w hich o th e rw is e  can  be a m p l i f i e d  and c au se  damage to  

th e  e a r l y  l a s e r  com ponents .

1 . 3 . 2 .  Long P u ls e  G e n e ra t io n

The lo n g  p u l s e s  ( 1 .8  n s )  a r e  g e n e r a te d  by  a c t i v e l y  "Q" s w i tc h in g  

th e  c a v i t y .  F i g .  1 .2  shows th e  o s c i l l a t o r  bench  a r ra n g e m e n t .  The 

20 n s ,  6 mJ "Q" s w i tc h e d  p u l s e  i s  f i r s t  a m p l i f i e d  to 50 mJ, th e n  an 

E l e c t r o  O p t ic s  Development L td ,  (EOD) s l i c e r ,  c o n s i s t i n g  o f  a P o c k e ls  

c e l l  d r iv e n  by a l a s e r  t r i g g e r e d  s p a rk  g ap ,  chops o u t  a 1 . 8  n s  s p ik e  

from th e  main p u l s e .  A f t e r  f u r t h e r  a m p l i f i c a t i o n ,  th e  p u l s e  r e j o i n s  

th e  common p a t h  th ro u g h  th e  dye c e l l  and doub le  p a s s e s  th e  16 ram g la s s  

rod  a m p l i f i e r  b e f o r e  c o n t in u in g  down th e  r e s t  o f  th e  s i n g l e  beam 

a m p l i f i e r  p a t h .

1 .4  L a s e r  A rea D ia g n o s t i c s

The main l a s e r  a r e a  d i a g n o s t i c s  a r e  shown in  F ig .  1 .3 .  These a r e  

p ro v id e d  and o p e r a t e d  by th e  l a s e r  f a c i l i t y  and f u l l  d e t a i l s  o f  t h e i r
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d e s c r i p t i o n  and o p e r a t i o n  can be found  in  R e fe re n c e s  1 ,1 5  and 1 .1 6 .

B r i e f l y ,  th e  two p h o to d io d e s  ( f a s t  d io d e s  shown on th e  o s c i l l a t o r

b e n c h ) ,  m o n i to r  th e  o s c i l l a t o r  and p u l s e  s e l e c t o r  to  e n s u re  o n ly  p u l s e s

a t  th e  peak  o f  a w e l l  behaved  m odelocked t r a i n  a r e  s w i tc h e d  o u t .  The

l a s e r  e n e rg y  i s  m o n i to re d  a t  f o u r  p la c e s  a lo n g  the  p a th  as  shown in

F ig .  1 . 3 .  The m o n i to rs  a r e  H o lg a te  u n i t s  u s in g  s i l i c o n  p h o to d io d e s

(Type SGD -  040A) co u p led  to  an  i n t e g r a t i n g  and peak  h o ld  c i r c u i t .

The en e rg y  i n c i d e n t  on th e  t a r g e t  p r i o r  to  th e  m ain  p u l s e  i s

m easured  by th e  p r e p u l s e  m o n i to r  shown i n  F ig .  1 .4  i ) . A t y p i c a l  o u tp u t

“ 4 •i s  shown in  F ig .  1 .4  i i ) . P r e p u l s e  l e v e l s  g r e a t e r  th a n  10 t im es  th e  

main p u l s e  power can be  d e t e c t e d .  The e f f e c t s  o f  p r e p u l s e  en e rg y  on 

t a r g e t  b e h a v io u r  i s  d i s c u s s e d  i n  C h ap te r  8 .

The beam i n t e n s i t y  p r o f i l e  i s  r e c o rd e d  on I l f o r d  IZ em u ls io n s  f o r  

b o th  n e a r  and f a r  f i e l d  d i s t r i b u t i o n s .  The n e a r  f i e l d  cam era r e c o rd s  

th e  beam p r o f i l e  i n  a p la n e  e q u i v a l e n t  to  t h a t  o f  th e  t a r g e t  chamber 

e n t r a n c e  window. The f a r  f i e l d  camera i s  a b le  to  r e c o r d  te n  d i f f e r e n t  

p la n e s  in  a r e g io n  n e a r  th e  beam fo c u s  depend ing  on th e  e x p e r im e n ta l  

r e q u i r e m e n t s .

The b ack  r e f l e c t i o n  en e rg y  m o n i to r  checks f o r  th e  p r e s e n c e  o f  h o t  

s p o ts  g r e a t e r  th a n  3 t im es  th e  a v e ra g e  i n t e n s i t y  i n  th e  r e t r o - r e f l e c t e d  

beam,

1 .5  L a s e r  Beam C h a r a c t e r i s t i c s  and Perfo rm ance

The l a s e r  c h a r a c t e r i s t i c s  f o r  th e s e  e x p e r im e n ts  a r e  summarised 

in  T ab le  1 .1 .

T ab le  1 .1  L a s e r  C h a r a c t e r i s t i c s

W avelength 1 .0642  ym 1.0642  ym

P u ls e  D u ra t io n  (FWHM) 100  ps 1 . 8  ns

Energy ( in  each  beam) 

Peak I r r a d i a n c e

15 -  30 J  

lO ^^-lO ^^ W cm"2

^  lOOJ

lO ^ ^ - io ^ ^  W cm’ ^
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The p u ls e  d u r a t i o n  i s  m easured  from  th e  S -  1 s t r e a k  cam era r e c o r d s .  

In  th e  B r i l l o u i n  s c a t t e r i n g  ex p e r im e n t  (C h a p te r  6 ) ,  t h i s  i s  c o u p led  to  

a Monospek g r a t i n g  s p e c t r o g r a p h  and the  s t r e a k  r e c o r d s  g iv e  th e  l i n e  

w id th  o f  th e  l a s e r ,  AX = 1 -  2

As w e l l  a s  p r e p u l s e s ,  en e rg y  can be  d e p o s i t e d  on th e  t a r g e t  b e f o r e

th e  a r r i v a l  o f  th e  main p u ls e  due to  a m p l i f i e d  s p o n ta n e o u s  e m is s io n  

(ASE). The ASE l e v e l  i s  c o n t r o l l e d  by chan g in g  th e  c o n c e n t r a t i o n  of  

th e  s a t u r a b l e  dye c e l l  u n t i l  no t a r g e t  damage i s  o b se rv e d  when th e  

a m p l i f i e r s  a r e  f i r e d  i n  th e  ab sen ce  o f  an  o s c i l l a t o r  p u l s e .  The sm a l l  

s i g n a l  t r a n s m is s i o n  i s  1 0 % and th e  main p u l s e  t r a n s m is s i o n  i s  a b o u t

70% f o r  th e  dye c e l l .  The ASE l e v e l  m easured  i s  a b o u t  100 ]i J  ( 1 .1 5 ) .

The f a r  f i e l d  camera shows t h a t  50% o f  th e  t o t a l  power i s  i n  th e  

d i f f r a c t i o n  l i m i t e d  c e n t r a l  A iry  d i s c  i . e .  d ia m e te r  = 30 pm ( 1 .1 6 ) .  T h is  

b e s t  p e rfo rm ance  i s  g e n e r a l l y  deg rad ed  by th e rm a l  d i s t o r t i o n ^ i n  th e  

a m p l i f i e r s  and by tu r b u l e n c e  i n  th e  a i r  f lo w  a lo n g  th e  beam p a th  from 

th e  l a s e r  a r e a  to  th e  t a r g e t  a r e a .

A r a d i a l  v a r i a t i o n  i n  th e  pump i n t e n s i t y  d i s t r i b u t i o n  a c r o s s  th e  

l a s e r  ro d s  cau ses  them to  become s l i g h t l y  n e g a t iv e  l e n s e s .  T h is  c a u s e s  

th e  f o c a l  p la n e  to s h i f t  by a b o u t  40 pm ( 1 .1 5 ) .

The d i s c s  have  a more u n ifo rm  pump i n t e n s i t y  d i s t r i b u t i o n  and 

c o n s e q u e n t ly  cause  l i t t l e  d i s t o r t i o n  o f  th e  beam d u r in g  f i r i n g .  A f t e r  

a s h o t ,  n o n -u n ifo rm  th e rm a l  p r o f i l e s  e x i s t  w hich  can cause  o p t i c a l  

d i s t o r t i o n  o f  th e  s u b se q u e n t  p u l s e  u n le s s  a c o o l in g  p e r io d  o f  a t  l e a s t  

20  m in u tes  i s  a l lo w ed  be tw een  l a s e r  s h o t s .

However, f o r  th e  b e s t  s te a d y  s t a t e  p r o f i l e s ,  a t  l e a s t  one h o u r ’ s 

c o o l in g  i s  r e q u i r e d ,  b u t  t h i s  i s  th e  u s u a l  p r a c t i c a b l e  i n t e r v a l  betw een 

s h o ts  a c h ie v e d  in  th e s e  e x p e r im e n ts .

1 .6  T a rg e t  a l ig n m e n t  and F o c u ss in g

The l a s e r  beam i s  ta k e n  to  th e  t a r g e t  by a s e r i e s  o f  d i c h r o i c  

m i r r o r s .  For th e  s h o r t  p u ls e  e x p e r im e n ts ,  th e  t a r g e t s  used  a r e  g l a s s
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m ic r o b a l lo o n s ,  t y p i c a l l y  50 -  100 ym i n  d ia m e te r  and a b o u t  0 .5  ym 

w a l l  t h i c k n e s s ,  mounted on a 5 .0  ym d ia m e te r  g l a s s  s t a l k .  These a r e  

p u rc h a s e d  in  b u lk  and s e l e c t e d  f o r  s p h e r i c i t y  and w a l l  u n i f o r m i ty  

( 1 .1 5 ) .  They a r e  n o rm a l ly  u sed  w i th  a t h i n  (200 &) a lum inium  c o a t in g  

f o r  e a s e  o f  a l ig n m e n t  and f o c u s s in g .

For the  lo n g  p u ls e  e x p e r im e n ts ,  m ic ro b a l lo o n s  and m ic ro s p h e re s  

i n  two d i f f e r e n t  s i z e s  a r e  u s e d ,  a p p ro x im a te ly  100 ym and 250 ym i n  

d ia m e te r ,  to gauge th e  e f f e c t s  o f  t a r g e t  geom etry  and m a t e r i a l  Z on 

the  b a c k s c a t t e r  m easurem en ts .

The t a r g e t  i s  p o s i t i o n e d  a t  th e  c e n t r e  o f  th e  t a r g e t  chamber 

(shown in  F ig .  1 .5 )  and th e  t i p  o f  a c o n i c a l  s u r r o g a t e  t a r g e t  i s  u sed  as 

a r e f e r e n c e .  The main beam a x i s  i s  d e f in e d  by th e  l i n e  p a s s in g  th ro u g h  

th e  t a r g e t  and r e p l a c e a b l e  c r o s s  w ire s  mounted on th e  t a r g e t  chamber 

windows. A He-Ne l a s e r  i s  u sed  f o r  i n i t i a l  a l ig n m e n t  and th e n  a 

CW YAG l a s e r  i s  made c o l l i n e a r  w i th  t h i s  f o r  f o c u s s in g  th e  t a r g e t .

The main fo c u s s in g  l e n s  ( e i t h e r  a s i n g l e  e le m e n t  SORO le n s  o r  an 

a c h ro m a t ic  d o u b le t  ICOS l e n s )  i s  f i r s t  c e n t r e d  on th e  a l ig n m e n t  He-Ne 

beam. Then a sm a l l  m i r r o r  i s  p la c e d  i n  c o n t a c t  w i th  th e  r e a r  s u r f a c e  

( i . e .  t h a t  n e a r e s t  th e  t a r g e t )  o f  th e  le n s  to  r e f l e c t  the  a l ig n m e n t  

beam. The t i l t  o f  th e  l e n s  i s  a d j u s t e d  u n t i l  i t  i s  norm al to  th e  beam 

i . e .  th e  a l ig n m e n t  beam i s  r e t r o - r e f l e c t e d .

The f o c u s s in g  of th e  t a r g e t  i s  p e rfo rm ed  u s in g  th e  te le m ic ro s c o p e  

system  shown in  F ig .  1 . 6 .  The t a r g e t  i s  p la c e d  in  th e  fo c u s  o f  the  

He-Ne beam f i r s t ,  th e n ,  u s in g  th e  CW Nd:YAG l a s e r ,  th e  t a r g e t  i s  

moved u n t i l  a s t r o n g ,  minimum s i z e ,  sy m m e tr ica l  r e t r o - r e f l e c t e d  s p o t  i s  

o b se rv ed  on th e  f o c a l  p la n e  te le m ic ro s c o p e  TV m o n i to r  s c r e e n .  F i n a l l y  

a sm all  c o r r e c t i o n  (40 ym) i s  a p p l i e d  f o r  th e  change o f  fo cu s  p roduced  

in  th e  a m p l i f i e r  ro d s  when f i r e d .

12



Targm Main laser beam window

Target alignment m iaoscope W indow s for optical or 
spectroscopic diagnostics

Diagnostics p o r ts .

Main laser beam  focusing 
lens in m ountViewing port

Optical bench oarrying 
lenses and targetDiagnostics p o rts

Target mounting 
t a b l e __________

Main laser beam  
w in d o w — "

Miu ometercon bols for 
lens and  target 
ad justm ents

X -ray  crystal spectrom eter

Diagnostic portsSupport for optical bench

W cuum  pum ping system

FIG. 1.5 - Target chamber.

W EST BEAM EA ST BEAM

ULTRA FAST 
SI STREAK 
CAMERA 

X rELAY OPTICS 

p i n h o l e

V IE W IN G / 
PHOTOGRAPHIC 
MICROSCOPE ( b )

BEAM SPLITTER 
BSi

TARGET
CH A M BE R

INTERLOCKED SHUTTER 

DOUBLET LENS

BEAMSPLITTER 

GRATICULE
5 0 /5 0  

BEAM SPLITTER 852
FILTERS

MICROSCOPE
OBJECTIVE

IR TV CAMERA 
VIEWS FOCAL SPOTS 
IN TARGET PLANE 
(F P T M ) ( c )

(LPTM )
IR TV CAMERA 

, VIEW PLANES 
OF MAIN LENSES
( d )

LEGEND 

—  MAIN BEAM

— —  PATH OF BACK
REFLECTED BEAMS 
THROUGH ALIGNMENT 
SYSTEM

I DIELECTRIC COATED 
•  MIRROR

I ALUMINISED MIRROR 

m PARTIALLY
II r e f l e c t i n g  b e a m 

s p l i t t e r

L , a  L2  a r e  THE m a in  BEAM 

FOCUSSING LENSES

VISIBLE TV CAMERA 
FOR INITIAL TARGET 
POSITIONING ( a )

INTERLOCKED
SHUTTER

FIG. 1.6 - Target alignment and focussing system.

13



CHAPTER 2

THE PROPAGATION OF WAVES IN A PLASMA

2.1  I n t r o d u c t i o n

A plasm a i s  a low d e n s i t y ,  io n i z e d  gas where th e  p h y s i c a l  p r o p e r t i e s  

- r e s u l t  m o s t ly  from lo n g  ra n g e  Coulomb i n t e r a c t i o n  and a r e ,  t h e r e f o r e ,  

c o l l e c t i v e  p r o p e r t i e s  in v o lv in g  many p a r t i c l e s  s im u l t a n e o u s ly .  T h is  

b e h a v io u r  i s  an a lo g o u s  to  t h a t  in  a f l u i d ,  and l i k e  a f l u i d ,  a p lasm a 

can  s u p p o r t  many forms o f  o s c i l l a t i o n s .  I n  a p lasm a w hich i s  lo c a t e d  

i n  an  e x t e r n a l  f i e l d  th e s e  o s c i l l a t i o n s  can  become a m p l i f i e d  to  a 

r e l a t i v e l y  h ig h  en e rg y .

When a h ig h  power l a s e r  p u l s e  i s  fo c u s s e d  o n to  a s o l i d  t a r g e t  a  v e ry  

dense  p lasm a i s  formed v e ry  q u ic k ly .  The l i g h t  caii i n t e r a c t  d i r e c t l y  

w i th  th e  p lasm a p a r t i c l e s  o r  w i th  o th e r  waves i n  th e  p la sm a , w hich  may 

be  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 )  o r  l o n g i t u d i n a l  ( e l e c t r o s t a t i c  o r  io n  

a c o u s t i c ) .  The p o s s i b l e  i n t e r a c t i o n  p r o c e s s e s  and e x p e r im e n ta l  e v id en ce  

f o r  t h e i r  o c c u r re n c e  w i l l  be d i s c u s s e d  i n  t h e  n e x t  C h a p te r ,  b u t  f i r s t ,  

th e  b e h a v io u r  o f  th e  v a r io u s  k in d s  o f  waves i n  p la sm as  w i l l  be rev iew ed  

b r i e f l y  h e r e .

P lasma waves i n  a reg im e where th e rm a l  m o tio n s  a r e  im p o r ta n t  have to  

be t r e a t e d  u s in g  a  m ic ro s c o p ic  model such a s  th e  V lasov  th e o r y .  However, 

a more s im ple  app ro ach  w i l l  be u sed  h e r e ,  r e s u l t i n g  from f l u i d  t r e a tm e n ts  

f o r  p la sm a s .

2 .2 .  P lasma P a ra m e te rs

In  a many body system  such  as  a p la sm a , much, o f  th e  b e h a v io u r  o f  th e  

system  can  be d e s c r ib e d  in  te rm s o f  f a m i l i a r  m acro sco p ic  v a r i a b l e s  e . g .  

d e n s i t y ,  t e m p e ra tu r e ,  av e ra g e  v e l o c i t y  and p r e s s u r e ,  w hich  a r e  r e l a t e d  

th ro u g h  th e  c o n s e r v a t io n  laws f o r  momentum and energy  t r a n s p o r t .  However 

p lasm a p h y s ic s  a l s o  has i t s  own c o n c e p ts  and te rm in o lo g y  w hich  may be l e s s  

f a m i l i a r .
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For exam ple, i s  th e  Debye l e n g th  and i s  a m easure  o f  th e  sp h e re

in f l u e n c e  o f  a g iv e n  t e s t  c h a rg e  i n  a p la sm a .

1 / 2

I I - l^De ^e ^o '

\  n e^' e

Where = e l e c t r o n  te m p e ra tu re

k = B o ltzm an’ s c o n s t a n t
B

■ = p e r m i t t i v i t y  o f  f r e e  space

n^ = e l e c t r o n  d e n s i t y

e = e l e c t r o n  ch arge

The l e n g th  o f  t im e  ta k e n  by an e l e c t r o n  moving a t  th e rm a l  speed  to

t r a v e l  a Debye l e n g t h  can  be m easured  by th e  p lasm a f r e q u e n c y ,  w .
P

This  i s  th e  n a t u r a l  f re q u e n c y  o f  th e  e l e c t r o s t a t i c  o s c i l l a t i o n  o f  th e  

e l e c t r o n  r e s u l t i n g  from  a d i s tu r b a n c e  o f  th e  p lasm a ch a rg e  n e u t r a l i t y .

I I - 2
m E e o

Where m = e l e c t r o n  mass e

The p lasm a can  be d e s c r ib e d  by th e  d i s t r i b u t i o n  f u n c t i o n ,  f , which 

i s  t h e  number o f  p a r t i c l e s  p e r  u n i t  volume i n  s ix - d im e n s io n a l  phase  space  

and i s  o f  M axw ellian  form:

n f ( v ) = n / .  I I - 3

V  i t e J t

-  NWhere n = ÿ  where N i s  th e  number o f  e l e c t r o n s  and V th e  volume of 

th e  system .
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In  an inhomogeneous p la sm a, t h e r e  w i l l  be r e g io n s  of d i f f e r e n t

d e n s i t i e s  i . e .  an  i n c i d e n t  e l e c t r o m a g n e t i c  wave w i l l  e n c o u n te r  a d e n s i t y

g r a d i e n t .  The s t e e p n e s s  o f  t h i s  g r a d i e n t  w i l l  be g iv e n  by th e  d e n s i t y

s c a l e  l e n g t h  w hich i s  d e f in e d  by ( ^ I n  an  expand ing  p lasm a
e

t h e r e  e x i s t s  a v e l o c i t y  g r a d i e n t  where th e  v e l o c i t y  s c a l e  l e n g t h  i s  

d e f  ined  by v ( ^ )  ^ .

2 .3  Waves in  P lasm as

There a r e  a l a r g e  number o f  p o s s i b l e  o s c i l l a t i o n s  i n  a p lasm a and 

waves w i l l  p ro p a g a te  e . g .  e l e c t r i c  f i e l d s  ^  exp ( i  ( k .x  -  w t)  ) .

The f re q u e n c y  w and th e  wave number k  a r e  r e l a t e d  by a d i s p e r s i o n  r e l a t i o n  

o b ta in e d  from th e  p lasm a e q u a t io n s .  The p h ase  v e l o c i t y  o f  a wave i s  v^ = 

(jù/k and th e  group v e l o c i t y  o f  a wave i s  v^ = 9w/3k.

Most o f  th e  waves d i s c u s s e d  i n  t h e  fo l lo w in g  s e c t i o n s  a r e  s m a l l -  

a m p li tu d e  waves whose a m p li tu d e  i s  a l i n e a r  f u n c t i o n  o f  th e  wave e n e rg y .  

The waves o f  i n t e r e s t  i n  l a s e r  p lasm a i n t e r a c t i o n s  a r e  i o n - a c o u s t i c  w aves, 

e l e c t r o m a g n e t i c  waves and p lasm a w aves, w hich a r e  a l s o  known as  e l e c t r o 

s t a t i c  o r  Langmuir w av es .

2 .4  The Wave E q u a t io n

Maxwell * s e q u a t io n s  f o r  a p lasm a may be w r i t t e n  (2 .2 )

V X E = -  3B /3 t I I - 4

V X H = £ 8 E /9 t  + J  I I - 5

V . E = p / e  I I - 6— — q o

V . B = 0 I I - 7

Where ^  = e l e c t r i c  f i e l d  v e c t o r  

H = m ag n e tic  f i e l d  v e c t o r

= p e r m i t t i v i t y  o f  f r e e  space
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J  — c u r r e n t  d e n s i t y  

= ch a rg e  d e n s i t y  

^  H = m a g n e t ic  f l u x  d e n s i t y

= p e r m e a b i l i t y  of f r e e  space

The c o n t i n u i t y  of ch a rg e  e q u a t io n  i s  ob ta in fJfrom  I I - 5  and I I - 6

9p + ^ I I ” 8
"9t^

The c u r r e n t  d e n s i t y  i s  r e l a t e d  to  th e  e l e c t r i c  f i e l d  by th e  

c o n d u c t i v i t y  a  . F o r a p a r t i c u l a r  a n g u la r  f r e q u e n c y  w. Ohm's law  may 

be w r i t t e n :

J  (oj) = £  (w) .E (w) I I - 9

The d i e l e c t r i c  c o n s t a n t  can  be d e f in e d  a s :

£ = 1 + a
i  w E 1 1 - 1 0o

L e t  b o th  £  and £  v a ry  i n  tim e and space  a s  exp i  (wt -  k .£ )  where 

Ic i s  th e  p r o p a g a t io n  v e c t o r  (k = 27T /  X ) ,  so e q u a t io n s  I I - 4 ,  I I - 5  and 

I I - 7 become:

V x E = - i w y H  11-11

V x H = i w E  . E 11-12

V. B = 0 11-13

From e q u a t io n s  I I - 8  and I I - 9  we have:
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V. ( e .E  ) = 0 11-14

The wave e q u a t io n  i s  o b ta in e d  by t a k in g  th e  c u r l  of e q u a t io n  11-11 

and s u b s t i t u t i n g  f o r  H from e q u a t io n  11 -12 :

2
V x ( V x E ) = y  E w e .E

, w . ^ e .E  11-15
(  _  ) -----------

Where the  v e l o c i t y  o f  l i g h t  in  f r e e  s p a c e ,  c = ( E^ ) . S ince  b o th

E and H v a ry  a s  exp i ( w t  -  k.r_) e q u a t io n  11-15  can  be w r i t t e n :

2
k  X  ( k  X  E) £  . E = 0 11-16

T h is  i s  th e  g e n e ra l  wave e q u a t io n  f o r  a p lasm a and c o n s i s t s  o f  

t h r e e  homogeneous e q u a t io n s  i n  th e  components o f  £ .  The d e t e r m in a n t  of 

th e  c o e f f i c i e n t s  | £  | must v a n i s h  i f  t h e r e  i s  a s o l u t i o n  i . e .  i f  

_E ^ 0  . I £  I = 0 i s  known as  th e  d i s p e r s i o n  r e l a t i o n  and th e r e  may be more 

th a n  one s o l u t i o n  to  th e  d i s p e r s i o n  e q u a t io n ,  eac h  r e p r e s e n t i n g  a d i f f e r e n t  

f a m i ly  o f  waves w i th  d i f f e r e n t  d i s p e r s i o n  r e l a t i o n s  betw een  w and k .  

S o lu t io n s  f o r  th e  d i f f e r e n t  ty p e s  o f  waves a r e  d i s c u s s e d  in  th e  fo l lo w in g  

s e c t i o n s .

2 .5  L o n g i tu d in a l  O s c i l l a t i o n s  

For l o n g i t u d i n a l  waves,

k  X E = 0 11-17

Hence in  a c o ld  p la sm a , th e  wave e q u a t io n  r e d u c e s  to :

E = 0 11-18
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T h is  s o l u t i o n  c o r r e s p o n d s  to  Langm uir o s c i l l a t i o n s  a t  t h e  p la sm a 

f r e q u e n c y  w = . They a r e  d i s p e r s i o n l e s s  i n  a c o ld  p la sm a  and s i n c e

th e  group  v e l o c i t y ,  = 0 , th e y  do n o t  p r o p a g a t e  as  l o n g i t u d i n a l  w aves . 

However, th e y  do in v o l v e  an  i n t e r c h a n g e  o f  en e rg y  b e tw ee n  th e  e l e c t r i c  

f i e l d  and th e  k i n e t i c  e n e rg y  o f  th e  p a r t i c l e  m o t io n .  As th e  c o n v e c t io n  

c u r r e n t  d e n s i t y  and th e  d i s p l a c e m e n t  c u r r e n t  d e n s i t y  c a n c e l  eac h  o t h e r  

t h e r e  i s  no n e t  c u r r e n t  i n  t h e  p lasm a and h en ce  no m a g n e t ic  f i e l d .

In  a warm p la sm a ,  t h e  Langm uir o s c i l l a t i o n  i s  d i s p e r s i v e  ( a s  i n  

t h i s  c a s e  O) v a r i e s  n o n l i n e a r l y  w i th  w a v e le n g th  i n s t e a d  of b e in g  in d e p e n d e n t )  

and i s  a p r o p a g a t in g  wave. The d i s p e r s i o n  r e l a t i o n  i s  g iv e n  by th e  s o l u t i o n  

of the  V lasov  wave e q u a t i o n  and i s  th e  w e l l  known Bohm-Gross e q u a t io n  

( 2 .3 ) :

= 03  ̂ + 3 k ,  T k^ 1 1 -1 9
p B e

“ e

Where k = B o l tz m a n 's  c o n s t a n t
D

w . . p  ( 1 . 3  II-20

For a c o l d ,  f i e l d - f r e e  p la sm a ,  t h e r e  i s  o n ly  one c h a r a c t e r i s t i c

f r e q u e n c y ,  03 = 03 (1 + - e )   ̂ , w i th  no s e p a r a t e  r e s o n a n c e  a t  th e  i o n -
P

plasm a f r e q u e n c y .  However, when th e  e l e c t r o n s  a r e  warm, th e  low f r e q u e n c y  

2 2l i m i t  s o l u t i o n  (oj << 03̂  ) g i v e s :

“ L =  Z kg /  m.

'  r  V '  1 1 - 2 1

T his  i s  th e  io n  a c o u s t i c  wave and i t  p r o p a g a t e s  a t  th e  io n  sound 

speed  w hich i s  be tw een  th e  e l e c t r o n  and io n  th e rm a l  sp e e d :
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1 / 2  1 /2  
^  = <=S =( ( ’' b L  ) 11-22

The en e rg y  i n  th e  io n  a c o u s t i c  waves i s  s h a re d  be tw een  th e  e l e c t r o -  

s t a t i c  ene rgy  E and th e  m e c h a n ic a l  e n e rg y  o f  t h e  p lasm a p a r t i c l e s  

o s c i l l a t i n g  i n  th e  low f re q u e n c y  e l e c t r i c  f i e l d s .  In  o r d e r  t h a t  th e  

io n  a c o u s t i c  wave i s  n o t  h e a v i l y  damped, i t  can  be shown t h a t  T^ »  T^ 

(2 .1 )  .

2 .6  T ra n s v e r s e  O s c i l l a t i o n s

For a t r a n s v e r s e  wave;

k . E = 0 11-23

The n o n - t r i v i a l  s o l u t i o n  E ^ 0 g iv e s  th e  d i s p e r s i o n  r e l a t i o n :

2 , 2 2 ^ 2
“  = ^  = * “ p 11-24

These waves p ro p a g a te  i n  any d i r e c t i o n  in  th e  p lasm a and a r e  e l e c t r o 

m ag n e tic  waves p r o p a g a t in g  i n  a  d i e l e c t r i c  medium. T h e i r  p r o p e r t i e s  a r e  

v e ry  d i f f e r e n t  from  th o s e  o f  th e  e l e c t r o s t a t i c  w aves . They w i l l  t r a n s p o r t  

en e rg y  even  th ro u g h  a c o ld  p lasm a a t  r e s t ,  a t  a speed  e q u a l  to  t h e i r  group  

v e l o c i t y ;

V .  30Ü -  k c^= c  ̂ = 11-25
® 3k OJ 2 2 2 y l / 2

( 1 + Ü) k^c^  )
P

T h e ir  p h ase  v e l o c i t y  i s  g iv e n  by:

2
V = w = c /  1 + w \ / 2

k c

20



= c > c I I —26
( 1 -  WpZ/ u,2) 2 /2

w hich exceeds  t h e i r  speed i n  vacuum.

As 03 - ^ 0 ,  th e  waves become 03 = kc i . e .  p la n e  e l e c t r o m a g n e t i c  waves
P

p ro p a g a t in g  in  vacuum. At w = a c u t  o f f  o c c u r s .  The p la sm a f r e q u e n c y ,  

0) , i n c r e a s e s  w i th  i n c r e a s i n g  p lasm a d e n s i t y  ( e q u a t io n  I I - 2 )  h e n c e ,  by
P 2

th e  d i s p e r s i o n  r e l a t i o n  11 -2 4 ,  k  w i l l  d e c r e a s e  and t h e  w a v e le n g th  o f  t h e

e l e c t r o m a g n e t i c  wave becomes l o n g e r .  There  w i l l  be a c r i t i c a l  d e n s i t y ,

2n , such t h a t  k i s  z e ro  and f o r  d e n s i t i e s  g r e a t e r  th a n  t h i s  
CR

e q u a t io n  11-24 c a n n o t  be s a t i s f i e d  f o r  any r e a l  k  and t h e  wave c a n n o t  

p ro p a g a te .  T h is  c r i t i c a l  d e n s i t y  o c c u r s  a t  03 = 03̂  so from  I I - 2 :

203 m G

2 11-27
e

S ince  th e  wave h a s  a  s p a t i a l  dependence  exp ( ik x )  i t  w i l l  be 

e x p o n e n t i a l l y  a t t e n u a t e d  i f  k  i s  im a g in a ry .  The s k in  d e p th  S  i s  a s  

f o l lo w s  :

ik x  - ( k ) x  - x / ô  11-28e = e = e

& = | k | - 2  = e___________ 11-29
( ) 2 / 2

A wave w hich b eh av es  i n  th e  above manner i s  known as  an e v a n e s c e n t

w ave.

2 .7  Wave Damping

The p lasm a wave w i l l  grow u n t i l  damped by one o r  more m echan ism s.

In  a w eakly  i o n i s e d  p lasm a th e  p lasm a waves w i l l  be damped by c o l l i s i o n s  

betw een th e  e l e c t r o n s  and any n e u t r a l  p a r t i c l e s .  However, wave damping 

w i th o u t  en e rg y  d i s s i p a t i o n  by c o l l i s i o n s  i s  a l s o  p o s s i b l e  by th e  mechanism
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known as  Landau damping; in  a M axw ellian  e le -c t ro n  d i s t r i b u t i o n  more 

e l e c t r o n s  a r e  a c c e l e r a t e d  tha.n slowed down, such  t h a t  th e  wave l o s e s  

energy  to  th e  e l e c t r o n s .

N o n - l in e a r  s a t u r a t i o n  of p lasm a waves a l s o  e x i s t s :  f o r  exam ple ,  i t  

can  be shown (2 . 4 ) t h a t  e l e c t r o n s  w i th  v e l o c i t i e s  c l o s e  to  th e  w a v e 's  

v e l o c i t y  w i l l  be t r a p p e d  by th e  wave. There i s  a c o n t in u o u s  e n e rg y  

exchange be tw een  th e  wave and th e  e l e c t r o n  t r a p p e d  i n  th e  w ave, w h ich  

over  a l a r g e  tim e i n t e r v a l  w i l l  a v e ra g e  z e r o ,  b u t  n o t  i f  c o l l i s i o n s  

be tw een  c a p tu r e d  and f r e e  e l e c t r o n s  a r e  c o n s id e r e d .  T h is  means t h a t  th e  

wave e v e n t u a l l y  l o s e s  en e rg y  to  th e  e l e c t r o n s  and i s  damped. I n  a c o l d  

p lasm a th e  c o n d i t i o n  f o r  e l e c t r o n  t r a p p i n g  i s  g iv e n  by:

\  = Vp 11-30

Where v^ = e E /  m^ w i s  th e  v e l o c i t y  o f  o s c i l l a t i o n  o f  th e  e l e c t r o n  

in  th e  wave.
%

In  a warm p la sm a ,  t r a p p i n g  o c c u r s  a t  s m a l le r  a m p l i tu d e s  a s  f a s t e r  

e l e c t r o n s  a r e  more e a s i l y  b ro u g h t  i n t o  r e s o n a n c e ,  and th e  p r e s s u r e  f o r c e  

a s s o c i a t e d  w i th  th e  d e n s i t y  f l u c t u a t i o n  o f  th e  wave g iv e s  an a d d i t i o n a l  

a c c e l e r a t i o n  to  th e  e l e c t r o n s .

When th e  l o c a l i s e d  o s c i l l a t i n g  f i e l d  becomes s u f f i c i e n t l y  i n t e n s e  

t h a t  e l e c t r o n s  can  be a c c e l e r a t e d  th ro u g h  i t  i n  one o s c i l l a t i o n  p e r i o d ,  

a p ro c e s s  c a l l e d  wave b re a k in g  o c c u r s .  E l e c t r o n s  w hich  e n t e r  th e  

o s c i l l a t i n g  f i e l d  w i th  th e  p ro p e r  p h ase  a r e  e f f i c i e n t l y  h e a t e d ,  t a k in g  

en e rg y  from th e  f i e l d  and s a t u r a t i n g  i t s  g ro w th .  K ruer ( 2 . 4 ) has  shown 

t h a t  th e  a m p li tu d e  o f  th e  o s c i l l a t i n g  f i e l d  a t  wave b re a k in g  i s :

e E = 2 e E .  L
( a   ̂ 11-31

e
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Where i s  th e  e l e c t r i c  d r i v i n g  f i e l d .

E l e c t r o n s  a r e  n o t  th e  o n ly  p o s s i b l e  r e s o n a n t  p a r t i c l e s .  I f  a wave 

has a slow  enough phase  v e l o c i t y  t o  m atch  t h e  th e rm a l  v e l o c i t y  of i o n s ,  

io n  Landau damping can  o c c u r .  For exam ple , io n  a c o u s t i c  waves a r e  h e a v i l y  

Landau damped u n d e r  c e r t a i n  c o n d i t i o n s .
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CHAPTER 3 

LASER PLASMA INTERACTIONS

3.1  I n t r o d u c t io n

The c o u p l in g  o f  l i g h t  en e rg y  to  t a r g e t s  i s  an im p o r ta n t  component 

of l a s e r  f u s io n  s t u d i e s .  The h ig h  te m p e ra tu re  c o n d i t i o n s  e x i s t i n g  i n  

the  plasma w i l l  re d u c e  th e  c o l l i s i o n a l  a b s o r p t i o n  p ro c e s s  o f  in v e r s e  

b rem m strah lung , whereby a f r e e  e l e c t r o n  a t t a i n s  a more e n e r g e t i c  s t a t e  

by a b s o rb in g  a p ho ton .  However, even a c o l l i s i o n l e s s  p lasm a can  be 

h e a te d .  T h is  anomalous a b s o r p t io n  a r i s e s  b ecau se  i n t e n s e  l a s e r  l i g h t  

in c i d e n t  a c r o s s  a v a r i a t i o n  in  th e  p lasm a d e n s i t y  can  e x c i t e  p lasm a 

waves. The e l e c t r i c  f i e l d s  a s s o c i a t e d  w i th  th e s e  waves can  th e n  

a c c e l e r a t e  and h e a t  th e  p lasm a p a r t i c l e s .

The d e n s i t y  v a r i a t i o n  i s  due e i t h e r  to  th e  o v e r a l l  d e n s i t y  g r a d i e n t  

caused  by th e  p lasm a e x p an s io n  ( le a d in g  to  re so n a n c e  a b s o r p t i o n ) ,  or 

d e n s i t y  f l u c t u a t i o n s  a s s o c i a t e d  w i th  o th e r  plasm a waves such  a s  io n  

a c o u s t i c  waves (g iv in g  r i s e  to  th e  p a r a m e t r i c  i n s t a b i l i t y  n e a r  n^^ ,  

f o r  exam ple) .  How such i n s t a b i l i t i e s  o ccu r  can be u n d e rs to o d  by 

c o n s id e r in g  th e  e f f e c t  of th e  ponderom otive  f o r c e .

3 .2  The Ponderom otive Force

The ponderom otive f o r c e  i s  s im ply  th e  r a d i a t i o n  p r e s s u r e  i n  a 

plasm a. Chen has  shown (3 .1 )  t h a t  th e  ponderom otive  f o r c e  i s  g iv e n  

by:

w « _

^NL = ) §0 > I I I - l

Where th e  b r a c k e t s  den o te  a time a v e ra g e  over th e  h ig h  f re q u e n c y

o s c i l l a t i o n s  _ a n J  - WJe^r
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The ponderom otive  f o r c e  can d r iv e  b o th  b a c k s c a t t e r i n g  and e l e c t r o 

s t a t i c  p a r a m e t r i c  i n s t a b i l i t i e s .  For exam ple , c o n s id e r  a sm a l l  ( th e rm a l  

l e v e l )  d e n s i t y  f l u c t u a t i o n  a s s o c i a t e d  w i th  an io n  a c o u s t i c  wave. The 

l i g h t  f i e l d  w i l l  c o u p le  w ith  th e  d e n s i t y  f l u c t u a t i o n  to  d r i v e  a h ig h  

f re q u e n c y  e l e c t r i c  f i e l d  a s s o c i a t e d  w i th  a p lasm a wave. In  t u r n ,  t h i s  

e l e c t r i c  f i e l d  c o u p le s  w i th  th e  l i g h t  wave f i e l d  to  p ro d u ce  a f l u c t u a t i o n  

in  th e  f i e l d  p r e s s u r e ,  which enhances  th e  d e n s i t y  f l u c t u a t i o n .  H ence, 

i n s t a b i l i t y  i s  p o s s i b l e ,  l e a d in g  to  th e  g ro w th  o f  b o th  p la sm a and io n

a c o u s t i c  waves p ro v id e d  w + w. . T h is  i s  known as  th e  p a r a m e t r i co p l a

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

3 .3  P a r a m e t r ic  I n s t a b i l i t i e s

The i n t e n s e  l a s e r  l i g h t  can a c t  as  a pump d r i v i n g  o th e r  modes w hich  

may be t r a n s v e r s e  o r  l o n g i t u d i n a l  ( e l e c t r o n  p lasm a o r  io n  a c o u s t i c ) w a v e s . 

Hence, some o f  th e  e n e rg y  of th e  i n c i d e n t  e l e c t r o m a g n e t i c  wave has  been  

c o n v e r te d  to o t h e r  waves o r  p a r a m e t r i c  i n s t a b i l i t i e s .

i . e .  T T ’ , I  and E I I I - 2

Where T = l a s e r  p h o to n s  d en o ted  by s u b s c r i p t  = t  o r  o

T ' = o th e r  ph o to n s  = t ’

I  = phonons = i a

E = plasm ons (Bohm-Gross) = e

They can  be e i t h e r  3-wave o r  4-wave p r o c e s s e s  b u t  m ust obey th e  

u s u a l  f r e q u e n c y  and wave number m a tch in g  c o n d i t i o n s :

* ^2 I I I - 3

^  - 1 ^ - 2  I I I - 4
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Where k = wave v e c t o r s  and w ■= f r e q u e n c i e s  and s u b s c r i p t s  o ,  1 and 2 

d en o te  pump and d r iv e n  waves r e s p e c t i v e l y .  When m u l t i p l i e d  by t  

e q u a t io n s  I I I - 3  and I I I - 4  r e p r e s e n t  th e  c o n s e r v a t i o n  o f  e n e rg y  and 

momentum. The e n e rg y  g iv e n  up by th e  pump wave to  th e  d a u g h te r  waves 

i s  in  p r o p o r t i o n  to t h e i r  f r e q u e n c i e s :

W = Wt = W.
Z  I I I - 5

O 1 z

Where W = e n e rg y  a b so rb e d  and e q u a t io n  I I I - 5  i s  known a s  t h e  M anley- 

Rowe r e l a t i o n s .

The r e g io n  in  th e  p lasm a where th e  k -  m a tch in g  c o n d i t i o n s  a r e  

s a t i s f i e d  i s  known a s  th e  i n t e r a c t i o n  r e g i o n .  The p a r a m e t r i c  i n s t a b i l i t y  

may & x is t  in  two modes: a s  a c o n v e c t iv e  i n s t a b i l i t y  o r  an  a b s o l u t e  

i n s t a b i l i t y .  The fo rm er i s  a s p a t i a l l y  grow ing mode such  t h a t  a wave 

p a c k e t  of u n s t a b l e  modes w i l l  grow a s  i t  moves i n  s p a c e ,  b u t  w i l l  n o t  

grow i n  tim e a t  a f i x e d  p o i n t  i n  s p a c e .  The l a t t e r  i s  a  t e m p o r a l l y  

growing mode w hich w i l l  grow in  t im e  a t  a f i x e d  s p a t i a l  p o i n t .

The fo l l o w in g  s e c t i o n s  c o n f in e  th e  d i s c u s s i o n  to  c a s e s  where th e  

l a s e r  i s  th e  pump wave. However, once l a r g e  a m p l i tu d e  p lasm a and io n  

a c o u s t i c  waves have b een  g e n e r a te d  th e y  can  c o u p le  p a r a m e t r i c a l l y  to  

each o th e r  to  p ro d u ce  new f r e q u e n c i e s .  T h e r e f o r e ,  a w ide complex 

spec trum  of l o n g i t u d i n a l  waves can  d ev e lo p  in  th e  p lasm a a s  i n  p lasm a 

tu r b u le n c e .  F ig .  3 .1  shows th e  d i f f e r e n t  r e g io n s  i n  t h e  p la sm a  w here 

s p e c i f i c  i n s t a b i l i t i e s  may o c c u r .

3 .4  L ig h t  A b so rp t io n  P r o c e s s e s  i n  a P lasm a 

3 . 4 . 1 .  The P a r a m e t r ic  Decay I n s t a b i l i t y

T E + I  I l i - 6
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The .p a ra m e tr ic  decay  of an e l e c t r o m a g n e t i c  wave w i th  

in to  e l e c t r o s t a t i c  p e r t u r b a t i o n s  h a s  two p o s s i b l e  b r a n c h e s .  These 

a r e  d i s t i n g u i s h e d  by th e  f r e q u e n c y  of th e  io n  a c o u s t i c  wave g e n e r a t e d .

A zero  f r e q u e n c y  phonon s i g n i f i e s  th e  o s c i l l a t i n g  two s t r e a m  i n s t a b i l i t y  

w h i le  a f i n i t e  phonon f r e q u e n c y  c o r r e s p o n d s  to  th e  p a r a m e t r i c  decay  

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

The w- and k -  m a tch in g  c o n d i t i o n s  a r e  shown i n  F ig .  3 . 2 .  The 

d i s p e r s i o n  r e l a t i o n s  a r e  g iv e n  by Chen ( 3 . 1 ) .

. 2  2 2 2 . 
t  ^ = ^ t  “ â )

3 k  = 0Û ^ ^ b) } I I I - 7e th  e p

, 2  2 2 , k. V. = w. c)l a  l a  l a

As th e  p a r a m e t r i c  decay  p r o c e s s  may be a n  im p o r ta n t  mechanism f o r  

a b so rb in g  l a s e r  l i g h t  i t  has  been  s t u d i e d  f o r  a v a r i e t y  o f  c o n d i t i o n s  

by s e v e r a l  a u t h o r s .  For exam ple , N ish ikaw a ( 3 .2 )  u sed  hydrodynam ic 

e q u a t io n s  to  o b t a i n  th e  t h r e s h o l d  i r r a d i a n c e ,  and g row th  r a t e  j u s t  

above t h r e s h o l d  f o r  weak pump f i e l d s ,  a l lo w in g  f o r  damping and th e rm a l  

m o tio n .

The th r e s h o l d  f o r  th e  p a r a m e t r i c  decay  i n s t a b i l i t y  h a s  been  

c a l c u l a t e d  by P e rk in s  and F l i c k  ( 3 . 3 ) .

th  e l a  l a  p

Where = io n  c o l l i s i o n  f r e q u e n c y  in c l u d i n g  Landau damping

= e l e c t r o n  c o l l i s i o n  f re q u e n c y  in c l u d i n g  Landau damping 

T^ = io n  te m p e ra tu r e

T^ = e l e c t r o n  te m p e ra tu r e
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U n t i l  r e c e n t l y  th e  main e x p e r im e n ta l  ev id e n c e  f o r  th e  occu ren ce  

o f  the  p a ra m e tr ic  decay i n s t a b i l i t y  came from microwave e x p e r im e n ts .

The decay o f  an e l e c t r o n  plasm a wave i n t o  o th e r  e l e c t r o n  waves in  a 

sodium plasma was i n v e s t i g a t e d  by F r a n k l i n  e t  a l  (3 .4 )  and th e  m a tch ing  

c o n d i t io n s  were found to  be c o n s i s t e n t  w i th  th e o ry .

However, th e  ev id e n c e  in  l a s e r  p roduced p lasm as i s  l e s s  c o n c lu s iv e  

as  i t  i s  n o t  p o s s i b l e  to  m easure th e  f r e q u e n c ie s  and wave numbers o f  

the  waves d i r e c t l y .  Bobin e t  a l  (3 .5 )  have i n f e r r e d  i t s  o ccu re n ce  

th rough  th e  o b s e r v a t io n s  of second harm onic l i g h t  and t h i s  i s  d i s c u s s e d  

in  a l a t e r  c h a p t e r .

3 .4 .2  Two Plasmon Decay

T E + E I I I - 9

This i s  the  p ro c e s s  where th e  pump wave decays to  g iv e  two plasm a 

waves a t  th e  q u a r t e r  c r i t i c a l  d e n s i t y .  The m a tch ing  c o n d i t i o n s  a r e  

g iven  by;

ÛJ = Ü) + (jO t

k = k + k- t  - e ^  -

I I I - I O

I t  shou ld  be n o te d  t h a t  th e s e  ca n n o t  be s a t i s f i e d  in  one d im ension , 

The th e o ry  of t h i s  p ro c e s s  has  been d e s c r ib e d  by s e v e r a l  a u th o r s  ( 3 . 6 ) .  

R osenb lu th  (3 .7 )  g iv e s  the  th r e s h o ld  f o r  an inhomogeneous p lasm a:

1  V
3 ( —  ) k L > 1 I I I - l l

^ t h  °

However, t h i s  e x p re s s io n  assumes k  »  k . For c a s e s  when t h i s  i se o

n o t  v a l i d ,  B arr g iv e s  th e  fo l lo w in g  th r e s h o ld  ( 3 .8 ) :
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1 ( I l  ) 2  k L> 1 n i - 1 2
44 ^ t h  °

In  p r a c t i c a l  u n i t s ,  f o r  a N d /g la s s  l a s e r  e q u a t io n  I I I  -  12 can  be w r i t t e n

0 > 2 .3  X 10^^ T (keV) W cm“ ^ I I I - 1 3

For t y p i c a l  v a l u e s  o f  T = 4  keV and L — 25 Um

15 -2  I I I - 1 4
(D > 4 X 10 W cm

The s a t u r a t i o n  o f  th e  two p lasm on d ecay  i n s t a b i l i t y  h a s  been  

d i s c u s s e d  by Langdon e t  a l  ( 3 . 9 ) .  The s im u l a t i o n s  s u g g e s t  t h a t  th e  

p lasm a waves g e n e r a te  s h o r t  w av e le n g th  io n  f l u c t u a t i o n s  w hich  c o u p le  

them to  s h o r t e r  w a v e le n g th ,  more s t r o n g l y  damped p lasm a w a v e s . At 

th e  same t im e ,  p r o f i l e  s e l f - s t e e p e n i n g ,  cau sed  by th e  po n d ero m o tiv e  

f o r c e  o f  th e s e  l a r g e  a m p l i tu d e  p lasm a waves i n h i b i t s  th e  i n s t a b i l i t y .

As th e  c a v i to n  (w hich i s  a l o c a l  d e p r e s s i o n  i n  th e  p la sm a) moves down 

th e  d e n s i t y  g r a d i e n t ,  th e  s t e e p e n in g  r e l a x e s  and th e  i n s t a b i l i t y  can  

r e c u r .  These s im u l a t i o n s  show d i f f e r e n t  t i m e s c a l e s  f o r  t h e s e  f l u c t u a t i o n s  

depending  on th e  v a lu e  chosen  f o r  th e  mass r a t i o .  For a r e a l i s t i c  

mass r a t i o  , t h e  p e r io d  f o r  th e  b u r s t s  o f  th e  i n s t a b i l i t y  i s  a p p r o x im a te ly  

0 . 8  p s .

Most of th e  e x p e r im e n ta l  e v id e n c e  f o r  th e  two plasm on i n s t a b i l i t y

has  been  i n f e r r e d  from  o b s e r v a t i o n s  o f  th e  3w / 2  h a rm on ic  e m is s io n
o

(see  C hap te r  9 ) .  R e c e n t ly ,  B a ld i s  (3 .1 0 )  h a s  r e p o r t e d  th e  i d e n t i f i c a t i o n  

of f a s t  e l e c t r o n s  g e n e ra te d  by t h e  two p lasm on decay  p r o c e s s  n e a r  th e  

q u a r t e r  c r i t i c a l  d e n s i t y  r e g io n .
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3 .4 .3  Resonance A b so rp t io n

Resonance a b s o r p t i o n  i s  p r o b a b ly  th e  m ost im p o r ta n t  o f  th e  anom alous 

a b s o r p t i o n  p r o c e s s e s .  T h is  i s  th e  p r o c e s s  where e n e rg y  f lo w s  from  th e  

l i g h t  wave i n t o  a r e s o n a n t l y  d r iv e n  e l e c t r o s t a t i c  o s c i l l a t i o n  n e a r  th e  

(where (jÔ  = w ^),  th u s  h e a t in g  th e  e l e c t r o n s .

C o n s id e r  an  e l e c t r o m a g n e t i c  wave i n c i d e n t  on a p la sm a w i th  a 

d e n s i t y  g r a d i e n t  a s  in  F ig .  3 .3  a .  When th e  d i r e c t i o n  of th e  i n c i d e n t  

beam i s  p a r a l l e l  w i th  th e  d e n s i t y  g r a d i e n t ,  th e  wave p e n e t r a t e s  up to  

th e  c r i t i c a l  d e n s i t y  (b e in g  p a r t i a l l y  ab so rb e d  in  t r a n s i t )  and i s  

r e f l e c t e d  a lo n g  i t s  own p a t h .  However, when th e  d i r e c t i o n  of th e  

i n c i d e n t  wave i s  o b l iq u e  onto  th e  p lasm a bou n d ary ,  i t  i s  c o n t in u o u s ly  

r e f r a c t e d  by th e  la y e r e d  p lasm a (as  shown in  F i g .  3 .3  b ) . T h is  

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

2 2w = CÜ COS 4>. I I I - 1 5p o 1

Where cj)̂  = a n g le  o f  in c id e n c e

One o f  th e  c h a r a c t e r i s t i c s  o f  re s o n a n c e  a b s o r p t i o n  i s  i t s  

p o l a r i s a t i o n  d ependence .  When th e  e l e c t r i c  f i e l d  v e c t o r  i s  p a r a l l e l  

w i th  the  p la n e  of in c id e n c e  (d e f in e d  by th e  i n c i d e n t  and r e f l e c t e d  

r a y s ) ,  th e  l i g h t  i s  s a id  to be p - p o l a r i s e d .  The v a r i a t i o n  of th e  

f i e l d  m agnitude w i th  d e p th  i s  s i m i l a r  to  t h a t  f o r  norm al in c id e n c e ,  b u t  

th e  change from o s c i l l a t i o n  to  e x p o n e n t i a l  b e h a v io u r  now o c c u rs  a t  th e  

tu r n in g  p o i n t .  However, t u n n e l l i n g  of th e  wave th ro u g h  to  th e  c r i t i c a l  

d e n s i t y  o ccu rs  and a t  th e  c r i t i c a l  d e n s i t y  r e s o n a n t  e l e c t r o s t a t i c  

o s c i l l a t i o n s  a r e  e x c i t e d  as  shown in  F ig .  3 .4  i i ) , T h e  e x t e n t  to  w hich  

t h i s  o c c u rs  depends on (j) .̂

For th e  c a se  of p o l a r i s a t i o n ,  when th e  E—v e c t o r  i s  p e r p e n d i c u l a r  

to  the  p la n e  of in c id e n c e  some t u n n e l l i n g  can  s t i l l  o c c u r ,  b u t  ' no 

re so n an ce  i s  a l lo w ed  and e l e c t r o s t a t i c  waves a r e  n o t  d r i v e n  (se e  F ig .

3 .4  i )  .
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E ll

FIG. 3 . 5  - Normally and obliquely incident e.m. wave on a 
density gradient.

E i ■S’ ■

n,

( i )

E l i
- p .

n

( i i )

FIG. 3*^ - Tunnelling of e.m. wave, i) ’s ’ polarisation, 
ii) ’p ’ polarisation.
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T h e r e f o re ,  r e s o n a n c e  a b s o r p t i o n  o c c u r s  o n ly  f o r  p - p o l a r i s e d  l i g h t  

The a m p l i tu d e  of th e  r e s o n a n t  d r i v i n g  E - f i e l d  (E^) i s  g iv e n  by (3 .1 1 )

%  ■ \  « 0 1  I I I . . 6

( ZTTk^L

1 /3Where T = k L s i n  (p.o 1

(p('T) = d im e n s io n le s s  p a ra m e te r  g iv e n  by G inzburg

^ = “ cR
(dn /  d ) ^ f o r  l i n e a r l y  v a r y in g  d e n s i t yz n^

The a m p li tu d e  o f  th e  d r iv e n  e l e c t r o n  p lasm a waves i s  l i m i t e d  by 

c o n v e c t io n ,  e l e c t r o n  t r a p p i n g  o r  Landau damping when th e y  t r a v e l  down 

th e  d e n s i t y  g r a d i e n t .  The g e n e r a t i o n  o f  t h e s e  r e s o n a n t  p lasm a waves 

cau ses  l o c a l  d e n s i t y  s t e e p e n in g  by  th e  p o n derom otive  f o r c e .  As t h i s  

low ers  th e  v a lu e  o f  th e  s c a l e l e n g t h  L, i t  enh an ces  r e s o n a n c e  a b s o r p t i o n .

As w e l l  a s  enh an c in g  a b s o r p t i o n ,  th e  p r o c e s s  p ro d u c e s  f a s t '  e l e c t r o n s  

which may c au se  p r e h e a t  in  th e  c o r e .  The a b s o r p t i o n  c o e f f i c i e n t  i s  

n o rm a l ly  in d e p e n d e n t  o f  l a s e r  i r r a d i a n c e  so r e s o n a n c e  a b s o r p t i o n  i s  

a  l i n e a r  p ro c e s s  and h as  no t h r e s h o l d .  However, a t  s u f f i c i e n t l y  h ig h  

i r r a d i a n c e s ,  th e  r e s o n a n t  p lasm ons may c o u p le  n o n l i n e a r l y  to  o th e r  

p lasm ons to  c r e a t e  a more complex m ode l.  Optimum a b s o r p t i o n  o c c u r s  f o r  

an a n g le  o f  in c id e n c e  d e f in e d  by ( 3 . 1 1 ) .

1 /3
( k L ) s i n  (j) = 0 . 6  IX I-17o max

Hence th e  s i g n i f i c a n c e  of re s o n a n c e  a b s o r p t i o n  depends  s t r o n g l y  

on th e  v a lu e  o f  th e  d e n s i t y  g r a d i e n t  s c a l e l e n g t h  n e a r  th e  c r i t i c a l  

d e n s i t y .  I f  w^L/c i s  l a r g e ,  t h i s  a b s o r p t i o n  i s  e f f e c t i v e  o n ly  f o r  a 

narrow  band of a n g l e s .  I f  co^L/c < 1 0 ,  re s o n a n c e  a b s o r p t i o n  w i l l  o ccu r  

f o r  a b road  ran g e  o f  a n g l e s .
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There have been  many r e c e n t  l a s e r  p lasm a e x p e r im e n ts  to  i n v e s t i g a t e  

th e  p o l a r i s a t i o n  and th e  a n g u la r  dependence  o f  l i g h t  a b s o r p t i o n  ( 3 . 1 2 ) .

As an  exam ple , th e  e x p e r im e n t  by Manes e t  a l  (3 .1 3 )  i s  d e s c r i b e d :

1 .0 6  ym l a s e r  p u l s e s  of 30 ps d u r a t i o n  were fo c u s s e d  by an f / 1 0  l e n s  

onto  p l a n a r  p a r y le n e  d i s c s  w i th  i r r a d i a n c e s  i n  th e  ra n g e  10 -  10 Wcm

The t a r g e t  was e n c lo s e d  in  a box c a l o r i m e t e r  w hich t o g e t h e r  w i th  

c a l o r i m e t e r s  to  c o l l e c t  th e  back  r e f l e c t e d  and t r a n s m i t t e d  l i g h t , ,  

a l low ed  an a c c u r a t e  m easurem ent o f  l i g h t  a b s o r p t i o n  w i th  a n g le  and 

p o l a r i s a t i o n .  The r e s u l t s  showed a c l e a r  p eak  i n  a b s o r p t i o n  i n  p -  

p o l a r i s a t i o n  a t  a p p ro x im a te ly  20° ,  b u t  no su c h  peak  i s  o b s e r v a b le  in  

s -  p o l a r i s a t i o n ,  th u s  d e m o n s t r a t in g  th e  e x p e c te d  p o l a r i s a t i o n  and 

a n g u la r  dependence .

A l l  th e s e  e x p e r im e n ts  c o n f i rm  t h a t  r e s o n a n c e  a b s o r p t i o n  i s  an  

im p o r ta n t  p r o c e s s  i n  th e  a b s o r p t i o n  o f  i n t e n s e  l a s e r  l i g h t .  However, 

f o r  a more q u a n t i t a t i v e  u n d e r s t a n d in g  o f  th e  p r o c e s s ,  t h e  e f f e c t s  o f  

c r i t i c a l . s u r f a d e  r i p p l i n g  ( 3 .1 4 ) ,  s h o r t  w a v e le n g th  io n  t u r b u l e n c e  and 

s e l f - g e n e r a t e d  m a g n e t ic  f i e l d s  must be c o n s id e r e d ,

3 .5  L ig h t  S c a t t e r i n g  P r o c e s s e s  i n  a P lasm a

3 .5 .1  a )  S t im u la te d  B r i l l o u i n  S c a t t e r i n g

T t ’ + I  I I I - 1 8

From th e  Manley-Rowe r e l a t i o n s ,  i t  can  be seen  t h a t  m o s t  o f  t h e  

en e rg y  w i l l  be i n  th e  r e f l e c t e d  wave.

F ig .  3 .5  shows th e  w -  k  m a tch in g  c o n d i t i o n s  and th e  fo l lo w in g  

e q u a t io n s  g iv e  th e  d i s p e r s i o n  r e l a t i o n s h i p s :

. 2  2 2 2k t  c -  ojt -  œ a)

. 2 2 2 2
Kc'C = %  b) } I I I - 1 9
. 2 2  2

îa ''ia ° “ia =>
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 ̂ k

FIG. 3 .5 - (w,k) diagram showing matching conditions for 
stimulated Brillouin backscatter.

36



The th r e s h o l d  f o r  th e  B r i l l o u i n  i n s t a b i l i t y  has  b een  c a l c u l a t e d  

by R o se n b lu th ,  White and L iu  ( 3 .1 5 ) ;

J &  *0  Ly > 1 " 1 - 2°
th  o

Where = v e l o c i t y  g r a d i e n t  s c a l e  l e n g th

In  a c o n v e n ie n t  form g iv en  by Evans ( 3 .1 6 ) :

$ > ^e X 10^^ W cm ^ I I I - 2 1
O lo

where T i s  in  eV, A in  pm and 3 =  ( —P )^  = —̂  
G o Wg,

For th e  c a se  o f  a N d /g la s s  l a s e r ,  = 1 .0 6  pm and t a k in g  t y p i c a l

v a lu e s  o f  T = 1000 eVand L = 100 pm e

$ > 3 X 10^^ W cm” ^ IX I-22

C l e a r l y ,  a  lo n g  s c a l e l e n g t h  w i l l  low er t h e  t h r e s h o l d  a s  w i l l  th e

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

c o n s id e r in g  ex trem e c a s e s  i n  te rm s o f  m a tch in g  k v e c t o r s .  The lo w e s t

v a lu e  of k  which can p roduce  b a c k s c a t t e r  i s  t h a t  f o r  w hich  k^, i s  j u s t

below z e ro .  When k\. , = 0 e q u a t io n  I I I - 1 9  shows t h a t  w , = w , k = k .t '  ^ t '  p t  l a

and = w. + 0 3  , so :t  l a  p

k .  . -  2 V .  03 /  c ^l a  min l a  p

2 2 
w . . -  2 V .  03 / cl a  min l a  p

I I I - 2 3

S in c e ,  v^^ << c ,  th e  B r i l l o u i n  i n s t a b i l i t y  can o p e r a t e  a t  a l l  

d e n s i t i e s  up to :

37



c

F or m a tch in g  c o n d i t i o n s  away from  -  2k^ , so from  e q u a t io n s

I I I - 1 9 b )  and I I I - 1 9 c )

0). 2v. y , n v l / 2  I I I - 2 5—l a  — l a  ( 1 -  —e )
^ ^CR

3 .5 .1  b) S p e c t r a l  C h a r a c t e r i s t i c s  o f  S t im u la te d  B r i l l o u i n  S c a t t e r i n g

The b a c k s c a t t e r e d  wave w i l l  be r e d  s h i f t e d  due to  th e  g e n e r a t i o n  of 

th e  io n  a c o u s t i c  wave, b u t  t h e r e  w i l l  a l s o  be a D op p le r  s h i f t  to  th e  

b lu e  due to th e  m o tion  o f  th e  a b l a t i n g  m a t e r i a l .  The B r i l l o u i n  s h i f t  can 

be w r i t t e n :

A X „ = 0 3 .  = 2 k V .  = 2 V .  I I I - 2 6-B —l a  o l a  —— l aI (JÜ ----------------  cO O üj_

where v .  = io n  a c o u s t i c  p hase  v e l o c i t y  = , Z k T v l / 2
( )

1

The D opp le r  s h i f t  can  be w r i t t e n  a s :

A X = -  2 V  = -  2 M V .  I I I - 2 7— rD  a  l aA c  co

where M = Mach number o f  f lo w  
v^  = a b l a t i o n  v e l o c i t y

The n e t  s h i f t  i s  th e n  g iv e n  by:

A X = 2 v _.  ̂ ( 1 -  M ) I I I - 2 S

oX

Hence th e  s h i f t  i s  to  th e  r e d  i f  th e  f lo w  i s  s u b s o n ic  and  to  th e  

b lu e ,  i f  i t  i s  s u p e r s o n ic .
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3 .5 .1  c) S a t u r a t i o n  o f  th e  B r i l l o u i n  I n s t a b i l i t y

As l a s e r  p lasm a e x p e r im e n ts  move to  lo n g e r  p u l s e  d u r a t i o n s ,  r e s u l t i n g  

in  l a r g e r  amounts o f  u n d e rd e n se  p la sm a , s t i m u l a t e d  B r i l l o u i n  s c a t t e r i n g  

may become a s e v e re  l i g h t  r e f l e c t i o n  p ro b lem . So, i t  i s  im p o r ta n t  to  

know th e  s a t u r a t e d  l e v e l  o f  th e  B r i l l o u i n  i n s t a b i l i t y .

The io n  wave g e n e r a te d  by th e  B r i l l o u i n  i n s t a b i l i t y  s a t u r a t e s  e i t h e r  

by io n  t r a p p in g  o r  Landau damping. G e n e r a l ly ,  th e  wave w i l l  f i r s t  

s a t u r a t e  by io n  t r a p p in g  w hich w i l l  h e a t  th e  io n s  and s t r o n g  Landau 

damping w i l l  o ccu r  when th e  io n  te m p e ra tu re  a p p ro a c h e s  t h e  e l e c t r o n  

te m p e r a t u r e .

There i s  some t h e o r e t i c a l  e v id e n c e  from  Evans (3 .1 6 )  t h a t  when th e  

a b l a t i o n  speed  i s  a p p ro x im a te ly  t h e  io n  sound v e l o c i t y ,  B r i l l o u i n  

s c a t t e r i n g  i s  o n ly  l i m i t e d  by io n  t r a p p i n g ,  a s  t h e  e q u i l i b r i u m  io n  

te m p e ra tu re  i s  to o  low to  p ro d u ce  s i g n i f i c a n t  io n  Landau dam ping. T h is  

would le a d  to  l a r g e  r e f l e c t i v i t i e s  in  th e  u n d e rd e n se  p la sm a ,  e s p e c i a l l y  

in  th e  c a se  o f  s h o r t  w a v e le n g th  g e n e r a te d  p la sm as  b e c a u se  o f  t h e i r  l a r g e  

c r i t i c a l  d e n s i t y .  Evans (3 .1 6 )  has  shown t h a t  a 1 .0 6  ym l a s e r  would 

p roduce  1 0 0 % b a c k s c a t t e r  g iv e n  a l a r g e  enough volum e o f  u n d e rd e n s e  p la sm a .

The p r e v io u s  e x p e r im e n ta l  e v id e n c e  f o r  th e  B r i l l o u i n  i n s t a b i l i t y  i s  

d i s c u s s e d  i n  C h ap te r  6 .

3 .5 .2  S t im u la te d  Raman S c a t t e r i n g

T T' + E I I I - 2 9

The i n s t a b i l i t y  i s  s t r o n g e s t  when E i s  n e a r  r e s o n a n c e  w i th  th e  l o c a l  

plasmon f r e q u e n c y ,  i . e .  O) ,̂ . F o r th e  p r o p a g a t io n  o f  th e

s c a t t e r e d  p h o to n ,  w , > w , so cu < w . Hence th e  Raman i n s t a b i l i t yt  p p ^  t

w i l l  o n ly  o p e r a t e  a t  d e n s i t i e s  up to  q u a r t e r  c r i t i c a l .  T h e r e f o r e ,  from  

the  Manley-Rowe r e l a t i o n s ,  up to  h a l f  th e  i n c i d e n t  l a s e r  en e rg y  may be 

t r a n s f e r r e d  to  th e  p la sm a ,  w i th  th e  r e s t  b e in g  r e f l e c t e d .  For minimum
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Landau damping, k m ust be as  sm a ll  a s  p o s s i b l e ,  so Raman s c a t t e r i n g

w i l l  o ccu r  as  c l o s e  as  p o s s i b l e  to  th e  q u a r t e r  c r i t i c a l  e s p e c i a l l y  a s  i t s  

t h r e s h o ld  h as  i t s  minimum v a l u e  t h e r e .

F ig  3 .6  shows th e  w -  k d iag ram  f o r  Raman s c a t t e r i n g .  The m a tc h in g  

c o n d i t io n s  a r e  g iv e n  by th e  f o l lo w in g  e q u a t io n s :

0) = (JÜ + 03 ,
^ ^ ^ } I I I - 3 0

The th r e s h o l d  l a s e r  e l e c t r i c  f i e l d  r e q u i r e d  f o r  i n s t a b i l i t y  to  grow

i s  e x p re s s e d  in  te rm s  o f  th e  e l e c t r o n  q u iv e r  v e l o c i t y  v^ = e E . F o r  a
m w e

homogeneous p lasm a:

=2 “ p “ t

2
S ince  w u . i s  th e  damping r a t e  y f o r  th e  l a s e r  l i g h t :

“ ? 2  7 ' "

2
%  = 4 Yj Yg Y(. Yg I I I -3 2

In  an  inhomogeneous p la sm a ,  th e  p lasm a wave w i l l  move away from th e  

i n t e r a c t i o n  r e g io n  and be r a p i d l y  Landau damped, h en ce :

The f re q u e n c y  o f  th e  s c a t t e r e d  p h o to n  w i l l  be g iv e n  by th e  f r e q u e n c y  

m atch ing  c o n d i t i o n s  ( e q u a t io n  I I I - 3 0 )  and th e  c o n d i t i o n  t h a t  th e  s c a t t e r e d  

wave i s  a t  th e  c u t  o f f  d e n s i t y .
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w,

FIG. 5,6 - (w,k) diagram showing matching conditions for 
stimulated Raman backscatter.
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2 2 ,1 / 2  0)^, + (w^,, + 3 I I I - 3 4

where = e l e c t r o n  th e rm a l  v e l o c i t y

Due to  th e rm a l  c o r r e c t i o n s ;

0) , < 03 ( c o ld  p lasm a r e s u l t )  I I I - 3 5
^ 2 ^

D e f in in g  Ao) = -  O) ,̂ and assum ing  Ao3 «03^ , we o b t a i n :

Ao3 = 9 V , ^ I I I - 3 6
^  8 - f

c

o r  ^  = T (keV) I I I - 3 7

^ t  “ 434

L ike  th e  B r i l l o u i n  i n s t a b i l i t y ,  Raman s c a t t e r i n g  i s  f a v o u re d  by

th e  l a r g e  r e g io n s  o f  u n d e rd e n se  p lasm a e x p e c te d  to  o ccu r  when lo n g e r

p u l s e l e n g t h s  a r e  u se d  f o r  more r e a l i s t i c  f u s i o n  r e s e a r c h .  However,

n o t  o n ly  w i l l  i t  r e f l e c t  th e  l a s e r  l i g h t ,  b u t  i t  may a l s o  c a u se  p r e - h e a t i n g

o f  th e  t a r g e t  by t h e  g e n e r a t i o n  o f  f a s t  e l e c t r o n s .  S im u la t i o n s  (3 .1 7 )

have shown t h a t  th e  h e a te d  e l e c t r o n  d i s t r i b u t i o n  i s  a p p r o x im a te ly

2M axw ellian , w i th  a te m p e ra tu r e  g iv e n  by (m^/2) v^ where i s  th e  

phase  v e l o c i t y  of th e  e l e c t r o n  p lasm a wave.

Both s t im u la t e d  Raman s c a t t e r i n g  and th e  two p lasm on decay  

i n s t a b i l i t y  can  g e n e r a te  w^ / 2  p la sm o n sa t  th e  q u a r t e r  c r i t i c a l  d e n s i t y  

l a y e r ,  which can g iv e  r i s e  to  3w^/2 harm onic  em isâon ( d e s c r ib e d  in  

C hap te r  8 ) ,  so i t s  o b s e r v a t i o n  i s  n o t  ta k e n  to  be c l e a r  c u t  e v id e n c e  f o r  

th e  Raman i n s t a b i l i t y .  However, t h e  Raman p r o c e s s  g e n e r a t e s  w^/2 

harmonic e m is s io n  d i r e c t l y  and r e c e n t l y  t h e r e  have been  two r e p o r t s  of
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i t s  d e t e c t i o n .  The f i r s t  by P h i l l i o n  (3 .1 8 )  u sed  ind ium  an t im oB ide

(In  As) d e t e c t o r s  co o led  to  77°K. The sp ec tru m  from  h ig h  Z t a r g e t s

i r r a d i a t e d  by a N d /g la s s  l a s e r  was o b ta in e d  by u s in g  s e l e c t i v e  changes

o f  band p a s s  f i l t e r s  f o r  a m u l t i - s h o t  e x p e r im e n t .  A lth o u g h  i t  was a

c ru d e  m easurem ent, a sp ec tru m  b roadened  to  th e  b lu e  was o b t a i n e d .

The second r e p o r t  was by E l a z a r ,  Toner and Wooding ( 3 .1 9 ) .  A gain ,

a N d /g la s s  l a s e r  was used  on p la n e  t a r g e t s ,  t h i s  tim e of  v a r y in g  Z. An

In  As p h o t o v o l t a i c  d e t e c t o r  was a l s o  u s e d ,  b u t  a t  room te m p e r a tu r e .  They
-7

ob se rv ed  w / 2  harm onic  e m is s io n  w i th  an e n e rg y  o f  a p p r o x im a te ly  10  t im e s  
o

th e  i n c i d e n t  l i g h t  e n e rg y ,  i n c r e a s i n g  w i th  i r r a d i a n c e .

3 .6 .  D e n s i ty  P r o f i l e  S te e p e n in g  E f f e c t s

As w e l l  a s  b e in g  th e  p h y s i c a l  b a s i s  f o r  th e s e  p lasm a i n s t a b i l i t i e s  

th e  ponderom otive  f o r c e  a l s o  c a u s e s  d e n s i t y  p r o f i l e  s t e e p e n i n g .

C a l c u l a t i o n s  by K ruer ( 3 .2 0 )  p r e d i c t  s t e e p e n in g  o f  t h e  d e n s i t y  p r o f i l e  

n e a r  t h e  c r i t i c a l  d e n s i t y  s u r f a c e  due to  th e  e j e c t i o n  o f  p la sm a  by th e  

ponderom otive  f o r c e  o f  th e  i n t e n s e  l o c a l i s e d  e l e c t r o s t a t i c  f i e l d .  The 

e j e c t e d  p lasm a expands tow ards  t h e  vacuum, l e a v in g  a  l o c a l l y  s te e p e n e d  

d e n s i t y  p r o f i l e  w hich  i s  su p p o r te d  by th e  p r e s s u r e  o f  b o th  th e  l o c a l i s e d  

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

T h is  s te e p e n in g  a f f e c t s  th e  s c a l e l e n g t h  n e a r  th e  c r i t i c a l  d e n s i t y ,  

thus  i n f l u e n c i n g  th e  mix o f  a b s o r p t i o n  p r o c e s s e s  and th e  h o t  e l e c t r o n  

te m p e ra tu r e .  In  p a r t i c u l a r ,  r e s o n a n c e  a b s o r p t i o n  becomes im p o r ta n t  f o r  

a wide ra n g e  o f  a n g le s  of in c id e n c e ,  w h i le  p a r a m e t r i c  i n s t a b i l i t i e s  w i l l  be 

s t r o n g l y  l i m i t e d  s in c e  t h e r e  w i l l  now be o n ly  a v e r y  sm all  r e g io n  o f  

p lasm a in  which th e y  can  o p e r a t e .  F i n a l l y ,  th e  h e a te d  e l e c t r o n  e n e r g i e s  

due to  th e  r e s o n a n t l y  g e n e r a te d  waves a r e  n o t  s t r o n g l y  r e d u c e d  by 

s t e e p e n in g ,  as  th e  a m p li tu d e  o f  th e  r e s o n a n t l y  d r iv e n  f i e l d  d e c r e a s e s  as  

th e  p r o f i l e  s t e e p e n s .

The p r o f i l e  s t e e p e n in g  h as  been  co n f irm ed  by i n t e r f e r o m e t r i c  

m easurem ents of th e  d e n s i t y  o f  a l a s e r  h e a te d  p lasm a (3 . 2 1 ) .
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P r o f i l e  s t e e p e n in g  a l s o  o c c u rs  in  th e  u n d e rd e n s e  p la sm a b u t  h e r e  i t  

i s  caused  by th e  ponderom otive  f o r c e  due to  th e  i n t e n s i t y  p r o f i l e  o f  t h e  

i n c i d e n t  l i g h t .  At th e  q u a r t e r  c r i t i c a l ,  b o th  s t i m u l a t e d  Raman s c a t t e r i n g  

and two plasm on d ecay  a r e  i n h i b i t e d  by d e c r e a s in g  s c a l e l e n g t h ,  b u t  th e  

form er more so th a n  th e  l a t t e r  ( 3 .1 5 ) .  T h is  i s  p ro b a b ly  th e  r e a s o n  why 

s t im u la t e d  Raman s c a t t e r i n g  has  n o t  been  o b se rv e d  e x p e r i m e n t a l l y  u n t i l  

r e c e n t l y ,  a s  i t  r e q u i r e s  l a r g e  u n d e rd e n se  p la sm a s .

S t im u la te d  B r i l l o u i n  s c a t t e r i n g  i s  a l s o  i n h i b i t e d  by d e c r e a s i n g  

s c a l e l e n g t h ,  b u t  i t  i s  a f f e c t e d  by m u l t i - d i m e n s io n a l  e f f e c t s  a s  w e l l .

For exam ple , a p e r t u r b a t i o n  in  th e  i n t e n s i t y  p r o f i l e  o f  th e  i n c i d e n t  

l i g h t  c r e a t e s  a d e p r e s s io n  i n  th e  p lasm a d e n s i t y  v i a  th e  po n d ero m o tiv e  

f o r c e .  T h is  d e n s i t y  d e p r e s s io n  th e n  r e f r a c t s  t h e  l i g h t  in w ard ,  i n c r e a s i n g  

th e  i n t e n s i t y  p e r t u r b a t i o n ,  th u s  l e a d in g  to  th e  f i l a m e n t a t i o n  i n s t a b i l i t y .  

T h is  i n s t a b i l i t y  h as  a s m a l le r  g row th  r a t e  th a n  th e  B r i l l o u i n  i n s t a b i l i t y  

and may i n h i b i t  i t  by b e in g  th e  dom inan t m echanism . However, l i t t l e  i s  

known a b o u t  th e  c o m p e t i t io n  o f  th e s e  two e f f e c t s  i n  t h e  non l i n e a r  s t a t e .

These e f f e c t s  caused  by d e n s i t y  p r o f i l e  s t e e p e n in g  a l s o  i l l u s t r a t e  

t h a t  th e s e  i n t e r a c t i o n s  c a n n o t  be c o n s id e r e d  i n  i s o l a t i o n ,  and t h a t  t h e r e  

w i l l  be i n t e r a c t i o n s  betw een th e  i n t e r a c t i o n s  ( 3 .2 2 ) .  For exam ple ,  i f  

th e  B r i l l o u i n  i n s t a b i l i t y  i s  v e r y  s t r o n g ,  i t  w i l l  r e f l e c t  l i g h t  b e f o r e  

i t  r e a c h e s  th e  n^^  , th u s  a f f e c t i n g  a l l  th e  i n s t a b i l i t i e s  o p e r a t i n g  a t  

h ig h e r  d e n s i t i e s .
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CHAPTER 4

The P erfo rm ance  o f  th e  S t r e a k  Camera in  th e  P ic o s e c o n d  R egion

4 .1  I n t r o d u c t i o n  to  P u ls e  M easurement T echn iques

The e a r l i e s t  methods c a p a b le  o f  p ic o se c o n d  tim e  r e s o l u t i o n  r e l y  on 

n o n - l i n e a r  t e c h n iq u e s ,  w hich in v o lv e  d e c o n v o lu t io n  to  o b t a i n  t h e  p u l s e  

w id th .  T y p ic a l  p r o c e s s e s  in c lu d e  second ( 4 .1 )  and t h i r d  (4 .2 )  ha rm on ic  

g e n e r a t i o n ,  two ( 4 .3 )  and t h r e e  (4 .4 )  p h o to n  f l u o r e s c e n c e ,  f o u r  p h o to n  

p a r a m e t r i c  m ix in g  ( 4 .5 )  and t h e  o p t i c a l  K e rr  e f f e c t  ( 4 . 6 ) .  The two m ost 

p o p u la r  a r e  two p h o to n  f l u o r e s c e n c e ,  w hich h a s  an  i n h e r e n t  t im e  

r e s o l u t i o n  o f  ^<0.2 ps ( 4 .7 )  and th e  o p t i c a l  K err  e f f e c t  s h u t t e r ,  w hich  

has  a t im e  r e s o l u t i o n  o f  *̂ 2 ps  ( 4 . 8 ) .  N e i t h e r  a r e  s u i t a b l e  f o r  l a s e r  

p roduced  p lasm a s t u d i e s  a s  th e y  r e q u i r e  m u l t i - s h o t  e x p e r im e n t s .

P h o to e m is s iv e  d e v ic e s  a r e  s u i t a b l e  f o r  s i n g l e  s h o t  m e asu re m en ts .

The s im p l e s t  i s  t h e  p h o to d io d e  and o s c i l l o s c o p e  c o m b in a t io n  w h ich  i s  

c a p a b le  o f  60  p s  t im e  r e s o l u t i o n  ( 4 .9 )  l i m i t e d  by th e  r i s e t i m e  of  th e  

co m b in a t io n .  The r i s e t i m e  r e s t r i c t i o n  i s  overcome i n  th e  image c o n v e r t e r  

s t r e a k  cam era , w hich  was f i r s t  u sed  f o r  h ig h  speed  p h o to g ra p h y  by 

C o u r tn e y - P r a t t  i n  1949 (4 .1 0 )  who o b ta in e d  a  t im e  r e s o l u t i o n  o f  a b o u t  0 .1  |is 

S ince  th e n ,  s t r e a k  cam eras p o s s e s s in g  p ic o s e c o n d  tim e  r e s o l u t i o n  have b een  

d eve loped  by s e v e r a l  g roups  (4 .1 1 )  and B ra d le y  and S i b b e t t  ( 4 .1 2 )  have 

r e p o r t e d  su b -p ic o s e c o n d  tim e r e s o l u t i o n  from  t h e i r  P h o to c h ro n  I I  s t r e a k  

cam era .

4 .2  D e s c r ip t i o n  o f  th e  Image C o n v e r te r  S t r e a k  Camera

The b a s i s  o f  th e  system  i s  t h e  image c o n v e r t e r  tu b e ,  w hich  i s  an  

e v a c u a te d  g l a s s  tu b e  c o n t a i n i n g  a p h o to c a th o d e ,  e l e c t r o n  a c c e l e r a t i n g  

and fo c u s s in g  f i e l d s  and a phosphor  s c r e e n ,  a s  shown i n  F ig .  4 . 1 .  When 

usBd as  a component o f  a h ig h  speed  cam era th e  e l e c t r o n i c  image can  be

45



P h o s p h o r

V. V ^  V  V V ' T v

S w e e p  d e f l e c t o r s  9 0  
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d e f l e c t o r s

Anode

C o n e  f o c u s i n g  
e l e c t r o d e

P h o t o c a t h o d e

FIG. 4.1 - Image converter streak tube.
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i n t e r r u p t e d  o r  d e f l e c t e d ,  o r  b o th ,  a t  up to  p ic o se c o n d  t i m e s c a l e s .

For s t r e a k  o p e r a t i o n ,  a n a r ro w  s l i t  i s  p la c e d  i n  f r o n t  o f  th e  image 

tube  and i s  f o c u s s e d  o n to  th e  p h o to c a th o d e  by a l e n s .  The e l e c t r o n  beam 

i s  th e n  swept a c r o s s  th e  phosphor s c r e e n  by a p p ly in g  a f a s t  l i n e a r  v o l t a g e  

ramp a c r o s s  a p a i r  of d e f l e c t i o n  p l a t e s  in  a d r i f t  e q u i p o t e n t i a l  s e c t i o n  

of th e  image tu b e .  The te m p o ra l  in f o r m a t io n  o f  th e  e l e c t r o n  image as  i t  

i s  r e l a y e d  th ro u g h  th e  image tu b e  i s  th u s  p r e s e r v e d  and th e  te m p o ra l  

v a r i a t i o n  o f  i n t e n s i t y ’ i s  d i s p la y e d  on th e  phosphor a s  a s p a t i a l  

d i s t r i b u t i o n  in  i n t e n s i t y  i n  th e  d i r e c t i o n  o f  th e  s t r e a k .

4 .3  T h e o r e t i c a l  Time R e s o lu t io n  L im i t  o f  a S t r e a k  Camera

The t h e o r e t i c a l  l i m i t s  of th e  e l e c t r o n  o p t i c a l  image c o n v e r t e r  s t r e a k  

c a m e ra 's  p e rfo rm a n ce  have been  i n v e s t i g a t e d  by Z a v o i s k i i  and Panchenko 

( 4 .1 3 ) .  They c o n s id e r e d  a c o n v e n t io n a l  d e s ig n  where e l e c t r o n s  e m i t t e d  by 

th e  p h o to c a th o d e  a r e  a c c e l e r a t e d  and fo c u s s e d  by an e l e c t f o n  o p t i c a l  

system . B e fo re  s t r i k i n g  th e  f l u o r e s c e n t  s c r e e n ,  th e  e l e c t r o n s  t r a v e r s e  

a r e g io n  of r a p i d l y  r o t a t i n g  f i e l d  such  t h a t  th e  image

i s  swept o u t  i n  t im e ;  a c i r c u l a r  sweep i s  u s u a l l y  th e  m ost s u i t a b l e .  I f  

th e  p e r io d  o f  r o t a t i o n  o f  th e  f i e l d  i s  T, th e  r a d i u s  o f  th e  c i r c u l a r  sweep 

on th e  s c r e e n  i s  R, and th e  r e s o l u t i o n  o f  th e  image i s  6 , th e  minimum 

r e s o lv e d  tim e i n t e r v a l  i s  g iv e n  by:

At = T IV -  1
2Ï R ?

Taking t y p i c a l  v a lu e s  of T = 10 ^ ^ s ,  R = 5 cm and 6 = 300 l i n e  p a i r s  
—1

cm , we have :

G e n e ra l ly ,  At can  be enhanced  by r e d u c in g  T o r  i n c r e a s i n g  Rd, 

However, t h e r e  a r e  a number o f  p h y s i c a l  p r o c e s s e s  w hich  l i m i t  th e  
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r e s o lv in g  power. The f i r s t  i s  e l e c t r o n i c  chrom atic  a b e r r a t i o n ,  which 

l i m i t s  the  minimum d u r a t io n  o f  an e l e c t r o n  p u ls e  a t  th e  phosphor s c reen  

to :

At . — , h \ 1 /2  IV — 3
( S Ë T -  )o o

Where = e l e c t r i c  f i e l d  n ea r  pho toca thode

V = i n i t i a l  v e l o c i t y  o f  th e  e l e c t r o n  o
~1

For E = 100 kV cm o

At . = 2 X 10"^^s IV -  4min

A nother im p o rtan t  f a c t o r  which l i m i t s  th e  tim e r e s o l u t i o n  i s  the  

f i n i t e  th ic k n e s s  o f  th e  pho toca thode  which le a d s  to  th e  sp read  o f  the  

em ission  tim es of th e  p h o to e le c t r o n s :

At -  d /v  IV -  5o

""6 8 "Xf o r  d -  10 cm and v -  10  cm so

ATj 10 IV -  6d

A n e c e s s a ry  c o n d i t io n  f o r  o b ta in in g  a s h o r t  p u ls e  i s  t h a t  th e  s i z e

of th e  sou rce  l i g h t  must be s u f f i c i e n t l y  sm a l l :

% <  à t  IV -  7
c

where Z i s  th e  d iam ete r  o f  th e  source

For At = 10 ^ ^s ,  % < 3ym

The imaging o p t i c s  shou ld  a l s o  be such t h a t  they  do n o t  s t r e t c h  

th e  p u ls e :
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As < At IV -  8
c

where As i s  th e  d i f f e r e n c e  in  o p t i c a l  p a th s  from th e  l i g h t  s o u rc e  t o

the  p h o to c a th o d e  f o r  d i f f e r e n t  f r e q u e n c i e s  i n  th e  sp ec tru m  o f  th e

p u l s e .  Hence, th e  i n p u t  o p t i c s  m ust be w e l l  a c h ro m a t i s e d  and c o r r e c t e d

fo r  s p h e r i c a l  a b e r r a t i o n .

O v e r a l l ,  th e  above a n a l y s i s  c o n c lu d e s  t h a t  t h e  u l t i m a t e  tim e

r e s o l u t i o n  o f  th e  system  i s  due to  th e  v a r i a t i o n  i n  th e  i n i t i a l  e n e r g i e s
-14

o f  th e  p h o t o e l e c t r o n s  g iv e n  by e q u a t io n s  IV -  5 and IV -  6 i . e .  -  10 s .

4 .4  P r a c t i c a l  Time R e s o lu t io n  L im i t  o f  a S t r e a k  Camera

In  a p r a c t i c a l  s y s tem , t h e r e  i s  one o t h e r  im p o r ta n t  c o n s i d e r a t i o n  -

t h a t  o f  dynamic r a n g e .  T h is  i s  d e f in e d  a s  th e  r e g io n  be tw een  I  . I  ^ ,
°  o min s a t  ’

where I^^ ^  i s  t h e  minimum p h o to c u r r e n t  r e q u i r e d  to  p ro d u ce  a d e t e c t a b l e

exposure  on th e  r e c o r d i n g  f i l m  and 1 ^^^ i s  th e  maximum p h o to c u r r e n t  w hich

can be drawn from th e  p h o to c a th o d e  b e f o r e  t h e r e  i s  a  s e r i o u s  l o s s  in

s p a t i a l  r e s o l u t i o n  and th e  o n s e t  of g e o m e tr ic  d i s t o r t i o n .

S c h e le v ,  R ic h a rd so n  and A lcock  (4 .1 4 )  have c a l c u l a t e d  th e  maximum

- 2c u r r e n t  d e n s i t y  to  be 0 .1  A cm assum ing  c o n d i t i o n s  w i t h i n  th e  tu b e  

co rre sp o n d  to  a c i r c u l a r l y  sym m etric  e l e c t r o n  beam c o n v e rg in g  from  a 

10 mm d ia m e te r  c a th o d e  to a 1 mm c a th o d e  a p e r t u r e ,  l o c a t e d  ^  70 mm away, 

where th e  b e h a v io u r  o f  th e  beam can  be d e s c r ib e d  by:

- a  IV -  9r  . = r  emin o

where r  . = beam r a d i u s  a t  anodemin

r  = beam r a d i u s  a t  c a th o d e
-5 \ 3/2 2

O' = 3 .3  X 10 (—  ) ta n  w

V^ = anode v o l t a g e

w = a n g le  be tw een  c o n v e rg in g  beam and a x i s
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t  ” 12 .In  an i n t e r v a l  o f  10 s ,  t h i s  c o r re s p o n d s  to  th e  e m is s io n  of

5 - 2  
6 X 10 p h o t o e l e c t r o n s  cm from  th e  p h o to c a th o d e .  Assuming a s p a t i a l

r e s o l u t i o n  o f  10  I p  mm , t h i s  g iv e s  o n ly  60 e l e c t r o n s  i n  each

r e s o l u t i o n  e le m e n t .  Hence such  a camera would have l i m i t e d  dynamic r a n g e ,
-1 4

So, a l th o u g h  th e  u l t i m a t e  te m p o ra l  r e s o l u t i o n  i s  MO s ,  t h e  p r a c t i c a l

r e q u i r e m e n ts  o f  a dynamic ra n g e  o f  a t  l e a s t  1 0 , r e s u l t s  i n  a r e s o l u t i o n

" ” 12 
of the  o r d e r  of 10  s .

4 .5  M easurement o f  an  U l t r a s h o r t  P u l s e  Width U sing  a S t r e a k  Camera

S ch e lev  h as  shown (4 .1 4 )  t h a t  t h e r e  a r e  t h r e e  m a jo r  c o n t r i b u t i o n s  to  

th e  h a l f  w id th  T o f  th e  r e c o r d e d  p r o f i l e  a t  th e  o u tp u t  o f  a  s t r e a k  cam era ,  

which f o r  a g a u s s i a n  p u l s e ,  a r e  c o n n e c te d  by t h e  f o l l o w in g  e q u a t io n :

T = (T^^ + + %2 ^) IV -  10

1. The h a l f  w id th  o f  th e  i n c i d e n t  p u l s e ,

2. The tim e  ta k e n  f o r  th e  d e f l e c t e d  e l e c t r o n  beam to  s c a n  a s p a t i a l  

e lem en t  o f  th e  p h o sp h o r  s c r e e n .

”1where v = s t r e a k  v e l o c i t y  i n  cm s

6 = s p a t i a l  r e s o l u t i o n  a t  phosphor  s c r e e n  in  l i n e

” 1 • ” lxp a i r s  cm ( Ip  cm )

3. The t o t a l  t r a n s i t  t im e  f o r  th e  e l e c t r o n s  to  t r a v e l  from  th e  

p h o to c a th o d e  to  th e  s c r e e n .

T- = mAu IV -  12
eE

where Au = h a l f  w id th  o f  i n i t i a l  l o n g i t u d i n a l  v e l o c i t y  d i s t r i b u t i o n  

E = e l e c t r i c  f i e l d  a t  p h o to c a th o d e

50



e — e l e c t r o n i c  c h a rg e  

m = e l e c t r o n i c  mass

An in s t r u m e n t a l  t im e  l i m i t  can  be d e f in e d :

f o r  T -  m ust be m in im ise d ,  by r e d u c in g  and m axim ising

b o th  th e  s t r e a k  v e l o c i t y  and s p a t i a l  r e s o l u t i o n .

4 .6  High I n t e n s i t y  E f f e c t s

The h ig h  i n t e n s i t y  l a s e r s  u sed  f o r  p la sm a i n t e r a c t i o n  s t u d i e s  

w i l l  o b v io u s ly  p o se  a s e v e re  p ro b lem  f o r  th e  dynamic r a n g e  c a p a b i l i t i e s  

of s t r e a k  cam eras .  Some o f  th e  c a u se s  f o r  th e  l i m i t e d  dynamic r a n g e  

of s t r e a k  cam eras  a r e  i n v e s t i g a t e d  be low .

The p h o to n  e n e rg y  d e n s i t y  r e q u i r e d  to  g iv e  a p a r t i c u l a r  e x p o su re  * 

l e v e l  on th e  r e c o r d i n g  f i l m  i s  in d e p e n d e n t  o f  th e  tim e f o r  w hich  th e  

tu b e  i s  c o n d u c t in g .  H ence, un d er  s t r e a k  c o n d i t i o n s ,  a much h ig h e r  

p h o to c u r r e n t  i s  drawn from th e  c a th o d e  th a n  in  th e  c a s e  o f  s t a t i c  

i l l u m i n a t i o n .  T h is  c a u se s  s e v e r a l  e f f e c t s  as  r e p o r t e d  by Ahmed,

G ale and Key ( 4 .1 5 ) :

1- The r e s i s t a n c e  of th e  p h o to c a th o d e  r i s e s  in  ; a t  i t s

c e n t r e ,  r e s u l t i n g  in- a d i s t o r t i o n  o f  th e  d i s t r i b u t i o n  of th e  

p o t e n t i a l  n e a r  th e  c a th o d e .  T h is  a f f e c t s  th e  e l e c t r o s t a t i c  

l e n s  in  th e  i n i t i a l  s t a g e  o f  th e  tu b e ,  p ro d u c in g  d e f o c u s s in g  

w hich r e s u l t s  i n  a l o s s  o f  s p a t i a l  r e s o l u t i o n  and th e  a p p e a ra n c e  

o f  g e o m e tr ic  d i s t o r t i o n .

2. " Space ch a rg e  b u i l d s  up n e a r  th e  p h o to c a th o d e  when l a r g e  c u r r e n t s

a r e  ta k e n  from  th e  c a th o d e ,  l e a d in g  to  a r e d u c t i o n  i n  th e  

e f f e c t i v e  a c c e l e r a t i o n  f i e l d .  In  th e  l i m i t ,  t h i s  l e a d s  to 

p h o to c a th o d e  s a t u r a t i o n .
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3. The e l e c t r o n  o p t i c s  of th e  image tu b e  sy s tem  p ro d u ces  an i n v e r t e d  

image a t  th e  phosphor s c r e e n ,  so t h a t  e l e c t r o n s  m ust c r o s s  th e  

l o n g i t u d i n a l  a x i s  of th e  tu b e .  In  th e  c r o s s - o v e r  r e g i o n  th e  

c h a rg e  d e n s i t y  i s  a t  a maximum, and th e  e l e c t r o n s  s u f f e r  a m u tua l 

Coulomb r e p u l s i o n  e f f e c t ,  r e s u l t i n g  i n  l o s s  o f  s p a t i a l  r e s o l u t i o n  

and image d i s t o r t i o n .

Both  th e  space  c h a rg e  e f f e c t s  n e a r  th e  p h o to c a th o d e  and in  th e  

c r o s s - o v e r  r e g io n  obey th e  C h ild -L an g m u ir  t h r e e - h a l v e s  power law

To av o id  th e s e  h ig h  i n t e n s i t y  e f f e c t s ,  th e  p h o to c u r r e n t  f o r  

s t r e a k  o p e r a t i o n  m ust be l i m i t e d . "  However, th e  m agn itude  o f  c u r r e n t  

f o r  w hich  sp ace  ch a rg e  e f f e c t s  do n o t  a r i s e  i s  i n s u f f i c i e n t  to  p e r m i t  

p h o to g ra p h ic  r e c o r d i n g  o f  th e  s t r e a k s .  T h is  r e s t r i c t i o n  i s  overcome 

by u s in g  a h ig h  g a in  image i n t e n s i f i e r  a t  t h e  o u tp u t  o f  th e  tu b e .  Even 

th e n ,  w i th  a  ga in , o f  1 0 ^ -  1 0 ^ , th e  dynamic r a n g e  h as  b een  m easured  tp  

be o n ly  a b o u t  3 (4 .1 6 )  to  30 (4 .1 7 )  f o r  2 p s  p u l s e s .

A new e x p e r im e n t  to  i n v e s t i g a t e  th e  c a u s e s  w hich l i m i t  th e  v a l u e  

of th e  s t r e a k  c a m e ra 's  dynamic r a n g e  to  MO when o p e r a t i n g  i n  th e  

p ic o se c o n d  r e g io n  i s  d i s c u s s e d  i n  th e  rem a in d e r  o f  t h i s  c h a p t e r .

4 .7  The Dynamic Range o f  Four Image C o n v e r te r  Tubes i n  Nanosecond 

and Subnanosecond P h o to g rap h y

4 . 7 .1  D e t a i l s  o f  th e  Four Image C o n v e r te r  Tubes

The c h a r a c t e r i s t i c s  of th e  f o u r  tu b e s  used  in  t h i s  i n v e s t i g a t i o n  

a r e  summarised in  T ab le  4 . 1 .  A lthough  th e y  a l l  employ e l e c t r o s t a t i c  

f o c u s s i n g ,  th ey  p o s s e s s  d i f f e r e n t  e l e c t r o n  o p t i c a l  c o n f i g u r a t i o n s ,  so 

t h a t  a t  eq u a l  anode p o t e n t i a l ,  each  tu b e  has a d i f f e r e n t  f i e l d  n e a r  

t h e  p h o to c a th o d e .  Thus, i t  i s  p o s s i b l e  to  d i s t i n g u i s h  betw een th e  

e f f e c t  c a u se d  by space  ch a rg e  due to  th e  e l e c t r i c  f i e l d  n e a r  th e
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p h o to c a th o d e  and t h a t  a t  th e  c r o s s - o v e r  r e g i o n .  Two of th e  tu b e s  

a r e  f i t t e d  w i th  S-20 p h o to c a th o d e s  w h i le  th e  o t h e r  two have an S-1 

and a caes ium  t e l l u r i d e  (CsTe) p h o to c a th o d e  r e s p e c t i v e l y .

4 . 7 .2  E x p e r im e n ta l  D e t a i l s

F ig .  4 .2  shows th e  s c h e m a tic  o f  th e  e x p e r im e n ta l  l a y o u t .  A n i t r o g e n  

l a s e r  p u l s e  ( A = 3371 X, FWHM = 3 n s )  was u sed  to  i l l u m i n a t e  u n i fo rm ly  a 

r e s o l u t i o n  c h a r t ,  w hich was imaged o p t i c a l l y  on to  th e  p h o to c a th o d e  o f  

th e  tu b e  under  t e s t .  The r e s o l u t i o n  c h a r t  c o n s i s t e d  o f  a p i e c e  of 

v e ro b o a rd  w hich was masked to  p ro v id e  a p a t t e r n  o f  two l i n e s  o f  e q u isp a c e d  

h o l e s .  To m in im ise  th e  e f f e c t s  due to  n o n - l i n e a r i t i e s  a c r o s s  th e  

p h o to c a th o d e  s u r f a c e ,  th e  a r e a  i l l u m i n a t e d  by th e  l a s e r  was k e p t  s m a l l .  ' 

Hence, th e  i n p u t  o p t i c s  to  t h e  tu b e s  were a r r a n g e d  such  t h a t  th e  d ia m e te r s  

of th e  i l l u m i n a t e d  d o ts  on t h e  p h o to c a th o d e s  w ere a p p ro x im a te ly  0 . 6  mm i n  

each  c a s e .  A lth o u g h  t h i s  was a  v e r y  c o a r s e  r e s o l u t i o n  t e s t , - i t  was 

s u f f i c i e n t  f o r  th e  p u rp o s e s  o f  t h e  o b s e r v a t i o n s .

Image r e c o r d i n g s  w ere ta k e n  on f i l m  f o r  eac h  t u b e .  The phospho r  

s c r e e n  o u tp u t  windows o f  tu b e s  1 and 2 were o p t i c a l l y  co u p led  t o  the  

f i l m  by an f / 2  r e l a y  l e n s  w i th  1 :1  m a g n i f i c a t i o n .  Tubes 3 and 4 had 

f i b r e  o p t i c  o u tp u t s  w hich  were i n  d i r e c t  c o n t a c t  w i th  th e  f i l m .  The 

f i l m s  were a l l  d ev e lo p ed  i n  U n iv e r s a l  s o l u t i o n  f o r  4 m in u te s  a t  20°C. I t  

was found n e c e s s a r y  to  u se  f i lm s  o f  d i f f e r e n t  r e c o r d i n g  sp eed s  (se e  

T ab le  4 .2 )  to  c o v e r  th e  ra n g e  o f  th e  fo u r  tu b e s .

In  e ac h  c a s e  th e  c o r r e s p o n d in g  v o l t a g e  a c r o s s  th e  c a p a c i t o r  i n  th e  

c u r r e n t  m o n i to r  c i r c u i t  (shown in  F i g .  4 .3 )  was r e c o rd e d  on a T e k t r o n ix  

568 s to r a g e  o s c i l l o s c o p e .  A ra n g e  o f  d a t a  was o b ta in e d  by v a r y in g  th e  

i n t e n s i t y  o f  th e  l a s e r  p u l s e  w i th  s u i t a b l e  d e n s i t y  f i l t e r s .  A l a r g e  

number of r e c o r d i n g s  was ta k e n  to  a v e ra g e  o u t  any e r r o r s  due to  

f l u c t u a t i o n s ,  b o th  in  a m p li tu d e  and s p a t i a l  p a t t e r n ,  o f  th e  l a s e r  beam.
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C U R R E N T
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D =  I M A G E  T U B E  ( I N  B O X )  

E = C A M E R A

FIG. 4 .2  -  Experim ental la yo u t to  in v e s tig a te  the dynamic 
range o f fo u r image tubes.
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FIG. 4 ,5  -  Current p ic k - o f f  c ir c u it ,
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4 . 7 . 3  R e s u l t s

S e r i e s  o f  p h o to g ra p h s  showing th e  dynamic ra n g e  b e h a v io u r  f o r  each  

of th e  f o u r  tu b e s  a r e  g iv e n  in  F i g s .  4 .4  -  4 . 7 .  The p h o to c a th o d e  

s u b s t r a t e  r e s i s t a n c e  o f  tu b e  4 was too h ig h  and n o n -u n ifo rm  i n  th e  c e n t r e ,  

hence  th e  image was fo c u s s e d  on to  an a r e a  n e a r  th e  o u t e r  edge o f  th e  

p h o to c a th o d e .  T h is  caused  th e  o b long  a p p e a ra n c e  o f  th e  c i r c u l a r  

a p e r t u r e s  i n  F ig .  4 . 7 .  A l l  th e  tu b e s  showed s e r i o u s  image d i s t o r t i o n  

and c o l l a p s e  o f  th e  image tow ards  th e  c e n t r e  a s  th e  p h o to c u r r e n t  d e n s i t i e s  

were i n c r e a s e d .

The c o r re s p o n d in g  v a l u e s  o f  p h o to c a th o d e  c u r r e n t  d e n s i t i e s  were 

c a l c u l a t e d  by means o f  t h e  fo l l o w in g  fo rm u la :

I  = — = —  = —  mA cm ^ IV -  14a a t  a t

where I  = p h o to c a th o d e  c u r r e n t  d e n s i t y  

i  = p h o to c u r r e n t  ,

a = i l l u m i n a t e d  c a th o d e  a r e a

C = c a p a c i t a n c e  of c i r c u i t  = 180 pF

V = m easured v o l t a g e

t  = FWHM of l a s e r  p u l s e  = 3 ns

The minimum and maximum v a lu e s  o f  t h e  c u r r e n t  d e n s i t i e s  were

e s t im a te d  from th e  p h o to g ra p h s  f o r  e ac h  tu b e :  th e  minimum c u r r e n t  d e n s i t y

was t h a t  f o r  w hich an  image j u s t  d e t e c t a b l e  above th e  fog  l e v e l  of t h e

f i l m  was o b ta in e d  and th e  maximum c u r r e n t  d e n s i t y  was t h a t  f o r  w hich

image d i s t o r t i o n  j u s t  s e t  i n .  D e f in in g  th e  dynamic ra n g e  as  t h e  r e g io n

g iv e n  by I  . ->■ I  _ , t h e  v a l u e  f o r  each  tu b e  was c a l c u l a t e d .  These® min s a t

a r e  shown in  T ab le  4 . 2 ,  n o rm a l is e d  f o r  Kodak 2475 f i l m s  and an  o p e r a t i n g

v o l t a g e  o f  8 kV.
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Ph.0 to current densities are 

3-) 28 mA

b) 64 mA

c) 1^0 mA cm“^

_ 2d) 200 mA cm”

e) 240 mA cm”^

FIG. 4.4 - Photographs taken on Kodak 2475 film for tube 1

88

8006 g

Photocurrent densities are

a) 100 mA cm”^

b) 160 mA cm - 2

c) 380 mA cm - 2

PIG. 4.5 - Photographs taken on Kodak FP4 film for tube 2.
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Hiotocurrent densities are

a) 0.8 mA cm”

b) 3 .2  mA cm - 2

c) 9 mA cm-2  •

d) 13 cm- 2

FIG. 4.6 - Photographs taken on Ilford HP4 film for tube 3 .

o o o

f S 3 S ?

0BEB0B

Photocurrent densities are

3-) 0 .3  mA cm”^

b) 0.8 mA cm~^

c) 1.2 mA cm“^

d) 2 .5  mA cm”^

e) 4 mA cm"^

FIG. 4 . 7  - Photographs taken on Kodak Pan F film for tube 4 ,
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4 , 7 . 4  D is c u s s io n

A lth o u g h  t h i s  i s  a s im p le  e x p e r im e n t  w i th o u t  th e  b e n e f i t  o f  

p ic o s e c o n d  r e s o l u t i o n  o r  s t r e a k  f a c i l i t i e s  f o r  t h e  image tu b e s ,  i t  can 

be u sed  f o r  a q u a l i t a t i v e  e v a l u a t i o n  o f  th e  f a c t o r s  d i s c u s s e d  i n  

S e c t io n  4 . 6 .

The f i r s t ,  p h o to c a th o d e  r e s i s t a n c e  does  n o t  seem to be to o  im p o r t a n t ,

a s ,  a l th o u g h  t h r e e  o f  th e  tu b e s  i . e .  tu b e s  1, 2 and 3 have th e  same

v a l u e  o f  s u b s t r a t e  r e s i s t a n c e  ( a p p ro x im a te ly  1 0 0  Q O ^ ) th e y  have

d i f f e r e n t  dynamic r a n g e s .  A ls o ,  tu b e  4 h a s  b o th  t h e  h i g h e s t  s u b s t r a t e

r e s i s t a n c e  (a ro u n d  10 0 0  0  O  ^ ) and th e  g r e a t e s t  dynamic r a n g e .

High v a l u e s  f o r  t h e  e l e c t r i c  f i e l d  n e a r  th e  s u r f a c e  o f  th e

p h o to c a th o d e  means t h a t  th e  l i b e r a t e d  p h o t o e l e c t r o n s  have  a g r e a t e r

v e l o c i t y ,  so  t h a t  image d i s t o r t i o n  due to  s p ace  c h a rg e  e f f e c t s  t a k e  p l a c e

a t  h ig h e r  c u r r e n t  d e n s i t i e s .  T h is  i s  e x p e r i m e n t a l l y  v e r i f i e d  by t h e

r e i^ u l t s  o f  tu b e s  1 and 2 .  The o n ly  d i f f e r e n c e  b e tw ee n  th e  two tu b e s  i s

t h a t  tu b e  2 h a s  a h i g h e r  e l e c t r i c  f i e l d  n e a r  t h e  p h o to c a th o d e ,  b u t  tu b e
-2

2 h a s  a  maximum c u r r e n t  d e n s i t y  o f  100 mA cm com pared w i th  o n ly  

- 2
40 mA cm f o r  tu b e  1.

Space c h a rg e  a t  th e  c r o s s - o v e r  r e g i o n  i s  w id e ly  h e l d  to  be th e

c h i e f  c a u s e  o f  image d i s t o r t i o n .  However, c o m p a r iso n s  o f  t h e  r e s u l t s  f o r

tu b e s  1 and 2 , w h ich  have th e  same anode v o l t a g e ,  show a f a c t o r  of g r e a t e r

th a n  2 d i f f e r e n c e  f o r  th e  maximum c u r r e n t  d e n s i t i e s .

So, th e  r e s u l t s  s u g g e s t  t h a t  s p a c e  c h a rg e  n e a r  th e  p h o to c a th o d e  i s

more im p o r ta n t  th a n  sp ace  ch a rg e  a t  t h e  c r o s s - o v e r  r e g i o n  in  l i m i t i n g

th e  dynam ic r a n g e  o f  image c o n v e r t e r  t u b e s .  I f  t h e  C h ild -L an g m u ir  t h r e e  

3 /2h a lv e s  (E ) power law  i s  a p p l i e d  to  o b t a i n  t h e  t h e o r e t i c a l  r a t i o  of 

th e  maximum c u r r e n t  d e n s i t i e s  from th e  v a l u e s  o f  th e  e l e c t r i c  f i e l d s  n e a r  

th e  p h o to c a th o d e s  t h e r e  i s  good a g ree m en t  w i th  th e  e x p e r im e n ta l  v a l u e s  

as  shown in  T ab le  4 . 2 .

A no th e r  i n t e r e s t i n g  e x p e r im e n ta l  r e s u l t  i s  th e  d i s c o v e r y  t h a t  tube  

4 h a s  th e  g r e a t e s t  dynamic r a n g e .  The r e a s o n  f o r  t h i s  may be b ec a u se  i t



has th e  s m a l l e s t  m a g n i f i c a t i o n  f o r  i t s  e l e c t r o n  o p t i c s .

C o n s id e r  th e  f o l lo w in g  fo rm u la  d e r iv e d  by S ch e lev  (4 .1 4 )  f o r  

th e  minimum p h o to c u r r e n t  r e q u i r e d  to  p roduce  a r e c o r d i n g  on p h o to g ra p h ic  

f i l m :

I  > g g e a IV -  15
Y T K 0) •

O S

where a  = t o t a l  e n e rg y  r e q u i r e d  to  p roduce  r e q u i r e d  d e n s i t y

3 = m a g n i f i c a t i o n  f a c t o r  o f  e n t i r e  system

e = e l e c t r o n  ch a rg e

a = i l l u m i n a t e d  p h o to c a th o d e  a r e a

y = number of p h o to n s  p e r  p h o t o e l e c t r o n

T = tem p o ra l  r e s o l u t i o n

K = o v e r a l l  g a in  o f  sy s tem  -

mean p h o to n  e n e rg y  e m i t t e d  by phosphor o f  tu b e .

T h is  shows t h a t  t h e  c u r r e n t  d e n s i t y  i s  s t r o n g l y  d ep en d e n t  on th e

2m a g n i f i c a t i o n  a s  I  i s  p r o p o r t i o n a l  to  g . At th e  moment m ost s t r e a k

cam eras  u se  e l e c t r o n  o p t i c s  w i th  v a l u e s  o f  g t y p i c a l l y  a ro u n d  2 -  3 e . g .

■ - 2th e  P h o to ch ro n  I I  tu b e ,  g iv in g  I  = 30 mA cm f o r  t im e  r e s o l u t i o n s  o f  

10 ps ( 4 .1 8 ) .  The same a n a l y s i s  shows t h a t  i f  g * is  made l e s s  th a n  u n i t y ,  

th e  c u r r e n t  d e n s i t y  would d rop  e . g .  g = 0 .3 3  w i th  an o p e r a t i n g  v o l t a g e  o f

30 kV g iv e s  I  = 0 .5  mA cm Hence, i t  sh o u ld  be p o s s i b l e  t o  b u i l d  a

s i n g l e  s t a g e  image c o n v e r t e r  camera system  f o r  p ic o se c o n d  o p e r a t i o n .

4 .8  P o s s i b l e  F a c t o r s  f o r  P u ls e  B roaden ing  E f f e c t s

The r e s u l t s  o b ta in e d  h e re  a r e  in  ag reem en t w i th  th o s e  o f  K a l i b j i a n

(4 .1 9 )  and H u ll  and Freeman (4 .2 0 )  i . e .  sp ace  ch a rg e  a t  th e  c r o s s - o v e r

r e g i o n  i s  n o t  s i g n i f i c a n t  in  p u l s e  b ro a d e n in g  e f f e c t s .  Both th e s e  g roups

were a b l e  to  make t e s t s  in v o lv in g  s t r e a k  cam eras and p ic o se c o n d  p u l s e s

(10 -  30 p s ) .  The same t e s t  method of m ask ing  th e  e n t r a n c e  s l i t  of t h e
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s t r e a k  cam era was used  in  b o th  s t u d i e s .  No changes  i n  dynamic ran g e  

compared w i th  v a lu e s  o b ta in e d  u s in g  t h e  f u l l  s l i t  l e n g t h  were r e c o r d e d .

However, th e  cau se  o f  th e  p u l s e  b ro a d e n in g  e f f e c t s  i s  s t i l l  unknown. 

K a l i b j i a n  h a s  s u g g e s te d  t h a t  sp ace  ch a rg e  be tw een  th e  c a th o d e  and th e  

g r i d  i s  r e s p o n s i b l e ,  w h i le  H u ll  and Freeman th i n k  sp ace  c h a rg e  be tw een  

th e  g r i d  and th e  phosphor i s  a more s i g n i f i c a n t  f a c t o r .  P e rh a p s ,  th e  

most n o v e l  s o l u t i o n  h a s  b een  s u g g e s te d  by Majumdar (4 .1 8 )  -  sp ace  c h a rg e  

e f f e c t s  i n s i d e  th e  p h o to c a th o d e  i t s e l f  I

He has p ro p o sed  two p o s s i b l e  s c e n a r i o s :  th e  f i r s t  s u g g e s t  t h a t  th e  

p h o t o e l e c t r o n s  m ust s t a y  lo n g e r  in  th e  p h o to c a th o d e  b e f o r e  b e in g  e m i t t e d .  

However, in  a s o l i d  e x c i t e d  e l e c t r o n s  do n o t  have v e r y  long  l i f e t i m e s ,  so 

f o r  t h i s  h y p o th e s i s  to  be c o r r e c t ,  p h o t o e l e c t r o n s  m ust somehow have lo n g e r  

l i f e t i m e s  in  th e  p h o to c a th o d e  and th e  mechanisms f o r  such a p r o c e s s  a r e  as 

y e t  u n c l e a r .

H is  second  h y p o th e s i s  i s  more p l a u s i b l e :  th e  tim e d i l a t i o n  o f  t h e  

p u l s e s  i s  due to  e f f e c t s  i n  t h e  s u r f a c e  l a y e r  o f  th e  p h o to c a th o d e .  As 

the  v a c a n t  sp a c e s  i n  t h e  s u r f a c e  l a y e r  m ust be f i l l e d  up b e f o r e  e x c i t e d  

e l e c t r o n s  can  be e m i t t e d ,  b o t t l e n e c k i n g  can  o c c u r  i n  th e  s u r f a c e  l a y e r .

O b v io u s ly ,  c l a r i f i c a t i o n  o f  th e  r e a s o n s  c o n t r i b u t i n g  to  p u l s e  

b ro a d e n in g  must a w a i t  th e  r e s u l t s  of f u r t h e r  e x p e r im e n ts  and a n a l y s i s .
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CHAPTER 5

D ia g n o s t i c s  f o r  High Speed S p e c t ro s c o p y

5 .1  I n t r o d u c t i o n

The l a s e r  p u ls e  d u r a t i o n  in  th e s e  e x p e r im e n ts  i s  100 ps  -  1 .8  n s .  

Hence, p ic o se c o n d  tim e r e s o l u t i o n  i s  r e q u i r e d  to  o b se rv e  i n t e r a c t i o n s  

i n  th e  p lasm a d u r in g  th e  l a s e r  p u l s e .  Of p a r t i c u l a r  i n t e r e s t  i n  t h i s  

t h e s i s  i s  th e  c o u p l in g  o f  th e  l i g h t  e n e rg y  to  th e  t a r g e t  and th e  s tu d y  

o f  th e  i n t e r a c t i o n s  d e s c r ib e d  i n  C h ap te r  3 e . g .  B r i l l o u i n  s c a t t e r i n g ,  

r e s o n a n c e  a b s o r p t i o n ,  th e  two plasm on d eca y ,  e t c .

The p r e s e n c e  of t h e s e  and o t h e r  i n s t a b i l i t i e s  i n  th e  p lasm a can  

be i n f e r r e d  from  th e  a p p e a ra n c e  in  th e  s c a t t e r e d  l i g h t  sp ec tru m  o f  th e  

f r e q u e n c i e s  , 2w^ and 3(jJ ^ / 2. For exam ple , l i g h t  b a c k .s c a t t e r e d  w i th  

a sm a ll  r e d  s h i f t  from th e  fu n d am e n ta l  f r e q u e n c y ,  , i s  c h a r a c t e r i s t i c

o f  th e  B r i l l o u i n  s c a t t e r i n g  i n s t a b i l i t y .  A lso  th e  o b s e r v a t i o n  o f  

harm onic  e m is s io n  a t  2w^ (C h ap te r  7) and 3w^/2 (C h ap te r  8 ) im ply  th e  

g e n e r a t i o n  o f  p la sm o n s ,  a t  th e  c r i t i c a l  d e n s i t y  s u r f a c e ,  and w^ /2  

p la sm o n s ,  a t  t h e  q u a r t e r  c r i t i c a l  d e n s i t y  s u r f a c e ,  r e s p e c t i v e l y .  The 

fo rm er can  be a s c r i b e d  to  e i t h e r  r e s o n a n c e  a b s o r p t i o n  o r  th e  p a r a m e t r i c  

decay  i n s t a b i l i t y  and t h e  l a t t e r  to  e i t h e r  s t im u la t e d  Raman s c a t t e r i n g  

or th e  two plasm on d ecay  i n s t a b i l i t y .

Hence, a s u i t a b l e  d i a g n o s t i c  must i n c o r p o r a t e  b o th  h ig h  te m p o ra l  

and s p e c t r a l  r e s o l u t i o n .  A lso ,  a s  th e  c o n v e r s io n  e f f i c i e n c y  of th e  2w^
-5  -7

and 3w /2  harm on ics  i s  e x p e c te d  to  o n ly  around  10 -  10 ( 5 .1 )  o fo

the  i n c i d e n t  l a s e r  e n e rg y  (15 -  lOOJ) an in s t r u m e n t  w i th  h ig h  g a in  i s  

r e q u i r e d  f o r  p h o to g ra p h ic  r e c o r d i n g .  A dynamic ra n g e  o f  a t  l e a s t  10 i s  

a l s o  n e c e s s a r y  to  o b se rv e  any s t r u c t u r e  t h a t  m ig h t be p r e s e n t  d u r in g  th e  

e v o l u t i o n  of th e  s p e c t r a .

I n  C h ap te r  4 , th e  image c o n v e r t e r  s t r e a k  cam era was d e m o n s t ra te d  to  

p o s s e s s  a dynamic r a n g e  of a b o u t  10  f o r  p ic o se c o n d  t im e  r e s o l u t i o n  and
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when used  w i th  an  image i n t e n s i f i e r ,  a g a in  o f  10^. Thus, th e  s t r e a k  

camera can be c o u p le d  to  th e  d i s p e r s e d  o u tp u t  o f  a s p e c t r o g r a p h  to  

p r o v id e  th e  main d i a g n o s t i c  f o r  h ig h  speed  s p e c t r o s c o p y .

Two com m ercial s t r e a k  cam eras  -  th e  E l e c t r o p h o t o n i c s  . L td  (EPL) 

and H adland P h o to n ic s  L td  Imacon 675 -  and t h r e e  g r a t i n g  s p e c t r o g r a p h s  

Spex and Monospek makes -  a r e  p ro v id e d  by t h e  SERC L a s e r  F a c i l i t y .  The 

d e s c r i p t i o n  and c a l i b r a t i o n  o f  th e s e  in s t r u m e n t s  a r e  d i s c u s s e d  i n  th e  

fo l lo w in g  s e c t i o n s .  S e t t i n g  up o f  th e  d i a g n o s t i c s  f o r  h ig h  speed  

s p e c t ro s c o p y  i s  th e n  o u t l i n e d .

5 .2  The S t r e a k  Cameras

F ig .  5 .1  shows th e  sc h e m a t ic  l a y o u t  o f  th e  EPL and Imacon 675 

s t r e a k  c a m e ra s . I t  can  be seen  t h a t  th e y  d i f f e r  p r i m a r i l y  i n  t h e i r  

i n t e n s i f i e r s ,  p o s s e s s in g  an  e l e c t r o m a g n e t i c a l l y  fo c u s s e d  i n t e n s i f i e r  

(EMI Type 9912) and a ch an n e l  p l a t e  i n t e n s i f i e r  (M ulla rd  5 0 /4 0 )  

r e s p e c t i v e l y .  A lth o u g h  n o t  shown in  th e  d ia g ra m s ,  th e y  a l s o  d i f f e r  i n  

t h e i r  e l e c t r o n i c  c i r c u i t s :  t h e  ramp v o l t a g e  i s  s u p p l i e d  by a  k r y t r o n  

(KN 22) and a h a rd  c e ra m ic  v a lv e  r e s p e c t i v e l y .  The c e ra m ic  v a lv e  can  be 

o p e r a t e d  w i th  a j i t t e r  o f  o n ly  ± 100 ps compared w i th  o v e r  ± 350 ps 

f o r  th e  k r y t r o n ,  which s i m p l i f i e d  th e  s y n c h r o n i s a t i o n  f o r  t h e  Imacon 

675 o v e r  th e  EPL cam era.

The p h o to c a th o d e  may be e i t h e r  S-1 (Ag-O-Cs) o r  8 -2 0 (  (Cs)Na2K Sb) 

w i th  s p e c t r a l  r e s p o n s e s  a s  shown in  F ig .  5 .2 .  For m o n i to r in g  th e  

i n c i d e n t  l a s e r  p u l s e  ( X = 1 .0 6  ym ) and th e  B r i l l o u i n  s c a t t e r i n g  

e x p e r im e n t  th e  S-1 tu b e  was u sed  f o r  i t s  i n f r a - r e d  r e s p o n s e .  However, 

the  S-20 tu b e  was p r e f e r r e d  f o r  th e  harm onic  e m is s io n  s t u d i e s  b ec a u se  

o f  i t s  h ig h e r  s e n s i t i v i t y  i n  th e  v i s i b l e  r a n g e .

5 .3  The C a l i b r a t i o n  o f  th e  S t r e a k  Cameras

The f o l lo w in g  s t r e a k  camera c a l i b r a t i o n s  were p e rfo rm e d :

i )  s p a t i a l  r e s o l u t i o n
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FIG. 5.2 - Spectral response curves for S-^ and S-20 
photocathodes. ( Reproduced from the RCA Photomultiplier 
Manual, Technical Series, PT-61, ^9 7 0. )
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i i )  sweep speed  and l i n e a r i t y  

i i i )  gamma c u rv e s  w i th  Kodak 2485 f i l m  

iv )  dynamic ra n g e

These m easurem ents  r e q u i r e  a s h o r t  p u l s e  i l l u m i n a t i o n  s o u rce  

w hich i s  p ro v id e d  by th e  o u tp u t  o f  a mode lo c k e d  dye l a s e r  (EPL Model 33) 

The l a s i n g  medium i s  Rhodamine 6G (R6G) and th e  mode lo c k in g  dye i s  3 3 ’ 

d ie th y lo x a d i c a r b o c y a n in e  i o d i d e  (DODCI) . The dye l a s e r  w a v e le n g th  

i s  betw een 5700 -  6100 ^  dep en d in g  on th e  c h a rg in g  v o l t a g e  and dye 

c o n c e n t r a t i o n  c o n d i t i o n s .  Each mode lo c k e d  p u ls e w id th  i s  ^  10 -  20 ps

and th e  p u l s e  s e p a r a t i o n  i n  th e  mode lo c k e d  t r a i n  i s  ^  4 n s .

The i n t e r p u l s e  s p a c in g  i s  too long  to  c a l i b r a t e  t h e  s t r e a k  r a t e s
-1

on th e  f a s t e r  sweep speeds  ( i . e . l  ns  cm -to 300 ps cm ) ,  hence  an 

a i r  gap é t a l o n  i s  u sed  to  p roduce  a t r a i n  of p u l s e s  w i th  f i x e d

s e p a r a t i o n  and d e c r e a s i n g  a m p l i tu d e  a s  shown in  F ig .  5 .4  ( i i ) . The

r e f l e c t i v i t i e s  o f  th e  é t a l o n  m i r r o r s  were m easured  w i th  a He -Ne l a s e r  

and a power m e te r  to  be a b o u t  70% ( r e p r e s e n t i n g  an  a t t e n u a t i o n  f a c t o r  

of 2 ) and th e  s e p a r a t i o n  o f  t h e  m i r r o r s  was m easured  a c c u r a t e l y  to  

w i th i n  5 p s .

A d d i t i o n a l l y ,  a Pockels c e l l  may be u sed  to  s w i tc h  o u t  a s i n g l e  

mode lo c k ed  p u l s e  t o  a v o id  e x p o s in g  th e  p h o to c a th o d e  to  a  long  c h a in  o f  

p u l  s e s .

5 . 3 . i )  S p a t i a l  R e s o lu t io n  M easurements

Both th e  s t a t i c  ( fo cu s  mode o p e r a t io n )  and dynamic ( s t r e a k  mode 

o p e r a t i o n )  s p a t i a l  r e s o l u t i o n s  w ere m easu red .  The l a t t e r  i s  d eg rad e d  

compared w i th  th e  fo rm er  s in c e  f o r  p u ls e d  o p e r a t i o n  th e  h ig h  i n t e n s i t y  

e f f e c t s  d i s c u s s e d  in  C h ap te r  4 a r e  im p o r ta n t .  Fo r b o th  m easurem en ts  th e  

s ta n d a rd  U .S. A ir  F o rce  r e s o l u t i o n  t e s t  p a t t e r n  i s  u s e d ,  c o n s i s t i n g  o f  

g roups  of v e r t i c a l  and h o r i z o n t a l  e q u isp a c e d  b a r s  d im in i s h in g  i n  w id th  

tow ards  th e  c e n t r e  o f  th e  c h a r t .  F ig .  5 .3  i )  shows th e  image p ro d u ced
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FIG. 5-3 i) - Focus mode picture of the Air Force test 
chart taken with Imacon S-20 camera on Kodak 2485 film.

P U L S E
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IM A CO N S 2 0A P ER TU R E

FIG. 5-3 ii) - Experimental arrangement for switching out 
a single modelocked pulse from a R6G dye laser for measuring 
the dynamic spatial resolution of the Imacon 8-20 camera.
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a t  th e  o u tp u t  phosphor o f  th e  i n t e n s i f i e r  on th e  Imacon S-20 cam era 

when th e  c h a r t  i s  u n i fo rm ly  i l l u m i n a t e d  by th e  d i f f u s e  l i g h t  from  a 

m ic ro sco p e  lamp.

The w hole a r e a  o f  th e  p h o to c a th o d e  i s  t e s t e d  a s  th e  e n t r a n c e  s l i t  

h as  been  rem oved. The image i s  r e c o r d e d  on Kodak 2485 f i l m ,  d ev e lo p ed  

i n  D 19 s o l u t i o n  f o r  5 m in u te s  a t  30°C to  g iv e  an ASA r a t i n g  o f  3000.

The s p a t i a l  r e s o l u t i o n  a t  th e  phosphor i s  30 l i n e  p a i r s  p e r  mm 

( Ip  mm where a l i n e  p a i r  i s  a d a rk  and l i g h t  b a r  t o g e t h e r .

To m easure  th e  dynamic s p a t i a l  r e s o l u t i o n  th e  p h o to c a th o d e  c u r r e n t  

must be o f  th e  o rd e r  t h a t  f lo w s  d u r in g  s t r e a k i n g .  H ence, a  s i n g l e  

s w i tc h e d  o u t  p u l s e  from  th e  mode lo c k e d  R6G dye l a s e r  i s  u sed  t o  

i l l u m i n a t e  th e  t e s t  c h a r t  a s  shown in  F ig .  5 .3  i i ) . As th e  image tu b e  

i s  c o n d u c t in g  o n ly  f o r  th e  d u r a t i o n  o f  t h i s  p u l s e ,  t h e  p h o t o c u r r e n t  i s  

com parab le  to  t h a t  f o r  s t r e a k i n g  and th e  w hole o f  th e  p h o to c a th o d e  i s  

s t i l l  v i s i b l e .  The r e s u l t  i s  r e c o rd e d  on Kodak 2485 f i l m ,  d ev e lo p ed  

as  b e f o r e ,  g iv i n g  a  dynamic s p a t i a l  r e s o l u t i o n  f o r  th e  Imacoii S-20 o f  

10  Ip  mm

5 .3  i i )  Sweep Speeds and L i n e a r i t y

F o r  th e s e  m easurem ents  th e  s t r e a k  cam era i s  o p e r a t e d  i n  t h e  s t r e a k  

mode and th e  e x p e r im e n ta l  a r ran g em en t  shown i n  F i g .  5 .4  i )  i s  u s e d .  To 

m easure  a w ide ra n g e  o f  sweep s p e e d s ,  é t a l o n s  o f  two d i f f e r e n t  s p a c in g s  

had to  be u sed  and t h e i r  d im en s io n s  a r e  summarised i n  F i g .  5 .4  i i ) .

F ig .  5 .4  i i i )  shows an  example o f  th e  s t r e a k  o b ta in e d  o f  th e  é t a l o n  p u l s e  

t r a i n  on Kodak 2485 f i l m  w i th  one o f  th e  mode lo c k e d  p u l s e s .

The sweep r a t e  can  th e n  be c a l c u l a t e d  from th e  known s e p a r a t i o n  o f  

th e  é t a l o n  m i r r o r s .  The c u rv e s  f o r  t h r e e  d i f f e r e n t  sweep r a t e s  f o r  th e  

Imacon 675 cam era a r e  shown in  F ig .  5 .5  ( th e  f i t  i s  th e  b e s t  f i t  by e y e ) .  

The n o n - l i n e a r i t y  i n  th e  cu rv e s  i s  m o s t ly  due to  th e  bad p in c u s h io n  

d i s t o r t i o n  of. th e  c h a n n e l  p l a t e  i n t e n s i f i e r .
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FIG. .̂4- - Streak camera calibrations using a modelocked 
dye laser and étalon, i) Experimental arrangement,
ii) Dimensions of étalons, iii) Imacon S-20 streak record: 
nominal sweep speed = 600 ps cm” ; pulse separation = 160 ps
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5 .3  i i i )  Gaimna Curves

The l i n e a r i t y  o f  th e  s t r e a k  c a m e ra s ’ i n t e n s i t y  r e s p o n s e  can  be 

m easured  from th e  same s t r e a k  p i c t u r e s  s in c e  th e  r a t i o  o f  th e  i n t e n s i t y  

o f  s u c c e s s iv e  é t a l o n  p u l s e s  i s  f i x e d  a t  an  a t t e n u a t i o n  o f  2. F i r s t l y ,  

th e  gamma cu rv e  o f  th e  Kodak 2485 f i l m  o n ly  i s  found by e x p o s in g  a 

c a l i b r a t e d  s t e p  wedge ( s t e p  a t t e n u a t i o n  of 2 ) d i r e c t l y  on to  a p i e c e  o f  

f i l m .  T h is  i s  th e  to p  cu rv e  marked by X’ s i n  b o th  F ig ,  5 .6  i )  and 

F ig .  5 .6  i i ) . The c u rv e s  marked by O 's  r e p r e s e n t  th e  e x p e r im e n ta l  v a lu e s  

d e r iv e d  from  th e  é t a l o n  s t r e a k  p i c t u r e s  f o r  th e  s t r e a k  cam era , i n t e n s i f i e r  

and f i l m  c o m b in a t io n s  f o r  th e  two com mercial s y s te m s .  I t  can  be s e e n  t h a t  

a t  h ig h  i n t e n s i t i e s  th e  r e s p o n s e  o f  b o th  s t r e a k  cam eras  i s  re d u c e d  due to  

n o n - l i n e a r i t i e s  i n  th e  s y s te m s .

5 .3  i v )  Dynamic Range M easurements

O verexposu re  o f  th e  p h o to c a th o d e  r e s u l t s  i n  p u l s e  b ro a d e n in g  (a s  

d i s c u s s e d  i n  C h ap te r  4) hence th e  u s e f u l  r a n g e  o f  i n t e n s i t i e s  w hich  can  

be i n c i d e n t  on th e  s t r e a k  cam eras m ust be fo u n d .

The Y c u rv e s  a r e  used  to  d e te rm in e  th e  w id th  o f  e a c h  p u l s e  i n  th e  

é t a l o n  t r a i n  r e c o r d i n g s  a t  i t s  h a l f  maximum i n t e n s i t y  p o i n t  (FWHM). The 

r a t i o  o f  t h e  m easured  p u l s e  d u r a t i o n  to  t h e  mean ( a c t u a l )  p u l s e  d u r a t i o n  

a t  low i n t e n s i t i e s ,  t ^ ’ /  t^  i s  p l o t t e d  a g a i n s t  lo g  i n t e n s i t y  ( i n  

a r b i t a r y  u n i t s )  a s  shown in  F ig .  5 .7 .  D e f in in g  th e  u p p e r  l i m i t  a s  th e  

p o i n t  where th e  p u l s e  b ro ad en s  by 20%, th e  dynamic ra n g e  o f  th e  FPL S-20 

= 10 and th e  Imacon S-20 = 1 6 .

5 .4  S t r e a k  Camera S y n c h ro n is a t io n

The u s e f u l  s t r e a k  l e n g t h  i s  4 .5  cm and t h i s  d e f i n e s  th e  te m p o ra l

window ■ o f  th e  s t r e a k  cam era , e . g .  tem pora l window = 4 .5  n s  f o r  sweep 
-1

speed  = I n s  cm . For th e  f a s t e s t  sweep s p e e d s ,  t h i s  means th e  s t r e a k  

camera must be c a r e f u l l y  s y n c h ro n is e d  w i th  th e  main l a s e r  p u l s e  to  r e c o r d  

th e  e v e n t .  The camera i s  t r i g g e r e d  by a p h o to d io d e  w hich r e c e i v e s  a

■ 72



3 .0

2.6

2 .4

2.0
a
z

z

X = Film  only 
G = Streak camera system

0.6

0 .4

0.2

100

LOG I (ARBITRARY UNIT)

( i )

3 .0

2.8

2.6

20
a
z

zUJ
a

0.8

0.6 X = Film  only 
o = Streak camera system0 .4

0.2

100

LOG I (ARBITRARY UNITS)

( i i )

FIG. 5.6 -  Gamma curves fo r  Kodak 2485 f i lm  and streak 
camera systems, i )  FPL camera, i i )  Imacon 675.
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p o r t i o n  o f  th e  l i g h t  from  e a r l y  on in  th e  a m p l i f i e r  c h a i n .  The c a b le  

d e la y  f rom  t h i s  p h o to d io d e  to  th e  s t r e a k  cam era  i s  th e n  a d j u s t e d  u n t i l  

th e  cam era  i s  s y n c h ro n is e d  w i th  th e  e v e n t .  —

5 .5  T im e-R eso lved  S p e c t ro s c o p y

F or t i m e - r e s o l v e d  s p e c t r o s c o p y ,  th e  s t r e a k  cam era  i s  c o u p le d  to  th e  

o u tp u t  o f  a s p e c t r o g r a p h  as  shown i n  F i g .  5 . 8 .  The s p e c tru m  i s  

d i s p e r s e d  a lo n g  th e  s t r e a k  cam era  s l i t ,  so t h e  r e s u l t  i s  t e m p o r a l ly  

r e s o l v e d  a lo n g  th e  d i r e c t i o n  o f  t h e  s t r e a k  and s p e c t r a l l y  r e s o l v e d  a lo n g  

th e  l i n e  o f  th e  s l i t .

The B r i l l o u i n  s c a t t e r i n g  e x p e r im e n t  (C h ap te r  6 ) u se d  a Monospek 

s p e c t r o g r a p h  ( f / 1 0 )  and th e  and 3u)^/2 ha rm on ic  s p e c t r a  w ere  d i s p e r s e d  

by two Spex  s p e c t r o g r a p h s  (b o th  f / 4 ) .  A l l  t h e s e  s p e c t r o g r a p h s  a r e  

r e f l e x i o n  g r a t i n g  s p e c t r o g r a p h s  o f  th e  C ze rn y -T u rn e r  d e s ig n  a s  shown 

i n  F ig .  5 . 9 .  The d i s p e r s i o n s  w ere  m easured  by e x p o s in g  th e  o u t p u t  o f  a 

m ercu ry  lamp t h r o u g h  eac h  s p e c t r o g r a p h  on to  Type 55 p o l a r o i d  f i l m .  These  

and th e  c h a r a c t e r i s t i c s  o f  e ac h  s p e c t r o g r a p h  a r e  l i s t e d  i n  T ab le  5 . 1 .

T ab le  5 .1 S p e c t ro g ra p h  C h a r a c t e r i s t i c s

S p e c t ro g ra p h G r a t in g  R u lin g F o c a l  L eng th D is p e r s io n

Monospek
- 1

600 l i n e s  mm 1 m 7^ mm ^

Spex A
-1

1 2 0 0  l i n e s  mm 0 .5  m 14& mm ^

Spex B 600 l i n e s  mm 0 .5  m I 2X mm ^

F o r  th e  harm on ic  e m is s io n  o b s e r v a t i o n s ,  th e  i n c i d e n t  l a s e r  p u l s e l e n g

100 p s ,  so h ig h  te m p o ra l  r e s o l u t i o n  ^  10 -  20ps i s  r e q u i r e d .  However,

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

from  a g iv e n  g roove  d i f f e r s ,  in  f i r s t  o r d e r ,  by one w a v e le n g th  from th e  p,

o f  a r a y  d i f f r a c t i n g  from  th e  a d j a c e n t  g ro o v e .  H ence, as  more l i n e s  o f  tl 

g r a t i n g  a r e  i l l u m i n a t e d  th e  s p r e a d  i n  tim e o f  th e  l i g h t  p u l s e  At i s
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g iv e n  by;

At = V -  1
cAA

For p ic o se c o n d  tim e  r e s o l u t i o n  th e  number o f  g rooves  i l l u m i n a t e d  

in  th e  g r a t i n g  m ust be r e s t r i c t e d .  T h is  can  be a c h ie v e d  b y .c h o o s in g  a 

s u i t a b l y  l a r g e  f-num ber f o r  th e  a p e r t u r e  o f  th e  i n p u t  o p t i c s  to  th e  

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

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

by the  e n t r a n c e  s l i t  w id th .  So, t h e r e  i s  a t r a d e - o f f  in  th e  te m p o ra l  

and s p e c t r a l  r e s o l u t i o n s  and t h e s e  a r e  chosen  i n  t h e  f o l lo w in g  

e x p e r im e n ts  to  be  n e a r  th e  l i m i t  AtAA 1 .

5 .6  Energy  M o n ito rs

F o r  th e  B r i l l o u i n  s c a t t e r i n g  e x p e r im e n t  th e  i n c i d e n t  and' b a c k -  

s c a t t e r e d .  e n e r g i e s  n e a r  th e  fu n d am e n ta l  f re q u e n c y  w ere m easured  by 

c a l o r i m e t e r s  em ploying s i l i c o n  PIN p h o to d io d e s  ( ty p e  SGD 040A ). These 

a r e  s e n s i t i v e  o v e r  a  s p e c t r a l  r a n g e  o f  0 .3 5  pm to  1 .1 3  pm ( 5 . 2 ) .  The 

c a l o r i m e t e r s  a r e  c a l i b r a t e d  a g a i n s t  an  a b s o rb in g  g l a s s  d i s c  c a l o r i m e t e r  

and th e  r e a d in g s  c o r r e c t e d  f o r  l o s s e s  a t  th e  b e a m s p l i t t e r ,  chamber window 

and le n s  s u r f a c e s  ( ^  4% l o s s  a t  each  r e f l e c t i n g  s u r f a c e ) .

The i r r a d i a n c e  i n c i d e n t  on th e  t a r g e t  i s  c a l c u l a t e d  by means o f  th e  

f o l l o w in g  fo rm u la ;

in c  ^ in c  o W atts  cm ^ V -  2
t ( s ) tt r  (cm )

where i s  th e  c o r r e c t e d  v a lu e  from th e  i n c i d e n t  e n e rg y  m o n i to r ;  T,

th e  i n c i d e n t  p u l s e l e n g t h  (FWHM) i s  m easured  from th e  S-1 s t r e a k  r e c o r d i n g s ;  

and r ,  th e  f o c a l  s p o t  r a d i u s  -  e s t im a te d  from  th e  x - r a y  p in h o le  camera
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p i c t u r e s .  T h is  f i g u r e  r e p r e s e n t s  an  a v e ra g e  i r r a d i a n c e  o v er  th e  

s u r f a c e  of th e  t a r g e t ;  n o n - u n i f o r m i t i e s  i n  th e  i l l u m i n a t i o n  o f  th e  

t a r g e t  may r e s u l t  in  i r r a d i a n c e s  g r e a t e r  th a n  th e  a v e ra g e  f i g u r e  by a 

f a c t o r  o f  3 in  " h o t  s p o t s " .

5 .7  D ata  A n a ly s is

The raw d a t a  c o n s i s t s  o f  in f o r m a t io n  on Kodak 2485 f i l m  w hich  l i e  

i n  th e  (tA) p l a n e .  T h is  i s  a n a ly se d  u s in g  a J o y ce  L oeb l m ic ro d e n s i to m e te r  

For g r e a t e r  e a s e  o f  a n a l y s i s ,  th e  SERC f a c i l i t y  a l s o  p r o v id e s  a 

m ic ro d e n s i to m e te r  w hich has  been  m o d i f ie d  so i t  can  be r u n  by i n s t r u c t i o n s  

from  th e  GEC 4080 com puter .  T h is  e n a b le s  2 -  D sc a n s  of th e  d a t a  to  be 

a u t o m a t i c a l l y  ta k e n  and th e n  p l o t t e d  to  p ro d u ce  a map o f  c o n s t a n t  d e n s i t y  

c o n t o u r s .  Program s a r e  p ro v id e d  to  p ro d u ce  s e c t i o n s  th ro u g h  th e  map 

a lo n g  e i t h e r  th e  T o r  A d i r e c t i o n s .  Examples o f  d a t a  t r e a t e d  i n  t h i s  

manner a r e  shown i n  F ig .  5 .1 0 .

O th e r  a d v a n ta g e s  o f  u s in g  a c o m p u te r is e d  sy s tem  in c lu d e  f a c i l i t i e s  

to  c o r r e c t  f o r  the  f i l m  c h a r a c t e r i s t i c s  and to  p e r fo rm  i n t e g r a t i o n s  i n  

t im e  and w a v e le n g th  w hich  can  be n o rm a l is e d  to  th e  en e rg y  m o n i to r  r e a d in g s .  

These a r e  used  i n  p a r t i c u l a r  to  a n a ly s e  th e  mode b e a t i n g  s h o t  d i s c u s s e d  

in  C h ap te r  6 , s e c t i o n  6 .
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CHAPTER 6

Time-Re so lv e d  S tu d ie s  o f  B r i l l o u i n  B a c k s c â t t e r  E m iss io n  from L a se r  

I r r a d i a t e d  S p h e r ic a l  T a rg e t s

6 .1  I n t r o d u c t i o n

The s t im u la t e d  B r i l l o u i n  s c a t t e r i n g  (SBS) i n s t a b i l i t y ,  d i s c u s s e d

in  C h ap te r  3, may pose  a s e r i o u s  l i g h t  s c a t t e r i n g  p rob lem  in  lo n g ,

u n d e rd en se  p la sm a s .  E x p e r im en ts  (6 .1  -  6 .3 )  have c o n f irm ed  t h a t  SBS

i s  p r e s e n t  f o r  p lasm a and l a s e r  p a r a m e te r s  o f  i n t e r e s t  t o  l a s e r  f u s i o n .

This  e x p e r im e n ta l  e v id e n c e  i s  rev ie w e d  i n  th e  n e x t  s e c t i o n .

In  t h i s  C h a p te r ,  an e x p e r im e n t  i s  p r e s e n te d  i n  w hich a lo n g  (1 .8  n s )

Nd l a s e r  p u l s e  was u sed  to  i r r a d i a t e  s p h e r i c a l  t a r g e t s  i n  a ra n g e  of

m a t e r i a l s  and s i z e s .  The l i g h t  b a c k s c a t t e r e d  th ro u g h  th e  main f o c u s s in g

l e n s  was s im u l ta n e o u s ly  s p e c t r a l l y  and te m p o ra l ly  r e s o l v e d ,  y i e l d i n g

e v id e n c e  o f  SBS. There  was a l s o  e v id e n c e  o f  th e  second harm onic (2w )o

e m is s io n  w hich  w i l l  be d i s c u s s e d  in  C h ap te r  7.

6 .2  Review o f  E x p e r im e n ta l  E v idence  f o r  SBS

T h e o r e t i c a l  p r e d i c t i o n s  show t h a t  f o r  long  p u l s e  e x p e r im e n ts ,  

a b s o r p t i o n  w i l l  be  re d u c e d  as  l i g h t  i s  r e f l e c t e d  b e f o r e  i t  can  r e a c h  

th e  c r i t i c a l  d e n s i t y  s u r f a c e  by SBS. E x p e r im en ts  s u p p o r t  th e s e  p r e d i c t i o n s  

For exam ple , Lawrence Livem ore L a b o ra to ry  r e p o r t  ( 6 .1 )  t h a t  when p l a s t i c  

d i s c s  a r e  i r r a d i a t e d  by 1 .0 6  ym l i g h t  ( <|) 'v. 3 x  10^^ t o  3 ' x 10^^ W cm ^) 

th e  a b s o r p t i o n  i s  red u ce d  by a f a c t o r  of 2 f o r  p u l s e  l e n g t h s  of 200-400 ps 

compared w i th  80 p s . M easurements o f  th e  s p e c t r a  o f  th e  r e f l e c t e d  l i g h t  

show f r e q u e n c y  s h i f t s  c o n s i s t e n t  w i th  B r i l l o u i n  s c a t t e r i n g .  S ubsequen t 

e x p e r im e n ts  w i th  p u l s e  l e n g th s  o f  th e  o r d e r  o f  1 ns ( 6 .2 )  and h ig h  Z 

t a r g e t s  have a l s o  i n d i c a t e d  a p p r e c i a b l e  B r i l l o u i n  s c a t t e r i n g .

In  th e  e x p e r im e n ts  of Ref 6 .2 ,  an  e s t i m a t e  o f  th e  c o ro n a l  te m p e ra tu re
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was made by a m easurem ent o f  th e  B r i l l o u i n  s h i f t .  The m easu red  f re q u e n c y  

s h i f t  a l s o  c o n ta in s  a D oppler  s h i f t ,  so to  s e p a r a t e  th e  two c o n t r i b u t i o n s ,  

th e  t a r g e t  i s  u sed  a t  b o th  norm al and 45° i n c i ^ n e e  to  th e  l a s e r  beam.

Then,

AA(0 ° )  = AA -  cos 0 ° AA
B D

AA(45°) = AA -  cos 45° AA
B D

. VI -  1

can be so lv e d  (where th e  s u b s c r i p t s  B and D r e f e r  t o  B r i l l o u i n  and

D opp ler  r e s p e c t i v e l y )  assum ing  th e  a b l a t i o n  v e l o c i t y ,  e l e c t r o n

te m p e r a tu r e ,  mean i o n i s a t i o n  s t a t e  and c r i t i c a l  d e n s i t y  do;,^ n o t  change

s i g n i f i c a n t l y  when th e  d i s c  i s  t i l t e d .  V alues  o f  T^ ^  5 keV f o r  0 =

3. X 10^^ W cm ^ and T^ 20 keV f o r  $ = 3 x 10^^ W cm ^ were o b ta in e d .

A l a r g e  u n d e rd e n se  p lasm a can a l s o  be c r e a t e d  by th e  u se  o f  a

p r e p u l s e .  R ip in  e t  a l  ( 6 .3 )  showed t h a t  th e  a d d i t i o n  o f  a p r e p u l s e

a p p ro x im a te ly  2 ns b e f o r e  a  main p u l s e  o f  75 ps  d u r a t i o n  i n c r e a s e s  th e

b a c k s c a t t e r  from  th e  main p u l s e  on a  p la n e  p l a s t i c  t a r g e t .  They a l s o

found  t h a t  th e  r e f l e c t e d  l i g h t  r a y s  r e t r a c e  t h e i r  p a th s  w hich i s  a

f e a t u r e  o f  B r i l l o u i n  s c a t t e r i n g .

Time r e s o l v e d  s p e c t r a  have been  o b ta in e d  by Gorbunov e t  a l  ( 6 .4 )

from  p la n e  p o ly e th y le n e  t a r g e t s  i r r a d i a t e d  by N d /g la s s  l a s e r  p u l s e s  of

5 ns d u r a t i o n s .  F or 3 x 10^^ W cm ^ , th e y  o b se rv e  a b ro ad en ed

l i n e  a p p ro x im a te ly  5 2  wide w i th  a 2 & r e d  s h i f t .  For ^ > 3 x 10^^
- 2

W cm , a b lu e  wing i s  o b se rv ed  w hich b ro ad en s  w i th  i n c r e a s i n g

14 -2i r r a d i a n c e  l a t e r  on in  th e  p u l s e .  For 0 ^  10 W cm , b o th  b lu e  and 

r e d  wings a p p e a r  s im u l ta n e o u s ly  w i th  o s c i l l a t i o n s  o f  p e r io d  'VD.7 ns i n  

i n t e n s i t y .

Gas j e t  t a r g e t s  have a l s o  been  u sed  f o r  s t u d i e s  o f  B r i l l o u i n  

b a c k s c a t t e r .  Ng e t  a l  u sed  a 35 ns CO  ̂ l a s e r  p u l s e  on a hydrogen  gas 

j e t  to  s im u la te  b o th  u n d e rd en se  (6 .5 )  and o v e rd en se  ( 6 . 6) c o n d i t i o n s .
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L arge  l e v e l s  C 30% with, s a t u r a t i o n  a t  60% ) o f  b a c k s c a t t e r  a r e  o b ta in e d

with, lo n g  Cl inm) s c a le le n g th .  p la sm a s ,  b u t  o n ly  a b o u t  18^30% w i th  s h o r t

s c a l e l e n g t h  p la sm a s .  S l a t e r  e t  a l  ( 6 .7 )  a l s o  u sed  a gas  j e t  t a r g e t

( d e n s i t y  g r a d i e n t  l e n g t h  50 ym) f o r  t h e i r  s h o r t  p u ls e  (100 p s )  N d /g la s s

l a s e r  e x p e r im e n t .  S p e c t r a  o f  th e  b a c k s c a t t e r e d  e m is s io n  d i s p l a y  th e

c h a r a c t e r i s t i c  r e d  s h i f t  o f  B r i l l o u i n .  T h is  s h i f t  o f  ^  4 2  rem ains

15 ‘ -2c o n s t a n t  f o r  a ra n g e  o f  i r r a d i a n c e s  up to  2 x 10 W cm , b u t  th e  

b a c k s c a t t e r e d  e n e r g i e s  i n c r e a s e  to  a s a t u r a t i o n  l e v e l  of 40% f o r  th e  

maximum i n c i d e n t  i n t e n s i t y .  A p e r i o d i c  f r e q u e n c y  s t r u c t u r e  i s  s een  in  

th e  h ig h  i n t e n s i t y  s h o ts  which m igh t have b een  due to  m u l t i p l e  B r i l l o u i n  

r e f l e c t i o n s .

6 .3  E x p e r im e n ta l  Method

The e x p e r im e n ta l  l a y o u t  i s  shown i n  F ig .  6 . 1 .  The N d /g la s s  l a s e r  

beam (E ^  < lOQ J  FWHM 1 .8  n s )  was fo c u s s e d  o n to  th e  s p h e r i c a l  t a r g e t s  

by an a s p h e r i c  d o u b le t  f / 1  l e n s .  The r a d i a t i o n  b a c k s c a t t e r e d  th ro u g h  

th e  main f o c u s s in g  l e n s  was imaged on to  th e  s l i t  o f  a 1 m Monospek 

g r a t i n g  s p e c t r o g r a p h  and th e  d i s p e r s e d  o u tp u t  o p t i c a l l y  co u p led  on to  an 

E l e c t r o p h o t o n ic s  L td  (EPL) s t r e a k  cam era, f i t t e d  w i th  an  S-1 p h o to c a th o d e .

A p o r t i o n  o f  th e  i n c i d e n t  l a s e r  beam was s u i t a b l y  d e la y e d  and a l s o  

d i r e c t e d  on to  th e  s p e c t r o g r a p h ,  th u s  p r o v id in g  a s im u l ta n e o u s  tem p o ra l  

and s p e c t r a l  r e f e r e n c e  as  w e l l  as  an i n c i d e n t  p u l s e  p r o f i l e .
- 1

The s t r e a k  camera was o p e r a t e d  a t  a sweep speed  of 2 ns  cm and an 

e n t r a n c e  s l i t  w id th  o f  100  ym, g iv in g  a b e s t  te m p o ra l  r e s o l u t i o n  o f  20  ps  

The e n t r a n c e  s l i t  w id th  of th e  s p e c t r o g r a p h  was 200 ym, and w i th  a 

d i s p e r s i o n  o f  7 £ mm  ̂ in  th e  o u tp u t  p la n e ,  t h i s  g iv e s  a s p e c t r a l  r e s o l u t i o n  

of 1. R. As d i s c u s s e d  in  C h ap te r  5, t h i s  imposed a r e s t r i c t i o n  on th e  

tem p o ra l  r e s o l u t i o n  ( e q u a t io n  V - 1 ) :

At = = 37 ps  VI -  2
cAX
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No f u r t h e r  l o s s  of s p e c t r a l  r e s o l u t i o n  was caused  by th e  s t r e a k

camera as th e  m a g n i f i c a t io n  from th e  s p e c t ro g ra p h  to  th e  s t r e a k  camera

was X 2. Hence, th e  n e t  s p e c t r a l  and tem pora l  r e s o l u t i o n s  of th e  system

were ^  1 R and 40 ps r e s p e c t i v e l y .  The s t r e a k  d a t a  w ere r e c o rd e d  on

Kodak 2485 f i lm  d eve lped  a t  30°C f o r  5 m in u te s .

The i n c i d e n t  and b a c k s c a t t e r e d  e n e r g ie s  a t  1 .06  ym were m on ito red

by th e  two c a l o r i m e t e r s  a s  shown in  F ig .  6 ,1 .

The t a r g e t s  were m ic ro b a l lo o n s  and m ic ro s p h e re s  in  two d i f f e r e n t

s i z e  c a t e g o r i e s  to  i n v e s t i g a t e  th e  e f f e c t  of d i f f e r e n t  s i z e d  un d erd en se

p lasm as: " s m a l l "  o f  70 -  90 ym d ia m e te r  and " l a r g e "  o f  210 -  250 ym

d ia m e te r .  The e f f e c t  o f  d i f f e r e n t  c o ro n a l  te m p e ra tu re s  on th e  s i z e  of

th e  u n d erd en se  plasm a was a l s o  i n v e s t i g a t e d  by u s in g  a range  o f  t a r g e t

238m a t e r i a l  Z; from p l a s t i c  to U in  th e  sm all  t a r g e t s  and from p l a s t i c

to  manganese -  n i c k e l  a l l o y  in  th e  l a r g e r  s i z e .

The f o c u s s in g  o f  th e  l a s e r  beam by th e  f / 1  le n s  was o n to  th e  c e n t r e

o f th e  s p h e r i c a l  t a r g e t s ,  so t h a t  a l l  r a y s  were c lo s e  to  normal in c id e n c e .

On th e  sm all t a r g e t s  th e  i r r a d i a n c e  f o r  a beam en erg y  of 100 J  was 
1 5 - 2

4 X 10 W cm and on th e  l a r g e r  t a r g e t s ,  th e  c o r re sp o n d in g  i r r a d i a n c e

14 -2was 5 .2  X 10 W cm

6.4  R e s u l t s

6 .4 .1  c a lo r im e t r y

The v a r i a t i o n  o f  th e  b a c k s c a t t e r e d  e n e rg y  a t  1 .0 6  ym w i th  i n c id e n t  

energy  i s  summarised in  F ig .  6 .2 .  The e r r o r  b a r s  r e p r e s e n t  u n c e r t a i n t i e s  

in  th e  in s t r u m e n ta l  c a l i b r a t i o n .  The l i g h t  s c a t t e r e d  o u t s i d e  th e  l e n s  

cone was n o t  measured so th e  a n g u la r  d i s t r i b u t i o n  o f  s c a t t e r e d  l i g h t  was 

n o t  d e te rm in e d .

I t  w i l l  be seen  from F ig .  6 .2 ,  t h a t  f o r  a f i x e d  t a r g e t  ty p e ,  th e  

f r a c t i o n  o f  energy  which i s  b a c k s c a t t e r e d  i n t o  th e  fo c u s s in g  le n s  rem ains  

f a i r l y  c o n s ta n t  over th e  l i m i t e d  ran g e  o f  i r r a d i a n c e  s t u d i e d .  Hence, no 

s a t u r a t i o n  o f  th e  b a c k s c a t t e r  l e v e l  i s  observed  as r e p o r t e d  by O ffen b e rg e r  

e t  a l  ( 6 .5 ) .
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For low Z t a r g e t s ,  sm all  m ic ro b a l lo n s  g e n e r a te  more b a c k s c a t t e r e d  

l i g h t  (20 -  25%) than  l a r g e  m ic ro b a l lo o n s  (10 -  15%) f o r  th e  same 

i n c i d e n t  en e rg y .  Both sm all  and l a r g e  t a r g e t s  of h ig h  Z m a t e r i a l  e x h i b i t  

l e s s  b a c k s c a t t e r  (30 -  40% l e s s )  compared w i th  th e  aluminium c o a te d  g la s s  

m ic ro b a l lo o n s .  These r e s u l t s  a r e  d is c u s s e d  in  S e c t io n  6 . 5 .1 .

6 .4 .2  w s p e c t r a l  s t r e a k s   0 £ -------------------------------------

Some t y p i c a l  tim e r e s o lv e d  s p e c t r a  o f  th e  b a c k s c a t t e r  a r e  shown 

in  F ig .  6 .3 .  They a r e  c h a r a c t e r i s e d  by an  i n i t i a l  b u r s t  < 250 p s  o f  b l u e -  

s h i f t e d  (< 5 £ ) e m is s io n ,  an  i n t e r v a l  o f  between 250 -  500 p s ,  fo l lo w ed  

by r e d - s h i f t e d  e m is s io n  w hich th e n  p e r s i s t s  th ro u g h o u t  th e  rem a in d er  of 

th e  l a s e r  p u l s e .  T h is  c o n t r a s t s  w i th  o b s e r v a t i o n s  ( 6 . 8 ) o f  th e  b a c k s c a t t e r  

tu r n in g  o f f  d u r in g  th e  i n c i d e n t  p u l s e .

However, a c u t - o f f  was ob se rv ed  in  th e  b e h a v io u r  o f  w em is s io n  from
o

14 -2low i r r a d i a n c e  (<10 W cm ) • s h o ts  on p la n e  b r a s s  t a r g e t s .  An example

of t h i s  i s  shown in  F ig .  6 .4 .  H ere , em is s io n  s p e c t r a l l y  b roadened  to

the  b lu e  o n ly ,  i s  g e n e ra te d  j-ust f o r  th e  b e g in n in g  o f  th e  i n c id e n t  p u l s e ,

w i th  a tu r n  o f f  o c c u r r in g  a f t e r  a b o u t 800 p s .

1 4 - 2At h ig h  i r r a d i a n c e s  (< 10 W cm ) sm all  s c a l e  tem pora l ( ^  80 p s )  

and s p e c t r a l  ( 'v* 2 R ) s t r u c t u r e  i s  o b s e rv e d .  S im i la r  b eh av io u r  has  been 

o b se rv ed  by T urner and Goldman (6 .9 )  in  t h e i r  time r e s o lv e d  s p e c t r a ,  

which th e y  a t t r i b u t e  t o  m u l t i p l e  B r i l l o u i n  s c a t t e r i n g s  o r  io n  a c o u s t i c  

wave harm onic g e n e r a t io n .

On a coup le  of o c c a s io n s ,  m o d u la tio n  o f  th e  i n c id e n t  p u ls e  due to  

mode b e a t in g  was o b se rv ed  w i th  c o r re s p o n d in g  m o d u la tio n  o f  th e  b a c k s c a t t e r e d  

em is s io n .  This  m o d u la tio n  i s  used  to  p ro v id e  in fo rm a t io n  on th e  B r i l l o u i n  

r e f l e c t i o n  c o e f f i c i e n t  f o r  d i f f e r e n t  s c a l e  l e n g th  p lasm as (see  s e c t i o n  

6 .5 .3 ) .
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i )  Shot No, 1 2 / 1 3 0 2 7 9

0  = 4 .2  X 10^^ W cm“ ^ 
Target:
250  ym A1 coated glass 
m icroba lloon . -

loA 
1.0642 -

10 A

1 0642  
|im

1.00ns

a) Incident Pulse

1.00ns

b) Brillouin Backscatter

Time

Time

i i )  Shot No. 1 5 / 1 3 0 2 7 9

0 = 9 . 1  X 10^^ V cm” ^ 
Target :
250  ym A1 coated glass 
m icroba lloon .

1 0642

1.00ns

a) Incident Pulse

1.00ns

b) Brillouin Backscatter

Time

10 A

I 064  2 
lim

Time

FIG. 6 . 5  -  Time reso lved ui backscattered spectra
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Brillouin B a c k s c a t t e r

o1.0642

1.00ns
► Time

FIG. 6.4 -  Time resolved backscatter from a plane brass 
ta rg e t. V cm” ^.
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6 .5  D is c u s s io n

6 .5 .1  w C a lo r im e t ry  -------------- e--------------------—

The h ig h  Z t a r g e t s  e x h i b i t  30 -  40% l e s s  b a c k s c a t t e r  than  th e

A l- c o a te d  g l a s s  m ic r o b a l lo o n s .  T h is  r e d u c t i o n  may be due to  th e  e f f e c t s

of  in c r e a s e d  a b s o r p t i o n  f o r  h ig h  Z t a r g e t s .  I n  th e  u n d e rd e n se  p lasm a

t h e r e  i s  c o m p e t i t io n  betw een s t im u la t e d  B r i l l o u i n  s c a t t e r i n g  and

i n v e r s e  b r e m s s t r a h lu n g ,  th e  l a t t e r  b e in g  more s i g n i f i c a n t  f o r  h ig h  Z

2
t a r g e t s  as  th e  c o e f f i c i e n t  o f  a b s o r p t i o n  i s  p r o p o r t i o n a l  to  Z . I f  th e  

s c a l e  l e n g t h  f o r  i n v e r s e  b re m s s t r a h lu n g  a b s o r p t i o n  i s  l e s s  th a n  t h a t  f o r  

B r i l l o u i n  s c a t t e r i n g  th e n  th e  s c a t t e r i n g  w i l l  be r e d u c e d .

A lso ,  th e  h ig h  Z m a t e r i a l  c a u s e s  i n c r e a s e d  l i n e  and continuum  

e m is s io n  w hich low ers  t h e  c o ro n a l  e l e c t r o n  te m p e r a tu r e .  However, t h i s  

has  to  be b a la n c e d  a g a i n s t  th e  in c r e a s e d  i n v e r s e  b r e m s s t r a h lu n g  a b s o r p t i o n  

b u t  i f  th e  e l e c t r o n  te m p e ra tu r e  i s  re d u c e d  th e  s m a l le r  e x p a n s io n  v e l o c i t y  

l e a d s  to  a s m a l le r  hydrodynam ic s c a l e  l e n g t h  and l e s s  b a c k s c a t t e r .

The s c a l e l e n g t h  in  th e  u n d e rd e n se  p la sm a  can  be e s t i m a t e d  (6 .1 0 )  

a s  th e  f o c a l  s p o t  d ia m e te r  o r  th e  io n  a b l a t i o n  v e l o c i t y  t im e s  th e  p u l s e  

d u r a t i o n ,  w h ich ev e r  i s  th e  s m a l l e r .  F o r  low Z t a r g e t s ,  t h e  l a r g e r  

d ia m e te r  t a r g e t s  e x h i b i t  v  50% l e s s  b a c k s c a t t e r  th a n  t h e  s m a l le r  d ia m e te r  

ones f o r  th e  same i n c i d e n t  e n e rg y .  T h is  i n d i c a t e s  t h a t  th e  re d u c e d  

i r r a d i a n c e  on th e  l a r g e r  d ia m e te r  t a r g e t s  r e s u l t  i n  low er e l e c t r o n  

te m p e r a tu r e s ,  th u s  r e d u c in g  th e  s c a l e l e n g t h  and hence  th e  b a c k s c a t t e r  

d e s p i t e  th e  l a r g e r  i r r a d i a t e d  s u r f a c e .

6 .5 .2  w S p e c t r a l  S t r e a k s  -------------- 0— c-------------------------

The re d  s h i f t  of th e  b a c k s c a t t e r e d  r a d i a t i o n  d u r in g  most o f  th e  

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

t h a t  th e  e a r l y  s h o r t  b lu e  s h i f t e d  component i s  due to  s p e c u la r  r e f l e c t i o n  

from th e  i n i t i a l l y  s t e e p ,  moving d e n s i t y  s t e p  n e a r  th e  c r i t i c a l  l a y e r  

w i th  no B r i l l o u i n  s c a t t e r i n g  a t  t h i s  e a r l y  t im e .  W ith th e  e v o l u t i o n  o f



th e  u n d e rd en se  p la sm a , th e  o n s e t  o f  B r i l l o u i n  s c a t t e r i n g  and in v e r s e

b re m s s t r a h lu n g  a b s o r p t i o n  combine to  c u t  o f f  t h i s  s p e c u la r  r e f l e c t i o n .

Towards th e  end o f  th e  l a s e r  p u l s e  t h e r e  i s  a l a r g e  u n d e rd e n se  plasm a

where th e  flow  v e l o c i t y  i s  m a in ta in e d  ( 6 . 1 1 ) ,  b u t  th e  i n c i d e n t

i r r a d i a n c e  i s  low er th an  a t  th e  p eak .  Hence, th e  B r i l l o u i n  component

i s  red u ce d  b u t  th e  D oppler  component i s  c o n s t a n t ,  r e s u l t i n g  in  a g r a d u a l

d e c r e a s e  in  th e  o v e r a l l  r e d  s h i f t .  T h is  b e h a v io u r  i s  a l s o  o b se rv e d  by

Gorbunov e t  a l  ( 6 .4 )  and R ip in  e t  a l  ( 6 . 3 ) .

The c o ro n a l  e l e c t r o n  te m p e ra tu re  can  be e s t i m a t e d  from  th e  s p e c t r a l

s h i f t  by u s in g  e q u a t io n  I I I - 2 8  and th e  Lawrence L ivem ore r e s u l t  ( 6 .2 )

t h a t  th e  Mach number f o r  th e  f lo w  i s  0 .8 2 .  U n f o r tu n a t e ly ,  t h i s  shows

t h a t  a m easurem ent o f  t h e  r e f l e c t e d  sp e c tru m  i s  n o t  a good i n d i c a t o r

o f  T in  th e  u n d e rd e n se  p lasm a b e ca u se  o f  th e  c l o s e  c a n c e l l a t i o n  of th e  e

two c o n t r i b u t i o n s  to  th e  w a v e le n g th  s h i f t .

Taking an a v e ra g e  v a lu e  from th e  h ig h  i r r a d i a n c e  s h o t s  of th e  

A l - c o a te d  g l a s s  m ic ro b a l lo o n s  o f  AÀ = 5 2  , we h av e :

Te

10640

AX /  c A m
X  ̂ [  2 (M-1) I  Z F

/ _ c _ _ \  ^ ft  
( ,2 . - 0 . i s )  Z

o 

5

Where M = 0 .8 2

m = p r o to n  mass 
P

Taking  A/Z = 2, t h i s  g iv e s  an e l e c t r o n  te m p e ra tu re  o f  3 .2  keV and

7 - 1a sound speed  o f  4 x 10 cm s . Rosen e t  a l  ( 6 .2 )  c a l c u l a t e d  a 

te m p e ra tu r e  o f  20 ± 10 keV from  t h e i r  B r i l l o u i n  s h i f t s .  U sing the  

s c a l i n g  a d o p ted  in  Ref 6 .2

I  .  z2 /5e
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The d a t a  o f  Ref 6 .2  f o r  go ld  (Z — 58) t a r g e t s  im ply a te m p e ra tu r e  f o r  

g l a s s  m ic r o b a l lo o n s  of

Te
2 /5 20 keV = 6 ,9  ± keV

which i s  in  agreem en t w i th  ou r  r e s u l t .

6 .5 .3  A n a ly s is  o f  Mode B e a t in g  Shot

F ig .  6 .5  shows a s h o t  w hich e x h i b i t s  s t r o n g  mode b e a t i n g ,  w i th  

fo u r  s e p a r a t e  p u l s e s ,  each  o f  a b o u t  200 ps  FWHM. T h is  was a n a ly s e d  

by p e r fo rm in g  i n t e g r a t i o n s  i n  t im e  and w a v e le n g th  f o r  th e  s t r e a k  

r e c o r d ,  th e n  n o r m a l i s in g  to  th e  c o r r e s p o n d in g  c a l o r i m e t e r  m easurem ents  

t o  o b t a i n  t h e  en e rg y  c o n ta in e d  i n  e a c h  b e a t  o f  b o th  th e  i n c i d e n t  and 

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

e n e r g i e s  g iv e  th e  r e f l e c t i v i t i e s  f o r  e a c h  b e a t  a s  shown i n  T ab le  6 .1 .

T ab le  6 .1  R efl e c t i v i t i e s  and s e a l e l e n g t h s  f o r  Mode B e a t in g  Shot

P u l s e 1 2 3 4

R e f l e c t i v i t y (%) 6 16 99 ^ 1 0 0

S c a le  l e n g t h (ym) 13 23 159 159

The f r a c t i o n  o f  b a c k s c a t t e r  a s s o c i a t e d  w i th  th e  f i r s t  two b e a t s  

i s  sm all  ( < 2 0 %) b u t  i n c r e a s e s  d r a m a t i c a l l y  f o r  th e  l a s t  two b e a t s  

to  a b o u t  100%. The b a c k s c a t t e r  f r a c t i o n  g r e a t e r  th a n  u n i t y  i s  

a t t r i b u t e d  to  u n c e r t a i n t i e s  i n  th e  f i l m  c a l i b r a t i o n  and to  th e  l i m i t e d  

dynamic ran g e  ( ^  10  ) o f  th e  s t r e a k  cam era .

D e n s i ty  s c a l e  le n g th s  may be e s t im a te d  from  t h e  m easured  

r e f l e c t i v i t y  by u s in g  th e  s im p le  n o n - l i n e a r  model d e s c r ib e d  by K ruer 

(6 .1 2 )  where th e  io n  waves a r e  l i m i t e d  by io n  t r a p p i n g .  He o b t a i n s  

f o r  th e  r e f l e c t i o n  c o e f f i c i e n t :
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FIG. 5.5 -  Modulated B r i l lo u in  backscatter re s u lt in g  from 
temporal s tru c tu re  (modebeating) in  the in c id e n t pulse.
a) Isodens ity  contour map o f backscatte r.
b) Isodens ity  contour map o f in c id e n t pulse.
c) M icrodensitometer trace o f in c id e n t pulse.
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r  -  c 1 -  ) ■ VI -  3

1 + B̂

where S = e and 9 = a  L 6n
n e

The a m p l i tu d e  o f  th e  io n  wave as  l i m i t e d  by io n  t r a p p i n g  i s :

S n  = 1 { ( 1 + _ ( | _ T i  ) l / 2  }2  VI -  4
n 2 e ee

Assuming «  Z and p u t t i n g  T^/T^ = 10, th e  maximum v a l u e  of

—  i s  'V' 12%. Taking  ^  = 0 . 1  ( r e f  6 .3 )
^e ^CR

we h a v e .

a  = 0 .166  and 0 = 0 .0199  ( ^  )
A ^o

^  0 .0199  = I n  { ( 2 Vr } VI -  5
o

F o r  a neodymium l a s e r .

L = 2 6 .6  ym In  , 1 + / r  v VI -  6

which i s  p l o t t e d  in  F ig .  6 . 6 ,

U sing  t h i s  m odel,  t h e  d e n s i t y  s c a l e  l e n g t h s  f o r  e a c h  o f  b e a t s  a r e  

c a l c u l a t e d  and t h e s e  a r e  a l s o  shown i n  T ab le  6 . 1 .  The jump i n  s c a l e
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FIG. 6.6 - Density scalelength as a function of 
reflectivity with the density fluctuation limited 
by ion trapping.
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l e n g t h  be tw een  th e  second and t h i r d  p u l s e s  may be due to  th e  tu r n in g

o f f  o f  th e  ponderom otive  f o r c e ,  s in c e  th e  i r r a d i a n c e  d ro p s  from 

15 - 27 .2  to  1 .9  X 10 W cm betw een  th e  two p u l s e s ,  th e  l a t t e r  v a lu e  

b e in g  c l o s e  to  th e  t h r e s h o l d  f o r  p r o f i l e  m o d i f i c a t i o n  ( 6 .1 3 ) .

The c a l o r i m e t r y  shows no s a t u r a t i o n  l e v e l .  The *^100% r e f l e c t i v i t y  

f o r  th e  l a s t  two b e a t s  a r e  in  ag ree m en t w i th  t h e  p r e d i c t i o n  by Evans 

( 6 .1 4 ) ,  t h a t  i f  B r i l l o u i n  s c a t t e r i n g  i s  o n ly  l i m i t e d  by io n  t r a p p i n g ,  

a 1 .0 6  ym l a s e r  would p ro d u ce  1 0 0 % b a c k s c a t t e r  g iv e n  a  l a r g e  enough 

volume o f  u n d e rd e n se  p la sm a .

6 . 6  C o n c lu s io n

The main f e a t u r e s  o f  th e  d a t a  r e p o r t e d  h e re  a r e  b ro a d ly  

c o n s i s t e n t  w i th  m ost r e p o r t s  (6 .1  -  6 . 7 ) .  They a r e :

( i )  The r e d  s h i f t  i n  th e  s p e c t r a  w hich i s  i n t e r p r e t e d  a s  e v id e n c e  

,  o f  B r i l l o u i n  s c a t t e r i n g .

( i i )  Complex s t r u c t u r e  i n  t im e  and w a v e le n g th .R e f .  6 .7  has

s u g g e s te d  m u l t i p l e  B r i l l o u i n  s c a t t e r i n g s  f o r  ( i i ) ,  b u t  no 

s a t i s f a c t o r y  t h e o r e t i c a l  models, e x i s t  a t  p r e s e n t  w hich  e x p l a i n  

th e  d a t a  in  d e t a i l .

O ther  f e a t u r e s  do n o t  show such  good ag reem en t b u t  in  most 

o f  th e  c o n f l i c t i n g  r e p o r t s  th e  e x p e r im e n ta l  c o n d i t i o n s  were 

d i f f e r e n t  from th e  p r e s e n t  w ork.

( i i i )  The e m is s io n  i s  o b s e rv e d  to  p e r s i s t  f o r  t h e  d u r a t i o n  of  th e  

i n c i d e n t  p u l s e .  T h is  i s  c o n s i s t e n t  w i th  th e  r e s u l t s  o f  R e f .

6 .1 5  where s i m i l a r  c o n d i t i o n s  e x i s t e d  i . e .  ^  ^  100 J^T ^  900 ps 

However, R ef. 6 . 8  r e p o r t s  a c u t  o f f  w hich i s  a t t r i b u t e d  to  

p r o f i l e  m o d i f i c a t i o n  cau sed  by th e  ponderom otive  f o r c e .

( iv )  The r e d  s h i f t e d  e m is s io n  o c c u rs  a b o u t 300-600 ps a f t e r  th e  .

b e g in n in g  o f  th e  l a s e r  p u l s e .  T h is  amount o f  tim e i n d i c a t e s  th e  

d e la y  r e q u i r e d  b e f o r e  s u f f i c i e n t l y  long  d e n s i t y  s c a l e  l e n g th s  

ev o lv e  i n  th e  u n d e rd en se  p lasm a f o r  th e  o n s e t  o f  th e  B r i l l o u i n

i n s t a b i l i t y .  95



(y) The c a l o r i m e t r y  d a t a  e x h i b i t  l e s s  b a c k s c a t t e r  f o r  h ig h  Z t a r g e t s  

c o n t r a s t i n g  w i th  th e  c o n c lu s io n s  of R ef .  6 ,3  who found l i t t l e  

d i f f e r e n c e  betw een th e  s c a t t e r i n g  c h a r a c t e r i s t i c s  of low and h ig h  Z 

t a r g e t s .  They a t t r i b u t e  t h i s  to  th e  f a c t  t h a t  atoms a r e  h ig h l y  

s t r i p p e d  i n  th e  h o t  p lasm a c o ro n a  w hich  w i l l  t h e r e f o r e  expand w i th  

s i m i l a r  sp eed s  l e a d in g  to  com parab le  s c a l e  l e n g th s  i n  th e  u n d e r 

d en se  p lasm a f o r  a wide ra n g e  of Z. However, R ef .  6 .3  u s e s  a- 

p r e - p u l s e ,  u n l i k e  h e r e .

( v i )  No s a t u r a t i o n  i s  o b s e rv e d  f o r  th e  b a c k s c a t t e r .  A n a ly s i s  o f  a

mode b e a t i n g  s h o t  g iv e s  ^1 0 0 % r e f l e c t i v i t i e s  f o r  s c a l e  l e n g t h s  o f  

• 160 ym. A jump i n  th e  im p l ie d  s c a l e  l e n g t h s  be tw een  th e  second

and t h i r d  p u l s e  may be due to  a t u r n  o f f  i n  th e  p onderom otive  

p r e s s u r e .

( v i i )  E s t im a te s  of th e  c o ro n a l  t e m p e r a tu r e s  and d e n s i t y  s c a l e  l e n g t h s

have b een  made u s in g  s im p le  m o d e ls .  The e s t i m a t e  o f  t h e  e l e c t r o n

te m p e ra tu r e  a g r e e s  w i th  th e  s c a l i n g  g iv e n  i n  R e f .  6 .2  i . e .

T Z^^^, e
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CHAPTER 7

Tim e-R esolved  S tu d ie s  of Second Harmonic ( 2o3 ) E m iss io n  from L a se r
------------------------------------------------------------------------------------------------------------------------------------------------------- e -------------------------------------------------------------------------

I r r a d i a t e d  S p h e r i c a l  T a rg e ts

7 .1  I n t r o d u c t i o n

Near th e  c r i t i c a l  d e n s i t y  (n ) s u r f a c e ,  second harm onic  e m is s io n

can a r i s e  from th e  i n t e r a c t i o n  o f  a p lasm on, , w i th  an i n c i d e n t ,

s c a t t e r e d  o r  r e f l e c t e d  p h o to n .  Much o f  th e  th e o ry  of 2o)  ̂ harm onic  

g e n e r a t io n  i s  d e s c r ib e d  by th e  work o f  E ro h k in  e t  a l  (7 .1  -  7 . 2 ) ,

V inogradov and P u s ta lo v  ( 7 . 3 ) ,  and Krohlcin e t  a l  ( 7 . 4 ) .  The u s u a l  wave

m a tch in g  c o n d i t i o n s  must be s a t i s f i e d : ' :

w' + w" = w -,

 ̂ V II  -  1
k '  + k" = k

where w = wave f r e q u e n c i e s  and k = wave v e c t o r s  o f  th e  c o a l e s c in g  

and d a u g h te r  w aves. For an inhomogeneous p la sm a , th e  m a tch ing  c o n d i t i o n s  

can  o n ly  be s a t i s f i e d  l o c a l l y .  For a homogeneous, i s o t r o p i c  p la sm a , one ,  

a t  l e a s t ,  o f  th e  two i n t e r a c t i n g  waves m ust be a l o n g i t u d i n a l  wave.

t '  + %' ^  t  V II  -  2

I '  + %" ^  t  VII -  3

where t  = t r a n s v e r s e  and %. = l o n g i t u d i n a l  o s c i l l a t i o n s .

The mechanisms r e s p o n s i b l e  f o r  th e  g e n e r a t i o n  of p lasm a waves w i th  

f re q u e n c y  n e a r  n^^  a re  examined below .

7 .2  O blique  In c id e n c e  G e n e ra t io n

The plasm on g e n e ra te d  by re s o n a n c e  a b s o r p t i o n  ( s e c t i o n  3, C h ap te r  3)

can c o a l e s c e  w i th  a pho ton  ( 7 ' + t ' ) o r  a n o th e r  plasm on (%' + V') to  g iv e

r i s e  to  2w^ e m is s io n .  T h is  mode of second harm onic g e n e r a t io n  can  o n ly
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o c c u r  u n d e r  th e  same c o n d i t i o n s  as  r e s o n a n c e  a b s o r p t i o n  i . e .  i t  a l s o  

r e q u i r e s  a p - p o l a r i s e d  wave a t  o b l iq u e  in c id e n c e .  The a n g u la r  

v a r i a t i o n  o f  th e  second harm onic e m is s io n  sh o u ld  a l s o  fo l lo w  th e  G inzburg  

a b s o r p t i o n  cu rv e  (7 .5 )  i . e .  a maximum i s  r e a c h e d  f o r  an  optimum a n g le  

o f  in c id e n c e  g iv e n  by:

= ( ^  )^^3  s in ^ e  -  0 .6  V I I -4

The i n t e n s i t y  of th e  second harm onic  e m is s io n  sho u ld  a l s o  i n c r e a s e  

q u a d r a t i c a l l y  w i th  th e  i n t e n s i t y  of th e  i n c i d e n t  r a d i a t i o n .

T h is  mode o f  g e n e r a t i o n  i s  e x p e c te d  to  dom inate  a t  weak i r r a d i a n c e s  

below  th e  t h r e s h o l d  f o r  th e  p a r a m e t r i c  d ecay  i n s t a b i l i t y .

7 .3  The S i l i n  Model ( 7 .4 )

At h ig h e r  i r r a d i a n c e s ,  ex c e e d in g  th e  p a r a m e t r i c  decay  t t e e s h o l d ,

t h i s  i n s t a b i l i t y  can  e x c i t e  e l e c t r o n  o s c i l l a t i o n s  w i th  f re q u e n c y  03̂  -  O)̂

n e a r  n „  as d e s c r ib e d  in  S e c t io n  3 . 4 . 1 .  . The 2w harm onic  can
Cj K. o

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

wave w i th  an i n c i d e n t  o r  r e f l e c t e d  e l e c t r o m a g n e t i c  wave. The second 

harm onic  component w i l l  be s h i f t e d  in  f re q u e n c y  to  th e  re d  by an amount 

eq u a l  to  th e  f r e q u e n c y  of th e  io n  a c o u s t i c  wave, , g e n e r a te d  by th e

p a r a m e t r i c  decay  i n s t a b i l i t y :

Ao) = 2co -  2uj = (JÜ. V II  -  5o l a

where w. = k .  cl a  l a  s

k .  = wave number o f  io n  a c o u s t i c  wavel a

c = sound v e l o c i t y  i n  th e  p lasm as

Near th e  ne ighbourhood  of n , th e  wave v e c t o r  o f  th e  pump, k i s
CR —o

v e ry  s m a l l ,  hence i t  can  be shown:
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k. I = ,/3 CO /c  
—l a  o

F u r th e rm o re ,  th e  e q u a t io n  w c = co . v c o n n e c ts  th e  v e l o c i t y
O  S  L i 1  L i l

of t h e  sound waves and th e  th e rm al v e l o c i t y  of th e  e l e c t r o n s ,  where 

i s  th e  Langmuir io n  f r e q u e n c y ,  hence :

^  ^ L i  - t h  VII -  6c

T his  c a l c u l a t i o n  f o r  th e  f r e q u e n c y  s h i f t  o f  th e  2co component does 

n o t  ta k e  i n t o  a c c o u n t  th e  n o n - l i n e a r  e f f e c t s  a s s o c i a t e d  w i th  th e  e l e c t r o n  

o s c i l l a t i o n  in  th e  e l e c t r i c  f i e l d  of t h e  wave. T h is  c a u s e s  a c o r r e c t i o n  

w hich becomes im p o r ta n t  a t  h ig h e r  i r r a d i a n c e s  where i t  i s  n e c e s s a r y  to  

u se  th e  n o n - l i n e a r  d i s p e r s i o n  r e l a t i o n  f o r  th e  io n  a c o u s t i c  w aves.

0). = k .  (c  2 V ^ . 1 / 2  V II  -  7l a  l a  s 4m. A OJ os )1 o

in  w hich  v i s  th e  o s c i l l a t i o n  v e l o c i t y  of e l e c t r o n s  i n  th e  e l e c t r i c  os

f i e l d  o f  th e  i n c i d e n t  wave, and Aw  ̂ th e  d i f f e r e n c e  i n  th e  f re q u e n c y  of 

th e  l a s e r  wave and th e  l o c a l  p lasm a f r e q u e n c y :

Aw (x) = w -  w (x)o o p

= W X

° 2L

Aw (x) = 1 w ) 2 /3  - V II -  8
O IT o LW

I  o

where x c o r re s p o n d s  to  th e  d i s t a n c e  be tw een  th e  c r i t i c a l  l a y e r  and th e  

r e g i o n  o f  the  p lasm a where th e  e l e c t r i c  f i e l d ,  d e s c r ib e d  by an A iry  

f u n c t i o n ,  i s  a maximum.

The d is p la c e m e n t  to  th e  r e d  of th e  second harm onic  i s  th e n :
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Aü) = /3  ^  ^  5 7 7 % ,
C  1 0  * ^

Au = /3  u , . ,, V... , 2  ^ 1 V  ^ w . 1 / 2  V II -  9L ,  {( - t h  ) + 4 - g s
C  o

Comparing t h i s ' t o  e q u a t io n  V II  -  6 , i t  can  be seen  t h a t  t h i s  i s  

th e  same e x p r e s s io n  w i th  th e  a d d i t i o n  of a second te rm  w hich  i s  th e  

c o r r e c t i o n  te rm  f o r  h ig h e r  f l u x .

T h is  d is p la c e m e n t  can  be e x p re s s e d  a s  a f u n c t i o n  of th e  fu n d am e n ta l  

p lasm a p a r a m e te r s :  th e  l o c a l  g r a d i e n t  l e n g t h  L, and th e  i r r a d i a n c e  0 a t  

th e  c r i t i c a l  d e n s i t y  l a y e r ,  by u s in g  th e  fo l lo w in g  r e l a t i o n :

V = e E V II -  10

o

*  1/2
^  (— ) VI: -  "

O O

2 2 / 3
g i v i n g .  Au -  /3  0)^.  ̂ ( v^^  )2  ^ 1 e L - .  $ } l / 2  V II-1 2

° ^ e m e '  uo o

For N d /g la s s  r a d i a t i o n ,  e q u a t io n  V II  -  12 can be r e p r e s e n t e d  i n  more 

p r a c t i c a l  u n i t s :

AX = AU X, .  ( Z ) l / 2 (  20T + 7 x  ̂ I  ^2 /3  j  1 /2
4W A e Ao • o

V II -  13

where th e  r e d  s h i f t  AX i s  in  S

e l e c t r o n  te m p e ra tu re  T^ in  keV •
-2

i r r a d i a n c e  & in  W cm

A i s  th e  a tom ic  number o f  th e  t a r g e t  m a t e r i a l  

Z i s  th e  ch a rg e  o f  th e  t a r g e t  m a t e r i a l
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A casca d e  p ro c e s s  can  ensue  w hereby th e  p a r a m e t r i c a l l y  c r e a t e d  

p lasm a wave can decay  i n t o  a n o th e r  p lasm a wave and an  io n  a c o u s t i c  

wave :

e . g .  CO w + w.o p l a

CÜ ->■ CÜ , + w . p p ’ l a

w , w „ + ÜÜ. and so on,
P P l a

Second harm onic e m is s io n  can  be g e n e r a te d  by th e  i n t e r a c t i o n  o f  

an e l e c t r o m a g n e t i c  wave w i th  a s u b s i d i a r y  p lasm a wave:

W + CÜ , 2Cl) ' + w . o p  l a

0) + (jL) ,1 2w" + w. jo p l a  and so on.

Hence th e  sp ec tru m  of th e  second harm onic w i l l  b roaden  tow ards  t h e

r e d ,

7 .4  The C a i rn s  Model

The C a irn s  model ( 7 .6 )  shows t h a t  a t  h ig h  i r r a d i a n c e s  th e  sp ec tru m  ■ 

o f  p lasm a waves g e n e ra te d  by th e  r e s o n a n c e  a b s o r p t i o n  p ro c e s s  can  be 

b roadened  v i a  an io n  sound wave, w i th  a c o r r e s p o n d in g  b ro a d e n in g  in  

th e  second harm onic  sp ec tru m .

In  a s t a t i o n a r y  d e n s i t y  p r o f i l e ,  th e  r e s o n a n c e  a b s o r p t i o n  p ro c e s s  

w i l l  o n ly  p roduce  plasm ons a t  th e  same f r e q u e n c y  as th e  i n c i d e n t  

r a d i a t i o n .  However, io n  a c o u s t i c  waves may be  g e n e ra te d  in  th e  v i c i n i t y  

of th e  c r i t i c a l  s u r f a c e  by v a r io u s  m echani sms e . g .  h e a t  f l u x  i n s t a b i l i t i e s  

An io n  a c o u s t i c  wave p ro p a g a t in g  th ro u g h  th e  c r i t i c a l  s u r f a c e  can  le a d  

to  a c o u p l in g  o f  th e  i n c i d e n t  r a d i a t i o n  to  p lasm a w aves, whose f re q u e n c y
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d i f f e r s  from t h a t  of th e  i n c i d e n t  wave by i n t e g r a l  m u l t i p l e s  o f  th e  io n  

a c o u s t i c  f r e q u e n c y .

For s u p e r s o n ic  f lo w  o f  th e  p lasm a th ro u g h  th e  c r i t i c a l  s u r f a c e ,  

th e  io n  a c o u s t i c  wave p ro p a g a te s  o u tw a rd s ,  so t h a t  en e rg y  i s  • 

p r e f e r e n t i a l l y  t r a n s f e r r e d  to  th e  low er f r e q u e n c y  com ponents . T h is  

l e a d s  to  a b ro a d e n in g  of th e  sp ec tru m  to  th e  r e d .

C a irn s  has  d e r iv e d  th e  f o l lo w in g  s e t  of e q u a t io n s  d e s c r i b i n g  th e  

g e n e r a t i o n  and c o u p l in g  of  a s e t  o f  p lasm a waves a t  f r e q u e n c i e s  

d i f f e r i n g  from  th e  l a s e r  f r e q u e n c y  by m u l t i p l e s  o f  th e  io n  a c o u s t i c  

f r e q u e n c y ,  :

dy

(+ d r i v i n g  term ) V II  -  14

where th e  d r i v i n g  te rm  i s  th e  h ig h  f r e q u e n c y  o s c i l l a t i o n  f i e l d  a lo n g

th e  d e n s i t y  g r a d i e n t  p roduced  by an o b l i q u e l y  i n c i d e n t  component o f

2 2 2th e  l a s e r  r a d i a t i o n ;  g = 3 v^ /w L and , th e  wave number of

th e  io n  a c o u s t i c  wave, i s  ta k e n  to  be in  u n i t s  o f  1 /L .  I f  th e  e l e c t r o n  

te m p e ra tu r e  i s  in  keV and th e  s c a l e  l e n g t h  L i s  i n  u n i t s  o f  2ttc/ w, then:

3 -  1 .5  X lo " ^  T /L^ V II  -  15e

The s o l u t i o n  of e q u a t io n  V II -  14 depends on 3, 6 , w . /w and k .l a  l a

However, n u m e r ic a l  r e s u l t s  i n d i c a t e  t h a t  th e  s o l u t i o n  i s  i n s e n s i t i v e  to

changes in  F ig .  7 .1  shows a number of s p e c t r a  p l o t t e d  f o r  f i x e d

v a lu e s  of 3 and E b u t  w i th  k^^  v a r y in g .  Near th e  c r i t i c a l  d e n s i t y

2 - 1 / 3s u r f a c e ,  Manheimer and K le in  (7 .7 )  have shown t h a t  k .  7T 3 ,
. l a  j

which g iv e s  t h e  v a lu e  39 .5  f o r  th e  p a ra m e te r s  c o n s id e re d  by C a i r n s .

T h is  v a lu e  o f  k .  a g re e s  w e l l  w i th  th e  v a lu e  k .  = 35, o b ta in e d  from l a  l a

th e  s im u la t io n s  f o r  th e  c a se  o f  maximum energy  t r a n s f e r  from th e  d r iv e n
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À" = 30
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A'= 35
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FIG. 7.1 -  Spectra fo r  6 = 1.5 x 10“ ^ , e = 0.1 and 
various values o f E. (a f te r  E.A. Cairns. J . Plasma Physics 
22, 149 (1979) ).
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modes i n t o  th e  l a s e r  f r e q u e n c i e s .

The w av e le n g th  s h i f t  in  th e  second harm onic  i s  g iv e n  by:

where X i s  th e  w a v e le n g th  o f  th e  l a s e r .

N e g le c t in g  th e  e f f e c t s  of p lasm a m o t io n ,  th e  io n  a c o u s t i c  

f re q u e n c y  i s  g iv e n  by C a i rn s  a s :

■ u .  •  < I  < = •  ‘ i .  < I
1

f o r  a N d /g la s s  l a s e r  and = — tt 3

AA -  1  V II  -  18

For t y p i c a l  e x p e r im e n ta l  v a lu e s  of 3 < 1 .5  x 10 ^ , t h i s  g iv e s  

d is p la c e m e n ts  o f  a few a n g s t ro m s ,  w hich w i th  a t o t a l  w id th  o f  t e n  

to  tw en ty  s id e b a n d s ,  g iv e s  a sp ec tru m  whose w id th  and shape a re  

c o n s i s t e n t  w i th  o b s e r v a t i o n s  ( 7 . 8 ) .

7 .5  Review o f E x p e r im e n ta l -E v id e n c e  f o r  Second Harmonic E m iss io n

There have been many o b s e r v a t i o n s  r e p o r t e d  o f  th e  second harm onic 

em is s io n  from l a s e r  i r r a d i a t e d  t a r g e t s .  E v idence  f o r  th e  o b l iq u e  

in c id e n c e  g e n e r a t io n  mechanism of 2(jd̂  harm onic  has  been  r e p o r t e d  by s e v e r a l  

groups (7 .8  -  7 .1 0 ) .  One o f  th e  most th o rough  s t u d i e s  was perfo rm ed  by 

Eidmannand S ig e l  (7 .1 2 )  in  e x p e r im e n ts  w i th  th e  G arching  N d /g la s s  l a s e r  

■ f a c i l i t y ,  u s in g  20 J ,  5 ns  p u l s e s  fo c u s s e d  onto  p la n e  s o l i d  t a r g e t s  by 

an f / 1  a s p h e r i c a l  l e n s .  By masking o f f  th e  r i g h t - h a n d  s id e  o f  th e  

round  i n c i d e n t  l e n s ,  th e  s p a t i a l  d i s t r i b u t i o n  o f  th e  second harm onic .
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which was b a c k s c a t t e r e d  th rough  the  le n s  was shown to  be s p e c u la r ly  

r e f l e c t e d  f o r  p - p o l a r i s e d  i n c i d e n t  l i g h t  by s im ple  r a y  t r a c i n g  

te c h n iq u e s .  The energy  of the  second harmonic r a d i a t i o n  was m easured as  

a f u n c t i o n  of the  i n c id e n t  l a s e r  energy  and shown to have a q u a d r a t i c  

r e l a t i o n s h i p .  F i n a l l y ,  th e  p o l a r i s a t i o n  of th e  second harmonic was 

checked and found to  be l i n e a r l y  p o l a r i s e d .

The second harmonic em iss io n  has  a l s o  been s p e c t r a l l y  r e s o lv e d  

(7 .5 ,  7 .1 1 ,  7 .13 ) : Bobin e t  a l  (7 .1 4 )  r e p o r t e d  b ro ad en in g  to  th e  red  

in  t h e i r  experim en t w i th  a 15 ns N d /g la ss  l a s e r  p u ls e  i n c id e n t  on a 

hydrogen s t i c k .  F u r th e r  i n v e s t i g a t i o n s ,  by D e c r o i s e t t e  e t  a l  ( 7 .1 5 ) ,  

r e v e a le d  a sharp  l i n e  imposed on th e  red  w ing, im ply ing  two d i f f e r e n t  

g e n e r a t io n  mechanisms were in v o lv e d .  The u n s h i f t e d  l i n e  was a t t r i b u t e d  

to  the  o b l iq u e  in c id e n c e  mechanism, w h ile  th e  b ro ad en in g  of th e  spectrum  

was i n t e r p r e t e d  as  ev id en ce  o f  p a r a m e tr i c  tu r b u l e n c e .

Time r e s o lv e d  s t u d i e s  o f  th e  second harmonic em iss io n  have a l s o

been made. J a c k e l  e t  a l  (7 .16 )  looked  a t  th e  s i d e s c a t t e r e d  second

harmonic em is s io n  from s p h e r i c a l  t a r g e t s  i r r a d i a t e d  by th e  LLE N d /g la ss

l a s e r .  From s t r e a k  p h o to g ra p h s ,  th ey  m easured th e  v e l o c i t y  of th e

7 -1  . .c r i t i c a l  d e n s i t y  s u r f a c e  to  be 10  cm s f o r  i n c id e n t  p u ls e  d u r a t io n s  

of 600 p s . The tem poral p r o f i l e  o f  the  second harmonic em iss io n  

i n t e n s i t y  was found to  fo l lo w  t h a t  o f  the  i n c id e n t  p u l s e ,  b u t ,  on a few 

s h o t s ,  u n c o r r e l a t e d  d ip s  in  th e  i n t e n s i t y  were o b se rv e d .  The a u th o rs  

were u n c e r t a i n  w hether  t h i s  r e p r e s e n t e d  an a c t u a l  m o d u la t io n  in  th e  

i n t e n s i t y  o r  a s h i f t  of th e  second harmonic em iss io n  to  f r e q u e n c ie s  

o u t s id e  the  window of t h e i r  t r a n s m is s io n  f i l t e r .  However, d ip s  in  th e  

i n t e n s i t y  were a l s o  n o ted  by Bychenhov e t  a l  (7 .17 )  in  t h e i r  tim e 

r e s o lv e d  s p e c t r a l  s t u d i e s ,  i n d i c a t i n g  t h a t  t r u e  m o d u la tio n  was o b se rv ed .

By s im u l ta n e o u s ly  s t r e a k i n g  th e  3ü3^/2 harm onic e m is s io n ,  J a c k e l  

e t  a l  (7 .18 )  were a b le  to  o b ta in  a v a lu e  f o r  th e  s c a l e l e n g t h  between 

th e  c r i t i c a l  and q u a r t e r  c r i t i c a l  s u r f a c e s  o f  10 -  30 ym. When S a le re s  

e t  a l  (7 .19 )  used a lo n g e r  i n c id e n t  p u l s e l e n g th ,  2 .8  n s ,  they  m easured
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a c o r r e s p o n d in g ly  lo n g e r  s c a l e l e n g t h  of 60 -  180 ym. They a l s o  found  

t h a t  th e  i n t e n s i t y  fo l lo w e d  th e  i n c i d e n t  p u l s e ,  b u t  was o f  s l i g h t l y

s h o r t e r  d u r a t i o n .  No m o d u la t io n s  in  th e  i n t e n s i t y  u n c o r r e l a t e d  to  th e  

i n c i d e n t  l i g h t  were o b s e rv e d .

The above r e p o r t s  a r e  j u s t  a sam ple o f  th e  many o b s e r v a t i o n s  o f  

second harm onic e m is s io n  made in  r e c e n t  y e a r s .  Fur f u r t h e r  d e t a i l s ,  

r e f e r e n c e  sh o u ld  be made to  th e  e x c e l l e n t  r e v ie w  a r t i c l e  by Basov 

e t  a l  ( 7 .2 0 ) .

7 .6  E x p e r im e n ta l  Method

The work p r e s e n te d  i n  th e  r e s t  o f  t h i s  c h a p te r  i s  th e  r e s u l t  of new

te m p o ra l ly  and s p e c t r a l l y  r e s o lv e d  o b s e r v a t i o n s  o f  th e  second harm onic

e m is s io n  from  N d /g la s s  l a s e r  i r r a d i a t e d  s p h e r i c a l  t a r g e t s .  The

e x p e r im e n t  was perfo rm ed  w i th  i n c i d e n t  p u l s e  l e n g t h s  o f  ^TOO ps and

16 - 21 .8  n s .  For th e  fo rm er  a peak  i r r a d i a n c e  of ^  10 W cm was o b ta in e d

f o r  an i n c i d e n t  en e rg y  o f  30 J  and f o r  th e  l a t t e r  a peak  i r r a d i a n c e  o f

15 -2  .^  4 X 10 W cm was o b ta in e d  f o r  an i n c i d e n t  e n e rg y  o f  100 J .  S l i g h t l y

d i f f e r e n t  e x p e r im e n ta l  a r ra n g e m e n ts  w ere u sed  f o r  th e  two i n c i d e n t  p u l s e

l e n g t h s  and th e s e  a r e  d e s c r ib e d  s e p a r a t e l y .

F ig .  7 .2  shows th e  e x p e r im e n ta l  l a y o u t  f o r  th e  s h o r t e r  p u l s e  l e n g th

o b s e r v a t i o n s .  TheD-T f i l l e d  g l a s s  m ic ro b a l lo o n  (d ia m e te r  70 -  90 ym)

t a r g e t s  were i r r a d i a t e d  by two oppos ing  beams o f  th e  N d /g la s s  l a s e r .

The l i g h t  b a c k s c a t t e r e d  th ro u g h  th e  e a s t  a s p h e r i c  s i n g l e t  f o c u s s in g  f / 1

l e n s  was imaged on to  th e  s l i t  o f  th e  SPEX s p e c t r o g r a p h  w i th  th e  1200

l i n e s  mm g r a t i n g .  The o u tp u t  p la n e  o f  th e  s p e c t r o g r a p h  was th e n

o p t i c a l l y  c o u p led  to th e  E le c t r o p h o t o n ic s  L td .  s t r e a k  cam era w i th  an

S-20 p h o to c a th o d e .

The s p e c t r a l  r e s o l u t i o n  was l i m i t e d  by th e  e n t r a n c e  s l i t  w id th

o f  th e  s p e c t r o g r a p h  t o ^ l  & , w i th  no f u r t h e r  l o s s  o f  r e s o l u t i o n  a t  th e

s t r e a k  cam era . The te m p o ra l  r e s o l u t i o n  o f  th e  s t r e a k  camera (d e te rm in e d

by th e  camera e n t r a n c e  s l i t  w id th )  was a b o u t  7 p s ,  b u t  t h a t  o f  th e  whole
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FIG. 7.2 -  Experimental layou t fo r  2w time resolved 
spectroscopy w ith  in c id e n t pulse length = 100 ps.
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FIG. 7-5 -  Experimental layout fo r  2^^ time resolved 
spectroscopy w ith  in c id e n t pulse length = 1 .8  ns.
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sys tem  was l i m i t e d  by th e  ra n g e  o f  p a th  l e n g t h s  in  th e  s p e c t r o g r a p h  to  

10 p s .  The s p a t i a l  r e s o l u t i o n  in  th e  t a r g e t  p la n e  was l i m i t e d  by th e  

f / 1  le n s  to  a b o u t  10 ym a t  5320

The s t r e a k  d a t a  were r e c o rd e d  p h o t o g r a p h i c a l l y  on Kodak 2485 f i l m  

w hich was dev e lo p ed  a t  30°C f o r  5 m in u te s  in  D19 s o l u t i o n .  S e p a ra te  

e x p o s u re s  o f  5461 2  E g  I  l i n e  were ta k e n  w i th  th e  s p e c t r o g r a p h  a t  

d i f f e r e n t  w av e le n g th  s e t t i n g s  to  c a l i b r a t e  th e  d a t a  f o r  w a v e le n g th  and 

d i s p e r s i o n .  T h is  method o f c a l i b r a t i o n  had th e  d i s a d v a n ta g e  o f  r e l y i n g  

on th e  a c c u ra c y  and r e p r o d u c i b i l i t y  o f  th e  g r a t i n g  d r iv e  mechanism, b u t  

th e  e r r o r s  in  t h a t  amounted to < 1 2. . The e n e rg y  on th e  t a r g e t  was 

k e p t  c o n s t a n t  a l th o u g h  a s l i g h t  v a r i a t i o n  o f  th e  l a s e r  o u tp u t  was 

e x p e r ie n c e d  in  p r a c t i c e .  The j i t t e r  o f  th e  s t r e a k  cam era was 2 -  3 ns 

which was g r e a t e r  th an  th e  te m p o ra l  window v  1 . 1  n s ,  hence  a l a r g e  

number o f  s h o ts  was r e q u i r e d  to  o b t a i n  r e p r o d u c i b l e  d a t a .

F ig .  7 .3  shows th e  e x p e r im e n ta l  l a y o u t  f o r  th e  lo n g e r  i n c i d e n t  

p u ls e  l e n g th  l a s e r  which was p e rfo rm ed  c o n c u r r e n t l y  w i th  th e  B r i l l o u i n  

ex p e r im e n t  r e p o r t e d  in  th e  p r e v io u s  C h a p te r .  Only one beam o f  th e  N d /g la s s  

l a s e r  was used  and t h i s  was fo c u s s e d  o n to  m ic ro s p h e re s  and m ic ro b a l lo o n s

by th e  f / 1  a s p h e r i c  d o u b le t  l e n s .  The b a c k s c a t t e r e d  2cô  harm onic

« ^2e m is s io n  was d i v e r t e d  to  th e  Spex s p e c t r o g r a p h  w i th  th e  1200 l i n e s  mm

g r a t i n g .  This  tim e th e  o u tp u t  o f  th e  s p e c t r o g r a p h  was o p t i c a l l y  coup led

to  th e  Hadland P h o to n ic  s t r e a k  cam era f i t t e d  w i th  an S-20 p h o to c a th o d e .

As th e  s t r e a k  cam era e n t r a n c e  s l i t  i s  v e r t i c a l  a dove p r ism  was used  to

r o t a t e  th e  d i s p e r s e d  o u tp u t  from t h e  s p e c t r o g r a p h ,  so t h a t  w av e le n g th

la y  a lo n g  th e  cam era s l i t .  The s p e c t r a l  and tem pora l  r e s o l u t i o n s  were

1 R and V 20 ps r e s p e c t i v e l y .  The s t r e a k  d a t a  were r e c o rd e d  and

c a l i b r a t e d  in  th e  same manner a s  in  th e  s h o r t  p u l s e  l e n g t h  e x p e r im e n t .

The t a r g e t s  were th e  same as r e p o r t e d  in  s e c t i o n  6 .3 ,  C h ap te r  6 .

As a l s o  r e p o r t e d  in  t h i s  s e c t i o n  th e  peak i r r a d i a n c e  f o r  a beam e n e rg y

15 -2of 100 J  on a sm all  t a r g e t  (d ia m e te r  v  70 -  90 ym) was 4 x 1 0  W cm
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. X4 —2 ,i r r a d i a n c e  was 5 x 10 W cm . A r a n g e  of d a t a  was o b ta in e d  by v a r y in g

th e  l a s e r  e n e rg y  i n c i d e n t  on th e  t a r g e t .

7 .7  R e s u l t s

Time r e s o l v e d  s p e c t r a  o f  th e  second  harm onic  e m is s io n  o b ta in e d  f o r  

a s h o r t  ( 't. 100 p s )  i n c i d e n t  p u l s e  on t a r g e t s  a r e  shown in  F ig .  7 .9 .

They d i s p l a y  s i m i l a r  s p e c t r a l  w id th s  and b ro a d e n in g  to  th o s e  s een  in  

th e  t im e  i n t e g r a t e d  sp ec tru m  ( 7 . 8 ) .  However, t h e  m ost s t r i k i n g  f e a t u r e  

of th e  d a t a  i s  th e  a p p e a ra n c e  of i n t e n s e ,  s p e c t r a l l y  and te m p o r a l ly  

r e s o l u t i o n  l i m i t e d  e m is s io n  s p o t s  i n  t h e  (tX) p l a n e .  The m a j o r i t y  o f  

th e  s p o t s  l i e  in  a r e g io n  c e n t r e d  on th e  nom inal 2w^ p o s i t i o n .

Time r e s o l v e d  s p e c t r a  o f  th e  second  harm onic  e m is s io n  o b ta in e d

f o r  a lo n g  1 . 8  n s )  i n c i d e n t  p u l s e  on s p h e r i c a l  t a r g e t s  a r e  shown

14 —2
i n  F ig .  7 .5 .  At low i r r a d i a n c e s  ( < 1 0  W cm ) t h e  second harm onic

e m is s io n  i s  s p e c t r a l l y  n a r ro w  ( < 2 2  ) and moves c o n t in u o u s ly  i n

w a v e le n g th ,  p resu m ab ly  due to  a D op p le r  s h i f t  g iv e n  by e q u a t io n  I I I  -  27:

AX = 2 v_ . F o r  th e  e x p e r im e n ta l  p a ra m e n te r s  u sed  h e r e ,  v 10^ cm s 
X c ^

w hich f o r  X^^ = 5320 2 , g iv e s  a D op p le r  s h i f t  AX^ % 3 .5  2 . At s l i g h t l y

h ig h e r  i r r a d i a n c e s ,  th e  second  harm onic  e m is s io n  b e g in s  w i th  a b u r s t  o f

s p e c t r a l l y  b ro a d  e m is s io n  20  2 , and th e n  r e v e r t s  to  s p e c t r a l l y n a rro w

e m is s io n .  At i r r a d i a n c e s  ^  10 W cm th e  s p e c t r a l l y  b ro ad  e m is s io n  

p e r s i s t s  th ro u g h o u t  th e  l a s e r  p u l s e .  The s p e c t r a l l y  b ro a d  e m is s io n  i s  

a l s o  c h a r a c t e r i s e d  by th e  p r e s e n c e  of d i s c r e t e  te m p o ra l  p u l s e s ,  each  

c l o s e  to  th e  i n s t r u m e n t a l  l i m i t  o f  t im e  r e s o l u t i o n ,  w i th  p e r i o d i c  

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

7 .8  D is c u s s io n

At th e  c r i t i c a l  d e n s i t y ,  two mechanisms f o r  g e n e r a t i n g  plasm ons

of f r e q u e n c y  w -  O) e x i s t :  r e s o n a n c e  a b s o r p t i o n  and th e  p a r a m e t r i c  
p o

decay  i n s t a b i l i t y .  The fo rm e r  has  no t h r e s h o l d  and in  a s t a t i o n a r y  

d e n s i t y  p r o f i l e  w i l l  p ro d u ce  o n ly  p lasm ons a t  th e  same f r e q u e n c y  as  th e  

i n c i d e n t  r a d i a t i o n .  The l a t t e r  has  a t h r e s h o l d  and th e  f r e q u e n c y  o f  th e  

p a r a m e t r i c a l l y  c r e a t e d  p lasm a wave i s  s h i f t e d  to  th e  r e d  by an amount
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FIG 7.4 -  Examples o f time resolved spectra w ith  
100 ps in c id e n t pulse, a) and b) = ”̂ 5 J x 2;
Target = 80 ym diameter m icroballoon.
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a) Shot No. ^2 /^ 3 0 2 7 9

0 = 4 .2  X 10 ^ W cïïi"^ 
Target: 10Â
230  ym A l coated glass 
m icroba lloon. 5320Â

X

b) Shot No. 1 3 /^ 3 0 2 7 9

0 = 9 .  ̂ X ^0^^ V cm” ^ 
Target :
230  ym Al coated glass 
m icroballoon

X

10A

5320Â

In s  TIME

Ins  t i m e

X
c) Shot No. 7/ ' ’50279  

0  = 5 . 5  X '1 0 ^ ^  W cm“ ^

Target :
83 ym Al coated glass 
m icroballoon

10Â

5320Â

Ins  TIME

FIG. 7 .3  -  Examples o f time resolved 2cj spectra w ith  
1.8 ns in c id e n t pulse
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e q u a l  to  th e  f r e q u e n c y  of th e  io n  wave.

I n  p r e v io u s  o b s e r v a t i o n s  o f  th e  second  harm onic e m is s io n  by

D e c r o i s e t t e  e t  a l  ( 7 .1 5 )  b o th  m echanism s were invoked  to  e x p l a in  th e

a p p e a ra n c e  o f  a s p e c tru m  w i th  a s lia rp  l i n e  imposed on. a red  w ing . The

u n s h i f t e d  l i n e  was a t t r i b u t e d  to  th e  o b l i q u e  i n c id e n c e  g e n e r a t i o n

m echanism , w h i le  th e  b ro a d e n in g  o f  th e  sp e c tru m  was i n t e r p r e t e d  as

e v id e n c e  o f  p a r a m e t r i c  t u r b u l e n c e .  However, th e  t im e  r e s o l v e d

s p e c t r a l l y  b ro ad  second  harm onic  e m is s io n  o b ta in e d  h e r e ,  do n o t  show

th e  e v o l u t i o n  o f  th e  c a sc a d e  p r o c e s s  d e s c r ib e d  i n  s e c t i o n  7 .3 .  I n s t e a d ,

th e  o b s e r v a t i o n s  can  be e x p la in e d  j u s t  by p r o c e s s e s  i n v o lv in g  p lasm ons

g e n e r a te d  by r e s o n a n c e  a b s o r p t i o n .

The d i f f e r e n c e  be tw een  th e  s p e c t r a l l y  b ro a d  and n a r ro w  e m is s io n s

a t  2w^ (o b s e rv e d  f o r  i n c i d e n t  p u l s e  l e n g t h  o f  1 . 8  n s )  c o r r e l a t e  w i th

th e  a p p e a ra n c e  o f  s t e e p  d e n s i t y  g r a d i e n t s  n e a r  n^^^ . In  th e  p r e s e n c e

of a s t e e p  d e n s i t y  p r o f i l e ,  r e s o n a n c e  a b s o r p t i o n  i s  enhanced  ( s e e  C h ap te r  3)

w hereas  th e  t h r e s h o l d  f o r  th e  p a r a m e t r i c  decay  i n s t a b i l i t y  i n c r e a s e s ,

s in c e  th e  t h r e s h o 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  to  d e n s i t y  s c a l e  l e n g t h .

R esonance a b s o r p t i o n  p ro d u c e s  f a s t  e l e c t r o n s  and th e  c o ld  e l e c t r o n  r e t u r n

c u r r e n t  r e q u i r e d  to  m a in t a i n  c h a rg e  n e u t r a l i t y  i n  th e  p la sm a can  d r i v e  io n

a c o u s t i c  t u r b u l e n c e ,  C a i m s  has  d e m o n s t r a te d  ( 7 .6 )  t h a t  l a r g e  a m p l i tu d e

io n  waves can  in d u c e  a sp ec tru m  o f  e l e c t r o n  p lasm a f r e q u e n c i e s  r e s u l t i n g

in  a b ro ad en e d  second  harm onic  sp e c tru m .  T h is  mode of  g e n e r a t i o n  of

second harm onic  e m is s io n  can e x p l a i n  th e  p r e s e n t  o b s e r v a t i o n s .
14 -2At low i r r a d i a n c e s ,  < 10 W cm , be low  th e  t h r e s h o l d  f o r  d e n s i t y  

p r o f i l e  s t e e p e n in g  by th e  p o n d ero m o tiv e  f o r c e ,  th e  s p e c t r a l l y  n a rro w  

second harm onic  e m is s io n  i s  a t t r i b u t e d  to  th e  o b l i q u e  in c id e n c e  g e n e r a t io n  

method ( s e c t i o n  7 .2 )  w hich  accom pan ies  th e  r e s o n a n c e  a b s o r p t i o n  p r o c e s s .

At m o d e ra te  i r r a d i a n c e s ,  ^  5 x 10^^ W cm  ̂ th e  po n d ero m o tiv e  f o r c e  i s

i n s u f f i c i e n t  to  cause  s te e p e n in g  o f  th e  d e n s i t y  p r o f i l e ,  b u t  a s t e e p

p r o f i l e  e x i s t s  i n  th e  i n i t i a l  p a r t  of th e  l a s e r  p u l s e ,  c o i n c i d e n t  w i th

th e  a p p e a ra n c e  o f  th e  b ro ad  second  harm onic  e m is s io n ,  b e f o r e  s i g n i f i c a n t

hydrodynam ic m o t io n  o f  th e  p lasm a o c c u r s .  At h ig h e r  i r r a d i a n c e s  

15 “ 2
< 1 0  W cm , when th e  second harm onic  e m is s io n  i s  o b se rv e d  to  be
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s p e c t r a l l y  b ro ad  f o r  th e  d u r a t i o n  o f  th e  l a s e r  p u l s e ,  s te e p  d e n s i t y

p r o f i l e s  a r e  a l s o  e x p e c te d  to  e x i s t  in  th e  p lasm a th ro u g h o u t  th e  l a s e r

p u l s e  due to  th e  ponderom otive  f o r c e .

The s p e c t r a l l y  b ro ad  ( ^  30 % ) second  harm onic  e m is s io n s  o b se rv ed

f o r  s h o r t  i n c i d e n t  p u l s e  l e n g th s  ( 100  p s )  a r e  a l s o  e x p la in e d  by th e

16 - 2above g e n e r a t io n  m echanism, s in c e  t h e  i r r a d i a n c e  o f  ^  10 W cm

i n c i d e n t  in  a l l  th e s e  s h o ts  i s  s u f f i c i e n t  ( 7 .2 1 ) f o r  s i g n i f i c a n t

ponderom otive  f o r c e  s te e p e n in g  of th e  d e n s i t y  p r o f i l e .

When th e  second harm onic  e m is s io n  i s  s p e c t r a l l y  b ro ad  i t  a l s o

c o n s i s t s  of d i s c r e t e  b u r s t s ,  where th e  d u r a t i o n  o f  each  p u l s e  o f

e m is s io n  i s  l e s s  th a n  th e  tem p o ra l  r e s o l u t i o n  o f  th e  d i a g n o s t i c  sy s tem .

S e v e ra l  e x p l a n a t i o n s  a r e  p o s s i b l e  f o r  t h i s  p u ls e d  n a t u r e .  I t  may be

t h a t  i n d i v i d u a l  p lasm a waves grow on p ic o se c o n d  t im e s c a i e s  and s a t u r a t e ,

o r  th e  o b s e r v a t i o n s  may be due to  s p a t i a l  m o tio n  o f  s e v e r a l  d i s c r e t e

8 -1
e m i t t in g  r e g io n s  th ro u g h  th e  s o u rc e  a r e a  o b se rv ed  w i th  a speed  > 10 cm s ,

o r  to  r a p id  v a r i a t i o n s  in  th e  d i r e c t i o n  of e m is s io n  in  a n a rro w  p e r io d

from a s t a t i o n a r y  s o u r c e ,  p o s s i b l y  a s s o c i a t e d  w i th  r i p p l i n g  o f  th e  c r i t i c a l

d e n s i t y  s u r f a c e  ( 7 .2 2 ) .

However, s i m i l a r  p u ls e d  b e h a v io u r  i s  o b s e rv e d  i n  th e  t h r e e - h a l v e s

harm onic e m is s io n  (see  C hap te r  8 ) and th e r e  i s  no r e a s o n  why d i f f e r e n t

d e n s i t i e s  shou ld  e x h i b i t  s i m i l a r  b e h a v io u r  e x c e p t  f o r  th e  hydrodynamic

f lo w  in  th e  e x p a n s io n  o f  the  p la sm a . S in ce  th e  o s c i l l a t i o n s  i n  th e

second harm onic  e m is s io n  o ccu r  o n ly  when th e  d e n s i t y  p r o f i l e  i s

s i g n i f i c a n t l y  s te e p e n e d ,  i t  i s  r e a s o n a b le  to  s u g g e s t  t h a t  th e  a b l a t i o n

f low  a c r o s s  th e  d e n s i t y  s t e p  may be u n s t a b l e  ( 7 .2 3 ) .

These d e n s i t y  f l u c t u a t i o n s  th en  p r o p a g a t e  o u t  th ro u g h  th e  c r i t i c a l

d e n s i t y  to  th e  q u a r t e r  c r i t i c a l  d e n s i t y  r e g io n  and a f f e c t  b o th  th e  second

and th r e e - h a l v e s  harm onic e m is s io n s .  The t im e s c a l e  o f  such f l u c t u a t i o n s

i s  e x p e c te d  to  be T 'X' I / v ^ ^  where L i s  th e  d e n s i t y  s c a l e  l e n g t h  a t

c r i t i c a l  d e n s i t y  and v^^ i s  th e  io n  a c o u s t i c  speed .  Taking  r e a s o n a b le

7 - 1v a lu e s  of L V 3 ym (c f  R ef .  7 .2 1 ) ,  v^^^ 2 x 10 cm s , th e n  T ^  15 ps
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which, a g r e e s  a p p ro x im a te ly  w i th  th e  o b s e r v a t i o n s .

7 .9  C o n c lu s io n

The m ain  c o n c lu s io n  drawn from th e  p r e s e n t  s tu d y  o f  b a c k s c a t t e r e d  

second harm onic e m is s io n  from l a s e r  i r r a d i a t e d  s p h e r i c a l  t a r g e t s ,  i s  

t h a t  th e  s p e c t r a l l y  b road  second harm onic e m is s io n  i s  caused  by th e  

b ro a d e n in g  o f  th e  sp ec tru m  of e l e c t r o n  p lasm a waves p roduced  by 

r e s o n a n c e  a b s o r p t i o n .  T h is  i n t e r p r e t a t i o n  d i f f e r s  from p r e v io u s  

s t u d i e s  (7 .1 5 )  where th e  p r e s e n c e  o f  a b ro ad  second harm onic  sp ec tru m  

was a t t r i b u t e d  to  th e  o c c u re n c e  of th e  p a r a m e t r i c  decay  i n s t a b i l i t y .

On p r e s e n t  r e p o r t s ,  i t  i s  d i f f i c u l t  to  d i s t i n g u i s h  e x p e r im e n ta l ly  

betw een th e  models su g g e s te d  by S i l i n  and C a i r n s ,  s i n c e ,  a l th o u g h  

in d e p e n d e n t  e x p e r im e n ta l  e v id e n c e  (7 .2 4 )  e x i s t s  f o r  th e  p re s e n c e  of 

re s o n a n c e  a b s o r p t i o n  in  l a s e r  p la sm a s ,  and much e x p e r im e n ta l  ( 7 .1 2 ,  7 .2 5 )  

and t h e o r e t i c a l  (7 .2 6 )  work a s s o c i a t i n g  second  harm onic  g e n e r a t i o n  w i th  

r e s o n a n c e  a b s o r p t i o n ,  t h e r e  i s  a s  y e t ,  no in d e p e n d e n t  e v id e n c e  f o r  the  

p r e s e n c e  o f  th e  p a r a m e t r i c  decay  i n s t a b i l i t y ,  w hich has  o n ly  been  i n f e r r e d  

from  o b s e r v a t i o n s  of a b roadened  second harm onic sp ec tru m .
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CHAPTER 8

Tim e-R esolved  S tu d ie s  of T h ree -H a lv es  Harmonic (3w^/2) E m iss ion  from  

L ase r  I r r a d i a t e d  S p h e r ic a l  T a rg e t s

8 .1  I n t r o d u c t i o n

T im e - re so lv e d  s t u d i e s  o f  th e  t h r e e - h a l v e s  harm onic  s p e c t r a l  e m is s io n  

from  N d /g la s s  l a s e r  i r r a d i a t e d  m ic ro b a l lo o n  t a r g e t s  a r e  p r e s e n te d  h e re  

w i th  h ig h e r  ( ^  12  p s )  tem p o ra l  r e s o l u t i o n  th an  i n  p r e v io u s  r e p o r t s  

( 8 .1  -  8 .3  ) .  These r e s u l t s  a r e  compared w i th  s im p le  t h e o r e t i c a l  

m odels w hich  i n d i c a t e  t h a t  o b s e r v a t i o n s  o f  th e  t h r e e - h a l v e s  harm onic  

spec trum  may p ro v id e  a d i a g n o s t i c  f o r  th e  e l e c t r o n  te m p e ra tu r e  i n  th e  

u n d e rd e n se  p lasm a.

8 .2  T h ree -H a lv es  Harmonic (3w^/2) G e n e ra t io n

Near th e  q u a r t e r  c r i t i c a l '  d e n s i t y  s u r f a c e ,  two mechanisms e x i s t ,  

w hich  can  g e n e r a te  p lasm ons w i th  th e  f re q u e n c y  -  ^  : th e  s t im u la t e d

Raman i n s t a b i l i t y  and two plasm on d eca y ,  b o th  o f  w hich have a l r e a d y  been 

d i s c u s s e d  in  C hap te r  3 . The harm onic  e m is s io n  can  th e n  a r i s e  as  a 

r e s u l t  of th e  i n t e r a c t i o n  o f  a p ho ton  w i th  a p lasm on o r  th e  c o a le s c e n c e  

o f  t h r e e  p lasm ons i . e .

to + to 3 to V I I I  — 1
°  2°  2 °

o r ,

A lthough  th e  second mechanism i s  a n o n - l i n e a r  p ro c e s s  o f  a h ig h e r  

o rd e r  th a n  th e  f i r s t ,  i t  can have an e q u i v a l e n t  e f f i c i e n c y  due to  th e  

d i f f i c u l t y  o f  o b t a i n i n g  th e  m a tch in g  c o n d i t i o n s  f o r  th e  wave v e c t o r s  f o r
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the  f i r s t  p r o c e s s .

In  an inhomogeneous p la sm a ,  th e  dom inant g e n e r a t i o n  mechanism f o r  

^CRplasm ons in  the  —̂  r e g io n  i s  b e l i e v e d  to  be th e  two plasm on d ecay ,  a s  

s t im u la t e d  Raman s c a t t e r i n g  h as  th e  h ig h e r  t h r e s h o l d  ( 8 . 4 ) .  The two 

plasm on i n s t a b i l i t y  c a n  p ro d u ce  a f o r w a r d - s c a t t e r e d  plasm on ( )

and a b a c k s c a t t e r e d  plasm on ( , k^ ) from thei i n c i d e n t  p ho ton  (oj^ , k^)

as  shown in  F ig .  8 .1 .

- 2

9—o

F ig .  8 .1

From th e  geom etry , i t  i s  obv ious  t h a t  k^ < k^ , hence Wg < . As

th e  two plasm ons r e s u l t  from th e  decay  of an  i n c i d e n t  p h o to n ,  ( , ^  ) ;

w_ < w < w_ . The r e c o m b in a t io n  o f  a p ho ton  w i th  a plasm on to  g e n e r a te  
2 ^  ^  1

l i g h t  n e a r  to  3o)^/2 r e s u l t s  i n  e i t h e r  a p h o to n  w i th  a s l i g h t l y  h ig h e r  

f re q u e n c y  th a n  3w^/2 o r  one w i th  a s l i g h t l y  low er f r e q u e n c y .  H ence, t h e r e  

a r e  two components o f  t h r e e - h a l v e s  harm onic e m is s io n  -  one s h i f t e d  to  th e  

b lu e  and th e  o th e r  to  th e  re d  from th e  w a v e le n g th  c o r re s p o n d in g  to  3ü)^/2 

e x a c t l y .  The r e d - s h i f t e d  component i s  d i r e c t l y  b a c k s c a t t e r e d  a t  the

n _ /4  s u r f a c e ,  b u t  th e  b l u e - s h i f t e d  component i s  fo rw ard  s c a t t e r e d  to  th eCK.

9 n_ _ /4  s u r f a c e ,  where i t  s u f f e r s  some a b s o r p t i o n  upon b e in g  r e f l e c t e d .CR

The b l u e - s h i f t e d  component i s  t h e r e f o r e  e x p e c te d  to  be l e s s  i n t e n s e  th a n  

th e  r e d - s h i f t e d  component when o b se rv ed  in  th e  s c a t t e r e d  l i g h t  sp ec tru m .

8 .3  The Avrov Model

. The sp ec tru m  o f th e  t h r e e - h a l v e s  harm onic  e m is s io n  has  been c a l c u l a t e c  

by Avrov (8 .5 )  assum ing  t h a t  th e  w a v e le n g th  of th e  p a r a m e t r i c a l l y  e x c i t e d  

plasm ons i s  much s h o r t e r  th a n  th e  pump w a v e le n g th  i . e .  k »  k^ . The 

g e n e r a t i o n  mechanism f o r  th e  w^ / 2  p lasm ons i s  assumed to  be th e  two 

plasm on decay  s in c e  i t  h as  a low er th r e s h o l d  th a n  th e  s t im u la t e d  Raman
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s c a t t e r i n g  i n s t a b i l i t y .  The d i s p e r s i o n  r e l a t i o n  f o r  th e  p lasm ons i s

where r^ ^  ■= e l e c t r o n  Debye r a d i u s

For th e  p ro c e s s  where a p h o to n  i n t e r a c t s  w i th  a p lasm on, Avrov 

c a l c u l a t e s  th e  s h i f t  of each  s a t e l l i t e  f rom  th e  nom inal 3w^/2 p o s i t i o n :

-3  ,
= 4 .6  X 10 T w cos 3 /2  e o '

T h e re fo re ,

AÀ . = 21 .7  T I cos 0 I i  V I I I  -  4j / z  e

The w id th  o f  th e  s a t e l l i t e  i s  g iv e n  by :

= 2 .3  X lo " ^  w T V I I I  -  53 /2  o e

F o r  th e  c o a le s c e n c e  o f  t h r e e  p la sm o n s ,  Avrov p r e d i c t s  a  f r e q u e n c y  

s h i f t  g iv e n  by:

-3
= 4 .8  X 10 T ÜJ cos 3 / 2  e o

T h e re fo re ,

AA_,_ = 22 .7  T cos 0 X V I Î I  -  6j  / 2  e

Where th e  s ig n  o f  th e  f re q u e n c y  s h i f t  depends, on the  s c a t t e r i n g  a n g le  0 .

There w i l l  be a sm all  c o r r e c t i o n  to  th e s e  e q u a t io n s  due to  D oppler  

s h i f t s  a r i s i n g  from th e  ex p a n s io n  o f  th e  p lasm a. However, f o r b o t h  p r o c e s s e s ,
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Avrov p r e d i c t s  th e  s e p a r a t io n  between th e  b lu e  and r e d  s h i f t e d  peaks  i s  

indep en d en t o f  the  i n c i d e n t  i r r a d i a n c e ,  b u t ,  in  th e  b a c k s c a t t e r  d i r e c t i o n ,  

w i l l  depend o n ly  on th e  e l e c t r o n  te m p e ra tu re ,  T . Hence, o b s e r v a t io n  

of th e  3w^/2 harmonic spec trum  may p ro v id e  an e v a l u a t i o n  of th e  e l e c t r o n  

te m p e ra tu re  in  th e  co ro n a .

8 .4  The B arr  Model

B arr  has  c a l c u l a t e d  (8 . 6 ) th e  spec trum  o f  th e  3w^/2 harmonic

em iss io n  f o r  the  c a s e  when k k . The th r e s h o ld  g iv e n  by R osenb lu tho

(8 .4 )  f o r  the  two plasmon decay  i n s t a b i l i t y  used th e  r e s t r i c t i o n  k »  k  ̂

W ithout t h i s  r e s t r i c t i o n ,  B arr  u s e s  th e  fo l lo w in g  th r e s h o ld  e x p re s s io n  

in  h i s  c a l c u l a t i o n s :

1 ( ^  )^  k L > 1
44 ^ t h  °

V I I I  -  7

The co r re sp o n d in g  i r r a d i a n c e  0 i s  g iv en  by:

0 > 2 .3  X 10^^ T /L W cm  ̂e V I I I  -  8

Where T i s  in  keV and L in  ym e

From e q u a t io n  I I  -  24, th e  d i s p e r s i o n  r e l a t i o n s  f o r  th e  i n c i d e n t  

wave a t  and th e  s c a t t e r e d  wave a t  g iven  by:

2 2 ^ 2 2  
W = U3 + k c o p o V I I I  -  9

V I I I  -  10

At th e  q u a r t e r  c r i t i c a l  s u r f a c e  •= w ^/2 . Hence, e q u a t io n  V II I  -  9

g iv e s :
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w =  4  C V I I I  -  11o 3 o

s u b s t i t u t i n g  V I I I  -  11 i n t o  V I I I  - 1 0  g iv e s :

h n  = k ,  V i n  -  12

I f  s u f f i c i e n t l y  above th r e s h o l d ,  th e  sp ec tru m  w i l l  be b ro a d .  The 

3w^/2 e m is s io n  can a r i s e  in  fo u r  ways -  th e  m ix ing  o f  a plasm on w i th :

i )  a pump p h o to n ,  or

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

i i i )  a B r i l l o u i n  s c a t t e r e d  p h o to n ,  

o r  iv )  th e  m ix ing  o f  t h r e e  p lasm ons .

The f r e q u e n c y  s h i f t s  due to  th e  Bohm-Gross d i s p e r s i o n  r e l a t i o n  f o r  

th e  p lasm ons have been c a l c u l a t e d  by B a rr  f o r  each  of th e  above c a s e s .

i )  Ing o in g  pump pho ton  + plasm on

k , k and k_ a r e  th e  wavenumbers o f  th e  o 3 / Z

plasm on, i n c i d e n t  pho ton  and th e  s c a t t e r e d
F ig .  8 .1

p h o to n  r e s p e c t i v e l y .

R e so lv in g  th e  s c a t t e r e d  wave i n t o  components a long  th e  z  d i r e c t i o n :

k = k_ cos 0 + k where k = k + k_
X 3 /2  z z B

Fran th e  Bohm-Gross d i s p e r s i o n  r e l a t i o n ,  th e  f re q u e n c y  s h i f t  i s  g iv e n  

by:
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^ 3 / 2  = 3 kg
0)O

s in c e  k j / 2  ^  S   ̂I

^  = | V  { ( § ) : / :  c o s e - -I }
o c

T h e r e f o re ,

AA3 / 2  = -  33 .8  ( cos  0 -  0 .9 2  ) 1  V I I I  -  13

From L iu  and R o se n b lu th  (8 .4 )  the,maximum g row th  r a t e  f o r  th e  plasm on 

i s  g iv e n  by:

2 2 
°  1 ° "  *  ( k 3 /2 = °s  8 -  §

Thus, s o lv in g  f o r  cos 0

cos 0 = -  0 .1 2  o r  0 = 97°

T h e r e f o re ,  t h i s  g e n e r a t i o n  mechanism o n ly  g iv e s  a r e d - s h i f t e d  component 

w here:

^ ^ 3 /2  ~  i  V I I I  -  14

i i )  S p e c u la r ly  r e f l e c t e d  pump pho ton  + plasmon

S i m i l a r l y ,
- 3 / 2

3 /2

F ig .  8 .2—o
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The f re q u e n c y  s h i f t  i s  g iv e n  by:

Aw3 /2  _
CO

T h e re fo re ,

AXgyg "  -  3 3 .8  ( cos 0 + 0 .31  ) T^ &

The maximum grow th  r a t e  c o n d i t i o n  f o r  th e  p lasm on g iv e s ;

cos 0 = 0 .8766  o r  0 .5709

T h e r e f o re ,

0 = 151° o r  55°

3 /2  " . 8  To re e

9 0

b lu ere d

V I I I  -  15

F ig .  8 .3

T h is  g e n e r a t i o n  mechanism g iv e s  two com ponents , where th e  b l u e -  

s h i f t e d  component i s  fo rw ard  s c a t t e r e d  to  be r e f l e c t e d  a t  the  9 n /4  

s u r f a c e  and i s  o n ly  ob se rv ed  in  th e  b a c k s c a t t e r  d i r e c t i o n  i f  t h i s  

s u r f a c e  i s  p r e s e n t .

i i i )  B r i l l o u i n  S c a t t e r e d  Piimp + Plasmon

T h is  p ro c e s s  r e q u i r e s  a - s i g n i f i c a n t  amount o f  B r i l l o u i n  s c a t t e r i n g  

to o ccu r  i n  th e  r e g io n  n^ > n^^/A . The f re q u e n c y  s h i f t  i s  g iv e n  by :
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^ 3 / 2  w -  w. + %o + 3 ^ t h  V I I I  -  16 ------ = o l a  2 --------------------
o o

The a d d i t i o n a l  f r e q u e n c y  s h i f t  due to  th e  B r i l l o u i n  component i s ;

= 1 . 7 7 x 1 0 - 2  ( ^
O  (J Ü

where c^ i s  th e  io n  sound v e l o c i t y  and A i s  th e  a to m ic  w e ig h t  o f  th e  

t a r g e t .

AX = + 8 .3  1 V II I  -  17
D A

So, th e  B r i l l o u i n  component g iv e s  a sm all  a d d i t i o n a l  s h i f t  i n  f re q u e n c y  

to  th e  r e d  compared w i th  c a s e  i i )

»

iv )  C o a le scen ce  o f  Three P lasm ons 

S i m i l a r l y ,

3

“ 3 / 2  “ i

O

3 3where k„ cos  9 = E k .  = -^ k + E k .  -t k .  -  k_ cos 8 -  -r k 3 / 2  i z  2 o . 1 1 1  3 / 2  2 o
1 1

3̂/2 si" 8 .  Z k.y

T h e re fo re ,

AA_,_ = -  3 3 .8  ( cos e -  0 .9 2  ) T £  V I I I  -  18j /  2 e
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T his  g e n e r a t io n  mechanism g iv e s  th e  same asym m etric  spec trum  

( r e d - s h i f t e d . component o n ly )  as  i n  c a s e  i ) .

v) Summary

The B arr  model ( l i k e  th e  Avrov model) p r e d i c t s  th e  f re q u e n c y  s h i f t

i s  p r o p o r t i o n a l  to  T . A d d i t io n a l  s h i f t s  due to  B r i l l o u i n  s c a t t e r i n g

1 /2
o r  ex p a n s io n  o f  th e  p lasm a a r e  sm all  and p r o p o r t i o n a l  to  T^

8 .5  Review o f  E x p e r im e n ta l  E v idence  f o r  3w^/2 Harmonic E m ission  

Time i n t e g r a t e d  s t u d i e s  o f  3w^/2 harm onic  e m is s io n  have been 

r e p o r t e d  from v a r io u s  t a r g e t s  i r r a d i a t e d  by N d /g la s s  l a s e r  p u l s e s .

O b se rv a t io n s  i n  a d i r e c t i o n  of  45° from th e  i n c i d e n t  beam a x i s  

were r e p o r t e d  by Bobin e t  a l  (8 .7 )  of an asym m etric  3w^/2 sp ec tru m , 

w i th  b ro a d e n in g  o c c u r r in g  o n ly  tow ards  th e  low er f r e q u e n c i e s .

S ig e l  e t  a l  ( 8 . 8 ) i n v e s t i g a t e d  b a c k s c a t t e r e d  3w^/2 harm onic  e m is s io n  

from v a r io u s  p la n e  t a r g e t s  and found th e  sp ec tru m  c o n s i s t e d  o f  a  d o u b le t ,  

w i th  th e  b l u e - s h i f t e d  component (AX^ ^  -  10  2  ) b e in g  o f  low er i n t e n s i t y  

th a n  th e  r e d —s h i f t e d  one ( AX  ̂ + 10 to  40 2  ) . They a l s o  d e te rm in e d

13th e  t h r e s h o l d  f o r  th e  o n s e t  o f  th e  3w /2  harm onic e m is s io n  to  be 2 x 10o

W cm ^ and from s id e - o n  p h o to g ra p h s ,  conc luded  i t  was g e n e r a te d  a t  th e

q u a r t e r  c r i t i c a l  s u r f a c e .

Avrov e t  a l  ( 8 .5 )  used  th e  n in e  beam Kalmer l a s e r  system  a t  a mean

f l u x  o f  0 = 1 0 ^^ W cm ^ on s o l i d  g l a s s  m ic ro s p h e re s  to  s tu d y  th e  fo rw ard

and b a c k s c a t t e r e d  3w /2  harm onic  e m is s io n .  In  b o th  d i r e c t i o n s ,  a 3o) /2o o

spec trum  w i th  a d o u b le t  s t r u c t u r e  was o b s e rv e d .  The r e d - s h i f t e d  component

(A X  ^  15 to  32 2  ) was more i n t e n s e  th a n  th e  b l u e - s h i f t e d  component

( AX.  ̂ ^  7 to  13 £ ) .  The minimum betw een th e  two peaks co r re sp o n d e d  to

th e  e x a c t  v a lu e  o f  3w /2  to  w i th i n  2 to  3 £  .o

C a r t e r  e t  a l  (8 .9 )  have o b ta in e d  b a c k s c a t t e r e d  3w^/2 s p e c t r a  which 

show a doub le  peaked s t r u c t u r e ,  where th e  two components a r e  s h i f t e d  

s y m m e tr ic a l ly  from  th e  nom inal p o s i t i o n  o f  3w^/2. Raven (8 .1 0 )  has
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o b ta in e d  s p a t i a l l y  r e s o lv e d  s id e  on images which show th e  303^/2

harm onic e m is s io n  o c c u r r in g  from  l o c a l i s e d  s p o ts  of v e ry  h ig h  i n t e n s i y

and s i z e  l e s s  th a n  th e  r e s o l u t i o n  o f  th e  o p t i c s  ( i . e .  < 5 pm).

There have a l s o  been  t i m e - r e s o lv e d  s t u d i e s  of th e  3w /2  harm onico

e m is s io n .  J a c k e l  e t  a l  ( 8 .1 )  s t r e a k e d  th e  2w and 3w /2  harm onico o

em is s io n s  s im u l ta n e o u s ly  a s  r e p o r t e d  in  S e c t io n  7 .6  to  o b t a i n  a

m easurem ent o f  th e  d e n s i t y  s c a l e  l e n g t h .  Leonard  and Cover (8 .2 )

s t r e a k e d  th e  s i d e s c a t t e r e d  3w /2  harm onic e m is s io n  from m ic ro b a l lo o no

t a r g e t s  to  m o n i to r  th e  e x p a n s io n  of  th e  n /4  s u r f a c e .  They n o t i c e d
CR

p u l s i n g  of s h o r t  d u r a t i o n  ( ^ 5 ps ) i n  th e  harm onic  i n t e n s i t y  w hich 

was u n c o r r e l a t e d  w i th  th e  tem p o ra l  s t r u c t u r e  i n  th e  i n c i d e n t  p u l s e .  T h is  

t h e y ' a t t r i b u t e  to  q u a r t e r  c r i t i c a l  d e n s i t y  s u r f a c e  m o d u la t io n s  a s  p r e d i c t e d  

by th e  s im u la t io n s  o f  L a s i n s k i  e t  a l  ( 8 .1 1 ) .

Bychenkov e t  a l  ( 8 .3 )  have s t r e a k e d  th e  3w^/2 harm onic  s p e c t r a  from 

g la s s  and a lum inium  m ic r o s p h e r e s .  They u se d  a long  p u l s e  ( \̂/ 5 n s )  and 

t h e i r  tem p o ra l  r e s o l u t i o n  was 100 p s .  No te m p o ra l  s t r u c t u r e - u n c o r r e l a t e d  

w i th  th e  i n t e n s i t y  o f  th e  i n c i d e n t  p u l s e  was o b s e rv e d ,  b u t  th e  s e p a r a t i o n  

o f  th e  two peaks  was found  to  v a r y  by up to  30% d u r in g  th e  p u l s e  l e n g t h .

8 . 6  E x p e r im e n ta l  Method

In  th e  p r e s e n t  i n v e s t i g a t i o n ,  an  e x p e r im e n t  was perfo rm ed  to  s tu d y

th e  e v o l u t i o n  o f  th e  3w^ / 2  harm onic  sp ec tru m  from  l a s e r  i r r a d i a t e d

m ic r o b a l lo o n s .  T h is  work d i f f e r s  from  p re v io u s  i n v e s t i g a t i o n s  (8 .3 )  by

v i r t u e  o f  th e  h ig h  tem p o ra l  r e s o l u t i o n  ( ^  10  p s )  s im u l ta n e o u s  w i th  a

s p e c t r a l  r e s o l u t i o n  o f  ^  30 £ .  The N d /g la s s  l a s e r  f a c i l i t y  p ro v id e d  an

16 - 2  .i r r a d i a n c e  o f  2 x 10 W cm in  a 100 ps p u l s e  on g l a s s  m ic ro b a l lo o n

t a r g e t s  of 50 -  90 ym d ia m e te r .

The e x p e r im e n ta l  l a y o u t  i s  shown in  F ig  8 .5  and i s  s i m i l a r  to  th o se  

d e s c r ib e d  in  th e  two p re c e d in g  C h a p te r s ,  The b a c k s c a t t e r e d  3w^/2 

r a d i a t i o n  was c o l l e c t e d  by th e  f / 1  d o u b le t  l e n s  used  to  fo c u s  th e  l a s e r  

l i g h t  on th e  t a r g e t .  T h is  l e n s  p roduced  a 60 x m a g n if ie d  image a t  3w^/2
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- 1on th e  s l i t  of th e  0 .5  m, 600 l i n e  mm g r a t i n g  s p e c t r o g r a p h .  The s l i t  

w id th  r e s t r i c t e d  th e  s p e c t r a l  r e s o l u t i o n  to  30 ^  . The o u tp u t  p la n e  

of  th e  s p e c t r o g r a p h  was o p t i c a l l y  c o u p led  to  th e  H adland P h o to n ic s  

s t r e a k  cam era f i t t e d  w i th  an S-20 p h o to c a th o d e .  A dove p r is m  r o t a t e d  

th e  image so  t h a t  w av e le n g th  would be d i s p e r s e d  a lo n g  th e  d i r e c t i o n  of 

th e  s t r e a k  cam era s l i t .  The tim e r e s o l u t i o n  o f  th e  whole system  was 

l i m i t e d  by th e  tem p o ra l  d i s p e r s i o n  of th e  s p e c t r o g r a p h  g r a t i n g  to  10  p s .

The s p e c t r o g r a p h  was a l s o  u sed  in  second o rd e r  w i th  c o r re s p o n d in g  tem p o ra l  

and s p e c t r a l  r e s o l u t i o n s  of 20 ps and ^  15 2  r e s p e c t i v e l y .

P h o to g ra p h ic  r e c o r d i n g s  o f  th e  s t r e a k  d a t a  were made on Kodak 2485 

f i l m  (d eve loped  as  f o r  C h ap te r  6 and 7 ) .  S e p a ra te  ex p o s u re s  o f  th e  

5461 ^  Hg I  l i n e  were ta k e n  w i th  th e  s p e c t r o g r a p h  a t  d i f f e r e n t  w a v e le n g th  

s e t t i n g s  to  c a l i b r a t e  b o th  w a v e le n g th  and d i s p e r s i o n .

8 .7 ' R e s u l t s

Examples o f  th e  t i m e - r e s o lv e d  3w^/2 harm onic  e m is s io n  sp fec tra  a r e

shown in  F ig .  8 . 6 . The 3w^/2 e m is s io n  has a pu lsed  n a t u r e  where th e

d u r a t i o n  o f  th e  p u l s e s  a p p e a r  to  be l e s s  th e n  t h e  tem pora l  r e s o l u t i o n

l i m i t  s e t  by th e  d i a g n o s t i c  sy stem  ( ^  10  ps  ) .

The b l u e - s h i f t e d  and r e d - s h i f t e d  components a r e  g e n e r a te d  s im u l ta n e o u s ly

b u t  w i th  t h e i r  w av e le n g th  s e p a r a t i o n  v a r y in g  in  t im e .  S p e c t r a  w i th

m o n o to n ic a l ly  d e c r e a s in g  w av e le n g th  s e p a r a t i o n  (F ig .  8 . 6  a) ) a r e  o b ta in e d

-5f o r  low p r e p u l s e  l e v e l s  i . e .  l e s s  th a n  10  t im es  th e  main l a s e r  p u ls e  

e n e rg y .  However, s p e c t r a  showing an i n c r e a s i n g  th e n  d e c r e a s in g  w av e len g th  

s e p a r a t i o n  (F ig .  8 . 6  b) ) occu r  a s  a r e s u l t  of l a r g e r  p r e p u l s e  l e v e l s .

The b l u e - s h i f t e d  component a p p e a r s  more i n t e n s e  th a n  th e  r e d - s h i f t e d  one 

which i s  th e  r e v e r s e  o f  th e  tim e i n t e g r a t e d  o b s e r v a t i o n s  r e p o r t e d  e a r l i e r  

( 8 . 9 ) . '  T h is  i s  p ro b a b ly  due to  th e  s p e c t r a l  s e n s i t i v i t y  of th e  S-20 

p h o to c a th o d e  f a l l i n g  o f f  r a p i d l y  in  th e  r e d  n e a r  7093 ^  and may be 

a c c e n tu a t e d  by any e r r o r  between th e  d i r e c t i o n  o f  th e  s p e c t r a l  d i s p e r s i o n  

and th e  s t r e a k  camera s l i t .
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8 .8  D is c u s s i o n

The d i f f e r e n c e  between th e  s p e c t r a  o f  F i g s .  8 . 6  (a)  and 8 , 6  (b) 

may be e x p la in e d  by th e  r e s u l t s  o f  th e  B a rr  th e o ry  ( th e  Avrov th e o ry  

i s  n o t  a p p l i c a b l e  s in c e  k ^  in  th e  p r e s e n t  e x p e r im e n t ) .

The B arr  th e o ry  c o n s id e r s  th e  dom inant mechanism f o r  th e  p r o d u c t io n

of w^ / 2  p lasm ons to  be th e  two plasmon decay  s in c e  i t s  th r e s h o l d  i n  an

inhomogenous p lasm a i s  low er than  t h a t  f o r  s t im u la t e d  Raman s c a t t e r i n g .

In  th e  c a se  o f  a sm all  l a s e r  p r e p u l s e  i . e .  F i g .  8 . 6  ( a ) ,  th e  d e n s i t y

s c a l e l e n g t h  d u r in g  th e  r i s i n g  h a l f  of th e  l a s e r  p u l s e  i s  v e ry  sm all  and

th e  t h r e s h o l d  f o r  th e  two plasm on decay i n s t a b i l i t y  i s  o n ly  exceeded  a f t e r

th e  peak  o f  th e  l a s e r  p u l s e  as  th e  d e n s i t y  s c a l e  l e n g t h  i n c r e a s e s .  The

d e c r e a s in g  s e p a r a t i o n  o f  th e  r e d  and b lu e  peaks  i s  th e n  a r e f l e c t i o n  o f

th e  d e c r e a s in g  e l e c t r o n  te m p e ra tu re  d u r in g  th e  f a l l i n g  p a r t  o f  th e  l a s e r

-5p u l s e  ( 8 .1 2 ) .  W ith a s i g n i f i c a n t  p r e p u l s e  ( > 10 t im es  th e  main 

i n c i d e n t  p u l s e  e n e r g y ) ,  th e  i n i t i a l  d e n s i t y  s c a l e  l e n g th s  d u r in g  th e  main 

p u l s e  a r e  lo n g e r  and th e  t h r e s h o l d  f o r  th e  i n s t a b i l i t y  exceeded  e a r l i e r .

The s p e c t r a l  s e p a r a t i o n  th e n  fo l lo w s  th e  r i s e  and f a l l  o f  th e  e l e c t r o n  

te m p e ra tu re  w i th  th e  l a s e r  i r r a d i a n c e .

The s p e c t r a  o b ta in e d  e x p e r i m e n t a l ly  show a sy m m etr ica l  s h i f t  o f  th e  

r e d  and b lu e  w ings .  The d i s c r e p a n c y  be tw een  t h i s  and th e  B arr  th e o ry  may 

be due t o  r i p p l i n g  ( 8 . 1 1 ) o f  e i t h e r  th e  c r i t i c a l  o r  q u a r t e r  c r i t i c a l  d e n s i t y  

s u r f a c e s  g iv in g  r i s e  to  an u n c e r t a i n t y  i n  t h e  a n g u la r  r e l a t i o n s h i p  o f  th e  

p lasm a waves and e l e c t r o m a g n e t i c  w aves. A lso  th e  B arr  th e o ry  assumes t h a t  

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

s u r f a c e  and t h i s  may n o t  be th e  c a s e .

The p u ls e d  n a t u r e  o f  th e  3w^/2 harm onic e m is s io n  may be due to  d e n s i t y  

p r o f i l e  m o d i f i c a t i o n  o f  th e  q u a r t e r  c r i t i c a l  d e n s i t y  s u r f a c e  due to  th e  

ponderom otive  f o r c e  o f  th e  p lasm a w aves. T h is  has  been p r e d i c t e d  by p lasm a 

s im u la t i o n s  (8 .11 )  and o b se rv ed  by i n t e r f e r o m e t r y  ( 8 ,1.3) . The s a t u r a t i o n  

o f  th e  two plasm on decay  i n s t a b i l i t y  by p r o f i l e  s te e p e n in g  and by d r iv e n  

io n  waves and i t s  s u b se q u e n t  r e c u r r e n c e  h as  been  o b se rv ed  in  s im u la t io n s  by
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Langdon e t  a l  ( 8 .1 4 ) ,  who i n d i c a t e d  t h a t  t h e r e  would he c o r re s p o n d in g

b u r s t s  o f  3oj /2  harm onic  e m is s io n .  However, th e  s im u l a t i o n s  show t h a t  o

s a t u r a t i o n  by d r iv e n  io n  waves has too  s h o r t  a r e l a x a t i o n  tim e ( l e s s

th a n  1 p s ) ,  w h i le  th e  lo n g e r  t im e s c a l e  a s s o c i a t e d  w i th  s a t u r a t i o n  due

to  p r o f i l e  s t e e p e n in g  i s  n o t  g iv e n  f o r  r e a l i s t i c  e l e c t r o n - i o n  mass r a t i o s .

S im i la r  b e h a v io u r  in  th e  n a t u r e  o f  th e  2w harm onic  e m is s io n  (se eo

C h ap te r  7) i n d i c a t e  t h a t  a hydrodynamic i n s t a b i l i t y  i s  r e s p o n s i b l e .  The

t im e s c a l e  f o r  such  an i n s t a b i l i t y  was c a l c u l a t e d  in  s e c t i o n  7 .7  C h ap te r  7

to be ^  15 ps w hich i s  o f  th e  o r d e r  o f  th e  o b s e r v a t i o n s  o f  th e  p u ls e d

3w /2  e m is s io n ,  o

8 .9  E s t im a t io n  o f  th e  E l e c t r o n  T em pera tu re  (T^) in  th e  Underdense 

P lasm a

The e x p e r im e n ta l  o b s e r v a t i o n s  d e s c r ib e d  i n  s e c t i o n  8 .7  i n d i c a t e  t h a t  

th e  s e p a r a t i o n  o f  t h e  b l u e - s h i f t e d  and r e d - s h i f t e d  peaks  i n  th e  3w^/2 

harm onic  sp ec tru m  i s  r e l a t e d  to  th e  e l e c t r o n  t e m p e r a tu r e ,  T^ , i n  th e  

un d e rd en se  p la sm a.

I f  o n ly  th e  f a s t e s t  growing mode o f  t h e  p lasm a wave i s  c o n s id e r e d ,  

th e  B arr  model shows th e  dom inant c o n t r i b u t i o n  to  th e  sp ec tru m  o f  th e  

3Wg/ 2  harm onic  e m is s io n  b a c k s c a t t e r e d  th ro u g h  th e  f / 1  l e n s ,  a r i s e s  from 

th e  co m b in a tio n  o f  th e  r e f l e c t e d  pump and p lasm a w aves. The s h i f t s  due 

to  B r i l l o u i n  and D oppler  e f f e c t s  a r e  n e g l i g i b l e  compared w i th  th e  o b s e rv e d  

s h i f t s  o f  th e  3w^ / 2  r a d i a t i o n  i . e .  1 0 - 2 0  £  compared w i th  o b se rv ed  s h i f t s  

o f  50-200 £ . M oreover, th e  B r i l l o u i n  s h i f t  i s  red u ce d  to  ze ro  i f  th e  

ex p an s io n  o f  th e  p lasm a i s  a t  th e  sound sp eed .

For th e  narrow  ran g e  of  i r r a d i a n c e s  10^^ W cm  ̂ employed i n  th e s e  

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

i s  ^  150 £ .  From e q u a t io n  V I I I  -  15:

AA + ~  50 T £r  b e
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where T i s  i n  keV e

g iv in g  ^  3 keV. T h is  i s  a r e a s o n a b le  v a l u e  compared w i th  e s t i m a t e s  

o f  T^ from x - r a y  d iode  m easurem ents  ta k e n  w i th  s i m i l a r  l a s e r  p a ra m e te r s  

( 8 .1 5 ) .
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CHAPTER 9 

G enera l C o n c lu s io n

9 .1  C o n c lu s io n s

At th e  s t a r t  o f  th e  work r e p o r t e d  in  t h i s  t h e s i s ,  much in f o r m a t io n  

had been d e r iv e d  by o th e r  w orkers  from s tu d y in g  th e  s c a t t e r e d  l i g h t  

spec trum  f o r  n o n - l i n e a r  i n t e r a c t i o n s  betw een th e  i n t e n s e  l a s e r  r a d i a t i o n  

and th e  p la sm a . However, most o f  th e s e  p r e v io u s  s t u d i e s  were t im e -  

i n t e g r a t e d  and i t  was hoped t h a t  by em ploying h ig h  tem p o ra l  r e s o l u t i o n  

(o f  th e  o rd e r  o f  p ic o s e c o n d s )  new o b s e r v a t i o n s  would be o b ta in e d .

A s t r e a k  camera coup led  to  th e  o u tp u t  o f  a s p e c t r o g r a p h  was chosen  - 

as  a s u i t a b l e  h ig h  speed  s p e c t r o s c o p i c  d i a g n o s t i c  d e s p i t e  th e  l i m i t e d  

dynamic ran g e  p o s s e s s e d  by s t r e a k  cam eras ,  i n  g e n e r a l ,  f o r  p ic o se c o n d  

o p e r a t i o n .  The r e a s o n s  f o r  th e  poor dynamic ra n g e  p e rfo rm a n ce  were 

i n v e s t i g a t e d  and i t  was conc luded  t h a t  sp ace  ch arge  e f f e c t s  in  th e  r e g io n  

where th e  e l e c t r o n  t r a j e c t o r i e s  c r o s s - o v e r  were n o t  s i g n i f i c a n t  f a c t o r s .  

T h is  c o n c lu s io n  h as  been con f irm ed  e lse w h e re  (9 .1  -  9 . 2 ) .  S ubsequen t 

c a l i b r a t i o n  m easurem ents  o f  th e  s t r e a k  cam eras u sed  f o r  th e s e  ex p e r im e n ts  

showed th e y  p o s s e s s e d  a d e q u a te  dynamic ran g e  ( 10-15 ) to  s tu d y  the

e v o l u t io n  o f  th e  s c a t t e r e d  l i g h t  sp ec tru m .

B a c k s c a t te r e d  l i g h t  a t  th e  fu n d am e n ta l  f r e q u e n c y  was o b se rved  

which d i s p la y e d  th e  c h a r a c t e r i s t i c  re d  s h i f t  o f  B r i l l o u i n  s c a t t e r i n g .

U n like  p re v io u s  r e p o r t s  (9 .3  -  9 .4  ) no s a t u r a t i o n  l e v e l  i n  th e  b a c k s c a t t e r  

e n e r g i e s  was o b se rv e d ,  even f o r  an i r r a d i a n c e  o f  ^  10^^ W cm ^ . A n a ly s is  

o f  a s h o t  where th e  l a s e r  was mode b e a t in g  r e v e a l e d  l e v e l s  o f  1 0 0 % 

b a c k s c a t t e r  f o r  s c a l e  l e n g th s  o f  > 160 ym. Hence, th e  s t im u la t e d  B r i l l o u i n  

s c a t t e r i n g  i n s t a b i l i t y  p o ses  a s e r io u s  p rob lem  f o r  1 .06  ym l a s e r  l i g h t  

c o u p l in g  w i th  p la sm as .

15 -2At i r r a d i a n c e s  g r e a t e r  th a n  10 W cm , an asym m etric  2w^ spec trum  

was o b s e rv e d ,  b roadened  to  th e  low er f r e q u e n c i e s  o n ly .  A lthough  t h i s
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o b s e r v a t i o n  a g re e s  w i th  p r e v io u s  r e p o r t s  ( 9 . 5 ) ,  th e  i n t e r p r e t a t i o n  o f  

th e  b roadened  sp ec tru m  d i f f e r s  from  p r e v io u s  e x p l a n a t i o n s  w hich 

a t t r i b u t e  th e  b ro a d e n in g  to  th e  p r e s e n c e  o f  th e  p a r a m e t r i c  decay  

i n s t a b i l i t y .  I n s t e a d ,  th e  g e n e r a t i o n  mechanism f o r  th e  p lasm ons i s  

a s c r ib e d  to  re so n a n c e  a b s o r p t i o n .  The p r e s e n t  r e s u l t s  can  be e x p la in e d  

by th e  model s u g g e s te d  by C a i rn s  ( 9 .6 )  t h a t  io n  a c o u s t i c  tu r b u le n c e  can 

in d u c e  a b ro a d e n in g  o f  th e  p lasm a wave sp ec tru m  w i th  a c o r re s p o n d in g  

b ro a d e n in g  o f  th e  2w^ sp ec tru m .

The o b s e r v a t i o n  o f  a d o u b le -p e a k e d  3a)^/2 harm onic  spec trum  was in

agreem en t w i th  p r e v io u s  r e p o r t s  (9 .5  ) .  The f re q u e n c y  s e p a r a t i o n  o f  th e

peaks  v a r i e d  d u r in g  th e  i n c i d e n t  p u l s e  l e n g t h  i n  a manner c o n s i s t e n t  w i th

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

and r e d - s h i f t e d  components i s  p r o p o r t i o n a l  to  th e  e l e c t r o n  te m p e ra tu r e  i n

th e  u n d e rd en se  p la sm a . None o f  th e  e x i s t i n g  t h e o r e t i c a l  models e x a c t l y

f i t s  th e  e x p e r im e n ta l  o b s e r v a t i o n s ,  b u t  th e  B a r r  model w hich p r e d i c t s  th e

most s i m i l a r  spec trum  to  t h a t  o b se rv ed  g iv e s  a r e a s o n a b le  e s t i m a t e  f o r

T i . e .  ^  3 keV. 
e

The h ig h  tem p o ra l  r e s o l u t i o n  showed t h a t  b o th  th e  2w^ and 3w^/2 

harm onic e m is s io n s  d i s p l a y  p u l s a t i o n s  on a p ic o se c o n d  t i m e s c a l e ,  w hich  

s u g g e s t  a hydrodynamic i n s t a b i l i t y  e x i s t s ,  p o s s i b l y  caused  by an  u n s t a b l e  

a b l a t i o n  f lo w  a c r o s s  a s te e p e n e d  d e n s i t y  g r a d i e n t .

9 .2  P ro p o s a l s  f o r  F u tu re  Work

As a r e s u l t  o f  th e  s t u d i e s  of th e  h ig h  speed  s t r e a k  cam era , i t  i s  

a p p a re n t  t h a t  i t  would be a more v e r s a t i l e  in s t r u m e n t  i f  th e  dynamic 

ran g e  were g r e a t e r .  One method o f  e x te n d in g  th e  ran g e  would be to  re d u c e  

th e  m a g n i f i c a t i o n  o f  the  e l e c t r o n  o p t i c s ;  e n a b l in g  h ig h e r  p h o to c u r r e n t s  

to  be drawn b e f o r e  s a t u r a t i o n .

The i n v e s t i g a t i o n s  o f  th e  b a c k s c a t t e r e d  l i g h t  sp ec tru m  can  be 

e x ten d ed  by d o u b l in g  o r  t r e b l i n g  th e  f re q u e n c y  of th e  N d /g la s s  l a s e r  (by 

u s in g  a s u i t a b l e  c r y s t a l )  to  o b t a i n  s h o r t e r  w av e le n g th s  i . e .  v i s i b l e  and
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uv. A w aveleng th , s c a l i n g  f a c t o r  co u ld  th e n  be o b ta in e d  f o r  th e  

s c a t t e r i n g  p r o c e s s e s  e . g .  t h e  B r i l l o u i n  i n s t a b i l i t y ,  and o th e r  harm onics  

may be s t u d i e d .  For exam ple , w i t h  a f re q u e n c y  t r e b l e d  N d /g la s s  l a s e r  

th e  f re q u e n c y  o f  th e  w^/2 harm onic  e m is s io n  i s  ^  0 .7  ym, w hich i s  i n  th e

e a s i l y  d e t e c t a b l e  v i s i b l e  ran g e  and a l s o  can n o t  be c o n fu sed  w i th

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

A l l  th e  i n v e s t i g a t i o n s  r e p o r t e d  h e re  co u ld  be r e p e a t e d  w i th  a w ider

ra n g e  o f  t a r g e t  m a t e r i a l s .  T h is  i s  p a r t i c u l a r l y  r e l e v a n t  to  th e  

o b s e r v a t i o n s  of th e  3w^/2 sp ec tru m  which c o u ld  p ro v id e  a v a l u a b l e  

d i a g n o s t i c  f o r  th e  e l e c t r o n  te m p e ra tu re  in  th e  u n d e rd e n se  p lasm a n e a r  

th e  q u a r t e r  c r i t i c a l  d e n s i t y  s u r f a c e .
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Ab s t r a c t

T h e  r e l a t i v e  i m p o r t a n c e  o f  s p a c e  c h a r g e  i n s i d e  a n  e l e c t r o s t a t i c a l l y  f o c u s s e d  t u b e
( i )  n e a r  t h e  p h o t o - s u r f a c e  a n d  ( i i )  a t  t h e  e l e c t r o n  t r a j e c t o r y  c r o s s - o v e r  p o i n t  i s  e v a l u a t e d  
by c o m p a r i n g  t h e  p e r f o r m a n c e  o f  f o u r  e l e c t r o s t a t i c a l l y  f o c u s s e d  s i n g l e  s t a g e  i m a g e  c o n 
v e r t e r  t u b e s ,  A 3 n a n o s e c o n d  l o n g  N i t r o g e n  l a s e r  p u l s e  w a s  u s e d  f o r  t h e s e  e x p e r i m e n t s .

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

T h e  r e s u l t s  s u g g e s t  t h a t  t h e  m o s t  i m p o r t a n t  a r e a  o f  s p a c e  c h a r g e  c o n t r i b u t i o n  f o r  
e l e c t r o n  i m a g e  d e g r a d a t i o n  i s  t h e  r e g i o n  n e a r  t h e  p h o t o - c a t h o d e .  I t  w a s  a l s o  o b s e r v e d  
t h a t  t h e  d e g r a d a t i o n  o f  s p a t i a l  r e s o l u t i o n ,  f o r  a n  i m a g e  t u b e  w i t h  h i g h  p h o t o - c a t h o d e  
c o n d u c t i v i t y  a n d  m o r e  t h a n  2 KV/ c m e l e c t r i c  f i e l d  n e a r  t h e  ç ! i o t o - c a t h o d e , w a s  n o t  s i g n i f 
i c a n t  u n t i l  t h e  p h o t o - c u r r e n t  d e n s i t y  r e a c h e d  a b o v e  4 0  m a / c m " .  T h i s  c u r r e n t  d e n s i t y  i s  
muc h g r e a t e r  t h a n  t h a t  n o r m a l l y  a v a i l a b l e  f r o m  p i c o s e c o n d  s t r e a k  t u b e s ,  i f  g o o d  t i m e  
r e s o l u t i o n  i s  e x p e c t e d  f r o m  t h e s e  t u b e s .

I n  t h e  1 i g h t  o f  
t u b e  f o r  o i c o s e c o n d

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

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

T h e  c u r r e n t  d e n s i t y  r e q u i r e m e n t s  f o r  r e c o r d i n g  s u b n a n o s e c o n d  e v e n t s  u s i n g  i m a g e  
v e r t e r - i n s t e n s i f i e r  s y s t e m s  c a n  b e  d e f i n e d  b y  t h e  f o l l o w i n g  e q u a t i o n  ( S c h e l e v  e t  a l

c o n -
1 9 7 2 ) !

I T
K y  w ( 1 )

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

'XT = r e q u i r e d  t i m e  r e s o l u t i o n
y3 = o v e r a l l  m a g n i f i c a t i o n  ^

5 = 1  cm^ -  a r e a  i l l u m i n a t e d  o n  t h e  f i r s t  p h o t o c a t h o d e .
K = o v e r a l l  a m p l i f i c a t i o n  o f  o u t p u t  p h o t o n  e n e r g y  f r o m  t h e  f a s t  i m a g e  c o n v e r t e r .
i  = n u m b e r  o f  p h o t o n s  a t  t h e  o u t p u t  p h o s p h o r  o f  i m a g e  c o n v e r t e r  p e r  p h o t o - e l e c t r o n
ui  = e n e r g y  p e r  p h o t o n  e m i t t e d  b y  f i r s t  p h o s p h o r .

T h e  s a m e  a u t h o r s  o b s e r v e d  t h a t  f o r  1 p i c o s e c o n d  t i m e  r e s o l u t i o n  u s i n g  a  s i n g l e  s t a g e  
i m a g e  c o n v e r t e r  c a m e r a ,  a  c u r r e n t  d e n s i t y  o f  s e v e r a l  h u n d r e d  m i l l i a m p e r e s  p e r  cm i s
r e q u i r e d  e v e n  f o r  a  u n i t y  d y n a m i c  r a n g e  r e c o r d i n g  o f  t h e  e v e n t .

2 3 4
S e v e r a l  g r o u p s  * ' ' h a v e  s i n c e  r e p o r t e d  *^2 p i c o s e c o n d  t i m e  r e s o l u t i o n  u s i n g  i m a g e

i n t e n s i f i e r s  c a p a b l e  o f  d e t e c t i n g  s i n g l e  p o t o - e l e c t r o n s  t o  i n t e n s i f y  t h e  o u t p u t  f r o m
t h e  h i g h  s p e e d  i m a g e  c o n v e r t e r  l u b e ,  TIi c s  e s y s t e m . s  s h o w e d  v e r y  s e v e r e  1 irii i I a  t i o t \ s  t o
t h e i r  u s e f u l  d y n a m i c  r a n g e .  T h e  b e s t  r e p o r t e d  d y n a m i c  r a n g e  w a s  t h a t  g i v e n  b y  T h o m a s  e t
a l  ( 1 9 7 4 )  ( o v e r  a  h u n d r e d  d y n a m i c  r a n g e  f o r  1 2 0  p i c o s e c o n d  p u l s e ) .

( 6 )
A n a l y s e s  o f  t h e  r e p o r t e d  s y s t e m s  ( a s  f a r  a s  p r a c t i c a b l e  f r o m  t h e  r e p o r t s )  s u g g e s t  

t h a t  t h e  ma x i m u m  c u r r e n t  d e n s i t y  t h a t  h a s  b e e n  e x t r a c t e d  f r o m  t h e  p h o t o c a t h o d e  o f  t h e
h i g h  s p e e d  i m a g e  c o n v e r t e r ,  f o r  *1- 5  p i c o s  e c o n d  t i m e  r e s o l u t i o n  ( o p e r a t e d  i n  t h e  s t r e a k
mo d e )  i s  «  1 m A/ c m . A t  h i g h e r  c u r r e n t  d e n s i t i e s ,  t i m e  r e s o l u t i o n  o f  t h e  s t r e a k  c a m e r a
ha s  b e e n  r e p o r t e d  t o  b e c o m e  w o r s e .

H o w e v e r ,  i t  h a s  b e e n  k n o w n  f o r  a l o n g  t i m e  t h a t  p h o t o d i o d e s  c a n  b e  u s e d  w i t h  b e t t e r 2  

t h a n  0 . 5  n a n o s e c o n d  t i m e  r e s o l u t i o n  wh e n  h a n d l i n g  c u r r e n t  d e n s i t i e s  i n  e x c e s s  o f  1 A / c m  
( f o r  e x a m p l e ,  I TT p h o t o d i o d e  t y p e  F 4 0 0 0  o r  I . T . L .  p h o t o d i o d e  t y p e  H D 1 2 5 ) ,  w i t h o u t  l o s i n g  
l i n e a r i t y  o f  r e s p o n s e .

I t  h a s  b e e n  s u g g e s t e d  t h a t  t h e  r i - a s o n  f o r  n o n l i n e a r  b e h a v i o u r  o f  p i c o s e c o n d  s t r e a k
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. (cameras a t  p h o t o c u r r e n t  d e n s i t i e s  a b o v e  1 0 0  -  3ÜÜyu A / c m  c o u l d  b e  d u e  t o :
I

( i )  S p a c e  c h a r g e  r e t a r d a t i o n  o f  p h o I o c l . - c I r o n  v e l o c i t y  b e t w e e n  t h e  p h o t o c a t h o d e  I  a n d  t h e  n e x t  e l  e e l  r o d e ,
( i i )  Sp a  c  e  c h a r g e  a t  t l i e  e l e c t  r  t n  i o p t  i c a l  c f o s s  o v e r  ( e ,  i - t  i n  t h e  s t r e a k  t u b e s  

, ( w h i c h  a r e  m o s t i v  e  1 e c  t r o s  t  a  t i ç a  I I y  I o r  i i  s  s  e t  I ) .

 ̂ ( )
' S e v e r a l  a u  t h o  r s h a v e  r e p o r t  ei l  o n  I l i e  b e h a v i o u r  o f  t u b e s  ’ ' a t  v a r i o u s  c u r r e n t  d e n s i t i e s

,,'ĵ nd t h e  r e s u l t s  h a v e  s h o w n  t h e  o n s e t  o f  s u c h  s p a c e  c h a r g e  i n d u c e d  l o s s  o f  s p a t i a l  r e s o l u t i o n  
i'a.id h e n c e  t i m e  r e s o l u t i o n )  d o  n o t  o c c u r  mu c h  b e l t j w  10 mA/ c m [di o t o c a  t b o d e  c u r r e n t  d e n s i t i e s

I In til  i s  p a p e  r we r e p o  r t r e s u l t s  o f  e x p e r i m e n t s  p e r f o r m e d  on I e l e c t r o s t a t i c a l l y  f o c u s s e d  
linage c o n v e r t e r  c a m e r a s  o f  d i f f e r i n g  E l e c t r o n  o p t i c a l  c o n f i g u r a t i o n s ,  w i t h  a  v i e w  t o  c v a l -  
j;il m g  t h e  r e l a t i v e  i m p o r  t an c e o f  s p a c i '  c h a r g e  n e a r  t h e  pl i o  t o c a  t ho t l e  a n d  t h a t  a t  t h e  e l e c 
tron o p t i c a l  c r o s s  o v e r  p o i n t .  T h e  d e t a i l s  o f  t h e  f o u r  t u b e s  a r e  g i v e n  i n  T a b l e  I .

T a b l e  1 .  D e t a i l s  o f  t u b e s  a n d  o p t i c a l  s y s t e m s

' ' l u b e  1 T u b e  2 T u b e  3 T u b e  4

,Opera l i n g  V o l t a g e  
‘('agn i f i c a t i o n  
pi i osphor  E f f i c i e n c y  
, ' o l l e c t i o n  E f f i c i e n c y

( V)

( n )

U )

8 kV
0 . 9
0 . 1

0 . 0 1 5

8 kV 
0 . 9  
0 . 1 

0 . 0 1 5

1 1 . 5 kV 
2 . 6  
0 . 1  
0 . 7

6 . 5  kV  
0 . 3 3  
0 . 1  
0 . 7

%oton E n e r g y  D e n s i t y  o n  t h e  F i l m ( o (  ) 3 x 1 0 " 3 x l 0 " 3 x l 0 ‘ ^° 3 x l O " ^ °

J /  cm^ J /  cm^ J / cm^ T  /  2J /  cm

-Ifiiü t o c a  t h o d e  S u b s t r a t e  R e s i s t a n c e (  ft ) l O O A / a l OOi l / o l OOJl / a IOOCa / o

i i l e c t r i c  f i e l d  n e a r  p h o  l o c a l  h o d e ( £  ) 200UV/on 350UV/cm 4 0 0 V/ c m 2 0 0  V/cm

"[vpe o f  p h o t o c a t h o d e S - 2 0 S -  1 S - 2 0 C s T e

iaximum r e s o l u t i o n  o f  3 ns  N.,  l a s e r  p u l s e 10 Ip/mm 1 0 (p/mm 1 0 tp/mm 10 Ip/mm

I t  w i l l  b e  o b s e r v e d ,  a t  e q u a l  a n o d e  p o t e n t i a l ,  e a c h  t u b e  h a s  a d i f f e r e n t  f i e l d  n e a r  t h e  
ihot o c a  t h o d e . T h u s ,  i t  w a s  p o s s i b l e  t o  s e f > a r a t e  o u t  t h e  e f f e c t  o f  s p a c e  c h a r g e  d u e  t o  t h ^  
i l e c t r i c  f i e l d  n e a r  t h e  p h o t o c a t h o d e  a n d  t h a t  a t  t h e  a n o d e  c o n e  w h e r e  c r o s s  o , v e r  o f  e l e c t r o n  
i r a j e c t o r i e s  o c c u r r e d .

I Two o f  t h e  f o u r  t u b e s  h a d  S - 2 0  p h o t o c a t h o d e s  w h i l e  t h e  o t h e r s  w e r e  C s T e  a n d  S - 1  p h o t o -  
p a t h o d e s  r e s p e c t i v e l y .

E x p e r  i m e n  t a 1

A n i t r o g e n  l a s e r  w i t h  % w i d t h  ( i . e .  d u r a t i o n  a t  h a l f  ma x i mu m a m p l i t u d e )  o f  3 n a n o s e c o n d s  
IS u s e d  i n  a l l  t h e  e x p e r i m e n t s  a s  a  s h o r t  l i g h t  s o u r c e  t o  i l l u m i n a t e  d i f f e r e n t  r e s o l u t i o n  

. i i a r t s .  F i g u r e  1 s h o w s  s c h e m a t i c a l l y  t h e  d e t a i l s  o f  t h e  e x p e r i m e n t a l  s e t  u p .

l u t  I u n  C h a  r  i 

'    I III »» I i n  1

Fig. la Schematic of
experimental set-up

Fig. lb Current pick-off 
circuit.

F i g .  l a F i g .  lb
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T h e  t o t a l  a r e a  o n  t h e  p h o  t o c a L l iocl e  w h i c h  w a s  i l l u m i n a t e d  b y  t h e  l a s e r  w a s  k e p t  s m a l l .
In m o s t  e x p e r i m e n t s  t h e r e  w e r e  l a r g e  u n i l l u m i n a t e d  a r e a s  a r o u n d  t h e  i l l u m i n a t e d  s p o t s  -
t h e  r e s o l u t i o n  c h a r t  wa s  a s i m p l e  p r i n t e d  c i r c u i t  b o a r d  w i t h  e q u  i s p a c e d  h o l e s .  T h e  i n p u t  
o p t i c s  o n  t l i e  p h o t o c a t h o d e  w a s  s u c h  t h a t  t h e  d i a m e t e r  o f  t h e  i l l u m i n a t e d  d o t s  w e r e  0 . 6  mm 
f o r  a l l  t h e  t u b e s .  A l t h o u g h  t h i s  i s  a v e r y  c o a r s e  r e s o l u t i o n  t e s t ,  t h i s  wa s an  a d e q u a t e
p a t t e r n  f o r  o u r  o b s e r v a t i o n s  c o n c e r n e d .

T h e  t o t a l  i l l u m i n a t e d  a r e a  on t h e  p h o t o c a i h o d c  
c a t h o d e  c u r r e n t  d e n s i t y  wa s  e v a l u a t e d  by m e a s u r i n g

o f  e a c h  c a m e r a  wa s  k n o w n  a n d  t h e  p h o t o -  
t h e  v o l t a g e  on a c a p a c i t o r  u s e d  t o  

c o l l e c t  t h e  c h a r g e  a c c o r d i n g  t o  t h e  f o l l o w i n g  e q u a t i o n :

w h e r e

I C
a . X

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

N, l a s e r  p u l s e 3 nanosecond:

( 2 )

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

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

A
o u t p u t

l a r g e  n u m b e r  o f  r e c o r d i n g s  h a d  t o  b e  
f l u c t u a t i o n s  ( b o t h  i n  amp I i t u d e  a n d  s p a t

t a k e n  t o  a v e r a g e  
a I p a t t e r n )

o u t  a n y  e r r o r s  d u e  t o  t h e  l a s e r

T h e  t u b e s  3 a n d  4 , u n l i k e  t l i e  o t h e r  t w o ,  h a d  f i b r e  o p t  i c  o u t p u t  w i n d o w s .  An F 2  r e  l a v  
l e n s  w i t h  1 : 1  m a g n i f i c a t i o n  wa s  u s e d  t o  r e c o r d  t h e  p h o s p l i o r  i m a g e  o f  t u b e s  1 a n d  2 o n  35 mm 
f i l m .  HP4 p l a t e  f i l m  w a s  u s e d  t o  r e c o r d  t h e  o u t p u t  f r o m  t u b e  3 .

P h o t o g r a p h i c  r e c o r d s  w e r e  t a k e n  o n  K o d a k  2 4 7 5  wh e n  t u b e  1 w a s  b e i n g  t e s t e d .  S i n c e  
t h i s  t u b e  h a d  n o  f i b r e  o p t i c  o u t p u t  w i n d o w ,  i t  r e q u i r e d  a mu c h  h i g h e r  c u r r e n t  d e n s i t y  t h a n  
t h e  o t h e r  t u b e s  t o  p r o d u c e  a n y  r e c o r d a b l e  i ma g q , .  I t  wa s  n o t  p o s s i b l e  t o  g e t -  a n  u n d i s t o r t e d
i m a g e  on a n y  o t h e r  f i l m  wh e n  t h i s  t u b e  wa s  u s e d .  FP4 f i l m  w a s  u s e d  t o  r e c o r d  i m a g e s  f r o m
t u b e  2 s u c c e s s f u l l y .  F i g u r e  2 s h o w e d  a s e r i e s  o f  p h o t o g r a p h s  w i t h  c u r r e n t  d e n s i t i e s  
i n c r e a s i n g  f r o m  t h r e . s h o l d  o f  r e c o r d i n g  t o  s e r i o u s  d i s t o r t i o n s  f o r  t u b e  1 .

F i g .  2 P h otog rap h s  ta k e n  on Kodak 2475 fi lrr  
u s i n g  tube  1.  P h o t o c u r r e n t  d e n s i t i e s  were

a ) m.A/ cm"

b) 28 mA/cm^

c) 64
2

mA/cm

d) 110
2

mA/cm

e ) 200
2

mA/cm

f  ) 240
9

mA/cm“

H o w e v e r  i t  w i l l  b |  n o t i c e d  t . hat  n o  s e r i o u s  d i s t o r t i o n  w a s  o b s e r v e d  b e l o w  c u r r e n t  d e n & j t i e s  
o f  a b o u t  4 0  m A/ c m . T h e  e l e c t r i c  f i e l d  n e a r  t h e  p h o t o c a t h o d e  o f  t h i s  t u b e  w a s  e s t i m a t e d  
t o  b e  a r o u n d  2 0 0 0  V / c m ,  a v a l u e  mu c h  h i g h e r  t h a n  i n  e i t h e r  t u b e  3 ( —  4 0 0  V / c m )  o r  t u b e  4 
( 2 0 0  V / c m ) .  I t  w a s  i n t e r e s t i n g  t o  n o t e  t h a t  e v e n  a t  c u r r e n t  d e n s i t i e s  o f  a r o u n d
2 0 0  mA/ c m t h e  r e s o l u t i o n  o f  t h i s  t u b e  wa s  b e t t e r  t h a n  0 . 3  mm a t  p h o t o c a t h o d e ,  a l t h o u g h
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. w a s  v e r y  s e r i o u s  r u 1 1

F i g u r e  3 a s i m i l a r  s e r i e s  wl  p h u l u g r a p h s  a r r  s  
r t s n a i i i e d  t i l l  e n a b l e  i ip I u ;i cu r r ( - nt  d , , , s  i i v

III,' ( . I I I • due I ( f s pa c c charge.

:,()v.!i l \ i  r t h Im- I .  Th e  d i s t o r t  i o n  o f  
,1 I XU mA/ c m^  ( K o d a k  FP1 f i b n  w; i s  u s c d X

) ICO

) ii,r

li I i l ' - n  c.n do hjk
! i.rrujnt

F i g u r e  4 a s i m i l a r  s e r i e s  o f  p h o t o g r a p h s  a r e  s h o w n  f o r  t u b e  3 .  H e r e , t h e  d i s t o r t i o n  
l i n a g e  c o u l d  b e  c o n s i d e r e d  n e g l i g i ! ) l i -  up t o  a  p.ho ( o - <• I e c t r on  c u r r e n t  c i e n s i t y  o f  

s m a i e l v  3 . 5  m A / c m “ . T h e  l o w e r  e l e c t r i c  f i i i l d  i n t h i s  I n be  c o m p a r e d  t o  t h e  a b o v e  
mil Id c a u s e  s p a c e  c h a r g e  e f f e c t s  t o  a p'pea r a I i h e  l e v e l s  o b s e r v e d .  T h e  u p p e r  e n d  o f  
It.nil I c r a n g e  o f  t h e  t u b e  c o n  Id b e  r e c o r d e d  o n  I IP I p l a t e s ,  w h i c h  w a s  u s e d  i n this  
0 f p h o t  o g  r a p h s . '

a)

b)

c)

d)

" ' T h  :  : ...

« .m l,, .a , '

'i • '■ ■ ‘ # T # ’ e a d  .'.eM . • V’

i b o t e g r o | b u  t a k e n  o n  I l f o r d  HP4

k l e t n i i '  i l l :  ivetm

a )  t, . 8  taA/. m'

b) 3.  3 niA/i :n'

c) 9 nU\/iun'

(I) 1 3 inA/ .  rt'

F b o t o - c u r r e n t
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We h a d  t o  u s e  a l e s s  s e n s i l i v t  I i I m  ( I l f o r d  FP4 o r  Ko d a k  P a n  F ) t o  g e t  a t  t h e  u p p e r  
e nd o f  t l i c  r l ynani i r  r a n g e  <, I t ub' '  ! .  Fi gure . '  S s h o w s  p r i n t s  o f  e x p o s u r e s  t a k e n  u s i n g  

F a n  F f i l m .

F!iOl 'igrnphs takan on Kodak thin 
ng Tube 4.  P h o t o - c u r r e n t

o e n s i t i e r  were

a)  0 . 3  cA/omF

b) 0.6 mA/=m^

c )  1 . 2  mA/cm^

d) 2 . 5  mA/cm"
9

e )  4 mA/cm"

H e r e  a g a i n ,  we c o u l d  s e e  v e r y  s i m i l a r  i m a g e  d i s t o r t i o n  a s  t h e  c u r r e n t  d e n s i t y  a t  t h e  
p h o t o c a t h o d e  wa s  i n c r e a s e d .  H o w e v e r ,  t l i e  ma x i mu m c u r r e n t  d e n s i t i e s  a t  w h i c h  i m a g e  d i s 
t o r t i o n  c o u l d  s t i l l  be  c o n  s i d e  r e d  n e g l i g i b l e  wa s a r o u n d  1 . 2  ni A/ c m . A g a i n ,  t h e  1 o w e  r 
s t i l l  e l e c t r i c  f i e l d  n e a r  t h e  p h o I o c a  I h o d  c'  o f t h i s  t u b e  c o u l d  e x p l a i n  t h e  l o w e r  c u r r e n t  
h a n d l i n g  c a p a c i t y  o f  t h i s  t u b e .  I f  t h r e e  h a l v e s  p o w e r  Low wa s  a p p l i e d  t o  t h e  t h r e e  t u b e s  
t o  e x p  l a i n  t h e  t h r e s h o l d  o f  s  pa  c c - c ha  rg  e l i m i t e d  i m a g e  d i s t o r t i o n ,  t h e  r a t i o  o f  c u r r e n t  
d e n s i t i e s  a t  w h i c h  t h i s  e f f e c t  s h o u l d  b e  e x p e c  t e d , f o r  t h e  f o u r  t u b e s  i s  a b o u t  3 2 : 7 3 : 3 : 1 .

T h e  p h o t o c a t h o d e  s u b s t r a t e  r e s  i s t a n c e  o f  ; j 1 ■ •+ wa s  t o o  h i g h  a n d  n o n  u n i  f o r m i n t h e
t ni ^i dl c  o f  t h e  t u b e .  H e n c e  an a r e a  n e a r  t h e  ou I e  r e d g e  o f  t h e  p h o t o c a t  h o d e  ha d  t o b e  
c h o s e n  t o  ^ e t  t h e  p i c t u r e s  s h o w n  i n  F i g u r e  5 .  T h i s  c a u s e d  a s l i g h t  l o s s  i n  t h e  s h a r p i ^ e s s  
o f  t h e  p r o j e c t e d  i m a g e  o n t h e  pl i o t o c a  t !i o d e  a n d  t h e  o b l o n g  s h a p e  o f  t h e  c i r c u l a r  a p e r t u r e s .

T u b e  4 h a d  C s T e  
i t  IS a l s o  not .  s e n s i t i v e  t o  
o u t p u t )  i s  mu c h  l e s s  t h a n  0 
t h e  q u a n t u m  e f f i c i e n c y  a t  
t h e  p h o t o c a t h o d e  o f  t u b e  4 wa s  a t  I
t h e  o t h e r  t wo  t u b e s .  T h e  l i g h t  I e v e  I , 
n o n - l i n e a r  [ o i o t o - e l e c t r i c  e f f e c t .

Th e  e f f e c t  o f

p h o t o c a L h o d o  , w h i c h  i s  n o n - c o n d u c t i n g  a t  r o o m t e m p e r a t u r e ,  
v i s i b l e  l i g h t .  I t s  qu a n  turn e f f i c i e n c y  a t  3 3 7 1  X ( 1 2̂ l a s e r  
5%; w h e r e a s  f o r  S - 2 0  p h o t o c a t h o d e s  o f  t h e  o t h e r  t wo  t u b e s ,  

3 371 X IS n e a r  I v 5%.  ■ T h i s  m e a n t  t h a t  t h e  p ' n o t o n  d e n s i t y  a t
r d e r  o f  m a g n i t u d e  h i g h e r  t h a n  t h a t  f o r  

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

V
•a St  a n  < 
h o w e v e  r

p h o  t o c a  I h u d  e r e s i s t a n c e  on t h e  i
t h e  c u r r e n t  d e n s i t i e s  c o n s i d e r e d  f o r  l u b e  J,  l a b e  
r e s i s t a n c e  o f  t h e  o r d e r  o f  1 0 0  J L/ o  . W i t h  t u b e  1 
c h o s e n ,  t h e  e f f e c t  o f  t h e  p h o t o c a t h o i b  
l i m i t s  f o r  c u r r e n t  d e n s i t i e s  u p t o  1 . 2

s u r  1 a q 
m ' cm "

g e  q u a l i t y ,  wa s  n o t  s i g n i f i c a n t  i n
;c . -  t h e y  h a d  s u b s t r a t e

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

T h e  e x p e r i m e n t s  d i s c u s s e d  a b o v e  w e r e  u
d u r a t i o n .  In o r r i e r  t o  é v a l u a  t*e an v p u s s  i
p u l s e s ,  a s e r i e s  it e x p e r i m e n t s  wai  
l a s e r  on t u b e  1 .  The  m o d e - l o c k e d  

o f  < 30 p i c o s e c o n d  d u r a i  i o n .  A no
i n t e g r a t e d  t r a i n  - of  p u l s e s .  A re:
i n t h i s  e x p e r i m e n t .  T h e  t u b "  d i d  
F i I' II r e  ( fo ) s h o w s  a r e c o r d  o l  n i 11

r f(

u s i n g  n i ' t r o g c n  l a s e r  o u t p u t s  o f  3 n a n o s e c o n d
c h a n g e  i n t u b e  b e h a v i o u r  f o r  p i c o s e c o n d

ori iK'd u s  m g  a r u b y  l a s e r  p u mp e d  m o d e - l o c k e d  d y e  
u I I s  e t r a i n  c o n t a i n e d  s i x  o r  s e v e n  i n d i v i d u a l  p u l s e s
I f ' i d  I 1 I 111 (.■'0 0 '"' ASA)  w a s  u s e d  f o r  r e c o r d i n g  t i i c
' I ' l l  I o n  i n e x c e s s  o f  5 l i n e  p a i r s  p e r  mm wa s  a c h i e v e d  
III s h o w  a n \ s u l i s t a n t i a l  c h a n g e  i n  b e h a v i o u r .

a I r
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lê 6a ' Pho to graph  o f  a g r i d  p a t t e r n  
laminated' by a t r a i n  m odel ockeJ  ruby .

pumped dye l a s e r s .  S. ven i nclivid.uul  
1,1 s were s u p e r i  nipoucd and ii. l e g r u  Led ont:o 
i3C0 0 ‘̂ Sr[‘o l a r o i d  f i l m .  F.i i iiiui t ed o a r r e n f  
j;,..iiy re( .;uired f o r  t h i s  phc v; gr.i  ̂ . was 
IÛ V raA /  c  iTi .

r i g.  Piv i s r i l l o g r a p h  o f  m o d e l o c k e d  
d y e  I "1 1' -'r p u l s e  t r a i n .  T i m e  i n t e r v a l  
b-' iw<-- . I, I . er,  w. i s  l . S  n a n o s e c o n d s  .

I R e s u l t s  a n d  C o n c l u s i o n s

T h e  r e s u l t s  a r e  sunuiia r i s  e d  i n  T a b l e  2 .  I t  w a s  f o u n d  t Ita t t u b e s  I ,  2 a n d  3 s h o w e d  t h e  
j o l l a p s e  o f  t l i e  i m a g e  t o w a r d s  t h e  c e n t r e  t y p i c a l  o f  s p a c e  c h a r g e  l i m i t a t i o n  n e a r  t h e  p h o t o  
iat i i ode.  T h e r e  w a s  g o o d  a g r e e m e n t  b e t w e e n  t h e  e x p e r i m e n t a l  l i m i t s  o f  s p a c e  c h a r g e  w i t h  

dj l i i ld' s  l a . v  o f  s p a c e  c h a r g e  l i m i t a t i o n ,  w h e n  t h e  e l e c t r i c  f i e l d  n e a r  t h e  p h o t o c a t h o d e  w a s  
m s  id e r e d  a s  t h e  p r i m e  c a u s e  o f  i m a g e  d i s t o r t i o n  o b s e r v e d .

' .. . T a b l e  2
T u b e  1 T u b e  2 T u b e  3 T u b e  4

ilm K o d a k
2 4 7 5

EP 4 , HP4 I I f o r d  
F P 4  o r  
K o d a k  

P a n  F

IX i mum c u  r r e n  t d e n s i t i e s 4 0 m A / c m ^ 1 0 0 m A / c m^ 3 . 5mA/cm^ 1 .  2mA/cm^

in i mum c u r r e n t d e n s  i t i e s 5 mA/ c m^ 1 1 mA/ c m^ 0 . 5mA /cm^ 0 . 2 mA/cm ̂

pi am i c R a n g e n o r m a l i s e d  f o r  K o d a k  2 4  7 5 8 36 12 80

1 p a r t i c u l a r  i m p o r t a n c e  i s  t h e  r e s u l t s  o b t a i n e d  f r o m  t u b e s  1 a n d  2 .  T h e s e  t w o  t u b e s  w e r e  
( i d e n t i c a l  e l e c t r o n  o p t i c a l  d e s i g n  e x c e p t  t h a t  t u b e  2 w a s  o f  s m a l l e r  d i m e n s i o n s  t h a n  

■jube 1 .  When o p e r a t e d  a t  t h e  s a m e  a n o d e  p o t e n t i a l ,  t u b e  I h a d  a f i e l d  o f  a b o u t  2 0 0 0  V / c m  
lear t h e  p h o t o c a t h o d e  a s  o p p o s e d  t o  3 5 0 0  V / c m  f o r  t u b e  2 .  T h e  f a c t  t h a t  t u b e ^ 2  s h o w e d  
.{lie o n s e t  o f  s p a c e  c h a r g e  i n d u c e d  d i s t o r t i o n  a t  a c u r r e n t  d e n s i t y  o f  1 0 0  m A / c m"  w h i c h  i s  
I t i m e s  t h a t  f o r  t u b e  1,  a t  t h e  s a m e  a n o d e  v o l t a g e ,  w a s  a c l e a r  i n d i c a t i o n  t h a t  t h e  s p a c e  
li iarge e f f e c t  a t  t h e  c r o s s  o v e r  p o i n t  o f  e l e c t r o n  t r a j e c t o r y  w a s  n e g l i g i b l e  i n  c o m p a r i s o n  
jo t h a t  n e a r  t h e  p h o t o c a t h o d e .

I T u b e  4 d i d  n o t  h a v e  a c o n v e n t i o n a l  p h o t o c a t h o d e , n o r  d i d  i t  h a v e  a h i g h  c o n d u c t i v i t y  
libs t raj ,  e .  As  a r e s u l t ,  t h i s  t u b e  s h o w e d  e f f e c t s  d u e  t o  c i i a r g i n g  u p  o f  t h e  p h o t o c a t h o d e  

jui'f a c e  ' ' , T h i s  t u b e  a l s o  h a d  a v e r y  l o w  e l e c t r i c  f i e l d  l U' a r  t h e  p h o t o c a t h o d e .  b e c a u s e
|f t h e  t wo  a b o v e  ' f a u l t s ' ,  t h i s  t u b e  c o u l d  o n l y  b e  o p e r a t e d  s a t i s f a c t o r i l y  up  t o  a p h o t o -  
j i t ho de  c u r r e n t  d e n s i t y  o f  1 . 2  m a / cm . H o w e v e r ,  i t s  d y n a m i c  r a n g e  w a s  s t i l l  t h e  h i g h e s t  
Ir.c t h i s  o o u l d  b e  d u e  t o  i t u  d<. m a y n i l v i  n g  e l e c t r o n  c i t  i cE>.
I
I' A c k n o w l e d g e m e n t s

T h e  a u t h o r s  a r e  i n d e b t e d  t o  t h e  A t o m i c  W e a p o n s  R e s e a r c h  E s t a b l i s h m e n t  f o r  t h e  l o a n  o f
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Time resolved second harmonic spectra from glass microballoons irradiated by neodym ium  laser pulses ( ~  10^^ Wcm~^, 
~  100 ps) have been recorded with a resolution o f  ~  10 ps in time, ~  1 A in wavelength and ~  10 jum in the target plane. In
tense, time and wavelength resolution-limited spots appear, w hose origin has not yet been explained.

Observations o f spectrally and spatially resolved 
second harmonic emission from laser produced plas
mas have been reported by several authors [1—6]. 
These have provided information about possible inter
action processes and have been used to determine den
sity scale lengths near the critical surface. Time resolv
ed backscattered emission studies have also been re
ported [7,8] .We present here time resolved observa
tions, with a spectral resolution o f ~1 Â and temporal 
resolution o f ~ 1 0  ps, o f the spectrum of radiation 
emitted near the second harmonic wavelength from 
plasmas produced by two opposing Nd laser beams 
( /q ~  10^  ̂W cm“  ̂A? ~  100 ps) incident on D-T 
filled glass microballoon targets.

From earlier work [9], a typical time integrated 
second harmonic system is shown in fig. 1, with a red- 
shifted peak and asymmetric broadening mainly to the 
red. The total width is approximately 30 Â. The radia
tion was collected by one o f the / / I  singlet lenses used 
to focus laser light on the target, and relay lenses pro
duced a magnified image on the slit o f the 0.5 m grat
ing spectrograph. The limited solid angle illuminating 
the 1200 line mm”  ̂ grating restricted the spectral re
solution to about 0.3 Â.

To study the evolution o f the spectrum in time, an 
Electrophotonics Photochron II streak camera with an 
S-20 photocathode was optically coupled to the out

BOprn

WAVELENGTH

Fig. 1. Typical time integrated second harmonic spectrum  
AX.- 3 0  A.

put plane o f the spectrograph, as shown in fig. 2. The 
singlet lenses were replaced with aspheric focussing 
doublet types. The size o f the image on the spectro
graph entrance sht was further increased which reduc
ed the spectral resolution to ~ 1  A, but gave good time 
resolution: although the time resolution o f  the camera 
alone (~ 5  ps) was determined by the camera entrance 
sht width, that o f the entire system was hmited by the 
range o f path lengths in the spectrograph to 10 ps. The 
spatial resolution in the target plane was limited by 
the / / I  lens to about 10 jum at 5320 A. The streak da
ta were recorded photographically on Kodak type 
2485 film. Separate exposures o f the 5461 Hg I line
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Fig. 2. Experimental layout for time resolved studies.

were taken with the spectrograph at different wave
length settings to define accurately both wavelength 
and dispersion. The temporal calibration was made 
using an air-gap étalon with 50% and 100% mirror re
flectivities, in conjuction with a mode locked dye laser 
in an auxiliary experiment.

Three typical time resolved spectra are shown in 
fig. 3. They display similar spectral widths and broad
ening to those seen in the time integrated spectrum. 
However, the most striking feature o f the data is the 
appearance o f  intense, spectrally and temporally reso

lution-limited, emission spots in the (TX) plane. The 
majority o f the intense spots lie in a region correspond
ing to a small blue shift ( ~  —4 A). (There is some ten
tative indication that regular patterns o f spots occur.)

The results are open to various interpretations. Ex
istence o f the spots cannot simply be attributed to 
Doppler shifts unless the plasma flow is oscillatory due 
to some hydrodynamic instability. Such an instability 
may be produced by the ablation flow across the den
sity step, at critical density produced by the pondero- 
motive force o f the laser beam. Another explanation 
for the pulsed second harmonic emission is that indi
vidual plasma waves grow on picosecond timescales 
and saturate by “wave breaking” , producing fast elec
trons [10]. The fast electrons may then modify the 
plasma dielectric function and change the plasmon fre
quency for a constant density and wave number, thus 
shifting the second harmonic emission frequency. The 
observations might also be due to spatial motion of 
several descrete emitting regions through the source 
area observed, with a speed ^  10^ cm s“ ^  or to rapid 
variations in the direction of emission in a narrow 
pencil from a stationary source, possibly associated 
with rippling of the critical density surface [11].

The authors are grateful to the Science Research 
Council for support and for the use o f the Rutherford 
Laboratory Laser Facility. They would also like to 
thank Dr. R.G. Evans for valuable discussions. Dr. E.

a. b.

U J

in
Q .
oo

o
3 0 A

WAVELENGTH

Fig. 3. Typical time resolved second harmonic spectra showing resolution limited emission “spots’
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Abstract— Temporally and spectrally resolved measurements of backscattered light at fundamental 
and 2nd harmonic are presented. Spherical targets (7 0 -2 5 0  pm  dia, Z  =  3 -50 ) are irradiated with a 
single beam from a Nd glass laser at irradiances of f  — 5 -5 0  x 10*“̂ W  cm“ .̂ The results show the 
presence of stimulated Brillouin scattering and other mechanisms. Calorimeter data shows reduced 
backscatter from high Z  targets.

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

S t i m u l a t e d  Brillouin scattering ( F o r s l u n d  et a l,  1973, 1975. Liv et a l ,  1974; 
P h i l l i o n  et a l,  1977; R ip in  et a l,  1977) is a  process which severely reduces the 
efficiency with which laser energy can be coupled to a target. The incident laser 
wave at coq couples to an ion wave at oiî  and a scattered electromagnetic wave at 
W  such that both energy and momentum are conserved.

W0= +
k o = k ^  +  kia.

The energy of the ion acoustic wave is very small compared with the photon 
energy so very little of the laser energy is coupled into the plasma. The Brillouin 
instability may occur anywhere in the underdense plasma but is most likely at 
densities of a few tenths of the critical density ( F o r s l u n d  et a l,  1973, 1975; Liv et 
a l,  1974). A significant fraction of the incident energy is therefore prevented 
from penetrating to the critical density region where inverse bremsstrahlung 
absorption is more effective and where the collective absorption mechanisms 
operate. Stimulated Brillouin scattering (SBS) requires the presence of many 
wavelengths of underdense plasma and may be severe with the laser pulse 
durations of more than ~ 1  ns used for laser compression studies.

The characteristic signature of Brillouin scattering is the frequency shift to the 
red of the scattered radiation near ouq and a convenient means of investigating 
Brillouin scattering is to study the spectral and temporal properties of the light 
backscattered through the focusing lens. Both planar ( R o s e n  et a l,  1978; M e a d  et 
a l,  1976; R ip in  et a l ,  1974; G o r b u n d v  et a l ,  1978) and spherical (AzEcm et a l,  
1978) targets have been used. Time-integrated spectra of backscattered light 
generally display a small (~ 5  Â) red shift. The Brillouin red shift is partially 
cancelled by a Dopplef blue shift associated with the expanding underdense
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plasma. Tilting plane targets ( R o s e n ;  R ip in  et a l,  1974) allows the Brillouin 
component to be isolated under the assumption that the plasma expands normal 
to the target surface.

Time-resolved studies have been conducted by a number of laboratories. 
Some workers ( M e a d  et a l,  1976; A z e c h i  et a l ,  1978) report that, above some 
irradiance threshold, the backscattered component cuts off during the incident 
pulse. This has been explained by energy deposition arguments ( M e a d  et al,  
1976; K r u e r  et a l ,  1975) by enhanced damping of ion waves or by reduced 
density scale lengths due to the ponderomotive pressure ( A z e c h i  et a l ,  1978).

Such behaviour is not observed by G o r b u n o v  et a l  (1978) who have obtained 
time-resolved spectra from plane polyethylene and aluminium targets.

Results from NRL (R ipin  et a l ,  1974) also do not display the cut-off 
behaviour, although a large prepulse modified the target behaviour in this case.

Time-resolved spectra generally display an early red shifted component, with 
the red shift subsequently decreasing with time. It is indicated below that we may 
identify blue shifts with supersonic plasma flow and red shifts with subsonic flow. 
The late blue components can then be understood as due to the build-up of a 
significant flow at large radii from the target.

In the present work, spherical targets are irradiated with a single, 1.06 ju.m 
beam and the light backscattered into the f/1 focusing lens is monitored. Principle 
diagnostics are (i) calorimetry at 1.6 p,m (ii) time resolved spectra at 1.6 jam and 
(iii) simultaneous time resolved spectra at 0.53 jam. The effect of varying incident 
energy, target dia and target composition are presented in Section 3, followed by 
a discussion of the results in Section 4. Experimental details are given in Section 
2 .

2 . E X P E R I M E N T A L  A R R A N G E M E N T

The experimental arrangement is shown in Fig. 1. The main laser beam 
contains up to 110 J in 1.6 ns at a wavelength of 1.06 jam and is focused onto 
plane and microballoon targets by an aspheric doublet f/1 lens. The backscattered 
Wo radiation is directed onto a i m  MONOSPEC grating spectrograph and the 
dispersed output is optically coupled onto an Electro-Photonics SI streak camera. 
The wavelength and time resolutions are approximately 1 Â and 40 ps respectively 
and the relative timing of incident and reflected pulses is known to about 260 
psec.

Simultaneous with the wq spectroscopy, the backscattered 2wq radiation is 
taken via a dichroic mirror to a 0.5 m SPEX grating spectrograph and an Imacon 
S-20 streak camera. The wavelength and time resolutions at 2wq are about 1.0 Â  
and 5 ps respectively, approaching A tA v=  1.

The incident and reflected energies at 1.06 jam are monitored by two 
calorimeters, as shown in Fig. 1.

The targets are microspheres and microballoons in essentially two different 
sizes; ‘small’ of 70-90 jam dia and ‘large’ of 210-240 jam dia. A  range of Z  is 
used from plastic polymer to in the small targets and from plastic to
manganese nickel alloy in the larger size.

The duration (1.6 ns FWHM) and shape of the laser pulses were nominally 
unchanged throughout these experiments except for one or two multi-peaked 
pulses caused by mode beating in the laser cavity. The focusing of the laser
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Fig . 1.— Experimental arrangement.

radiation by the f/1 lenses is onto the centre of the spherical targets so that all 
rays are close to normal incidence. On the small targets the peak irradiance for a 
beam energy of 100 J is 4 x  10̂  ̂W cm“  ̂and on the larger targets the correspond
ing irradiance is 5 .2 x 10̂ '* W cm" .̂

3 . R E S U L T S

The backscattered energy measurements at 1.06 fim are summarised in Fig. 2, 
the error bars representing uncertainties of instrumental calibration. For a fixed 
target type, the fraction of laser energy which is backscattered into the focusing 
lens remains fairly constant over the limited range of irradiance that was studied. 
The light scattered outside the lens cone was not measured so that the angular 
distribution of scattered light was not determined.

BACKSCATTER 
ENERGY ' 

(JOULE)

l_
'? -O '

I

-ij f

•  AI COATED SI 
■ UT»
o AI COATED SI 02 
A  Nl-Mn

j -  90|j diam 

j -  220u dIam

3 0  4 0  5 0  6 0  X)

INCIDENT ENERGY (JOULE)

F ig . 2.— Calorimeter data; energy backscattered into f/1 focusing lens as a function of 
incident energy for various types o f target.
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Fig . 3.— Exam ples o f tim e-resolved spectra
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For low Z  targets, small microballoons generate more backscattered light 
(20-25% ) than large microballoons (10-15% ) for the same energy on target. This 
result appears to contradict the association of increased backscatter from larger 
plasmas. However, irradiance on the larger targets is substantially less than on the 
small targets and, as well as reducing the SBS growth rate, this may reduce the 
coronal temperatures sufficiently to inhibit the generation of long scale lengths in 
the underdense region. This is discussed further in the next section.

Both small and large targets of high Z  material exhibit less backscatter 
(30-40%  less) compared with the aluminium coated microballoons. We attribute 
this to the lower temperatures, and consequently smaller scale lengths, achieved 
in high Z  targets because of their substantial radiative losses.

Some typical time-resolved spectra of the backscattered <o q  radiation are 
shown in Fig. 3. The characteristic development of the spectra is as follows. A 
short burst of blue shifted (^ 5  Â) light occurs very early in the incident pulse, 
followed by a long, red shifted component which generally lasts throughout the
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incident pulse. Usually, the two components appear separate in time on the streak 
photographs.

Results from low irradiance (<10^“̂ W cm “ )̂ alignment shots on plane brass 
targets are of the form shown in Fig. 4. Here, spectrally broad but unshifted 
reflection is generated at first but cuts off during the incident pulse. This 
behaviour is similar to that observed by some other workers ( H e a d  et a l,  1976; 
A z e c h i  et a i,  1978) but is in marked contrast to our microballoon data.

In addition to the broad features, time-resolved spectra, especially the well 
exposed pictures, exhibit small scale structure in time (80 ps) and wavelength 
~ 2  Â) which is not well understood.

Examples of the time-resolved 2cuo backscattered spectra are also shown in Fig. 
3. At low irradiances (=̂ 10̂ "* W cm“ )̂, the Icoq emission is spectrally narrow and 
moves continuously in wavelength, presumably due to a Doppler shift. The 
spectral narrowness of the emission (< 2  A), would suggest that this emission is 
due to a ‘resonant’ effect at the critical density without the involvement of any ion 
acoustic waves. At slightly higher irradiances the 2ûjq emission begins with a burst 
of spectrally broad emission, —20 A, and then reverts to spectrally narrow
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Brillouin B a c k sc a t te r
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Fig . 4 .— Tim e resolved Wq backscatter spectrum from a plane brass target; spot diameter 
=  30 (xm, 10 '̂* W  cm“ ,̂ incident pulse is marked TNG’.

emission as on the lower irradiance shots. At irradiances of >10^^W cm“ ,̂ the 
broad emission persists throughout much or all of the laser pulse and appears as a 
series of discrete temporal pulses. Each pulse is close to the instrumental limit of 
time resolution and in many cases the pulses also break up into a set of fairly 
regular ‘spots’ in the spectral direction. The reasons for this small scale structure 
are being investigated.

4 . D I S C U S S I O N

(a) Calorimeter data
With the high Z  targets there is competition between Brillouin scattering and 

inverse bremsstrahlung absorption. If the scale length for inverse bremsstrahlung 
absorption is less than that for Brillouin scattering, then the Brillouin scattering 
will be partially quenched. The high Z  targets will have lower coronal tempera
ture than the A1 targets because of increased line and continuum radiation and 
this will reduce the hydrodynamic scale length of the blow-off plasma provided 
this is less than the geometrical scale length set by the target radius and the 
spherical divergence of the ablation flow.

On the basis of this geometrical scale length one would expect the large targets 
to have larger scale lengths and consequently larger Brillouin backscatter. The 
fact that this is not observed suggests that the reduced irradiance on the large 
targets gives smaller temperatures and the 1.6 ns pulse duration is then insufficient 
for these long scale lengths to evolve.

(b) ft>o Spectra
The red shift of the backscattered radiation during most of the laser pulse is 

consistent with Brillouin scattering but the frequency shift also contains a compo
nent AAd due to the Doppler shift of the ablating material.

We can write the Doppler shift A Ad as

A Ad/x„ =

where is the ablation velocity, Vî  is the ion acoustic phase velocity =  
>/{ZkTJmi), and M is the Mach number of the flow. The red shift due to the ion
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acoustic wave generated by Brillouin scattering will be

COia 2 k o V i a

where we have used the result that the wave number of the ion acoustic wave has 
modulus ~2fco-

The net red shift is then

= — -  (1 — M) 
c

showing that the shift is to the red if the flow is subsonic and to the blue if the 
flow is supersonic.

In their experiments on high Z  disk targets the Livermore group ( R o s e n  et al,
1978) have shown that the Brillouin and Doppler components of the frequency 
shift may be separated, at least approximately, by tilting the target by 45°. The 
Doppler shift is then reduced by cos 45° while the Brillouin shift is essentially 
unchanged. Their results, at irradiances of 3.10̂ "̂  W cm"  ̂and 3.10^^ Wcm~^ with 
a 1 ns pulse on a gold target, show that the flow Mach number M is about 0.8 and 
0.84 respectively. Unfortunately this shows that a measurement of the reflected 
o>o spectrum is not a good indicator of the electron temperature in the under 
dense plasma because of the close cancellation of the two contributions to the 
wavelength shift. If we use the value of the Mach number of M = 0.82 and take 
AA = 5 Â for the high irradiance shots on A1 coated microballoons (</> ~  
4 • 10^  ̂W cm“ )̂ then

c* y\ X

Also Via -  [ZkTJAp'^y^^ where A  is the ion mass number and nip the proton 
mass.

Thus if M/Z = 2, we have as an estimate of the coronal electron temperature; 
7; = 3.3 KeV.

One of the laser shots exhibited very strong mode beating with four separate 
pulses each of about 200 ps FWHM. We have performed integrations in 
wavelength and time for the backscattered ojq spectrum and by normalising to the 
total backscattered energy, we calculate the amount of SBS in each of the four 
beats. The time history of the laser pulse is shown in Fig. 5 and the incident and 
backscattered energies are summarised in Table 1. The third and fourth beats of 
the laser pulse have backscatter fractions greater than unity but we attribute this 
to uncertainties in the film calibration and to the very limited dynamic range of 
the streak camera. Simulations of this shot with our 1-D hydro code show strong 
profile modification for the first two beats of the laser pulse and in those 
conditions strongly 2-D effects in the plasma flow will be expected. For the third 
and fourth beats of the laser, the profile modification is weak and more nearly 
spherical flow and very long density scale lengths —100 <xm are expected. These 
results are in qualitative agreement with the predictions of K r u e r  et a l  (1975).

We note that these measurements suggest very low absorption for pulse
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2 0 - Shot 7/150279

‘e 15-

lO'ô  10-
250 ps

time

Fig . 5.— M ulti-peaked incident laser puise used to calculate reflectivities (see text).

lengths significantly greater than 1 ns at irradiances W cm“  ̂ on mod
erate Z  targets. Little data is available but recent results from NRL ( R ip in  et a i,
1979), show large absorption for 6 ns pulses at irradiances up to W cm~  ̂ on 
fairly high Z  targets. We assume that in this case the SBS is partly suppressed by 
large inverse bremsstrahlung absorption.

The centroid of our backscattered spectrum, although red shifted, is generally 
moving towards the blue by the end of the incident pulse. This is consistent with 
the observations of R ipin  et a l  (1974) and G o r b u n o v  et al. (1978).

We also observe a short blue component that occurs early in the incident 
pulse. We believe this to be due to specular reflection from the initially steep, 
moving, density jump near the critical layer with no Brillouin scattering at this 
early time. At the very highest irradiances (Fig. 3 iv) no initial blue shifted 
component is observed probably due to the fact that the Brillouin threshold is 
exceeded earlier.

(c) 2<uo Spectra
The difference between the spectrally narrow and broad emissions at I cdq 

appears to correlate with steep density gradients near critical density. At moder
ate irradiances ^ 5  x lÔ '* W cm”  ̂the ponderomotive pressure of the laser beam is 
not sufficient to cause steepening of the density profile but a steep profile will exist 
in the initial part of the laser pulse before significant hydrodynamic motion has

T a b l e  1.— Sh o t  7/150279; T a r g e t  85 fim  
DIA A I- c o a t e d , g l a s s  m ic r o b a l l o o n

Pulse
ÎNC
(J)

B̂S
(J) (%)

1 41 .2 2 .4 6
2 19.0 3.0 16
3 5.7 5.7 100
4 1.8 1.9 - 1 0 0

67.7 13.0
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occurred. At higher irradiances, when the ponderomotive pressure is important, 
the steep density profile will persist throughout the laser pulse. In the presence of 
the steep density profile, resonance absorption is enhanced and is known to 
produce many fast electrons; the cold electron return current needed to maintain 
charge neutrality can drive ion acoustic turbulence. This is probably responsible 
for the spectrally broadened 2tuo emission since large amplitude ion waves can 
induce a spectrum of electron plasma wave frequencies.

We note also that when the 2o>o emission is spectrally broad, there is a 
modulation of the emission into bursts of less than 15 ps duration spaced by about 
30-40 ps. This could be explained in terms of saturation of the mechanisms of 
production of 2ûjq emission but we believe that this is unlikely since identical 
behaviour has been observed ( C a r t e r  et a l ,  1980) in |to o  emission from similar 
targets.

There appears to be no reason why different densities should exhibit similar 
behaviour except for the hydrodynamic flow in the expansion of the plasma. Since 
the oscillations in the 2o)q emission occur only when the density profile is 
significantly steepened, it is reasonable to suggest that the ablation flow across the 
steep density profile may be unstable ( M a x  and M c K e e ,  1977).

These density fluctuations will then propagate out through critical density to 
the quarter critical density region and affect both the 2o)o and fwo emissions. The 
time scale of such fluctuations would be expected to be t  ~  L/uja where L is the 
density scale length at critical density and v̂ a is the ion acoustic speed. If we take 
the plausible values L '-3 /x m , ~  2 x 10  ̂cm s”  ̂ then r — 15 ps which is in
reasonable agreement with the observed value. .

5 . C O N C L U S IO N

This work has shown that the target material can significantly change the 
amount of Brillouip backscatter, high Z  materials producing less backscatter. 
Further work is needed to make these conclusions more quantitative and also to 
establish the variations of Brillouin backscatter with target radius and laser 
irradiance.

The time development of the backscattered fundamental frequency shows that 
the backscatter persists for the whole of the laser pulse but also exhibits very short 
duration modulations which are yet unexplained. The nature of the second 
harmonic emission suggests that the spectral broadening is associated with fast 
electron production through the ion turbulence set up by the fast electron return 
current. Oscillations in the 2o)q emission occur only in the presence of steep 
density gradients and are suggestive of a hydrodynamic flow instability.
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Time-resolved iwg spectra from glass microballoons irradiated by 100-ps, 2 x 1 0 6̂ _
W - cm” ̂  laser pulses have been obtained with a temporal resolution of 20 ps and a spec
tral resolution of 15 Â. Pulsed emission is observed, with a pulse duration of less than 
the instrument limit. Both red and blue peaks appear simultaneously, with their separa
tion varying in time.

PACS numbers: 52.25.Ps, 52.50.Jm

In recent years much theoretical and experi- produced plasmas at high irradiances. At one
mental work has been performed to study the var- quarter of the critical density both stimulated
ious parametric processes which occur in laser- Raman scattering^ and two-plasmon decay® can
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occur, and either of these can give rise to the 
emission of radiation at I coq. These instabilities 
at a quarter of critical density are probably not 
very important for the overall absorption of la
ser energy by the plasma,^ but may be responsi
ble for the production of a significant number of 
fast electrons/

Previous observations of the |o>o emission have 
been of time-integrated spectra^’® or of the time- 
resolved intensity/' Bychenkov ei al.^ have ob
tained time-resolved spectra with a long laser 
pulse and time resolution of 100 ps. We present 
here new observations of the time-resolved spec
tra with high time resolution of ~ 10 ps and simul
taneous spectral resolution of 30 A. The meas
urements were made with the Rutherford Labora
tory Nd-glass laser facility providing an irradi
ance of 2x 10̂ ® W cm’  ̂ in a 100-ps pulse on glass 
microballoon targets of 50-90 pm diam.

The experimental layout is shown in Fig. 1.
The backscattered fcoo radiation was collected by 
the F I doublet lens, used to focus the laser light 
on the target. This lens produced a 60x magni
fied image at I coq on the slit of the 0.5-m, 600- 
line-mm’  ̂ grating spectrograph; the slit size of 
1 mm restricted the spectral resolution to about 
15 A. The output plane of the spectrograph was 
then optically coupled to a Hadland Photonics 
streak camera fitted with an S-20 photo cathode, 
with use of a dove prism to rotate the image so 
that wavelength would be dispersed along the 
streak camera slit.

- 28J /  lOOps 
y /  per beamTarget

chamber

f/1 Lenses (0= 0.01m )

Spectrograph

Dove
prism5-20 streak 

camera

FIG. 1. Experimental layout for time-resolved fcog 
spectra.

Although the time resolution of the streak cam
era alone (~ 5 ps) was determined by its entrance 
slit width, that of the entire system was limited 
by the range of path lengths in the spectrometer 
to ~ 20 ps. Photographic recordings of the streak 
data were made on Kodak 2485 film and separate 
exposures of the 5461-Â Hgl line were taken with 
the spectrograph at different wavelength settings 
to calibrate both wavelength and dispersion. The 
sweep speed of the streak camera was calibrated 
in an auxiliary experiment using a mode-locked 
dye laser and an air-gap étalon with 70% mirror 
reflectivities.

Two typical time-resolved spectra are shown 
in Fig. 2, Both spectral streaks show that the 
foio harmonic emission has a pulsed nature, 
where the duration of the pulses is less than the 
~ 20-ps temporal resolution of the system, with 
the spectrograph in second order. (Spectra show
ing resolution-limited bursts of < 10 ps were ob
tained with the spectrograph in first order.)

The blue-shifted and red-shifted peaks appear 
simultaneously but with their separation varying 
in time. Spectra with monotonically decreasing 
separation [Fig. 2(a)] were obtained when the la
ser prepulse level was low (<10“® times the main 
pulse energy) while spectra showing an increas
ing and then decreasing separation [Fig. 2(b)] oc
curred as a result of larger prepulse levels. The 
blue-shifted peaks appear more intense than the 
red-shifted peaks which is the reverse of the 
time-integrated observations.®*® This is prob
ably due to the spectral response of the S-20 pho
tocathode which falls off rapidly in the red near 
7093 Â and may also be accentuated by any error 
between the direction of spectral dispersion and 
the slit of the streak camera.

The spectrum of the IcUq emission has been cal
culated by Avrov® and by Barr.^° The Barr theo
ry differs from Avrov’s theory is that Avrov ne
glects the wave number hoOi the pump wave, com
pared with the wave number k of the plasma 
waves, while Barr makes no such assumption.
For the conditions of our experiment plasma 
waves with k » k Q  are strongly Landau damped so 
that the Avrov theory is m.;: applicable.

The Barr theory considers three mechanisms 
for the production of I coq radiation: combination 
of three plasma waves, combination of a plasmon 
with an incident pump photon, or combination of 
a plasmon with a pump photon reflected from cri
tical density. The blue-shifted wing of fojo emis
sion arises from forward scattering, i.e ., to
wards higher densities and the light must then be
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7093 A
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o

^  t ime

loops

7093 A (b)

>  time
1 0 0  p s

FIG. 2. (a) sWg spectral streak showing decreasing 
separation (in time) between peaks; temporal resolu
tion ~20 ps, spectral resolution ~15 Â. (Curvature 
is due to “pincushion” distortion in the image intensi
fier.) (b) fcog spectral streak showing increasing, then 
decreasing separation in time between peaks ; temporal 
resolution ~20 ps, spectral resolution ~15 Â.

reflected at a density nine-fourths critical. The 
red-shifted wing is directly backscattered. If 
only plasma waves with ic close to the fastest 
growing mode are considered then the dominant 
contributions to our backscatter spectra will 
arise from the combination of the reflected pump

wave and the plasma waves. The frequency shift 
of the Icuo radiation arises from the Bohm-Gross 
correction to the plasma frequency and is always 
proportional to Tg, the electron temperature.
For the modes of maximum growth rate the wave- 
length shifts of icuo are = 19.0Tg,
= -29.8Tg, with in kiloelectronvolts and AX in 
angstroms. For iwo radiation close to the laser 
axis AXj% = 23.3Tg and AXg = -  44.3Tg. We have al- 
so considered the effects of Brillouin-shifted re
flection of the pump wave and of Doppler shifts 
due to the motion of the quarter-critical region. 
These are much less than the observed shift of 
the fo-'o radiation, being of order 10-20 Â. More
over, the Brillouin shift is reduced to zero if the 
expansion of the plasma is at the sound speed.

The spectra presented here show a fairly sym
metrical shift of the red and blue wings with a 
slightly larger shift to the red. We feel that the 
discrepancy between this and the simple theory 
may be due to rippling“ of either the critical or 
quarter-critical density surfaces giving rise to 
an uncertainty in the angular relationship of the 
plasma waves and electromagnetic waves. Also 
the Barr theory has assumed that the nine-fourths- 
critical density layer is parallel to the quarter- 
critical surface and this may not be the case.

The differences between the spectra of Figs.
2(a) and 2(b) can be explained on the assumption 
that the splitting of red and blue wings is propor
tional to the electron temperature. The threshold 
for two-plasmon decay® is {v J v J .  >4A, where 
Uq is the electron oscillatory velocity in the pump 
field, Vg is the electron thermal velocity, is 
the wave number of the pump, and L is  the den
sity scale length at quarter-critical density. For 
laser light of wavelength 1.06 pm this gives cp 
= (2.3x 10̂ ® W'Cm"®'keV" '̂ pm)Tg/L. In the case 
of small laser prepulse the density scale length 
during the rising half of the laser pulse is very 
small and the threshold for the two-plasmon de
cay is exceeded only after the peak of the laser  
pulse as the density scale length increases. The 
decreasing separation of the red and blue peaks 
is then a reflection of the decreasing electron 
temperature during the falling part of the laser 
pulse. With a significant prepulse the initial den
sity scale lengths are longer and threshold is ex
ceeded earlier. The spectral separation then fol
lows the rise and fall of electron temperature 
with the laser irradiance.

It may be that the pulsed nature of the iwg 
emission is  due to density-profile modifications 
caused by the ponderomotive force of the plasma
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■waves. Profile modification at the quarter-criti
cal density surface has been observed by inter- 
ferometry^® and predicted in plasma simulations.^^ 
Bursts of I coq emission associated with recurrent 
saturation by profile steepening and by driven ion 
waves have been identified in plasma simulations.'* 
The latter mechanism has too short a relaxation 
time, less than 1 ps, while the longer time scale 
associated -with profile steepening is not given in 
Ref. 4 for realistic electron-ion mass ratios.

We believe that there is an alternative explana
tion of the bursts of fcoo emission since identical 
temporal behavior has been observed in 2wo tim e- 
resolved spectra.^® There appears to be no rea
son why different parametric instabilities at dif
ferent electron densities should be related except 
for the hydrodynamic expansion of the plasma.
If the plasma flow across the steepened density 
profile^^ at the critical surface is unstable, then 
these density fluctuations will propagate outwards 
through the quarter-critical region. Both 2wq 
emission (near critical density) and Icoq emission 
will thus be affected. The time scale of such a 
hydrodynamic instability is expected to be about 
L/Vi„ where L is the density scale length at criti
cal density and is  the ion sound speed. If we 
assume L~ 3 pm and ~ 3x 10̂  cm*s'* then the 
time scale of the instability is ~ 10 ps which is in 
approximate agreement with the observations.

We gratefully acknowledge the assistance of the 
members of the Central Laser Facility at the 
Rutherford Laboratory in carrying out these ob
servations.
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