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ABSTRACT

S t u d i e s  o f  e m i s s i o n  c o r r e s p o n d i n g  to  the  s ec ond  (2W^ ) and

t h r e e - h a l v e s  (^U) )  ha r mo ni c s  a r e  r e p o r t e d  from l a s e r  produced  
2

p l a s ma s .  Thes e  p l a s ma s  we re  produced by means o f  a neodymium

l a s e r  w i t h  an i r r a d i a n c e  up to  2 . 1 0  W.cm , in p u l s e s  of

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

harmoni c s  from a range  o f  t a r g e t s  has  e n a b l e d  v a r i o u s  t h e o r i e s  to

be v e r i f i e d  and t he  l o c a t i o n  of  the  i n t e r a c t i o n  i d e n t i f i e d .  A

computer  code  has  been  u s e d  to  a c c o u n t  f o r  r e f r a c t i o n  of  the

emerg i ng  r a d i a t i o n  in the  plasma d e n s i t y  p r o f i l e .  The e x p a n s i o n

v e l o c i t y  and temporal  v a r i a t i o n  o f  t h i s  p r o f i l e  has  a l s o  been

taken  i n t o  a c c o u n t .  Temporal  r e s o l u t i o n  o f  the  2CÛ  and % (jü̂
2

s p e c t r a  has  shown b o t h  ha rmo ni c s  to  o c c u r  in p u l s e s  of  l e s s  than  

the  i n s t r u m e n t a l  r e s o l u t i o n  l i m i t  wh i ch  was ~ 1 0 p s .  Th i s  r e s u l t  

g i v e s  some i n d i c a t i o n  o f  the  t i m e s c a l e  f o r  growth and s a t u r a t i o n  

o f  p a r a m e t r i c a l l y  e x c i t e d  i n s t a b i l i t i e s .
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- C h a p t e r  1-

1. 1 I n t r o d u c t i o n

The a b i l i t y  o f  a h i g h  power l a s e r  beam to  a c h i e v e  s p a t i a l  and

temporal  c o h e r e n c e  o f  an e l e c t r o m a g n e t i c  wave a t  power d e n s i t i e s  

12 - 2g r e a t e r  than 10 W.cm o n t o  s o l i d  t a r g e t s ,  thus  forming h i g h

d e n s i t y ,  t r a n s i e n t  p l a s ma s ,  has  r e v e a l e d  a wi d e  range  o f  new

p h y s i c a l  phenomena.  A s o l i d  t a r g e t ,  e x p o s e d  to  an i n t e n s e

f o c u s s e d  l a s e r  beam, f i r s t  a b l a t e s ,  and p r o d u c e s  a plasma d e n s i t y

p r o f i l e  e x t e n d i n g  from z e r o  to  s o l i d  d e n s i t y  in a s h o r t  d i s t a n c e .

F u r t h e r  r a d i a t i o n  i n c i d e n t  on t he  plasma may then be a bs o rbed  up

to  the  c r i t i c a l  d e n s i t y  r e g i o n ,  and r a i s e s  the  t e mp e r a t u r e  up to

s e v e r a l  hundred eV. C l o s e  to  c r i t i c a l ,  r e ma i n i ng  r a d i a t i o n  may

d r i v e  waves  in the  plasma wh i c h  a r e  then  pumped p a r a m e t r i c a l l y

u n t i l  t hey  a r e  h i g h l y  u n s t a b l e .  In p a r t i c u l a r ,  the  p o t e n t i a l  of

such a scheme to  produc e  t h e r mo n u c l e a r  r e a c t i o n s  by v i r t u e  of  the
1-3

Lawson c r i t e r i o n  b e i n g  e x c e e d e d  i s  under  i n t e n s i v e  s t udy  in

s e v e r a l  l a b o r a t o r i e s ,  such t h a t  the  mechani sms r e s p o n s i b l e  for
4-9

a b s o r p t i o n  and s c a t t e r i n g  o f  l a s e r  l i g h t  a r e  o f  pr i mary c o nce rn .  

The o b s e r v a t i o n  o f  the  harmoni c  f r e q u e n c i e s  o f  t he  i n c i d e n t  l a s e r  

l i g h t ,  wh i ch  a r e  g e n e r a t e d  by l i n e a r  and n o n - l i n e a r  mechanisms in 

t he  plasma co r o na ,  i s  e s s e n t i a l l y  an e n e r g y  l o s s  to  the  s ys t em,  

but  a t  the  low c o n v e r s i o n  e f f i c i e n c i e s  e x p e r i m e n t a l l y  d e t e r mi n e d ,  

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

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

s c a l e l e n g t h ,  bu l k  plasma mo t i o n ,  and the  b e h a v i o u r  o f  e x c i t e d  

wa v e s .  In t h i s  t h e s i s ,  the  o b s e r v a t i o n  o f  the  second and



t h r e e - h a l v e s  ha rmo ni c s  o c c u r i n g  from the  i n t e r a c t i o n  o f  a 

neodymium doped g l a s s  l a s e r  beam w i t h  s o l i d  t a r g e t s  at  h i gh  

i n t e n s i t i e s  i s  r e p o r t e d ,  the  r e l e v a n c e  o f  each  o f  t h e s e  harmoni cs  

b e i n g  t h a t  t h e i r  g e n e r a t i o n  i s  l o c a l i s e d  in the  plasma d e n s i t y  

p r o f i l e .  In the  c a s e  o f  2 e m i s s i o n ,  t h i s  i s  the  r e g i o n  in the  

p r o f i l e  c l o s e  to  the  c r i t i c a l  s u r f a c e ,  where  t he  l a s e r  f r eque nc y  

e q u a l s  the  l o c a l  p lasma f r e q u e n c y ,  and c l a s s i c a l  r e f l e c t i o n  t a kes  

p l a c e .  In t he  c a s e  o f  the  t h r e e - h a l v e s  harmoni c ,  t h i s  r e g i o n  in 

t he  d e n s i t y  p r o f i l e  i s  l e s s  than a q u a r t e r  o f  the  c r i t i c a l  

dens  i t y .

In Cha pt ers  3 and 5 a r e  d e v e l o p e d  the  t h e o r i e s  o f  g e n e r a t i o n  of  

t h e s e  two ha rmo ni c s  r e s p e c t i v e l y ,  w h i l s t  Chapter  2 p r o v i d e s  the  

background o f  m a t e r i a l  p e r t i n e n t  to the  g e n e r a l  scheme of  l a s e r  

plasma i n t e r a c t i o n .  Chapter  4 d e s c r i b e s  the  e x p e r i m e n t a l  

arrangement  and t he  r e s u l t s  o f  e x p e r i m e n t s  to o b s e r v e  and record  

2U)o e m i s s i o n ,  w i t h  p a r t i c u l a r  e mphas i s  upon c o n f i r m i n g  

t h e o r e t i c a l l y  o b s e r v a b l e  f e a t u r e s .  The harmoni c  i s  s i t u a t e d  in 

the  o p t i c a l  r e g i o n  o f  the  spec t rum a t  5320  A. Of p a r t i c u l a r  n o t e  

i s  t he  e x t e n s i o n  o f  t h i s  work to i n c l u d e  t ime r e s o l u t i o n  o f  the  2(jĵ  

spec t rum,  and the  o b s e r v a t i o n  of  phenomena o c c u r i n g  w i t h i n  the  

lOps r e s o l u t i o n  o f  t he  s t r e a k  camera /  s p e c t r o g r a p h  s y s t e m us ed .  

Chapter  6 d e a l s  l i k e w i s e  w i t h  the  t h r e e - h a l v e s  harmoni c  whi ch  was 

c e n t r e d  on 7093 A, a g a i n  w i t h  i n c l u s i o n  of  work on the  temporal  

depende nc e  o f  t he  spec t rum o b t a i n e d  from m i c r o b a l l o o n  t a r g e t s .  

Each o f  t h e s e  Chapt er s  a l s o  draws  c o n c l u s i o n s  from the  l e v e l  of  

agreement  be t we en  e x p e r i me n t  and t h e o r y .  P o r t i o n s  of  the



e x p e r i m e n t a l  d a t a  however ,  a r e  enhanced in a c c u r a c y  somewhat by 

the  u s e  o f  computer  s i m u l a t i o n s ,  p r i m a r i l y  to p r o v i d e  v a l u e s  of  

c r i t i c a l  and q u a r t e r  c r i t i c a l  e x p a n s i o n  v e l o c i t i e s ,  whi ch  can  

g i v e  r i s e  to  Doppl e r  s h i f t s  o f  the  o b s e r v e d  s p e c t r a .  These  

s i m u l a t i o n  s t u d i e s  i n v o l v i n g  computer  t e c h n i q u e s  a r e  re c o r d e d  in 

Chapter  7 ,  t he  o v e r a l l  i n t e r a c t i o n  s i m u l a t i o n  b e i n g  s t u d i e d  by 

u s e  o f  a p u b l i s h e d  1-d computer  c o d e ,  a f t e r  amendments r e l e v a n t  

t o  t he  work in hand,  w h i l s t  r e f r a c t i o n  o f  the  o b s e r v e d  l i g h t  in 

the  inhomogeneous  p lasma was t r e a t e d  by u s i n g  a s p e c i f i c  ray 

t r a c e  c o d e .

Chapter  8 c o l l a t e s  the  i nde pe nde nt  c o n c l u s i o n s  drawn e a r l i e r  

and summari ses  the  i mportant  f e a t u r e s  of  the  e x p e r i m e n t a l  d a t a ,  

w i t h  r e f e r e n c e  t o  the  a f o r e m e n t i o n e d  t h e o r i e s .

The u s e  o f  SI (MKS) u n i t s  i s  f o l l o w e d  where p o s s i b l e ,  but  i t  i s  

a c c e p t e d  t h a t  s e v e r a l  non s t a n d a r d  u n i t s  command ev e r y d a y  u s a g e .

p a r t i c u l a r l y  in p u b l i c a t i o n s .  Hence the  u s e  of  the  Angstrom( 1A = 

-10
10 m ) f o r  the  u n i t  o f  wa

o
11594 K ) f o r  t e mp e r a t u r e .

-10
10 m ) f o r  the  u n i t  o f  w a v e l e n g t h ,  and the  e l e c t r o n  V o l t  ( leV =
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- C h a p t e r  2 -  

Laser  -  p lasma i n t e r a c t i o n .

2 . 1  In d e s c r i b i n g  the  mechani sms  by wh i c h  a h i g h  i n t e n s i t y

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

be t we e n  l i n e a r  and n o n - l i n e a r  p r o c e s s e s .  The former ,  a l s o  known

as  c l a s s i c a l  a b s o r p t i o n ,  may be d e s c r i b e d  u s i n g  fundamental

h y dr o dy n a mi c s  t o g e t h e r  w i t h  l i n e a r  t r a n s p o r t  and a b s o r p t i o n

e f f e c t s ,  and a p p l i e s  to  the  re g i me  where  t he  i nduced  e l e c t r o n

( ' q u i v e r ' )  v e l o c i t y  due to  the  e l e c t r i c  f i e l d  o f  t he  l a s e r  beam

i s  i n f e r i o r  to  t he  e l e c t r o n  thermal  v e l o c i t y .  However ,  beyond the

p o i n t  wher e  t h e s e  two v e l o c i t i e s  a r e  co mpa r a b l e  t h e  a b s o r p t i o n

becomes  s t r o n g l y  n o n - l i n e a r  and t he  s o - c a l l e d  p a r a m e t r i c

1 2
i n s t a b i l i t i e s  a r e  e x c i t e d ' .  The s e  a r e  c o l l e c t i v e  p l as ma  e f f e c t s  

whi ch  g e n e r a t e  plasma waves  o f  l a r g e  a m p l i t u d e ,  o f t e n  b e s i d e s

r e - r a d i a t i n g  l a s e r  l i g h t  a t  a d i f f e r e n t  f r e q u e n c y .  I t  i s  the  

p r o p e r t i e s  o f  t h e s e  waves  whi ch  a r e  o f  p a r t i c u l a r  i n t e r e s t  in the  

g e n e r a t i o n  o f  s ec o nd  and t h r e e - h a l v e s  harmoni c  f r e q u e n c i e s  o f  the  

i n c i d e n t  l i g h t ,  and a l t h o u g h  a c t u a l  g e n e r a t i o n  mechani sms  are  

examined in d e t a i l  in Ch a p t e r s  3 and 5 t h e y  a r e  me n t i o n e d  b r i e f l y  

in the  l a t t e r  h a l f  o f  t h i s  Cha pt er .

2 . 2 C o l l i s i o n a l  a b s o r p t i o n

C o l l i s i o n a l  a b s o r p t i o n  i s  the  p r o c e s s  whereby  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 pl asma c a u s e s  t he  e l e c t r o n s  to  

o s c i l l a t e  w i t h  i n c r e a s e d  v e l o c i t y  and then  t h i s  momentum g a i n e d  

by t he  e l e c t r o n s  i s  t r a n s f e r r e d  to  t he  i o n s  upon c o l l i s i o n .  S i n c e  

the  a c t u a l  s c a t t e r i n g  per  e l e c t r o n - i o n  e n c o u n t e r  i s  s mal l  due to

-  11 -



the e f f e c t i v e  l ong range  Coulomb f o r c e s ,  and t h e  c o l l i s i o n s  a r e  

many, an a s s e s s m e n t  o f  t h i s  a b s o r p t i o n  may be made by as s umi ng  

one p a r a me t e r  f o r  momentum t r a n s f e r ,  t he  e l e c t r o n - i o n  c o l l i s i o n  

f r e q u e n c y ,  V̂ j . U s i n g  t h i s ,  t he  f o r c e  a c t i n g  on a s i n g l e  e l e c t r o n  

in an e l e c t r i c  f i e l d  E may be r e p r e s e n t e d  by

£  = = - e E  -  n^y^v ĵ -  2 2  1
dt

where m̂ , v , and e a r e  t h e  e l e c t r o n  m a s s , t h e r m a l  v e l o c i t y  and 

c h a r g e  r e s p e c t i v e l y .

Us i n g  M a x w e l l ' s  e q u a t i o n s  t o  d e v e l o p  a g e n e r a l i s e d  wave  

e q u a t i o n  f o r  a p l as ma,  a s  shown in Appendi x  A, an e x p r e s s i o n  f o r  

the  compl ex  r e f r a c t i v e  i ndex  o f  the  pl asma may be o b t a i n e d .  Th i s  

i s  t he  r a t i o  o f  t he  v e l o c i t y  o f  l i g h t  in  v a c u o  to  the  p ha s e  

v e l o c i t y  o f  a p r o p a g a t i n g  wave;  Vp̂ . i . e .

TFT

where k = compl ex  p r o p a g a t i o n  v e c t o r ;  and i f  t he  compl ex  

r e f r a c t i v e  i nd e x ,  i s  g i v e n  by:

then t h e  r e a l  p a r t  i s  a r e a l  r e f r a c t i v e  i ndex  and t he  i mag i nary  

p a r t  an a b s o r p t i o n  i n d e x .  Thus

Preo, =

K = ^  Im,( k)
OJ

In d e t e r m i n i n g  an e x p r e s s i o n  f o r  the  s p a t i a l  a b s o r p t i o n  of  an 

e l e c t r o m a g n e t i c  wave in a p l as ma,  the  l i n e a r  a b s o r p t i o n  

c o e f f i c i e n t  (k  ̂ ) may be d e f i n e d  by ;

—  12 —



l i > - = - y ü )  _ 2 . 2  2.
dz

where  = t he  s p e c t r a l  i n t e n s i t y  o f  t he  wave t r a v e l l i n g  in t he  z 

d i r e c t i o n .  As i n t e n s i t y  i s  p r o p o r t i o n a l  to  t he  s q u a r e  o f  the  

a m p l i t u d e ,  then

ko = - 2. Im.(k) = - 2.ÇD K - 2 .2 .3 .
c

The d i e l e c t r i c  c o n s t a n t  (E^) o f  t he  medium f o r  t r a n s v e r s e  waves  

i s  g i v e n  by ( a s  in Appendi x  A)

-  2.2.4

(

=Re.(£f)

- 2 p  K = Im (E,l 

Combining 2 . 2 . 3  and 2 . 2 . 4

k, = - 2 . 2 .5 .
° p c T

To d e t e r m i n e  t he  i mag i nary  p a r t  o f  t h i s  d i e l e c t r i c  c o n s t a n t ,  a 

pri mary  a s s u m p t i o n  i s  t h a t  t he  c o n t r i b u t i o n  o f  the  i on mo t i o n  i s  

n e g l i g i b l e .  ( L o r e n t z  p l a s m a ) .  Thus  

i  =-nge Vf

where  J. = c u r r e n t  d e n s i t y .  The o n l y  e l e c t r o n  v e l o c i t y  i s  t h a t  due  

to t he  a p p l i e d  e l e c t r o m a g n e t i c  wave ,  so  u s i n g  2 . 2 . 1  w i t h  a 

g e n e r a l  wave

E = E (exp ( i [0)t - kr] ) )

- 1 3 -



2
g i v e s  J = rig e Vg = n êE = -2 . 2 . 6 .

rriglVei -< iw )

where  cr = c o n d u c t i v i t y .  I f  h o we v e r ,  wave damping i s  i g n o r e d , t h e n  

e q n . 2 . 2 . 1  becomes

m d v e  -  - e  E
dT

then

J_ = £  = cr E
r%i O)

The d i e l e c t r i c  c o n s t a n t  i s  r e l a t e d  t o  t h e  c o n d u c t i v i t y  by^  ^
so  t h a t  in t h i s  c a s e

.2 . . 2= ( 1 -  g)ps) where  (jC>̂  = r^e
Elm

and Eq = t h e  p e r m i t t i v i t y  o f  f r e e  s p a c e .  He r e ,  i s  known as

the  e l e c t r o n  p lasma f r e q u e n c y ,  an i mp o r t a n t  p a r a m e t e r  whi ch  i s

the  n a t u r a l  undamped f r e q u e n c y  o f  o s c i l l a t i o n  r e s u l t i n g  from

c h a r g e  n e u t r a l i t y .  Thus c l a s s i c a l l y ,  e l e c t r o m a g n e t i c  wave

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

than t he  p l asma f r e q u e n c y ,  and t h e  wave i s  r e f l e c t e d .  In an

i nhomogeneous  p lasma the  e l e c t r o n  d e n s i t y  c o r r e s p o n d i n g  to the

boundary  where  w^g = i s  known as  t h e  c r i t i c a l  d e n s i t y ,  and
20

f o r  a neodymium l a s e r  t h i s  c o r r e s p o n d s  to  9 . 9 3  10 p a r t i c l e s  per

-  3cm .
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The d i s p e r s i o n  r e l a t i o n  f or  a t r a n s v e r s e  wave in a c o l d  plasma

1 s

= O)̂

a s  shown from the  g e n e r a l  wave e q u a t i o n ,  (Appendi x  A) ,  and 

s u b s t i t u t i n g  f o r  from 2 . 2 . 6  and 2 . 2 . 7  l e a d s  t o  t he  e x p r e s s i o n  

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

k
7 5 1

I W U)pe Vei
-  2 . 2 . 8 .

So a r e a l  r e f r a c t i v e  i ndex  and an a b s o r p t i o n  i ndex  can be  

o b t a i n e d  from t he  r e a l  and i mag i nary  terms  and a r e  a s  be low.

and

w!

1 —  0 ) pe

_veL. - p i —  
p c ( Vg2 + O)  ̂ )

-  2 , 2 . 9

The r e a l  r e f r a c t i v e  i ndex  may be a p p r o x i ma t e d  a t  f r e q u e n c i e s  w e l l
2 0

above  t he  p l as ma f r e q u e n c y ,  and f o r  t h e  c o n d i t i o n  Vgj < < OJ -  Wpg to

g i v e

F 1 -
-  2 . 2 .10 ,

The e x p r e s s i o n  f o r  the  a b s o r p t i o n  c o e f f i c i e n t  as s umes  t h a t  the  

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

no t  s o  and more a c c u r a t e  e x p r e s s i o n s  f o r  a b s o r p t i o n  u s e  the  

quan t u m- me c h a n i c a l  approach  of  i n v e r s e  b r e m s s t r a h  1ung where  

a b s o r p t i o n  by an e l e c t r o n  t a k e s  p l a c e  in t he  v i c i n i t y  o f  an i o n i c  

f i e l d .  T h i s  w i l l  i n v o l v e  i n t e g r a t i o n  o f  t he  e n e r g y  a b s o r b e d  per

- 1 5  —



e l e c t r o n  o v e r  t he  e l e c t r o n  d i s t r i b u t i o n  f u n c t i o n  and t h e  p e r i o d  

of  t he  l a s e r  beam, a s s u mi ng  t h a t  > 10 eV so  t h a t  e l e c t r o n - i o n

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

4-9mechani sm.  S e v e r a l  a u t h o r s  h a v e  d e r i v e d  s i m i l a r  e x p r e s s i o n s  , a 

r e c e n t  one  by Per t ^  b e i n g  q u o t e d  h e r e .

l^\ tn /  1 1  B kjJiE o
^ K \ l  1 z V e \

3 2
k = n n. e Z V In 

4TiMe^ E)j

where  = t h e  a m p l i t u d e  o f  t he  ' q u i v e r  v e l o c i t y '  = eE^
m 0)2

A s i m p l e  c a l c u l a t i o n  may be c a r r i e d  o ut  t o  e s t i m a t e  t h e  t o t a l  

c l a s s i c a l  a b s o r p t i o n  by a p l as ma due to  a n o r m a l l y  i n c i d e n t  l a s e r  

beam on t o  a d e n s i t y  g r a d i e n t  o f  t he  form

"■ ■ H' ' ;
where n̂  i s  t h e  c r i t i c a l  d e n s i t y ,  and L^i s  t he  d i s t a n c e  b e t we en  

the  p o i n t s  wher e  t h e  e l e c t r o n  d e n s i t y  r i s e s  from z e r o  to  

c r i t i c a l .  From 2 . 2 . 2  , t he  t r a n s m i t t e d  i n t e n s i t y  o f  a g e n e r a l  

wave t h ro ug h  a pl asma i s .

L = t  exp - f  k„ ds
O

where  s i s  t he  ray p a t h ,  and 1̂  1̂  -  1̂ ,̂ = t r a n s m i t t e d

i n t e n s  i t y .
| ô 2

It -  Iq exp 2 d ( 1   ̂ z / L  )
Cj ( z T u T

a f t e r  u s i n g  e x p r e s s i o n s  2 . 2 . 9  and 2 . 2 . 1 0 ,  t he  s u b s c r i p t  ' c r '  

d e n o t i n g  p a r a m e t e r s  a t  t he  c r i t i c a l  s u r f a c e .  T h e r e f o r e  -----------
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U =  lo< 1 - '^xpl-32 L„cv ,̂)) 2 2.11
15

where  c i s  t he  v e l o c i t y  o f  l i g h t  in  v a c u o .

As t h e  c o l l i s i o n  f r e q u e n c y  i s  t e mp e r a t u r e  d e p e n d e n t ,  an

a s s e s s m e n t  can be made o f  t h e  f a l l  in c l a s s i c a l  a b s o r p t i o n  a s  t he  

pl asma g e t s  h o t t e r .  The minimum t e m p e r a t u r e  t he  p l as ma must  r e a c h  

in o r d e r  not  to  g e t  any h o t t e r  i s  when t h e  e n e r g y  i n p u t  from t he  

l a s e r  i s  b a l a n c e d  by t h e  l i m i t  on t he  thermal  c o n d u c t i o n ,  the  

maximum f o r  t h i s  b e i n g  known a s  t he  ' f r e e  s t r e a m i n g  l i m i t ' .  

E s s e n t i a l l y ,  t h i s  l i m i t  i s  d e r i v e d  from k i n e t i c  t h e o r y  

c o n s i d e r a t i o n s  whi ch  show t h a t  t he  maximum e l e c t r o n  f l u x  a c r o s s  a 

boundary i s  0 . 2 5  n̂  Vg , and ea c h  o f  t h e s e  has  an e n e r g y  o f

2,  kg Tg . In p r a c t i c e ,  a r e t u r n  f l u x ,  Q, must e x i s t  t o  p r e v e n t  an

10a c c u m u l a t i o n  o f  p a r t i c l e s ,  t h i s  b e i n g :

The r e t u r n  p a r t i c l e s  do work in c o l l i d i n g ,  wh i ch  a p p e a r s  a s  h e a t ,  

t h i s  b e i n g  due to  the  s p a c e - c h a r g e  f i e l d  d e r i v e d  from t h e  ' h o t '  

e l e c t r o n s  l e a v i n g  the  a b s o r p t i o n  zone  d r i v i n g  the  c o l d  e l e c t r o n s  

a g a i n s t  a c o l l i s i o n a l  r e s i s t a n c e .  ' H o t ' ,  o r  s u p r a t h e r ma l  

e l e c t r o n s  w i t h  t e m p e r a t u r e s  w e l l  in e x c e s s  of  t h e r m a l ,  a r e  a 

f e a t u r e  o f  the  h e a t i n g  o f  p l a s ma s  by r e s o n a n t  a b s o r p t i o n  and a l s o

p a r a m e t r i c  p r o c e s s e s ,  a s  d e s c r i b e d  l a t e r .  Th i s  i s  b e c a u s e  t he

l a r g e  a m p l i t u d e  e l e c t r o n  p lasma waves  p r o d uc e d  by t h e s e  

mechani sms  a c c e l e r a t e  p a r t i c l e s  out  to  t h e i r  p ha s e  v e l o c i t y  and 

t he  n o n - Ma x we l l i a n  e n e r g y  d i s t r i b u t i o n  whi ch  f o l l o w s  has  a

—  17 —



s u pr a t h e r ma l  component ,  as  d e t e r m i n e d  from X- r a y  s p e c t r a ,  and 

from mi cr owave  e x p e r i m e n t s  .

To t a k e  t h i s  i n t o  a c c o u n t  a l e n g t h y  a n a l y s i s  i s  n e c e s s a r y ,  but  

in s i m p l e  t erms  a f l u x  l i m i t i n g  f a c t o r  i s  u s e d .  The thermal  

c o n d u c t i o n  e q u a t i o n ,  Q =-KgVT

becomes  Q̂nax =  ̂ 2 . 2 . 12 .

where  f i s  t h e  f l u x  l i m i t i n g  c o n s t a n t .  T h i s  l i m i t  i s  a t t r i b u t e d

to i on a c o u s t i c  t u r b u l e n c e  e n h a n c i n g  t h e  r e s i s t a n c e  o f  t h e  r e t u r n
11

f l u x ,  and r e s u l t s  in  e x p e r i m e n t a l  v a l u e s  o f  f — 0 . 0 3 .  A

t h e o r e t i c a l  e s t i m a t e  may be made a f t e r  a d o p t i n g  S p i t z e r ' s

12e x p r e s s i o n  f o r  t he  c o l l i s i o n  f r e q u e n c y :

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

g r e a t e r  than t h e  Debye l e n g t h , X  where

e2

Thus V̂j a t  t h e  c r i t i c a l  s u r f a c e  i s  g i v e n  by :

V„ = In A

2TT ^

T h e r e f o r e  . —— 3 , x c o n s t a n t ,  M:r 2 2 13
\ \ \ y à  0)„

As e x p r e s s i o n  2 . 2 . 1 2  i s  assumed equal  to  the  r a t e  o f  a bs orbed  

e n e r g y  ( Igbs ) • c ombi n i ng  2 . 2 . 1 1 ,  2 . 2 . 1 2  and 2 . 2 . 1 3  g i v e s
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= 1 - ( exp - ( ^  X constant  ) ) 2 . 2 . 1 4 .
lobs

whi ch  shows t he  a b s o r b e d  f r a c t i o n  to  be i nd e p e n d e n t  o f  p lasma

t e m p e r a t u r e ,  in a s i m p l e  a p p r o x i m a t i o n .  I n s e r t i n g  n u m e r i c a l

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

f o r  i n c r e a s i n g  i n t e n s i t y  i s  shown in F i g .  2 . 2 . 1 ( a ) ,  f o r  t he  f r e e

s t r e a m i n g  l i m i t  as  t he  maximum l i m i t  on thermal  c o n d u c t i o n .

Re duc i ng  t h i s  t o  a 3% thermal  f l u x  l i m i t  shows t h e  a b s o r p t i o n  to

f a l l  f o r  l ower  i n t e n s i t i e s ,  a s  shown in F i g .  2 . 2 . 1 ( b ) .  A l t h o u g h

g r o s s  s i m p l i f i c a t i o n s  h a v e  been  empl oyed ,  i t  can  be  s e e n  t h a t

c l a s s i c a l  a b s o r p t i o n  makes a d i m i n i s h i n g  c o n t r i b u t i o n  to

12 -2
a b s o r p t i o n  a s  t he  l a s e r  i n t e n s i t i e s  i n c r e a s e  beyond 10 W.cm . 

Thi s  a b s o r p t i o n  may be i n c r e a s e d  s l i g h t l y  by an i n c r e a s e  in 

t a r g e t  a t o m i c  number,  wh i c h  a l s o  i n c r e a s e s  r a d i a t i o n  l o s s e s  due  

to b r e m s s t r a h l u n g ,  but  a t  t h e s e  i n t e n s i t i e s  o t h e r  p r o c e s s e s  

become do mi na n t .

2 . 3  Re s o na nt  Abs o r p t i o n .

If  t h e  i n c i d e n t  l a s e r  beam i s  i n c l i n e d  a t  an a n g l e  0  to  the  

plasma d e n s i t y  g r a d i e n t ,  c l a s s i c a l  r e f l e c t i o n ,  or  a t u r n i n g  p o i n t  

i s  r e a c h e d  a t  t he  p l a n e  where  the  d i e l e c t r i c  c o n s t a n t  i s  equal  to  

s i n̂  0 .

i . e .  E . = s ir? 0  = 1 -  9Jpg(z) _ n( z)= n c o s ^ 0
w2 '

The modulus  o f  the  e l e c t r i c  f i e l d  up to t h i s  p o i n t ,  f o r  a l i n e a r
13,14

ramp, h a s  been shown to  e x h i b i t  an Ai r y  f u n c t i o n  form ’, as  in
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Fig. 22.1
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F i g .  2 . 3 . 1 ( a ) .  I f  howeve r ,  t he  l i g h t  i s  p o l a r i s e d  in t h e  p l a n e  of

i n c i d e n c e  t he n  a t  t h i s  t u r n i n g  p o i n t  t he  E v e c t o r  w i l l  be

p a r a l l e l  t o  t h e  d e n s i t y  g r a d i e n t  and can tunne l  t h r o u g h  to  the

c r i t i c a l  s u r f a c e  where  i t  e x c i t e s  l a r g e  a m p l i t u d e  p l a s ma  wave s

whi ch  i t  i s  in  r e s o n a n c e  w i t h ;  t h e  e l e c t r i c  f i e l d  now s ho wi ng  a

t h e o r e t i c a l l y  i n f i n i t e  f i e l d  a t  n̂  = n^^(Fig. 2 . 3 . 1 ( b ) ) .

15For a l i n e a r  d e n s i t y  g r a d i e n t  P i l i y a  c a l c u l a t e s  t h e  f i e l d  n e a r  

the  c r i t i c a l  s u r f a c e  to  be:

E(z) = Ep.0(T) L„ 2 . 3 . 1

where çf{z)  i s  t h e  f u n c t i o n  in F i g .  2 . 3 . 2 ,  T b e i n g  t h e  p a r a me t e r
y

(k^L^) s i n © ,  t he  i n c i d e n t  wave number,  and A i s  t h e  s p a t i a l  

e x t e n t  o f  t h e  ' E - f i e l d  s p i k e ' .  From eqn.  2 . 3 . 1  t h e  opt imum 

c o n d i t i o n  f o r  a l a r g e  f i e l d  i s  t he n  g i v e n  by:

(k^y^s i n© ~ 0  8

Thi s  enhanc ed  f i e l d  i s  i n f i n i t e  i f  c o l l i s i o n s  and e l e c t r o n  

thermal  m o t i o n  a r e  i g n o r e d ,  but  t h e  s t r u c t u r e  o f  t h e  f i e l d  i s  of  

i mpor t ance  in s e c o nd  harmoni c  g e n e r a t i o n ,  and the  d i s s i p a t i o n  o f  

t he  p l as ma wave e n e r g y  d e t e r m i n e s  t he  a b s o r p t i o n .  P i l i y a  a l s o  

shows t h a t  t h i s  a b s o r p t i o n  in t erms  o f  the  p a r a me t e r  ' q ' ,  where

q = ^
i s  as  shown in F i g .  2 . 3 . 3 ,  and d i s p l a y s  a maximum a p p r o a c h i n g

16
50%,a s  v e r i f i e d  by F r i e d b e r g  e t  a l  Re s o n a n t  a b s o r p t i o n  i s  

i nd e p e n d e n t  o f  i n c i d e n t  i n t e n s i t y  but  i s  s t r o n g l y  d e p e n d e n t  on 

s c a l e l e n g t h ,  and i t s  e f f e c t  may be l e s s  a t  v e r y  h i g h  i n t e n s i t i e s
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Fig. 2.3.1
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where Ai (x ) = Airy function ' 

( ' = derivative )

0(T)

•Fig. 2.3.2

q = 1?  = (k L T s i i f e

max. absorpt ion  due to resonan t  ab so rp t i o n .  a f t e r  Piliya.'
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Fig. 2 .3.3
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where  c o l l e c t i v e  e f f e c t s  a r e  p r e s e n t .  T h i s  however  i s  o n l y  v a l i d  

f o r  c o n v e c t i v e ,  c o l l i s i o n a l  and weak Landau dampi ng  o f  the  

e x c i t e d  p l asma w a v e s ,  ^

2 . 4  P a r a m e t r i c  I n t e r a c t i o n s .

C o u p l i n g  be t we en  t he  l a s e r  l i g h t  and t h e  p l a s ma  a t  h i g h  

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

r e s o n a n c e s ,  t he  n a t u r a l  modes o f  o s c i l l a t i o n  o f  t he  p l a s ma  b e i n g  

e x c i t e d  by the  ' de c a y '  o f  t he  i n c i d e n t  wave i n t o  v a r i o u s  p lasma  

waves  and o t h e r  s c a t t e r e d  e l e c t r o m a g n e t i c  w a v e s .  T r a n f e r  o f  wave  

e n e r g y  t o  t he  p lasma p a r t i c l e s  t he n  t a k e s  p l a c e  v i a  c o l l i s i o n a l  

or Landau damping,  the  w h o l e  scheme b e i n g  known a s  ano ma l o us  or  

n o n - l i n e a r  a b s o r p t i o n .

Of i n t e r e s t  p r i m a r i l y  a r e  t h e  t h r e e - w a v e  p r o c e s s e s  such  t h a t  

the  l a s e r  ( ' p ump' )  wave ( , k̂  ) d e c a y s  i n t o  two p r o d u c t  waves

) and ( Ŵ .k  ̂ ) .  Thus

k  = + kg

r e p r e s e n t  t he  f r e q ue nc y  and wavenumber ma t c h i n g  c o n d i t i o n s  and 

h e n c e ,  when m u l t i p l i e d  by h , t he  c o n s e r v a t i o n  o f  e n e r g y  and 

momentum o f  the  i n t e r a c t i o n ;  t h e s e  e q u a t i o n s  b e i n g  known a s  the  

Manley-Rowe r e l a t i o n s .  Of t h e s e  t h r e e -  wave p r o c e s s e s ,  f our  may 

be s i n g l e d  out  as  b e i n g  o f  p a r t i c u l a r  i mpo r t a nce  t o  harmoni c  

g e n e r a t i o n .

Denot  i ng

as  a t r a n s v e r s e  e l e c t r o m a g n e t i c  wave (wave o f  d i f f e r e n t  

f r e qu e n c y  ) ,

—  24 —



1 a s  an e l e c t r o n  plasma wave ( e l e c t r o s t a t i c ) ,  and 

s a s  an i on  a c o u s t i c  wave ( a c o u s t i c )  

t h e s e  a r e

1 t —>  i +  s P a r a m e t r i c  Decay I n s t a b i l i t y

2 t —>  H + i Two-Plasmon I n s t a b i l i t y

3 t —>  t' + jf S t i m u l a t e d  Raman S c a t t e r i n g  (SRS)

4 t —̂  t' + s 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  (SBS)

The l a t t e r  two mechani sms  r e p r e s e n t  an e n e r g y  l o s s  t o  the

i n t e r a c t i o n  r e g i o n  due to  t he  s c a t t e r e d  wave ,  and n e e d  to  be

c o n t r o l l e d  i f  opt imum e n e r g y  c o u p l i n g  to  t h e  p l as ma i s  e n v i s a g e d ,

p a r t i c u l a r l y  SBS. P a r a m e t r i c  i n s t a b i l i t i e s  i n  g e n e r a l  a r e

c h a r a c t e r i s e d  by a t h r e s h o l d  pump i n t e n s i t y ,  e x p o n e n t i a l  growth

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

and a f i n i t e  r e g i o n  o f  i n t e r a c t i o n .  For t he  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 y  and SBS t h i s  c o r r e s p o n d s  to  a r e g i o n  j u s t  p r i o r  to

t he  c r i t i c a l  s u r f a c e ,  and f o r  t he  t wo - p l a s mo n  d e c a y  and SRS t h i s

i s  t he  r e g i o n  up to  q u a r t e r -  c r i t i c a l ,  a s  shown in F i g .  2 . 4 . 1 .

T h e o r e t i c a l  s t u d i e s  o f  p a r a m e t r i c  i n s t a b i l i t y  u s i n g  d i f f e r e n t
17-27

a p p r o a c h e s  have  been made by s e v e r a l  a u t h o r s  . Of n o t e ,
18

Ni s h i k a wa  has  d e v e l o p e d  the  c o u p l e d  e q u a t i o n s  f o r  e l e c t r o n

plasma and i on  a c o u s t i c  waves  u s i n g  hy dr o dy na mi c  me t hods ,  

i n c l u d i n g  t he  e f f e c t  o f  Landau damping.  However,  mos t  o f  the

s t u d i e s  t o  d a t e  have  been ba s ed  on an a n a l y s i s  o f  t he  l i n e a r i s e d  

d i s p e r s i o n  r e l a t i o n s  where no a l l o w a n c e  i s  made f o r  s p a t i a l  g a i n .  

Hence t h e  i n s t a b i l i t i e s  cannot  p r o p e r l y  be d e s c r i b e d  a s  a b s o l u t e  

or c o n v e c t i v e .  The former o c c u r s  when the  wave grows a t  a f i x e d

■ 25



generalised interaction regions

resonan t absorption

parametric decay
• S.B.S

LASER BEAM

plasma hydrodynamic expansion >
modification

1% .  decay

k

Fig. 2 .4 .1



p o i n t  i n s p a c e  w h e r e a s  t h e  c o n v e c t i v e  i n s t a b i l i t y  o c c u r s  by the  

p a s s a g e  o f  t he  wave t hrough  a r e g i o n  a c t i n g  a s  an a m p l i f y i n g  

medium. Thus t h e  pump t h r e s h o l d s  d e r i v e d  from t h e s e  a n a l y s e s  a r e  

of  l i m i t e d  a c c u r a c y .

D r i v i n g  t erms  f o r  t he  i n s t a b i l i t i e s  may be most  e a s i l y  g i v e n  by

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

• r 1 30-32 „ ■ 1 1 Ap r e s s u r e  on a n o n - u n i f o r m  p l as ma,  . For a s i n g l e  e l e c t r o n

imposed in an e l e c t r o m a g n e t i c  f i e l d  o f  t he  form 

i (r)  = ^(r) cos ajjt-

T h e r e f o r e

â(r) = - ^  E(r) sin (jjJ-

from M a x w e l l ' s  e q u a t i o n s  a f o r c e  i s  e x p e r i e n c e d , ( n e g l e c t i n g  

damping)

F = e(E + y X B)

due to  t h e  l o w e s t  o r d e r  L o r e n t z  e q u a t i o n

f • A . .  30To a f i r s t  a p p r o x i m a t i o n

m dy, = -  eE(r) cos iqt _y, = _e^Elr) s l n u ÿ
dt " '

& y  ? e_Ep = 'quiver'velocity
mw.

Expandi ng E ( r )  t o  ~ E ( ^  ) + ôr.VE

where  5r  i s  t h e  e l e c t r o n  e x c u r s i o n  and VE the  f i e l d  g r a d i e n t

m dv  ̂ = - e l ^ . V E ( r o )  + y, x B(^) 1 
d t ~

S u b s t i t u t i n g  f o r  B, y and ^  and a v e r a g i n g  o v e r  t i me:

= -e[_e_F cos (4t ,VE -  e ^ s i n w t  xj_ V ^sin ü t̂ ]
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= _ y _ l E „ . V ^  * 6 , x V « y  2 , 4 , 1

dt 2mu|2

Th i s  c o r r e s p o n d s  to  a n e t  n o n - z e r o  f o r c e  a c t i n g  on the  e l e c t r o n s .

The f i r s t  term in 2 . 4 . 1  i s  due to  t he  e x c u r s i o n  o f  t he  e l e c t r o n

i n t o  r e g i o n s  o f  d i f f e r i n g  e l e c t r i c  f i e l d ,  and t he  s e c o nd  the

d i s t o r t i o n  o f  t he  pa t h  due to  the  m a g n e t i c  f i e l d .

As t he  p o n d e r o mo t i v e  f o r c e  i s  t he  m a n i f e s t a t i o n  o f  t he

r a d i a t i o n  p r e s s u r e  on a p l a s ma ,  i t  may e x p l a i n  t he  m o d i f i c a t i o n

of  t he  d e n s i t y  due t o  t h i s  p r e s s u r e .  For an N d - g l a s s  l a s e r ,  the

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

16 - 2
i n t e n s i t i e s  g r e a t e r  than 10 W.cm . T h i s  has  t he  e f f e c t  o f

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

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

Th i s  b e h a v i o u r  in turn w i l l  s t r o n g l y  i n f l u e n c e  t he  s u b s e q u e n t

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

33 -35i n t e r f e r o m e t r i c  methods  have  d e t e r m i n e d  d e n s i t y  p r o f i l e s  a t  

d i f f e r e n t  t i me s  d u r i n g  the  l a s e r  p u l s e ,  and show p o s i t i v e

e v i d e n c e  f o r  p r o f i l e  s t e e p e n i n g .

2 . 5  S t i m u l a t e d  Compton S c a t t e r i n g

A f u r t h u r  p r o c e s s  o f  i n t e r e s t  o c c u r s  when the  i n c i d e n t  wave i s  

s c a t t e r e d  by an e l e c t r o n  such t h a t  when the  s c a t t e r e d  wave has  a 

f r e q u e n c y  and d i r e c t i o n  c o i n c i d e n t  w i t h  a s ec ond  i n c i d e n t  beam,  

the  s c a t t e r i n g  w i l l  be s t i m u l a t e d .  The s c a t t e r i n g  r a t e  i n t o  the  

s ec ond  beam i s  p r o p o r t i o n a l  to  t h e  p r o d uc t  o f  t he  two beam

i n t e n s i t i e s ,  and t he  e n e r g y  d i f f e r e n c e  on g o i n g  from beam 1 to
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beam 2 a t  a lower f r e q u e n c y  i s  g i v e n  to  t he  s c a t t e r i n g  e l e c t r o n .

T h i s  p r o c e s s  i s  known a s  S t i m u l a t e d  Compton S c a t t e r i n g  and i t s

e f f e c t  c o u l d  be a p pa r e n t  in an i n c i d e n t  c o n v e r g i n g  beam o f  f i n i t e

b a ndwi dt h .  I t s  e x i s t e n c e  h a s  been  deduc ed  from e x p e r i me n t  by 

37
D e c r o i s e t t e  e t  a l  who d e t e r m i n e d  a s mal l  r e d - s h i f t e d  s i d e b a n d  on 

the  s p e c t r a l  p r o f i l e  o f  a l a s e r  beam t r a n s m i t t e d  through a 

p l a s m a .
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- C h a p t e r  3 -  

The t h e o r y  o f  s e c o nd  harmoni c  g e n e r a  t~i on.

3 . 1  Second harmoni c  g e n e r a t i o n  in l a s e r  produced  and l a s e r

h e a t e d  p l a s ma s  i s  a s s o c i a t e d  w i t h  the  c o a l e s c e n c e  o f  two wa v e s ,  

b e i n g  e i t h e r  the  i n c i d e n t  l a s e r  or  an e l e c t r o n  plasma wave  

g e n e r a t e d  by the  i n c i d e n t  l a s e r .  C o n s t r a i n t s  on t h i s  a r e  due to  

f r e q u e n c y  and wavenumber ma t c h i n g  and t h e r e f o r e  in an i s o t r o p i c ,  

homogeneous  p l asma,  t he  r e c o m b i n a t i o n  o f  two t r a n s v e r s e  ( e - m . )  

waves  i s  f o r b i d d e n .  The p e r m i t t e d  schemes  a r e  e i t h e r  an i n c i d e n t  

wave w i t h  a p lasma wave ,  or  two p l as ma  w a v e s ,  

v i z .

ü + t  ̂ t lc(a)) + ^(U)) —> k (2 w)

n + f  - > k ( 2 ( j j )

t and ü r e f e r r i n g  to  t r a n s v e r s e  and l o n g i t u d i n a l  waves  

r e s p e c t i v e l y .  In an i nhomogeneous  pl asma t he  ma t c h i n g  c o n d i t i o n s  

a r e  o n l y  s a t i s f i e d  in w e l l - d e f i n e d  r e g i o n s  d e p e n d e n t  on the  

plasma d e n s  i t y .

S i n c e  the  f o r ma t i o n  o f  e l e c t r o n  p lasma waves  a t  a f r eque nc y  

a p p r o x i m a t i n g  the  l a s e r  f r e q u e n c y  i s  a fundamental  p r o c e s s  in 20l)̂  

g e n e r a t i o n ,  t he  mechani sms f o r  g e n e r a t i n g  t h e s e  a r e  d e s c r i b e d .  A 

t h r e s h o l d  e x i s t s  f or  t he  o n s e t  o f  p a r a m e t r i c  i n s t a b i l i t y  so t h a t  

a g a i n  d i f f e r e n t  p r o c e s s e s  may be c a t e g o r i s e d  a s  l i n e a r  or

n o n - l i n e a r ,  the  former b e i n g  e x p l a i n e d  u s i n g  a g e o m e t r i c  o p t i c s

appr oach  o f  the  l i n e a r  wave e q u a t i o n ,  the  l a t t e r  d e s c r i b e d  by 

s e v e r a l  methods .  Fundamental  d i f f e r e n c e s  in e x p e c t e d  2uô  ̂ e m i s s i o n  

r e s u l t  from the  two r e g i m e s ,  and an a n a l y s i s  o f  bo t h  h e r e  aims to  

p i n p o i n t  t h e s e  d i f f e r e n c e s  where  they  a r e  e x p e r i m e n t a l l y
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o b s e r v a b 1e .

3 . 2  2U)q g e n e r a t i o n  due to  l i n e a r  t r a n s f o r m a t i o n

In Ch a pt er  2 i t  was shown t h a t  p - p o l a r i s e d  l i g h t  i n c i d e n t

o b l i q u e l y  on a l i n e a r  plasma d e n s i t y  g r a d i e n t  has  an E - f i e l d

s i n g u l a r i t y  c e n t r e d  on the  c r i t i c a l  s u r f a c e  a l t h o u g h  t he  t u r n i n g
2

p o i n t  i s  a t  a d i s t a n c e  - L ^ s i n G  from t h e  s u r f a c e .  Here ,  i s  

t he  d i s t a n c e  in wh i c h  t he  d e n s i t y  r i s e s  from z e r o  to  c r i t i c a l  and 

i s  t h e  a n g l e  b e t w e e n  t h e  i n i t i a l  i n c i d e n t  beam and t h e  normal  to  

the  g r a d i e n t .  T h i s  i s  shown d i a g r a m m a t i c a l l y  in F i g s  2 . 3 . 1 (a &

b ) .  T h i s  E - f i e l d  a t  t he  c r i t i c a l  s u r f a c e  i s  t h e o r e t i c a l l y
1

i n f i n i t e  i n  t he  a b s e n c e  o f  e l e c t r o n  thermal  mo t i o n  o r  c o l l i s i o n s .

The a c t u a l  s t r u c t u r e  t h a t  t h i s  f i e l d  a d o p t s  i s  i mpor t ant  in

d e t e r m i n i n g  t h e  n o n - l i n e a r  s o u r c e  terms f o r  the  f i e l d  e q u a t i o n s

o f  t he  s e c o nd  harmoni c  wave ,  and t h i s  s t r u c t u r e  has  been

d e t e r m i n e d  by s e v e r a l  a u t h o r s .  Amongst  them,  Vi n o g r a d o v  and 

2
P u s t u v a l o v  have  d e v e l o p e d  the  f i e l d  s t r u c t u r e  u s i n g  the  

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

e l e c t r o n  thermal  mo t i o n  such t h a t

«

where  V̂ j i s  t he  e l e c t r o n - i o n  c o l l i s i o n  f r e q u e n c y ,  and

c
3

A l t e r n a t i v e l y ,  Erokhi n  e t  a l  have  found the  f i e l d  s t r u c t u r e  when 

the  domi nant  f a c t o r  in l i m i t i n g  the  f i e l d  i s  e l e c t r o n - i o n  

c o l l i s i o n s .  The g e n e r a l  wave e q u a t i o n  u s ed  in bo t h  a p p r o a c h e s  i s  

d e v e l o p e d  from M a x w e l l ' s  e q u a t i o n s  as  shown in Appendi x  A, and i s
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of  the  form;

V^E + V I V . E  ) -  [  ^ 0  3 , 2  .1 .

where E i s  t h e  d i e l e c t r i c  c o n s t a n t .

If  ^  i s  a f u n c t i o n  o f  one d i m e n s i o n  o n l y ,  then e q u a t i o n  3 . 2 . 1  

r e d u c e s  to  a s i m p l e r  form f o r  whi ch  s e v e r a l  s o l u t i o n s  have  been  

f o u n d .

* W ^ e . E  = 0 3 , 2 , 2 .
d c

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

l i g h t  in  t h e  y - z  p l a n e  i n c i d e n t  o r i g i n a l l y  a t  an a n g l e  Q to  the  

d e n s i t y  g r a d i e n t  in t he  z - p l a n e  i s  o f  the  form

d^G -  1 dE(z )  dG + ^ ^ ( E ( z )  -  s i n %  )G = 0

3 2 3
d z 2  E(z)dz d z [ 2

where

= G(z) expl  i ( w t  -  LO s in G y ) ]

such t h a t  t he  e l e c t r i c  f i e l d  v e c t o r s  in b o t h  t he  y and z 

d i r e c t i o n s  may be o b t a i n e d  from the  r e l a t i o n s :

Ey = -  i c d Hy Ê  = 4- i c dH^

( j l ) E (  z ) dz  U) E(z) dy

S o l u t i o n s  o f  e q u a t i o n  3 . 2 . 3  f o r  the  l i n e a r  d e n s i t y  g r a d i e n t  have
4

been e x t e n s i v e l y  s t u d i e d  by D e n i s o v  , and an a p p r o x i m a t e  v a l u e  

for  the  enhanced e l e c t r i c  f i e l d  a t  the  c r i t i c a l  s u r f a c e  ( z = 0 )  i s ,  

i n c l u d i n g  c o l l i s i o n a l  damping:

Ejo) - n r

where t he  a n g l e  o f  i n c i d e n c e  i s  no t  s m a l l ,  or  t o o  l a r g e  such that
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the t u r n i n g  p o i n t  i s  a l a r g e  d i s t a n c e  from the  c r i t i c a l  s u r f a c e .

Havi ng  shown the  e x i s t e n c e  o f  a f i n i t e  e l e c t r i c  f i e l d  in the  

c r i t i c a l  s u r f a c e  r e g i o n  due to  the  i n c i d e n t  l a s e r  l i g h t ,  the  

c o - e x i s t e n c e  o f  e l e c t r o n  p l asma waves  ( a s s umi ng  ion i m m o b i l i t y  ) 

can a l s o  be shown to  be d r i v e n  by the  enhanced e l e c t r i c  f i e l d .  

Agai n from Appendix  A 

V.(E.E) = 0

E (VE) + e VE = 0

whi ch  in the  z - d i m e n s i o n  becomes

E, ^  t £ V E = 0
^dz

where  = c h a r g e  d e n s i t y  = e A n̂  w i t h  A n  ̂ the  d e n s i t y

p e r t u r b a t i o n  from e q u i l i b r i u m .  For non-normal  i n c i d e n c e   ̂ 0

and jfe 0 as  the  plasma i s  i nhomogeneous  in the  z - d i r e c t i  on.  
dz

Hence the  c h a r g e s  p a ppe a r  in the  e l e c t r o m a g n e t i c  wave and 

a t  E =0,  the  d e n s i t y  o f  t h e s e  c h a r g e s  v a r i e s  w i t h  the  p lasma  

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

r i s e  to  plasma o s c i l l a t i o n s  i n c r e a s i n g  in a m p l i t u d e .  These  

o s c i l l a t i o n s  ar e  no t  i n d e p e n d e n t ,  as  t a k i n g  thermal  mo t i o n  i n t o  

a c c o u n t  en e r g y  i s  t r a n s f e r r e d  to n e i g h b o u r i n g  r e g i o n s  and t h i s  

p r o c e s s  c o r r e s p o n d s  to an e l e c t r o n  p lasma wave.

U l t i m a t e l y ,  c o l l i s i o n s  w i l l  r e s u l t  in a c a l c u l a b l e  p o r t i o n  of  

t h i s  wave ener g y  b e i n g  d i s s i p a t e d ,  so t h a t  the  who l e  p r o c e s s  i s
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an a b s o r p t i o n  mechani sm,  but  the  a p p r o x i m a t i o n s  us ed  in 

d e t e r m i n i n g  the  e l e c t r i c  f i e l d  s t r u c t u r e  and s u b s e q u e n t  energy  

d i s s i p a t i o n  a r e  i mpor t ant  in a s s e s s i n g  the  c h a r a c t e r i s t i c s  o f  the  

produced plasma wave s  whi ch  p o s s e s s  a f r e q u e n c y  c l o s e l y  mat ch i ng  

the  l a s e r  f r e q u e n c y .  I t  i s  t h e s e  wave s  whi ch  may re combi ne  to  

form o b s e r v a b l e  2C0o e m i s s i o n .

3 . 3  R e c o mb i n a t i o n  o f  l i n e a r l y  g e n e r a t e d  p l asma w a v e s .

As n o t e d  p r e v i o u s l y ,  t he  o n l y  two p e r m i s s i b l e  s chemes  f o r  the  

r e c o m b i n a t i o n  o f  t h e s e  l o n g i t u d i n a l  e l e c t r o n  p l as ma wave s  and the  

i n c i d e n t  wave  are :

j( + 1-^1'

For wavenumber and f r e q u e n c y  ma t c h i n g  o f  t h e s e  two c o n d i t i o n s  

in i nhomogeneous  p l a s ma ,  a z - d e p e n d e n c e  i s  i n t r o d u c e d  of  the  

r e g i o n  i n w h i c h  t h e s e  c r i t e r i a  a r e  s a t i s f i e d .  From t h e  d i s p e r s i o n  

r e l a t i o n s  o f  the  i n t e r a c t i n g  w a v e s ,  the  e q u a t i o n  o f  wavenumber  

ma t c h i n g  can y i e l d  the  a p p r o x i m a t e  p o s i t i o n  in the  d e n s i t y  

p r o f i l e  wher e  r e c o m b i n a t i o n  t a k e s  p l a c e .

a . Î. + t —> t .

If  E(O)q ) i s  the  d i e l e c t r i c  c o n s t a n t  a t  the  r e c o m b i n a t i o n  p l a n e  

then

£ ( to ) = 1 -  . \ ( z )  and £  (2o)o) = 1 -  n j z )

Her 4 Her

and the  wavenumber ma t ch i ng  i s . . .  ( t  d e n o t i n g  the  wave

d i r e c t i o n )
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* { E { Ul j  -  s i n ^ ( 0 ) ) ' ^  -  J _ ( £ ( O J j )  .  - 2 ( C ( 2 w J  -  s i n ^ e

P
then t h i s  r e d u c e s  to:

u  2 2̂
( £ ( W J ^  = 2 B ( £ ( 2 w ) -  S i n t  r  .

2
i f  s in 0  < < 1 and p < < 1 .

T h e r e f o r e  t he  p l a n e  where

2
A z  = -3L„p -  3 . 3 . 1

i f  n̂  = n^̂ ( 1 + z/L^ ) ; and Az  i s  the  d i s t a n c e  b e t we e n  the  

c r i t i c a l  s u r f a c e  and t he  p l a n e  o f  r e c o m b i n a t i o n ,  

b. I  + } - ^ t .

S i m i l a r l y  t he  wavenumber ma t c h i n g  f o r  t h i s  mechani sm g i v e s :

2 ^
-  2 ( E ( ü ^ ) )  = -  2 p ( e (  2 (P ) -  s i n  0  )

whi ch  l e a v e s
2

A z  -  - ^ p  
4

As the  r e s o n a n c e  r e g i o n  o f  the  enhanced e l e c t r i c  f i e l d  e x t e n d s  

in a r e a l i s t i c  p lasma to  encompass  bot h  t h e s e  p l a n e s ,  then i t  i s  

p o s s i b l e  t o  p l a c e  an a p p r o x i ma t e  v a l u e  on the  maximum red s h i f t  

of  the  o b s e r v e d  2U)  ̂ s pec t rum,  s i n c e  the  i n t e r a c t i n g  e l e c t r o n  

plasma wave w i l l  have  a d o w n - s h i f t e d  f r e q ue nc y  from t he  i n c i d e n t

l a s e r ,  i f  i t  i s  assumed t h a t  k^~0.

For t he  + t ^ t  p r o c e s s  the  d o w n s h i f t  in f r e q u e n c y  i s

Aw = Wg A ne and a s  the  c o r r e s p o n d i n g  s h i f t  in \ ) / 2  i s
T  Hg

AX = A w  X

then
4Wg
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2
A = X̂  A = _X̂  3 3  X 2 waves

T  n T  ® 2
• • A X .  = ^ x p  3 3  3

and s i m i l a r l y  f o r  the  5 +{  —> t p r o c e s s
1/4 2

-  2 (E(UL))^ = -  2 B ( c ( 2 U i )  -  s i n e  )

from w h i c h  i s  o b t a i n e d
2

AX = 3  X P -  3 . 3 . 4  O
16

As t h e  former i s  the  f a r  more p r o b a b l e  mechani sm,  a s  shown by

? 3bo t h  V i n o g r a d o v  & P u s t u v a l o v ,  and Erokhi n  e t  a l , a t y p i c a l

a n t i c i p a t e d  t i me  i n t e g r a t e d  red s h i f t  o f  t he  s p e c t r a l  peak may be

e s t i m a t e d  a s  a maximum o f  ^12 A. T h i s  i s  i f  t he  thermal  e l e c t r o n

t e mp e r a t u r e  i s  ~ 0 . 8  keV, a s  p r e d i c t e d  from computer  s i m u l a t i o n

and a l s o  measurement s  p e r f o rme d  u s i n g  t he  X- r a y  e m i s s i o n

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

f o i  1

3 . 4  2 Wo g e n e r a t i o n  due to  p a r a m e t r i c  i n s t a b i l i t y

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

s ec ond  harmoni c  g e n e r a t i o n  can r e s u l t  from t he  p r o d u c t i o n  of  

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  p l asma wa v e s ,  and t h e i r  

s u b s e q u e n t  r e c o m b i n a t i o n :  e i t h e r  w i t h  t h e m s e l v e s  or  an i n c i d e n t

phot on  wh i c h  i s  incoming or  s c a t t e r e d ,  the  a c t u a l  mechani sm of  

i n t e r e s t  h e r e  i s  the  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 y  where  an 

i n c i d e n t  p ho t o n  ' d e c a y s '  i n t o  a p lasmon and an ion a c o u s t i c  

p h o n o n .

v i z  t &+ S



D e t e r m i n a t i o n  o f  t he  t h r e s h o l d  f o r  t h i s  i n s t a b i l i t y  in an 

homogeneous  p lasma has  been g i v e n  by many a u t h o r s .  Si  1 i n f u s e d  

hydrodynami c  e q u a t i o n s  f o r  a c o l d  plasma to  o b t a i n  t he  growth  

r a t e  f o r  a t r a n s v e r s e  wave w e l l  above  t h r e s h o l d ,  and t h i s  work
7

was m o d i f i e d  and e x t e n d e d  by Ni s h i k a wa  to i n c l u d e  damping.  For 

an i n c i d e n t  l a s e r  beam whos e  e l e c t r i c  f i e l d  g i v e s  r i s e  to  an 

e l e c t r o n  ' q u i v e r '  v e l o c i t y  l e s s  than the  e l e c t r o n  thermal  

v e l o c i t y ,  he  shows t h a t  t he  t h r e s h o l d  c r i t e r i o n  and t he  growth  

r a t e ,  o r  t i me  f o r  t h e  a m p l i t u d e  o f  t he  e x c i t e d  wave to  i n c r e a s e  

by t he  e x p o n e n t i a l  e ,  t o  be a s  be l o w.

T h r e s h o l d  

^ > 4 T ^  ^  W.ctn^

Growth r a t e

y  - 1max - J

where and Vjy a r e  the  e l e c t r o n  and ion damping r a t e s

r e s p e c t i v e l y ,  and m̂ i s  the  i o n i c  mass and the  p e r m i t t i v i t y  of  

f r e e  s p a c e .

However in an i nhomogeneous  plasma,  t h e s e  c o n d i t i o n s  a re  

c o m p l i c a t e d  by the  f a c t  t h a t  the  i n s t a b i l i t y  i s  c o n f i n e d  to a 

f i n i t e  s p a t i a l  r e g i o n  o v e r  wh i c h  mat ch i ng  c o n d i t i o n s  may be  

s a t i s f i e d  and e n e r g y  l o s s  due to c o n v e c t i o n  o c c u r s .  Where the  

d e n s i t y  s c a l e  l e n g t h  i s  l e s s  than the  mean f r e e  pa t h  o f  the  

e l e c t r o n s ,  t he  r e s u l t  i s  to  i n c r e a s e  the t h r e s h o l d .  The u n s t a b l e  

r e g i o n  t hen  a c t s  as  an a m p l i f y i n g  medium, i n c r e a s i n g  the  

i n t e n s i t y  o f  p lasma waves  p a s s i n g  through i t ,  and i s  known as  a
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c o n v e c t i v e  i n s t a b i l i t y .  T h i s  i s  in co mpa r i s o n  to  an a b s o l u t e  

i n s t a b i l i t y ,  where  a mode w i t h  p o s i t i v e  growth r a t e  e x i s t s  and 

whose  a m p l i t u d e  d e c r e a s e s  w i t h  d i s t a n c e  away from the  u n s t a b l e  

r e g i o n .  A t r e a t me n t  o f  t he  p a r a m e t r i c  d e c a y  t h r e s h o l d  in 

i nhomogeneous  plasma has  be e n  g i v e n  by P e r k i n s  & F l i c k ®  u s i n g  

f l u i d  e q u a t i o n s  w i t h  damping o f  t he  i on a c o u s t i c  and e l e c t r o n  

plasma wave s  by both  Landau and c o l l i s i o n a l  means .

In t h e i r  terms  o f  the  t h r e s h o l d  b e i n g  d e f i n e d  a s  the  i n c i d e n t  

i n t e n s i t y  r e q u i r e d  to  r a i s e  t h e  e l e c t r o n  p l as ma wave a mp l i t u d e  by 

a f a c t o r  o f  e x p ( 5 ) ,  t hey  o b t a i n  t h e  f o l l o w i n g :

/  ' 4 . 1 4  + 3 T \ lv ,A  + 3 . 2 / V I V U n k T W.cm^

where  k̂  i s t he  wave v e c t o r ,  t he  s u b s c r i p t s  i and e d e n o t i n g  i o n i c  

and e l e c t r o n i c  p a r a me t e r s  o n l y .

To a v o i d  s t r o n g  Landau damping,  the  c r i t e r i o n  

k \  > 1  a p p l i e s ,  where  = t he  Debye s h i e l d i n g  d i s t a n c e ^

. [ w T

V ,

and i s  s a t i s f i e d  f or  p l a s ma s  o f  i n t e r e s t  in e x p e r i m e n t s  h e r e .  

From p a r a me t e r s  d e t e r m i n e d  from computer  s i m u l a t i o n ,  as  in 

Chapter  7,  e q u a t i o n  3 . 4 . 1  becomes ,
12 -2 , ,

(j> > 3 . 8  . 10  W.cm VeM )

f o r  an Nd l a s e r  i n c i d e n t  upon a s p h e r i c a l  g l a s s  t a r g e t .  Thi s  

i r r a d i a n c e  was e a s i l y  e x c e e d e d  by the  f o c u s s e d  l a s e r  in the  

m a j o r i t y  o f  e x p e r i m e n t s ,  so  t h a t  p a r a m e t r i c  g e n e r a t i o n  was
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e x p e c t e d  to  be the  predomi nant  g e n e r a t i o n  mechani sm for  2U)g

e m i s s i o n .  A l s o  e q u a t i o n  3 . 4 . 1  r e f e r s  to  the  n e c e s s a r y  i r r a d i a n c e

at  the  c r i t i c a l  s u r f a c e ,  wh e r e a s  a s  shown p r e v i o u s l y ,  the

e l e c t r i c  f i e l d  v e c t o r  a d o p t s  an Ai ry  f u n c t i o n  form up to the  
1

t u r n i ng  p o i n t ,  i r r e s p e c t i v e  o f  w h e t h e r  the  l i g h t  i s  s or

p - p o l a r i s e d .  Hence an enhancement  or  d i f f e r e n c e  be t we e n  the  

vacuum e l e c t r i c  f i e l d  o f  the  l a s e r  beam, and the  maximum f i e l d  a t  

the  t u r n i n g  p o i n t  wh i ch  i s  a v a i l a b l e .  T h i s  d i f f e r e n c e ,  or

' s w e l l i n g  f a c t o r '  can r e d u c e  t he  c a l c u l a t e d  t h r e s h o l d  by as  much 

as  an o r d e r  o f  ma g n i t u d e ,  s i n c e

( L  =

where  E ( z )  i s  t h e  l o c a l  d i e l e c t r i c  c o n s t a n t  and a t  t h e  t u r n i n g
2

p o i n t  i s  e qua l  to  s i n  0  Th i s  p r o c e s s  i s  c l e a r l y  f a r  l e s s

e f f e c t i v e  f o r  p r o c e s s e s  c l o s e  to  t h e  q u a r t e r  c r i t i c a l  s u r f a c e ,  

where t he  E - f i e l d  enhancement  i s  much l e s s .

3 . 5  R e c o mb i n a t i o n  o f  p a r a m e t r i c a l l y  e x c i t e d  w a v e s .

The r e c o m b i n a t i o n  o f  a p a r a m e t r i c a l l y  e x c i t e d  p l asmon w i t h  an 

i n c i d e n t  p ho t o n  to  form a 20)  ̂ phot on  i s  f a r  more p r o b a b l e  than  

the  r e c o m b i n a t i o n  o f  two e x c i t e d  p las mons  to  form a s i m i l a r  

phot on ,  and h e n c e  t he  s p e c t r a l  s h i f t  of  the  g e n e r a t e d  2 Wg, 

s pec t rum w i l l  be d e p e n de nt  on the  peak s h i f t  o f  t he  plasmon  

s pec t rum from the  fundamental  f r e q u e n c y .  Th i s  s h i f t  i s  equal  to 

the i on a c o u s t i c  f r e q u e n c y ,  s i n c e

5w = 2w„- (H-Wpj = 2w„ -  (4, -  = îQ

From t he  a p p r o p i a t e  d i s p e r s i o n  r e l a t i o n s  o f  t he  two r e c o mb i n i n g  

wave s ,  and t he  wavenumber and f r e q ue nc y  mat ch i ng  c o n d i t i o n s ,  the  

d i s p e r s i o n  r e l a t i o n  o f  the  g e n e r a t e d  2Wg wave can be s e e n  to be
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( SO). -U ô J  = 03p^+ { 2 k . - k . y  -  3 . 5 . 1

s i n c e  k._̂  = k . -  kp. = 21s>- k.  ̂ .

In t he  r e g i o n  c l o s e  to  the  c r i t i c a l  s u r f a c e ,  O). << OJ and co10 0 pe

Wo'

h e n c e  3 . 5 . 1  may be a ppr o x i ma t ed  to

-  Wg + ( 2 k g -  k f  c^
10

A l s o  t he  i n c i d e n t  wave v e c t o r  k 0,  s o

3Wg = kfgC^

k. = j3Wo -  3 . 5 . 210 c

The red s h i f t  i s  u) = k. c,10 —10 s

T h e r e f o r e  5 w  = J3 ^  - 3 . 5 . 3
c

An e s t i m a t e  o f  t h e  s econd  harmoni c  peak s h i f t  can be made from

3 . 5 . 3  f o r  t y p i c a l  p lasma p a r a m e t e r s .  As the  i on a c o u s t i c  sound
g

v e l o c i t y  i s  g i v e n  by

9 2 2 2 2
C, = + WpjV,^

where  (jL)gg and (jO . a r e  the  e l e c t r o n  and i on pl asma f r e q u e n c i e s  and

v̂ l̂  and Vj a r e  t he  r e s p e c t i v e  thermal  v e l o c i t i e s ,
2 2 2 2 

For <<

t h e r e f o r e  n e a r  the  c r i t i c a l  s u r f a c e  (U) cvO) ) , c

For a p lasma formed from a g l a s s  t a r g e t  ( Z = 9 . 6 ) ,  w i t h  a mean 

e l e c t r o n  t e mp e r a t u r e  of  0 . 8  k e V ,

—  42



5U) = 4 5X to = f S ^  ^  %i \ h  -  3 . 5 . 4
\  [ ' 1 4  13 ,c

= 3 . 9 4  . 10  r a d s / s e c .

6X = 5coX,  ^  1 8 . 9  À red s h i f t .

However,  a t  h i g h  i r r a d i a n c e s ,  t he  induced e l e c t r o n  q u i v e r

v e l o c i t y  becomes  compar abl e  w i t h  the  thermal  v e l o c i t y  in
2

e x p r e s s i o n  3 . 5 . 4  and a l s o  the  t u r n i n g  p o i n t  ( £  = s i n 0 )  w i l l

go v er n  t he  l o c a l  e l e c t r o n  p l as ma f r e q u e n c y  whi ch  may mean t h a t

the  p o s i t i o n  o f  t h i s  p l a n e  i s  more i n s t r u m e n t a l  in g o v e r n i n g  the

2u)g s p e c t r a l  s h i f t  than t h e  i on a c o u s t i c  f r e q u e n c y .
10

S i l i n  has  t a ken  b o t h  t h e s e  f a c t o r s  i n t o  a c c o u n t  and has  shown 

t h a t  in t h e  c a s e  where  t h e  d e t u n i n g  or  d i f f e r e n c e  in f r e q u e n c y  

bet ween  t he  i n c i d e n t  l a s e r  and l o c a l  p lasma f r e q u e n c y ,  ( A w ( z )

U)g- Wp^z) ) i s  l a r g e r  than t he  l ong wave ion a c o u s t i c  o s c i l l a t i o n ,  

then e x p r e s s i o n  3 . 5 . 4  i s  m o d i f i e d  by a n o t h e r  term,  so  t h a t

-  3 . 5 . 55C0 = 3(Jüpj V ., +  1 v ?  0 4 )

4 7 ^  A u)U )

where v i s  t he  q u i v e r  v e l o c i t y  = eEk
m(j4, m uj,

S i n c e  the  f i e l d  up to  t he  t u r n i n g  p o i n t  may be r e p r e s e n t e d  by

an Ai r y  f u n c t i o n ,  the  d i s t a n c e  to  the  p o i n t  where  Wp^z) = 0)^-

AWp^z) from t he  c r i t i c a l  s u r f a c e  in a l i n e a r  d e n s i t y  p r o f i l e  may 

be t he  d i s t a n c e  to  t he  f i r s t  maximum of  t h i s  f u n c t i o n  and

t h e r e f o r e  i s

Combining t h i s  w i t h  the  p a r a me t e r s  f o r  an i n c i d e n t  neodymium

l a s e r  beam g i v e s  a f i n a l  e x p r e s s i o n  f or  the  s econd  harmoni c  peak
11

s p e c t r a l  s h i f t  as :  (Krokhi n)  -  .

AX = ^ X g  = / z p / 2 0  T + 7 . 0  . 10  X
A'OOg

-  3 . 5 . 6
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I -2where  (p i s  the  i n c i d e n t  i r r a d i a n c e  in W.cm

A(Z) a r e  t he  trar g e t number(mean c h a r g e )

and Tg t h e  e l e c t r o n  t e m p e r a t u r e  in keV.

From an a s s u mp t i o n  t h a t  t he  s e c o n d  term i s  n o t  i n s i g n i f i c a n t  in

co mpa r i s o n  w i t h  the  f i r s t ,  an e l e c t r o n  t e mp e r a t u r e  e s t i m a t i o n  may

be o b t a i n e d  from e x p e r i m e n t a l l y  o b s e r v e d  20)  ̂ s p e c t r a , a s  s u g g e s t e d  

11by Krokhi n  e t  a l .  However ,  a t  h i g h  i r r a d i a n c e s ,  t h e  20)  ̂ s pec t rum  

i s  no l o n g e r  depen de nt  upon t h e  e l e c t r o n  t e m p e r a t u r e ,  a s  t he  

s ec ond  term i n 3 . 5 . 6  p r e d o m i n a t e s .

3 . 6  E f f e c t  o f  Doppl e r  s h i f t

The mechani sms  o f  2U)g g e n e r a t i o n  d e s c r i b e d  a r e  a c t i v e  in plasma  

whose  p o s i t i o n  r e l a t i v e  t o  t he  i n c i d e n t  l a s e r  was assumed  

s t a t i o n a r y .  Due to the  c o n s e r v a t i o n  o f  e n e r g y  and momentum the  

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

in t e mp e r a t u r e  due to  a b s o r b e d  e n e r g y ,  and expand o u t wa r d s .  The 

e q u a t i o n s  f o r  mot i on  and c o n t i n u i t y  a r e ,  f o r  equal  e l e c t r o n  and 

i on t e m p e r a t u r e s ;  i . e .  a s i n g l e  f l u i d  in mot i on:

mI
dz

and

+ d ( n v )  = 0 . 
d t dz

f or  one  d i m e n s i o n  ( z )  o n l y ,  where  z i s  the  d i s t a n c e  from the  

a b l a t i o n  s u r f a c e ,  and v t he  e x p a n s i o n  v e l o c i t y .  S o l u t i o n s  to  

t h e s e  two e q u a t i o n s  a re  o f  t he  form:

n = n exp - (  z )
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''ouf = C; + %

y
where  Cj i s  t he  i on sound s peed  o f  the  o r d e r  o f  (2  k,  T| ) ( m / s )

—fn]
At t he  r a t e  o f  o u t wards  b u l k  mo t i o n  o f  the  p l as ma,  the  s p e c t r a l  

s h i f t  due  to  t he  Doppl e r  e f f e c t  w i l l  be o b s e r v a b l e ,  and f or  

me as urement s  t a k e n  in t he  backward d i r e c t i o n ,  w i l l  c o r r e s p o n d  to  

a b l u e  s h i f t  r a t h e r  than t he  red s h i f t  due to  t he  mechani sms  o f  

i n t e r a c t i o n  w i t h  f r e q u e n c i e s  l e s s  than the  l a s e r  f r e q u e n c y .  Us i n g  

a t y p i c a l  p l as ma t e mp e r a t u r e  o f  0 . 8  keV,  an a n t i c i p a t e d  s p e c t r a l  

b l u e  s h i f t  due  to  t he  Do p p l e r  e f f e c t  i s  as  b e l o w,  f o r  a nominal  

outward e x p a n s i o n  v e l o c i t y  o f  10^ m/ s .

A X  = 2  V ..,  = 0 .06% .
A c

At 2ti)o, t h i s  c o r r e s p o n d s  to  3 . 5  A a t  5320 A, wh i c h  was not  

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

s p e c t r a .

3 . 7  P r e v i o u s  e x p e r i m e n t a l  work on the  o b s e r v a t i o n  of  e m i s s i o n  

near  2U4».

P r o b a b l y  t h e  f i r s t  o b s e r v a t i o n  o f  s econd  harmoni c  e m i s s i o n  from

12l a s e r  produc ed  plasma was made by Caruso e t  a l  , u s i n g  the

12 -2
mo d e - l o c k e d  p u l s e  from an Nd l a s e r  to g i v e  10 W.cm on t a r g e t .  

S p e c t r a l  r e s o l u t i o n  was p o o r ,  and no d e t a i l  was a p p a r e n t ;  e i t h e r  

w i t h i n  t h e  s p e c t r u m or w i t h i n  the  s u b s e q u e n t  t i me  r e s o l u t i o n  

u s i n g  a r o t a t i n g  mi r r o r  s t r e a k  camera.  With the  a d v e n t  o f  l a r g e  

l a s e r  i n s t a l l a t i o n s  f or  the  s t u d y  of  t h e r mo n u c l e a r  p l a s ma s ,  

s e v e r a l  o b s e r v a t i o n s  o f  s p e c t r a l l y  r e s o l v e d  2Wg e m i s s i o n  were  

r e c o r d e d ^ ^ ^ a n d  a l s o  v a l u e s  f o r  the  c o n v e r s i o n  e f f i c i e n c y  of
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i n c i d e n t  i n t o  2Wg l i g h t .  Of t h e s e  r e p o r t s ,  a l l  were  o b s e r v e d

u s i n g  neodymium doped g l a s s  or  YAG, or  g a s e o u s  CÔ  as  the  l a s i n g

medium,  s i n c e  t h e s e  r e p r e s e n t  t he  s t a t e  o f  t he  a r t  w i t h  regard to

h i g h  power a v a i l a b i l i t y  and e f f i c i e n c y  r e s p e c t i v e l y .  The 2U)g

s p e c t r a  a l mo s t  a l l  had an a s y mme t r i c  b r o a d e n i n g  to  t he  red,  and

t he  peak red s h i f t e d  a l s o ,  w h i l s t  some showed a peak c o i n c i d e n t

15w i t h  t he  t r u e  harmoni c  w a v e l e n g t h .  Of n o t e ,  Yamanaka e t  a l

o b s e r v e d  s p e c t r a l  s i d e b a n d s  wh i c h  d e p a r t e d  from t h e  t r u e  harmonic  

by f r e q u e n c i e s  p r o p o r t i o n a l  t o  t he  t a r g e t  Z number,  a s  s e e n  for  

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

to  o b s e r v e  2Wg s p e c t r a  a r e  p r e s e n t e d  in F i g .  3 . 7 . 1 ,  and a l t h o u g h

no t  c o m p r e h e n s i v e ,  e x p e r i m e n t a l  d e t a i l s  a r e  r e c o r d e d  where  they

21a r e  known.  Of t h e s e ,  Bychenkov e t  a l  ha v e  a l s o  t e m p o r a l l y

r e s o l v e d  the  20)  ̂ spec t rum w i t h  a r e s o l u t i o n  o f  lOOps w i t h i n  an

i n c i d e n t  p u l s e  l e n g t h  o f  2 n s .  Ag a i n ,  no d e t a i l  was  appa r e n t  or

14g r o s s  s h i f t  to  e i t h e r  d i r e c t i o n .  However ,  D e c r o i s e t t e  e t  a l  used  

an image c o n v e r t e r  to o b s e r v e  s p e c t r a  a t  a p a r t i c u l a r  p o i n t  of  

3ns  a f t e r  the  s t a r t  of  t he  l a s e r  p u l s e ,  and found a p r e f e r e n t i a l  

component  c o i n c i d e n t  w i t h  t he  t r u e  2 Wo p o s i t i o n ,  amid a broadened  

s pec t rum to  t he  red.

S t u d i e s  o f  l a s e r  i r r a d i a t e d  t a r g e t s  to  o b s e r v e  the  s p a t i a l  

r e g i o n s  o f  2Wg e m i s s i o n  ha v e  a l s o  been r e p o r t e d .  S i n c e  the  2Wg 

l i g h t  emerges  from a r e g i o n  in t he  v i c i n i t y  o f  t he  c r i t i c a l  

s u r f a c e ,  bu l k  mot i on  of  t h i s  s u r f a c e  may be s e e n  by f o l l o w i n g  the  

2 W g l i g h t ,  p a r t i c u l a r l y  i f  t i me  r e s o l u t i o n  i s  p o s s i b l e .  The 

ex p a n d i n g  c r i t i c a l  s u r f a c e ( s )  from a m i c r o b a l l o o n  t a r g e t  used for  

s p h e r i c a l  i m p l o s i o n  s t u d i e s  a r e  p a r t i c u l a r l y  u s e f u l  in t h i s
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r e s p e c t  s i n c e  s i d e w a y s  o b s e r v a t i o n  of  a p l a n e  whi ch  i s  u s ed  for  

s y mme t r i c a l  i r r a d i a t i o n  can s i m u l t a n e o u s l y  mo n i t o r  the  c r i t i c a l

s u r f a c e  e x p a n s i o n  due t o  eac h  beam, as  per f ormed by J a c k e l  e t

2 2 23al  , and Leonard and Cover , f o r  four  beam and twi n  beam

i l l u m i n a t i o n  r e s p e c t i v e l y .  Agreement  be tween  e x p e r i m e n t  and

n u me r i c a l  s i m u l a t i o n  was found to  be e x c e l l e n t  in bot h  c a s e s .  The

v e r y  l i m i t e d  d a t a  on t he  p o l a r i s a t i o n  o f  g e n e r a t e d  2u)g l i g h t  w i t h

r e s p e c t  t o  t he  i n c i d e n t  l i g h t  i s  c o n f u s e d  and d i f f e r s  w i d e l y .

Re p o r t s  range  from a l m o s t  a 100% m a i n t a i n a n c e  o f  p o l a r i s a t i o n  o f

24
the  i n c i d e n t  beam upon c o n v e r s i o n  t o  2Wg , t o  a l mo s t  c o m p l e t e

13 24
d e p o l a r i s a t i o n .  Of p a r t i c u l a r  n o t e ,  Eidmann and S i g e l  have  shown

e v i d e n c e  f o r  t h e  g e n e r a t i o n  o f  2Wg l i g h t  upon r e f l e c t i o n  when the

i n c i d e n t  beam i s  p - p o l a r i s e d  and i t s  s q ua r e  law d e p e n d e n c e  upon

the  i n c i d e n t  i n t e n s i t y .
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- Chapt er  4 -

^ x p e r i me n t a l  i n v e s t i g a t i o n  i n t o  the n a t u r e  o f  2 e m i s s i o n .

4 . 1 1nt  roduc t i o n .

Having shown the r e l e v a n c e  o f  s econd  harmonic  e m i s s i o n  in the  

g e n e r a l  scheme o f  l a s e r - p l a s m a  i n t e r a c t i o n ,  an e x p e r i me n t a l  

programme to o b s e r v e  and re cord  the  n a t u r e  o f  such e m i s s i o n  was 

now per f ormed.  To o b t a i n  the  h i g h  l a s e r  i n t e n s i t i e s  needed to  

d r i v e  p a r a m e t r i c  i n s t a b i l i t i e s ,  the  e x p e r i m e n t s  were performed at  

the  Ce nt r a l  Laser  F a c i l i t y  o f  the  S c i e n c e  Re s e a r c h  C o u n c i l ,  which  

i s  d e s c r i b e d  in Appendix B. Hence the  l a s e r  w a v e l e n g t h ,  b e i ng  

t ha t  o f  neodymium doped g l a s s ,  was 1.06pm,  and ener gy  p u l s e s  up 

to 35J were  a v a i l a b l e ,  cb̂ ossLvts .

General  e x p e r i m e n t a l  method.

As far  as  p o s s i b l e  a l l  measurements  of  s c a t t e r e d  r a d i a t i o n  were  

r e co rded  in the  backwards d i r e c t i o n ,  t h e r e b y  l e a v i n g  a l a r g e  

s o l i d  a n g l e  around the  t a r g e t  f or  o t h e r  d i a g n o s t i c s .  Thi s  

r e s t r i c t i o n  a l s o  i n c r e a s e d  the  r e p r o d u c i b i l i t y  o f  r e s u l t s  and 

p e r m i t t e d  the  d ev e l o pment  o f  d i a g n o s t i c  t e c h n i q u e s  from harmonic  

g e n e r a t i o n .  Thus the  same f / l  l e n s  was used  for  f o c u s s i n g  the  

i n c i d e n t  l a s e r  l i g h t  o n t o  the t a r g e t  and a l s o  the  c o l l e c t i o n  of  

b a c k s e a t t e r e d  harmonic  l i g h t .  Th i s  meant t hat  i f  the t a r g e t  was 

in f o c us  for  the  i n c i d e n t  l a s e r  l i g h t ,  then b a c k s e a t t e r e d  

harmoni c  l i g h t  was c o n v e r g e n t .  A l s o ,  the  a b l a t e d  plasma t r a v e l l e d  

towards  the  l a s e r ,  r e s u l t i n g  in a Doppler  s h i f t  of  the  

b a c k s e a t t e r e d  l i g h t ,  whi ch needed to be ded uc t e d  from any 

s p e c t r a l  d i s p l a c e m e n t  in the  spectrum.  The g e n e r a l  ex p e r i me n t a l
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l a y o ut  in F i g .  4 . 1 . 1  shows a ' dog l e g '  in each beam, c o n s i s t i n g  

of  two d i c h r o i c  m i r r o r s .  â  , a ^ , each h a v i n g  a r e f l e c t a n c e  

g r e a t e r  than 98% @ 1.064pm and a t r a n s m i s s i o n  g r e a t e r  than 90% 

for  v i s i b l e  w a v e l e n g t h s .  Thus b a c k s e a t t e r e d  e m i s s i o n  c o u l d  be 

a n a l y s e d  a f t e r  t r a n s m i s s i o n  back through the  f i n a l  t u r n i ng  

mi r r o r ,  a,̂  , and in the  m a j o r i t y  o f  e x p e r i m e n t s ,  the equipment was  

arranged  on the  Eas t  beam s i d e .  The i n i t i a l  e x p e r i me n t a l

arrangement  us ed  to o b t a i n  s p e c t r a  o f  b a c k s e a t t e r e d  harmoni cs  i s  

shown in F i g . 4 . 1 . 1  Two h a l f - m e t r e  f / 4  C z e r n y - T u me r

s p e c t r o g r a p h s ,  A and B, were  us ed  to  r e c o r d  the  harmonic  e m i s s i o n  

from the  t a r g e t :  e i t h e r  the  s econd and t h r e e - h a l v e s  harmoni cs  

s i m u l t a n e o u s l y ,  i f  mi rr o r  M.̂  was a s u i t a b l e  d i c h r o i c ,  or

a l t e r n a t i v e l y ,  they  both  o b s e r v e d  the  same harmoni c ,  i f  was a 

beams pl i  t t e r .

The b a c k s e a t t e r e d  r a d i a t i o n  was r e l a y e d  to the  s p e c t r o g r a p h s  by 

means o f  l e n s e s  and . C o n s e q u e n t l y  the  r e s o l u t i o n  of the  

s y s t e m was c o n t r o l l e d  by the  l e n s  f / number,  whi ch  r e s t r i c t e d  the  

i l l u m i n a t e d  a r e a  o f  the  g r a t i n g .  The s p e c t r o g r a p h  ' B' g r a t i n g  had 

1200 l i n e s  per  mm.( 1 . p.mm) and t h i s  p e r m i t t e d  a maximum

d i s p e r s i o n  o f  8A/mm f or  s ec ond  harmoni c  l i g h t  in the f i r s t  o r d e r .  

The s p e c t r o g r a p h  'A' , o t h e r w i s e  a s i m i l a r  i ns t rument  to ' B ' ,  had

a 600 l .p.mm.  g r a t i n g .  S p e c t r o g r a p h  ' C' was a l s o  a g r a t i n g  

i ns t rument  o f  Cz erny- Turner  d e s i g n  and was us ed  to moni t or  the  

i n c i d e n t  l a s e r  p u l s e ,  whi ch had a FWHM wi d t h  c l o s e  to the  

t r a ns f o r m l i m i t  of  0.4A.  The p u l s e  d u r a t i o n  was n o m i n a l l y  lOOps 

G a u s s i a n  (FWHM) in a l l  e x p e r i m e n t s ,  and a p h o t o d i o d e  d e t e c t e d
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-5
p r e - p u l s e s  whi ch  were  in e x c e s s  o f  10 the  ener gy  c o n t a i n e d  in 

the  main p u l s e .  Al l  s p e c t r a  and s p a t i a l  i n f o r ma t i o n  was recorded  

on f i l m;  e i t h e r  4 * x 5 for  us e  in the  s p e c t r o g r a p h s  or  35mm in the  

open s h u t t e r  cameras .  The s econd harmoni c  was recorded  on Kodak 

4164 ,  the  t h r e e  h a l v e s  harmoni c  on Kodak 4 143,  and the  

fundamental  on Kodak 1-Z.  Al l  e m u l s i o n s  were d e v e l o p e d  in D-19 

d e v e l o p e r  f or  four  mi n ut e s  @ 20°C.  S p e c t r a l  c a l i b r a t i o n  o f  a l l  

s p e c t r a  was performed i mme di a t e l y  a f t e r  each  shot  by the us e  of  a 

low p r e s s u r e  Hg/Cd/Zn lamp, the  5 4 6 0 . 9 ,  5 7 6 9 . 6  and 5 7 8 9 . 7  À Hgl 

l i n e s  b e i n g  promi nent  in the s econd harmonic  r e g i o n .  An e x po s ure  

t ime o f  -  5s  w i t h  the  lamp p l a c e d  20 cm from the s p e c t r o g r a p h  

e n t r a n c e  s l i t  was s u f f i c i e n t .  The t a r g e t  image was f o c u s s e d  on to  

t he  s p e c t r o g r a p h  a f t e r  the  t a r g e t  had been p o s i t i o n e d  a t  the  

f o c us  o f  the  main f o c u s s i n g  l e n s ,  w i t h  1.06pm l i g h t  from a CW YAG 

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

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

of  the f o c a l  s po t  in t h r e e  d i m e n s i o n s .  S u b s e q u e n t l y  a p l a n e  

t a r g e t  co u l d  be s u b s t i t u t e d .  The b e s t  f o c us  was o b t a i n e d  when the  

image o f  b a c k s e a t t e r e d  l i g h t  from the  t a r g e t  v i ewed v i a  an IR 

v i d i c o n  and CCTV m o n i t o r s  was a c l e a r  c i r c l e  of  minimum d i a m e t e r .  

At t h i s  p o i n t  the  t a r g e t  was in c o r r e c t  f o c u s ,  and i f  n e c e s s a r y ,  

m o d i f i c a t i o n s  were  made to t h i s  p o s i t i o n  to o b t a i n  any re qu i r e d  

f o c u s s i n g  c o n d i t i o n .  With the  YAG l a s e r  o f f ,  the  t a r g e t  was back 

i l l u m i n a t e d  w i t h  a w h i t e  l i g h t  s o u r c e  ( e . g .  a mi c r o s o pe  lamp) and 

a ma g n i f i e d  image o f  the  m i c r o b a l l o o n  o b t a i n e d  on the  

s p e c t r o g r a p h  s l i t .  The p o s i t i o n s  o f  r e l a y  l e n s e s  were now
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a d j u s t e d  to g i v e  a good f o c us  and a l i g nment  on the s l i t .  The 

image o f  the  wa l l  o f  the  back i l l u m i n a t e d  m i c r o b a l l o o n  in the  

f i l m  p l a n e  o f  the  s p e c t r o g r a p h  c o r r e s p o n de d  to a ' b l a c k  l i n e '  

a c r o s s  a s p e c t r a l  cont i nuum,  as  o b s e r v e d  on a t r a c i n g  paper  

d i f f u s i n g  s c r e e n .  Thi s  l i n e  was made sharp and then a narrow band 

f i l t e r  was p l a c e d  a c r o s s  the  s l i t  to e n a b l e  j u s t  the  p o r t i o n  of  

the  s pec t rum r e l e v a n t  to the  harmoni c  to be s t u d i e d .  The 

s p e c t r o g r a p h  was then found to be w e l l  a l i g n e d .  With c a r e ,  

r e f o c u s s i n g  was found u n n e c e s s a r y  f or  each  s h o t  on p l a n a r  

t a r g e t s ,  but  was p r e f e r a b l e  f or  s p h e r i c a l  o n e s .  Time r e s o l u t i o n  

of  the  spec t rum was a major f e a t u r e  o f  t h i s  work,  and the o n l y  

p r a c t i c a l  i n s t rument  to a c h i e v e  a temporal  r e s o l u t i o n  o f  lOps 

was an e l e c t r o - o p t i c  s t r e a k  camera.  Th i s  c o n s i s t s  o f  a vacuum 

' s t r e a k  tube'  and an image i n t e n s i f i e r  c o u p l e d  to e i t h e r  f i l m  or  

e l e c t r o n i c  r e c o r d i n g .  The two i n s t r u me n t s  us ed  in e x p e r i m e n t s  are  

d e s c r i b e d  in S e c t i o n  4 . 5 ,  bo t h  h a v i n g  p h o t o c a t h o d e s  w i t h  S - 20  

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

4 . 2  T i m e - i n t e g r a t e d  s p e c t r a l  2 W « s t u d i e s .

S p e c t r a  o f  the  s econd  harmoni c  l i g h t  were  o b t a i n e d  a f t e r

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

o b t a i n e d  w i t h  l a s e r  p u l s e s  o f  up to 15J e n e r g y .  They were  taken

on s p e c t r o g r a p h  B ( F i g . 4 . 1 . 1 . )  when mi rr o r  M.̂  was a 100%

r e f l e c t o r .  A spec t rum o b t a i n e d  from a Chromium t a r g e t  at  an 

15 -7i r r a d i a n c e  o f ' ^ l O  W.cm i s  shown in F i g . 4 , 2 . 1 .  The s pec t rum of  

bandwidth o f  30A (FWHM), i s  a s y m m e t r i c a l l y  broadened to the red
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w i t h  a peak r e d - s h i f t e d  by 2 0 A . Regul ar  mo d u l a t i o n  of  1 he red 

wing i s  a l s o  a p p a r e n t ,  w i t h  a p e r i o d i c i t y  ~ 3 A .  The energy  

c o n v e r s i o n  e f f i c i e n c y  o f  the 20)^ e m i s s i o n  from the i nc i de n t  

ener gy  was e s t i m a t e d  to be 2 . 1 0 ^  a f t e r  c o r r e c t i n g  for  the  

c h a r a c t e r i s t i c s ,  o f  the  f i l m .

Al though  F i g . 4 . 2 . 1  d i s p l a y s  a t y p i c a l  2tjJ^spectrum, in s e v e r a l

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

m i n o r i t y  o f  s p e c t r a  showed the  form o f  F i g . 4 . 2 . 2  where the

as ymmetr i c  b r o a d e n i n g  to the red was r e p l a c e d  by a s i de band  which

was f ar  l e s s  i n t e n s e  than the  main peak.  The main peak was

narrower  and n e a r l y  s y m m e t r i c a l ,  but  i t s  peak was red s h i f t e d  by

up to 9A. The s p e c t r a  d i s p l a y i n g  t h i s  p a t t e r n  were s o l e l y

o b t a i n e d  from p l a n a r  t a r g e t s ,  o f  e l e m e n t s  w i t h  a h i g h  Z number,

or a l t e r n a t i v e l y  from t h i n  f o i l s  up to  1.0pm t h i c k .  With t h e s e ,

the plasma formed from the  f o i l  became und e r de ns e  d ur i n g  the

l a s e r  p u l s e ,  so t h a t  some of  the  i n c i d e n t  l a s e r  ener gy  pa s s e d

through the  plasma w i t h o u t  b e i n g  a b s o r b e d ,  r e f l e c t e d  or

r e - r a d i a t e d .  The plasma became unde r de ns e  d ur i n g  the  l a s e r  p u l s e .

b e f o r e  b e i n g  u nd e r de ns e  to  harmoni c  l i g h t .  In the  p e r i o d  when the

maximum e l e c t r o n  d e n s i t y  was g r e a t e r  than n̂ ,̂ but  l e s s  than

4 X n , then 20J e m i s s i o n  c o u l d  be o b s e r v e d ,  both  in the  forward  cr 9

and backward d i r e c t i o n s .  Th i s  i s  in c o n t r a s t  to m a s s i v e  t a r g e t s  

where any forward s c a t t e r e d  l i g h t  would be r e f l e c t e d  from i t s  

c r i t i c a l  s u r f a c e  and o b s e r v e d  o n l y  in the b a c k s e a t t e r e d , or  

s i d e s c a t t e r e d  d i r e c t i o n s .
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4 . 3  An g u l a r  and p o l a r i s a t i o n pr o p e r l i e s  of  s p e c t r a .

To o b s e r v e  s p e c t r a l  d i f f e r e n c e s  o f  2[x)̂  e m i s s i o n  in d i f f e r ( ‘nt

d i r e c t i o n s ,  the  forward and backward d i r e c t i o n s  o f  a t h i n  f o i l

t a r g e t  were  s i m u l t a n e o u s l y  imaged on a s p e c t r o g r a p h ,  ( B) ,  one

above  a n o t h e r .  The forward l i g h t  path  i s  i n d i c a t e d  in F i g . 4 1.1

by the  d o t t e d  l i n e  ( f ' )  as  o n l y  Eas t  beam i l l u m i n a t i o n  was used

To a v o i d  damage to the  mi r r o r s  M and M a n o t h e r  d i c h r o i c  mi rror
3 4

(a^ was p o s i t i o n e d  o u t s i d e  the  t a r g e t  chamber in the forward  

s c a t t e r e d  pat h  to r e f l e c t  the  t r a n s m i t t e d  ( ' b u r n t h r o u g h ' )  energy

of  the  i n c i d e n t  l a s e r ,  but  t r a n s mi t  the  harmonic  l i g h t .  Thi s

p r o t e c t e d  the  o p t i c s  from damage.  An example  of  a r e s u l t  showing  

the  2(j0p s p e c t r a  o b t a i n e d  from forward and backward e m i s s i o n  from 

a 0.08pm p o l y s t y r e n e  f o i l  i s  shown in F i g . 4 . 3 . 1 ,  w i t h  the  

b a c k s e a t t e r e d  s pec t rum uppermost .  Apart  from a d i f f e r e n c e  in 

t a r g e t  m a g n i f i c a t i o n ,  the  s p e c t r a  show a l mo s t  i d e n t i c a l  f e a t u r e s  

of  a broad peak w i t h  a s i de ba n d  of  d e c r e a s i n g  i n t e n s i t y  towards  

to the red.  The h o l e  in the  mi ddl e  o f  the  b a c k s e a t t e r e d  spectrum  

i s  where  ' burnt hrough'  has  occ ur ed  on the  f o i l  and the plasma i s  

u nd e r de ns e .  An u n e x p e c t e d  f e a t u r e  of  t h e s e  s p e c t r a  i s  that  the

peak o f  the  t r a n s m i t t e d  2 0 ^s pect rum i s  b l u e  s h i f t e d  in compari son  

w i t h  the  peak of  the  b a c k s e a t t e r e d  s pect rum.  As the s p e c t r a  have  

s i m i l a r  s t r u c t u r e ,  i t  was assumed that  the 20)  ̂ s p e c t r a l

d i s t r i b u t i o n  was i ndependent  of  the  a n g l e  of  o b s e r v a t i o n ,  and 

e m i s s i o n  was o b s e r v e d  in both the forward and backward d i r e c t i o n s  

from the  same l o c a l i s e d  plasma r e g i o n .  If t h i s  r e g i o n  was

expandi ng  towards  the  i n c i d e n t  beam, then the r e s u l t  would be a
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2(Ji)̂  t r a n s m i t t e d  s pec t rum r e d - s h i f t e d  in compar i son  w i t h  tiie 

b a c k s e a t t e r e d  spectrum;  in c o n t r a s t  w i t h  the  o b s e r v e d  r e s u l t  

Thi s  anomaly w i l l  be d i s c u s s e d  l a t e r  in c o n t e x t  w i t h  other-  

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

d i f f e r e n t  e m i s s i o n  d i r e c t i o n s ,  two f u r t h e r  e x p e r i m e n t s  were  

performed to look f or  p r e f e r e n t i a l  p l a n e s  o f  2co  ̂ e m i s s i o n .  In the  

f i r s t  i n s t a n c e  i t  was shown in Chapter  3 t ha t  2C0q g e n e r a t i o n  by 

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

i n c i d e n t  upon a d e n s i t y  g r a d i e n t ,  such t hat  o n l y  b a c k s e a t t e r e d  

20)q s ho ul d  be o b s e r v a b l e  a l o n g  a s i m i l a r  path  to t h a t  of  the  

r e f l e c t e d  i n c i d e n t  beam. Th i s  would e n a b l e  a p r e f e r e n t i a l  p l a ne  

of  2U.)̂  e m i s s i o n  to  be t h a t  o f  the  i n c i d e n t  beam and the  

f i r s t  exp e r i me n t  s i mp l y  imaged the main f o c u s s i n g  l e n s  in 211)̂  

l i g h t  e m i t t e d  from the  t a r g e t ,  and was a c h i e v e d  by r e p l a c i n g  in 

F i g . 4 . 1 . 1  w i t h  a s u i t a b l e  l e n s  and then an open s h u t t e r  camera,  

w i t h  s u i t a b l e  f i l t e r s .  A phot ograph of  t h i s  n e a r - f i e l d  i n t e n s i t y  

d i s t r i b u t i o n  a p pe a r s  in F i g . 4 . 3 . 2  and shows no p r e f e r e n t i a l  p l a n e  

of  e m i s s i o n ,  a l t h o u g h  the  i n c i d e n t  beam was h o r i z o n t a l l y  

p o l a r i s e d .  The t a r g e t  h e r e  was p l a n e  p o l y t h e n e  and the  i n c i d e n t  

ener gy  ~ 1 . 5  J o u l e s .  As the  e m i s s i o n  d i d  not  appear  predominant  

in any one p l a n e  or a n g l e  o f  o b s e r v a t i o n ,  i t  was p o s s i b l e  that  

s p e c t r a l  d i f f e r e n c e s  may be apparent  d e p endi ng  on whether  the 2Ŵ  

l i g h t  was e m i t t e d  in the p l a n e  of  the  i nc i de n t  l i g h t ,  or  

p e r p e n d i c u l a r  to i t .  To e x p e r i m e n t a l l y  d e t e r mi n e  any d i f f e r e n c e  

between t h e s e  two p l a n e s ,  two s p e c t r o g r a p h s  recorded  

b a c k s e a t t e r e d  l i g h t ,  but w i t h  p o l a r i s a t i o n s  p e r p e n d i c u l a r  to each
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o t h e r .  Mi rror  Mj was a 5 0 : 5 0  b e a m s p l i t t e r  s e t  a t  an a n g l e  c l o s e  to 

the  optimum f or  r e f l e c t i n g  s - p o l a r i s e d  e m i s s i o n  and t r a n s m i t t i n g  

p - p o l a r i s e d  . Fur t he r  p o l a r i s a t i o n  a n a l y s e r s  o f  P o l a r o i d  f i l l e r s  

were  p l a c e d  in f r o n t  of  each s p e c t r o g r a p h .  So u n l e s s  the  

s pec t rum was the  same in both  p o l a r i s a t i o n s  some d i f f e r e n c e  in 

t he  two was to be e x p e c t e d .  However,  the r e s u l t a n t  s p e c t r a  from a 

p l a n e  CH^target  showed no e v i d e n c e  for  any s p e c t r a l  d i f f e r e n c e s ,  

and a l t h o u g h  both  s p e c t r a l  peaks  were  r e d - s h i f t e d ,  both  

c o r r e s p o n d e d  to s i m i l a r  v a l u e s  to w i t h i n  0 . 8 A. A t y p i c a l  p a i r  of  

s p e c t r a  from a CĤ  p l a n e  t a r g e t  appear  in F i g . 4 . 3 . 3 ,  taken wi t h  an 

i n c i d e n t  e ner gy  ~ 1 . 0  J o u l e .  A t o t a l  2(jj  ̂ ener gy  dependence  upon 

i n c i d e n t  e ner gy  was a l s o  found.  Th i s  was d e t e r mi n e d  by the us e  of  

a p - i - n  p h o t o d i o d e  p l a c e d  in the  b a c k s e a t t e r e d  path to r e c e i v e  

f o c u s s e d  harmoni c  l i g h t ,  w i t h  narrow band 20Ĵ  f i l t e r s .  The r e s u l t s  

for  200  ̂ l i g h t  from a p l a n e  t a r g e t  a r e  d i s p l a y e d  in F i g  4 . 3 . 4 ,  and 

r e p r e s e n t  a good f i t  to a s quare  law over  the  r e g i o n  for  which  

the  p h o t o d i o d e  was found to be l i n e a r .

4 .4 S p a t i a l l y  r e s o l v e d  2t0p e m i s s i o n .

Havi ng s p e c t r a l l y  r e s o l v e d  200̂ , l i g h t  under s e v e r a l  d i f f e r e n t  

c i r c u m s t a n c e s ,  i t  was o f  i mportance  to o b s e r v e  the  r e g i o n ( s )  of  

the  i r r a d i a t e d  plasma which were  r e s p o n s i b l e  for  t h i s  e m i s s i o n ,  

and to o b s e r v e  t h e i r  s p a t i a l  e x t e n t ,  and hence  mot i on .  S i n c e ,  as- 

shown p r e v i o u s l y ,  the hydrodynamic plasma e x p a n s i o n  towards  the  

i n c i d e n t  beam was e s t i m a t e d  to be of  such a v e l o c i t y  that  the  

Doppler  e f f e c t  on b a c k s e a t t e r e d  s p e c t r a  was not  n e g l i g i b l e ,  be i ng  

/vlO^m/s.  Exper i ment a l  d e t e r m i n a t i o n  of  t h e s e  r e g i o n s  i nv o l v e d
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t r a c i n g  the  mo t i o n  o f  the  c r i t i c a l  s u r f a c e  by means o f  the 2̂ 0̂  

l i g h t  e m i t t e d  t h e r e f r o m.  As shown b e f o r e .  the  r e g i o n  of  20)  ̂

g e n e r a t i o n  i s  w i t h i n  10% o f  the  d e n s i t y  at  the c r i t i c a l  s u r f a c e  

r a t h e r  than on i t ,  but  the  d i s t a n c e s  between t h e s e  r e g i o n s  and 

the  c r i t i c a l  s u r f a c e  i t s e l f  a r e  c e r t a i n l y  smal l  enough to  be l e s s  

than t he  r e s o l u t i o n  l i m i t  o f  any o p t i c a l  s y s t e m used For e a s e  of  

i magi ng and f or  c ompar i s on  o f  two expandi ng  s u r f a c e s ,

m i c r o b a l l o o n  t a r g e t s  were  us ed  and imaged p e r p e n d i c u l a r  to the  

E-W a x i s  o f  i r r a d i a t i o n ,  u s i n g  s h o r t  f o c a l  l e n g t h  mi c r o s c o p e  

o b j e c t i v e  l e n s e s .

JO

c n

(CHI plane target

LJ
= 2.016

_o

E.(J)
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The s e  were  p l a c e d  in c l o s e  p r o x i m i t y  p r o x i m i t y  to the t a r g e t  and 

p r o v i d e d  an image in the  f i l m  p l a n e  o f  an open s h u t t e r  camera  

p l a c e d  o u t s i d e  the  t a r g e t  chamber,  a s  shown in F i g . 4 . 4 . 1 .  Other  

d i r e c t i o n s  o f  o b s e r v a t i o n  were  a l s o  us ed  to p r o v i d e  a d e g r e e  of  

t h r e e  d i m e n s i o n a l  i n f o r m a t i o n ,  when s i m u l t a n e o u s  p ho t o g r a p hs  were  

t aken  o f f  t he  same s h o t .  T y p i c a l  t i m e - i n t e g r a t e d  p hot ographs  o f  

a m i c r o b a l l o o n  t a r g e t  imaged in i t s  own 2üô̂  l i g h t  ar e  shown in 

F i g . 4 . 4 . 2 ;  d o u b l e  s i d e d  i l l u m i n a t i o n  o f  - 8  J o u l e s  per beam b e i n g  

u s e d .  The c e n t r a l  c i r c l e  i n d i c a t e s  t he  s c a l e  s i z e  of  the  

m i c r o b a l l o o n  b e f o r e  i r r a d i a t i o n ,  such t h a t  the  two l o be s  of  

e m i s s i o n  from ea c h  s i d e  a r e  d i s t i n c t ,  and show a peak c r i t i c a l  

s u r f a c e  o ut wa rds  t r a v e l  o f  1 5 . 5pm. Due to r e f r a c t i o n  of  the  

emergent  20)  ̂ l i g h t  in t he  n o n - u n i f o r m  d e n s i t y  p r o f i l e ,  t h i s  v a l u e  

n e e d s  c o r r e c t i o n .  F i g . 4 . 4 . 3  shows the e f f e c t  o f  r e f r a c t i o n

due to  a r a d i a l l y  d e c r e a s i n g  d e n s i t y  p r o f i l e ,  so  t h a t  the  maximum 

o b s e r v e d  c r i t i c a l  s u r f a c e  r a d i u s  a p pe a r s  s m a l l e r  than i t  r e a l l y  

i s .  An a s s e s s m e n t  o f  the  c o r r e c t i o n  f a c t o r  f o r  a r a d i a l l y  

d e c r e a s i n g  p r o f i l e  i s  per f ormed n u m e r i c a l l y  in Chapter  7,  by the  

u s e  o f  a computer  ray t r a c e  c o d e .  Mere l y  q u o t i n g  the  r e s u l t  h e r e  

f o r  t h e  d i f f e r e n c e  be t we en  the  o b s e r v e d  and c o r r e c t e d  peak  

c r i t i c a l  s u r f a c e  e x t e n t ,  f or  e x p e r i m e n t a l  par a me t e r s  as  used  for  

F i g , 4 . 4 . 2 ,  the  r e d u c t i o n  in o b s e r v e d  e x t e n t  i s  -22% D e t a i l e d  

e x p l a n a t i o n  o f  the  code  i s  g i v e n  in Chapter  7.

4 .5 Time r e s o l v e d  2oĴ  s p e c t r a l s t u d i e s .

The 2 (jOq s p e c t r a  p r e v i o u s l y  o b t a i n e d  were  i n t e g r a t e d  over  the  

e n t i r e  d u r a t i o n  o f  the  l a s e r  p u l s e ,  o f ~  2 0 0 p s .  The r a t e  of
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ch a n g e  o f  i n c i d e n t  power on the  t a r g e t  d u r i n g  t h i s  t i me  was  

e x t r e m e l y  h i g h .  Due to  the  n a t u r e  o f  the  ^ d e g e n e r a t i o n  schemes  at  

h i g h  i n t e n s i t i e s  b e i n g  a s s o c i a t e d  wi tti the  growth o f  plasma  

w a v e s ,  i t  was e x p e c t e d  t h a t  the  p a t t e r n  o f  the  s p e c t r u m would  

ch a n g e  d i s c e r n i b l y  d u r i n g  the  l a s e r  p u l s e ,  and to a c h i e v e  an 

e x p e r i m e n t a l  t emporal  r e s o l u t i o n  o f  lOps,  wh i ch  was an o r d e r  of  

ma g n i t u d e  l e s s  than the  l a s e r  p u l s e  ( lOOps FVNTdM) . would c e r t a i n l y  

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

t i m e s c a l e s ,  and any t h r e s h o l d  b e h a v i o u r .  The o n l y  p r a c t i c a l  

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

w i t h  s p e c t r a l  r e s o l u t i o n  in the  a n o t h e r  d i m e n s i o n  was to  u s e  an 

e l e c t r o - o p t i c  s t r e a k  camera.  Two t y p e s  o f  s t r e a k  camera were  used  

in e x p e r i m e n t s :  one  w i t h  an o p t i c a l l y  c o u p l e d ,  m a g n e t i c a l l y

f o c u s s e d  image i n t e n s i f i e r  and the  o t h e r  w i t h  a c h a n n e l - p i  a t e  

i n t e n s i f i e r  in p h y s i c a l  c o n t a c t  w i t h  t he  s t r e a k  tube  o u t p u t  

p l a n e .  Both  t y p e s  a r e  shown s c h e m a t i c a l l y  in F i g . 4 . 5 . 1 ;  the  

former was u s e d  f o r  t i me  r e s o l v i n g  2 (jl)̂  e m i s s i o n  and the  l a t t e r  

became a v a i l a b l e  f o r  u s e  in r e s o l v i n g  the  3/20)^ s pec t rum,  as  

e x p l a i n e d  i n  Cha p t e r  6 .  Each o f  t h e s e  i n s t r u m e n t s  was c a p a b l e  of  

t i me  r e s o l u t i o n  down to  ~  5 p s , but  when us e d  to t i me  r e s o l v e  

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

due  to  o p t i c a l  p a t h  d i f f e r e n c e s  in t he  s p e c t r o g r a p h .  Wh i l s t  the  

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

p r o p o r t i o n a l  to  t he  number o f  i l l u m i n a t e d  l i n e s  o f  t he  g r a t i n g ,  

( a s s u m i n g  i t  i s  n o t  s l i t  w i d t h  l i m i t e d ) ,  the  p o t e n t i a l  temporal  

r e s o l u t i o n  o f  t h e  r e s u l t a n t  s pe c t r u m i s  i n v e r s e l y  p r o p o r t i o n a l  to
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Fig. 4.5.1

s t r e a k  p l a t e s  -ramp v o l t a g e  d e f l e c t s  

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

e n t r a n c e  s l i t

s t r e a k  tube image int ens i f i er

f i lm plane

p h o t o c a t h o d e

schematics of the two electro-optic streak cameras 

used in time resolved experiments.

A. E.PL. camera -  opt i cal l y coupled magnet ical ly f o c u s s e d  int ens i f i er

B ImaCOn 675 -  phys i ca l l y  con tac ted  channel  p la t e  in t en s i f i e r



t h i s  number.

v i z .  f o r  t h e  g r a t i n g :  nX = 2 d  s i n G  where  d =

l i n e  s e p a r a t i o n ,  and n i s  t he  order^ &

the  maximum t emporal  delay, due to  p a t h  d i f f e r e n c e s  i s  then:

6 t  = NnX 
c

N= no. of illuminutGd lines 

Hence  a compromi se  be t we e n  s p e c t r a l  and temporal

r e s o l u t i o n  was  n e c e s s a r y ,  and to  a d j u s t  f o r  t h i s ,  the

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

c h a n g e d ,  r a t h e r  than mas ki ng  a p o r t i o n  o f  the  g r a t i n g  s u r f a c e .  

E x p e r i m e n t a l l y ,  t h e  o u t p u t  p l a n e  o f  t he  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 l e d  t o  t he  s t r e a k  camera e n t r a n c e  s l i t  u s i n g  a 

m u l t i - e l e m e n t  120mm f o c a l  l e n g t h  l e n s ,  the  r e v i s e d  arrangement  

b e i n g  shown i n F i g . 4 . 5 . 2 .  Wi th a t a r g e t  m a g n i f i c a t i o n  o f  50 o n t o  

t h e  s p e c t r o g r a p h  s l i t  t he  t h e o r e t i c a l  s p e c t r a l  and temporal

r e s o l u t i o n s  we r e  i k  and lOps r e s p e c t i v e l y .  To a c h i e v e  a c c u r a t e  

s y n c h r o n i s a t i o n  o f  t h e  s t r e a k  camera sweep e l e c t r o n i c s  w i t h  the  

a p p e a r a n c e  o f  t h e  2Ŵ  p u l s e  a t  t h e  camera e n t r a n c e  s l i t ,  u s e  was  

made o f  a f r e q u e n c y  d o u b l e d  pr o be  beam,  i n c i d e n t  from N-S as

shown i n  F i g . 4 . 1 . 1 .  T h i s  beam,  g e n e r a t e d  from a p o r t i o n  of  the  

i n c i d e n t  l a s e r  l i g h t  by p a s s a g e  t hrough an a5 p  c r y s t a l  was 

a r r a n g e d  t o  a r r i v e  a t  t h e  t a r g e t  w i t h i n  lOps o f  t he  main p u l s e ,  

and was  t h e n  r e f l e c t e d  by a 45° m i r r o r  in the  t a r g e t  p o s i t i o n  

a l o n g  t h e  E a s t  beam p a t h  t o  s i m u l a t e  a b a c k s c a t t e r e d  2 Wq pu 1 se  

T h i s  p u l s e  g a v e  an a c c u r a t e  t i me  marker to  a l l o w  t i me d e l a y s

b e t w e e n  t he  p h o t o d i o d e  t r i g g e r  p u l s e  and the  sweep commence to be
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a d j u s t e d  e f f e c t i v e l y .  I t  was not  p o s s i b l e  to  s i mp l y  r e f l e c t  the  

i n c i d e n t  beam a t  low power s i n c e  the  f i n a l  t u r n i ng  mirror'  removed  

t h i s  l i g h t  back a l o n g  the  l a s e r  path and a l s o  the  S - 2 0  

p h o t o c a t h o d e  s e n s i t i v i t y  was o f  no u s e  at I 06pm

S p e c t r a l  and temporal  c a l i b r a t i o n  f or  t ime r e s o l v e d  s t u d i e s .

B e s i d e s  a d e q u a t e  s y n c h r o n i s a t i o n ,  some means of  c a l i b r a t i n g  

t h e  s t r e a k  camera was n e c e s s a r y ,  and a l s o  a means for  c a l i b r a t i n g  

i n d i v i d u a l  s h o t s  f o r  b o t h  w a v e l e n g t h  and d i s p e r s i o n .  The former  

was a c h i e v e d  in a s e p a r a t e  e x p e r i m e n t  where  an EPL 33 dye  l a s e r  

was used  to  p r o v i d e  a m o d e - l o c k e d  t r a i n  whi ch  was o b s e r v e d  by 

t h e  s t r e a k  camera a f t e r  p a s s a g e  through an a i r - g a p  é t a l o n .  Th i s  

e x p e r i m e n t  a l s o  g a v e  t he  dynamic  range o f  the  camera and f i l m ,  

s i n c e  e a c h  p u l s e  o f  the  m o d e - l o c k e d  t r a i n  was a t t e n u a t e d  by a 

known f r a c t i o n  and a d e f i n i t e  round t r i p  t i me  e x i s t e d .  The 

e x p e r i m e n t a l  a rr a ng e ment  t o g e t h e r  w i t h  a t y p i c a l  t ime r e s o l v e d  

s e r i e s  o f  p u l s e s  from a s i n g l e  m o d e - l o c k e d  p u l s e  a p p e a r s  in 

F i g . 4 . 5 . 3 .  A l s o  t o  e n s u r e  t h a t  t he  camera had a l i n e a r  sweep  

a c r o s s  t h e  f i l m  and t h a t  t he  e n t r a n c e  s l i t  was p e r p e n d i c u l a r  to 

t h i s  a x i s ,  a n o t h e r  s i m p l e  e x p e r i m e n t  was per f orme d.  For t h i s ,  a 

non m o d e - l o c k e d  p u l s e  from t he  dye  l a s e r  was i n c i d e n t  upon a 

masked p o r t i o n  o f  t he  e n t r a n c e  s l i t ,  so  t h a t  o n l y  a smal l  amount  

o f  t h e  t o t a l  s l i t  w i d t h  was i l l u m i n a t e d ,  and t h i s  was t ime  

r e s o l v e d .  Hence  a s wept  s t r a i g h t  l i n e  would i n d i c a t e  i f  the  

s t r e a k  a x i s  was l i n e a r .  On the  same f i l m  a n o t h e r  e x p o s u r e  was  

made o f  t h e  t o t a l  i l l u m i n a t e d  s l i t ,  but  w i t h  the  s t r e a k  

e l e c t r o n i c s  o f f  ( ' f o c u s '  mode) .  T h i s  g a v e  a s upe r i mpo s ed  p i c t u r e
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a. temporal calibration

exp.  a r r a n g e m e n t  a s  a b o v e ,  

p u l s e s  s e p a r a t e d  by 1 5 p s

r e s u l t s  show n  for  Imacon 675 

s t r e a k  c a m e r a .

time

b. camera entrance slit  

viewed in focus' & streaked  

modes.

laser not  m o d e - l o c k e d  

no é t a l o n

streak camera calibration Fig. 4 . 5 . 4 .



o f  t h e  e n t r a n c e  s l i t  wh i ch  c l e a r l y  s h o u l d  be p e r p e n d i c u l a r  to the  

t i me  a x i s .  T h i s  was found to be s o , a r e s u l t  a l s o  b e i n g  shown in 

F i g . 4 . 5 . 4  Shot  to s h o t  s p e c t r a l  c a l i b r a t i o n  was per f o rme d  u s i n g  

a Hg/ Cd/ Zn lamp,  a s  b e f o r e ,  j u s t  a f t e r  each  s h o t .  With the  camera  

in f o c u s  mode,  an e x p o s u r e  was made w i t h  t he  s p e c t r o g r a p h  

w a v e l e n g t h  s e t t i n g  on 5461 A. Hence the  5461 Â Hgl l i n e  p r o v i d e d  

a ' d o t '  on t he  f i l m  c o r r e s p o n d n g  to  the  o p t i c a l  a x i s ,  s i n c e  for  

e a c h  s h o t  the  s p e c t r o g r a p h  s e t t i n g  was 5 3 2 0 A . With a n o t h e r  

e x p o s u r e  w i t h  t h e  s e t t i n g  on 5441A,  t h i s  c o r r e s p o n d e d  to 5320  +

(5461  -  5 4 4 1 )  = 5340A,  a g a i n  u s i n g  the  5461 A Hgl l i n e .  Anot her

e x p o s u r e  w i t h  t he  s e t t i n g  on 5471 g a v e  a c o r r e s p o n d i n g  

w a v e l e n g t h  o f  5320  + (5461 -  5 4 7 1 )  = 5310A.  Hence t h r e e  d o t s  on 

t h e  f i l m  p r o v i d e d  d e t a i l  on the  d i s p e r s i o n  ( d i s t a n c e  be t we e n  the  

two e x t r e me  d o t s  was 3 0 A ) , and the  w a v e l e n g t h ,  s i n c e  the  c e n t r e  

d o t  c o r r e s p o n d e d  to the  t r u e  s e c o nd  harmoni c  p o s i t i o n .

R e s u l t s .

S e v e r a l  s h o t s  were  r e c o r d e d  o f  the  t ime r e s o l v e d  s econd
16 _2

ha rmo ni c  s p e c t r u m a t -40 W cm , w i t h  c a l i b r a t i o n  a f t e r  each  s h o t .  

The r e s u l t s  we r e  t a ken  on Kodak 2485 70mm f i l m  o f  1 0 , 0 0 0  ASA 

r a t i n g ,  d e v e l o p e d  in D - 19 f or  5 mi n u t e s  a t  30C.  Three  s p e c t r a  

from s i m i l a r  s h o t s  o n t o  m i c r o b a l l o o n  t a r g e t s  a re  shown in Fi g  4 

5.5,  and d i s p l a y  s e v e r a l  i n t e r e s t i n g  and unus ua l  f e a t u r e s .  

F i r s t l y ,  t he  e m i s s i o n  i s  p u l s e d ,  and o c c u r s  on t i m e s c a l e s  whi ch  

a r e  l i m i t e d  by t he  r e s o l u t i o n  of  the  camera ( < 1 0 p s ) ,  and eac h  

p u l s e  i s  s p e c t r a l l y  r e s o l u t i o n  l i m i t e d  as  w e l l ,  so  t h a t  the  

s p e c t r u m i s  formed o f  s e v e r a l  q u a s i - mo no chro ma t i c  p u l s e s ,  each of
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d u r a t i o n  f a r  l e s s  than the  i n c i d e n t  l a s e r  p u l s e .  The o c c u r e n c e  of  

t h e s e  p u l s e s  a p p e a r s  to be c o m p l e t e l y  random and shows no 

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

i s  a t e n d e n c y  f o r  the  s pec t rum to move to the  red w i t h  a d v a n c i n g  

t i me .  The t o t a l  d u r a t i o n  of  the  e m i s s i o n  i s  s i m i l a r  to  tt iat  

o f  t h e  l a s e r  p u l s e .  The s e  t ime r e s o l v e d  s p e c t r a  a r e  d i s c u s s e d  in 

c o n t e x t  w i t h  the  o t h e r  d a t a  in t he  n e x t  s e c t i o n .

4 . 6  Pi  s c u s s  i o n .

At t he  l a s e r  i n t e n s i t i e s  u s e d ,  i t  was e x p e c t e d  t h a t  200  ̂

g e n e r a t i o n  due to  p a r a m e t r i c  i n s t a b i l i t y  woul d be by f a r  the  

domi nant  p r o c e s s ,  and the  g e n e r a l  t i me  i n t e g r a t e d  s pe c t r u m of  

F i g . 4 . 2 . 1  d i s p l a y s  a red s h i f t e d  peak and an a s y mme t r i c  red wing  

due to  t he  e x c i t e d  i o n - a c o u s t i c  s pec t rum.  The s p e c t r a l  peak red 

s h i f t  may be i n c r e a s e d  by 4A s i n c e  the  Do ppl e r  s h i f t  due to the  

e x p a n d i n g  pl asma i s  o f  t h i s  o r d e r ;  bo t h  e s t i m a t e d  from 

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

on t he  a s s u m p t i o n  t h a t  20Jo l i g h t  i s  g e n e r a t e d  ' i n s i d e '  the  

e x p a n d i n g  p l a s ma ,  and n o t  w i t h i n  the  r e f l e c t e d  i n c i d e n t  beam,  

s i n c e  t h e  e l e c t r o n  p l as ma waves  g e n e r a t e d  a r e  p a r a l l e l  t o  the  

d e n s i t y  g r a d i e n t .  T h i s  s p e c t r a l  peak s h i f t  o c c u r s  o c c u r s  in a 

p o s i t i o n  in good agre eme nt  w i t h  the  t h e o r y  o f  S i l i n ,  s i n c e  from 

eqn 3 . 5 . 6 :

ÔX = z_\ 20T + 7.  10
A ' '

wh i c h  a f t e r  i n s e r t i n g  v a l u e s  p e r t i n e n t  to  e x p e r i m e n t s  g i v e s
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6 X  = 19A

S i n c e  t h i s  2C0  ̂ s p e c t r a l  s h i f t  from the  t r u e  harmoni c  p o s i t i o n  

i s  a f u n c t i o n  o f  the  peak l a s e r  i r r a d i a n c e ,  the  t o t a l  s p e c t r a l  

w i d t h  was e x p e c t e d  to i n c r e a s e  a c c o r d i n g l y ,  as  t he  range  o f  l a s e r  

i r r a d i a n c e s  a t  the  c r i t i c a l  s u r f a c e  a f t e r  l i n e a r  a b s o r p t i o n  and 

s c a t t e r i n g  woul d be g r e a t e r  the  h i g h e r  the  peak i n t e n s i t y  o f  the  

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

m i c r o b a l l o o n  t a r g e t  c o n f i g u r a t i o n  and f o c u s s i n g  c o n d i t i o n s  in 

F i g . 4 . 6 . 1 , and the  r e l a t i o n s h i p  be t ween  the  peak red s h i f t  and 

t he  FWHM s p e c t r a l  w i d t h  ( A X ) .  These  e x p e r i m e n t a l  r e s u l t s  a g r e e  

w i t h  an i n c r e a s e  in ÔX c o r r e s p o n d i n g  to an i n c r e a s e  in A X ,  but to  

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

o f  t he  red s i de b a n d  i s  a p p a r e n t ,  w i t h  a p e r i o d  i c i ty  ~3A,  and i s ,  

a s  y e t ,  u n e x p l a i n e d .  The a t y p i c a l  s p e c t r u m,  shown in F i g  4 . 2 . 2  

o c c u r s  when t he  t a r g e t  i s  e i t h e r  o f  a h i g h  Z m a t e r i a l ,  or  more  

o f t e n ,  when i t  was a t h i n  f o i l .  The former meant t h a t  the  

a b s o r p t i o n  o f  t he  l a s e r  beam p r i o r  to the  c r i t i c a l  s u r f a c e  i s  

h i g h e r  than f o r  l ower  Z t a r g e t s ,  and a l s o  t he  e n e r g y  l o s s  from 

t h e  p l as ma due to  b r e m s s t r a h l u n g  i s  g r e a t e r .  Th i s  meant that  the  

i n t e n s i t y  a v a i l a b l e  a t  t he  c r i t i c a l  s u r f a c e  i s  v e r y  much r e duce d ,  

and t h i s  i s  a l s o  t r u e  f or  the  f o i l  t a r g e t s ,  s i n c e  i f  

' b u r n t h r o u g h ' o c c u r s  a t  a t ime p r i o r  to  the  peak o f  the  l a s e r  

p u l s e ,  t he  peak i r r a d i a n c e  c a l c u l a t e d  from the  l a s e r  p u l s e  and 

t he  f o c a l  s p o t  s i z e  may no t  be r e a c h e d ,  and h e n c e  a lower peak  

i n t e n s i t y  w i l l  r e s u l t  a t  the  c r i t i c a l  s u r f a c e  j u s t  p r i o r  to  

b u r n t h r o u g h .  The s e  c o n s i d e r a t i o n s  p o i n t  to the  f a c t  t h a t  2
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m i c r o ba l lo o n  t a r g e t s  

E -  beam b / s c a t t e r e d  s p e c t r a .
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s p e c t r a l  breadth  of 2 u j„ s p e c t r a  -  AX fwhm

g e n e r a t i o n  due  t o  l i n e a r  t r a n s f o r m a t i o n  may be the  dominant  

mechani s m under  t h e s e  two c o n d i t i o n s ,  where  a c t u a l  i n t e n s i t i e s  

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

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

peak w h i c h  i s  l e s s  red s h i f t e d  than b e f o r e ,  but w i t h  a fur t l i er  

red s h i f t e d  s i d e b a n d .  whi ch  i s  p r o b a b l y  due to the  o ns e t  of  

p a r a m e t r i c  g e n e r a t i o n .  The narrow peak o f  t h i s  s pec t rum
o 0

c o r r e s p o n d s  to  a red s h i f t  o f  ~7A, whi ch a l l o w i n g  f o r - 3  A Doppler
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s h i f t  i s  in good agre eme nt  w i t h  the  v a l u e  o f  p 1as mo n/ pho t o n  

r e c o m b i n a t i o n  mechani sm o f  - 5 A 

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

s p e c t r a  to  be o b t a i n e d  in o p p o s i n g  d i r e c t i o n s ,  so  t h a t  I he  

forward s c a t t e r e d  i s  in the  same d i r e c t i o n  a s  the  i nc i de n t

l a s e r ,  and i s  o n l y  v i s i b l e  when the  peak e l e c t r o n  d e n s i t y  i s  l e s s  

than f o u r  t i m e s  c r i t i c a l .  The two s p e c t r a  from the  forward and 

backward d i r e c t i o n s  show s i m i l a r  f e a t u r e s  as  d i s c u s s e d  above  for  

t h e  a t y p i c a l  200  ̂ s p e c t r u m,  but  t h e i r  peak s h i f t s  from the  t r ue  

2 (jJq p o s i t i o n  d i f f e r  v e r y  s l i g h t l y ,  the  b a c k s e a t t e r e d  one b e i ng  

more to  t h e  r e d .  S i n c e  the  s p e c t r a  have  v e r y  s i m i l a r  f e a t u r e s ,  i t  

was as sumed t h a t  the  me c h a n i s m( s )  r e s p o n s i b l e  f o r  each spec t rum  

a r e  a l s o  s i m i l a r ,  and h e n c e  the  e m i s s i o n  o c c u r s  from the  same 

l o c a l i s e d  p l as ma r e g i o n .  Hence the  s mal l  d i f f e r e n c e  in peak  

p o s i t i o n  o f  t h e s e  two s p e c t r a  s u g g e s t s  from the  Doppl er  e f f e c t  

t h a t  t h i s  r e g i o n  o f  t he  plasma i s  moving i nwards ,  a l b e i t  at  a 

v e l o c i t y  < lO^m/s .  T h i s  i s  n o t  an u n a c c e p t a b l e  s o l u t i o n  s i n c e  as  

2Wg e m i s s i o n  can o n l y  be g e n e r a t e d  b e f o r e  the  plasma becomes  

u n d e r d e n s e ,  w h i c h  i s  p r i o r  to  the  l a s e r  p u l s e  peak,  the  c r i t i c a l  

s u r f a c e  i s  in  c l o s e  p r o x i m i t y  to  the r e a r  o f  the  t a r g e t  and the  

m o t i o n  a t  t h i s  d e n s i t y  w i l l  be a p p r o x i m a t e l y  z e r o .  Th i s  i s  

s u p p o r t e d  by s i m u l a t i o n s  o f  the  d e n s i t y  p r o f i l e  o b t a i n e d  at  

d i f f e r e n t  t i m e s  u s i n g  the  computer  code  MEDUSA, as  in Chapter  7,  

t o  o b t a i n  g e n e r a l  t r e n d s  o f  c r i t i c a l  s u r f a c e  movement Three  

p r o f i l e s  a t  d i f f e r e n t  t i me s  f o r  a 0.4pm f o i l  t a r g e t  a r e  shown in 

F i g . 4 . 6 . 2  I mme di a t e l y  a p pa r e n t  from t h e s e  i s  the  p r o f i l e

—  80
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s t e e p e n i n g  due to  t he  p o n d e r o mo t i v e  f o r c e  c l o s e  to c r i t i c a l .  and 

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

u n d e r d e n s e .  U n t i l  t h i s  o c c u r s  t o o ,  the  c r i t i c a l  s u r f a c e  d o e s  

ap p e a r  to  move s l i g h t l y  i nwards ,  and a g r e e s  w i t h  the  e x p e r i m e n t a l  

d a t a  in t h i s  r e s p e c t .  Subs e q u e n t  e x p e r i m e n t s  s o u g ht  to o b t a i n

i n f o r m a t i o n  on the  p o l a r i s a t i o n  of  b a c k s e a t  t e r e d  20J  ̂ e m i s s i o n  and 

a l s o  to  o b s e r v e  any s p e c t r a l  d i f f e r e n c e s  be tween  s and p

p o l a r i s e d  l i g h t  w i t h  r e s p e c t  to the  i n c i d e n t  beam p o l a r i s a t i o n .  

The n e a r  f i e l d  p i c t u r e  o f  the  f o c u s s i n g  l e n s  imaged in

b a c k s e a t  t e r e d  20.)  ̂ l i g h t  shows l i t t l e  d e t a i l  of  any p r e f e r e n t i a l  

d i r e c t i o n s  or  p l a n e s  o f  e m i s s i o n  s i n c e  the  l i g h t  seems f a i r l y  

u n i f o r m .  The i n c i d e n t  beam was p o l a r i s e d  in the  h o r i z o n t a l  p l a n e .  

The s i m u l t a n e o u s  s p e c t r a  o f  l i g h t  r e s o l v e d  for  2Wg e m i s s i o n  

p a r a l l e l  and p e r p e n d i c u l a r  to the  i n c i d e n t  beam a l s o  show few 

d i s c e r n i b l e  d i f f e r e n c e s .  However,  the  peak of  the p - p o l a r i s e d  

s p e c t r u m  i s  red s h i f t e d  by - l̂A compared w i t h  the  s - p o l a r i s e d  

s p e c t r u m  in a l l  c a s e s  when the  t a r g e t  was i n c l i n e d  at  45

to  t h e  beam.  T h i s  s u g g e s t s  t h a t  the  t u r n i n g  p o i n t  d e n s i t y  for  the  

p - p o l a r i s e d  2 (jOq l i g h t  i s  f r a c t i o n a l l y  l ower than t h a t  for  the  

s - p o l a r i s e d  l i g h t .  The t ime i n t e g r a t e d  2C0̂  s p e c t r a l  d a t a  were  

enhanced  c o n s i d e r a b l y  by the t ime r e s o l u t i o n  o f  the  s pect rum  

With a h i g h  t emporal  r e s o l u t i o n ,  i t  was s e e n  t h a t  the  spec t rum i s  

n o t  c o n t i n u o u s ,  e i t h e r  in t i me  or  w a v e l e n g t h ,  and i s  composed of  

d i s c r e t e  b u r s t s  o f  e m i s s i o n  o f  e x t r e m e l y  s h o r t  d u r a t i o n  ( < 1 0 p s ) ,  

and n a r r o w s p e c t r a l  w i d t h  (<1A) Th i s  o b s e r v a t i o n  of  the  p u l s e d  

n a t u r e  o f  t h e  e m i s s i o n  can e i t h e r  be a t t r i b u t e d  to a t rue
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pl asma e f f e c t ,  whereupon the  e m i s s i o n  r a p i d l y  grows in i n t e n s i t v .

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

l Ops ,  or  a l t e r n a t i v e l y  i s  due to  the rap i d  mot i on  o f  an e m i t t i n g

r e g i o n  a c r o s s  t he  volume s ubt e n de d  by the  s p e c t r o g r a p h  e n t r a n c e

s l i t  on t h e  t a r g e t :  i . e .  t he  r e g i o n  of  p lasma as  s e e n  by the

v i e w i n g  o p t i c s .  From c o n s i d e r a t i o n s  o f  the  m a g n i f i c a t i o n  us e d ,

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

p l as ma to  move a c r o s s  the  f i e l d  of  v i e w  w i t h  a v e l o c i t y  component

in e x c e s s  o f  10^ m/ s ,  p e r p e n d i c u l a r  to the  a x i s  o f  i r r a d i a t i o n

and t h e  s p e c t r o g r a p h  e n t r a n c e  s l i t .  Th i s  l a r g e  v a l u e  l e a d s  to a

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

pl a s ma  r e g i o n  moving w i t h  t h i s  v e l o c i t y  i s  i mprobabl e ,  a l t h o u g h

n o t  i m p o s s i b l e ,  and t h a t  the  former e x p l a n a t i o n  i s  wort l iy of

f u r t h e r  i n v e s t i g a t i o n .  C e r t a i n l y  a t  the  l a s e r  i n t e n s i t i e s  used in
16 _2

t he  t i me  r e s o l v e d  work,  (^10 W.cm ) ,  p a r a m e t r i c  i n s t a b i l i t y  was  

t h e  domi nant  mechani sm.  Hence f or  p a r a m e t r i c  i n s t a b i l i t y ,  the  

f a s t e s t  g r o wi n g  mode i s  the  one w i t h  the  l a r g e s t  v a l u e  of  the  

p r o p a g a t i o n  v e c t o r  (k )  whi ch  i s  no t  s e v e r e l y  Landau damped,  and 

t h i s  may be  t a k e n  a s  t h o s e  where

k \ < 0 . 2 5 ,  where  i s  the  Debye s h i e l d i n g  d i s t a n c e .

Hence  t he  p l as ma waves  e x c i t e d  by the  p a r a m e t r i c  decay  

i n s t a b i l i t y  and s a t i s f y i n g  t h i s  c r i t e r i o n  can grow u n t i l  d e t u n i n g  

e f f e c t  e f f e c t s  l i m i t  f u r t h e r  growth.  These  plasma waves  w i l l  then  

Landau damp,  but  in d o i n g  so w i l l  g e n e r a t e  f a s t  e l e c t r o n s  s i n c e  

t h e  e l e c t r o n s  w i l l  be a c c e l e r a t e d  up to the  p ha s e  v e l o c i t y  o f  the  

e l e c t r o n  p l as ma wave .  The p r o d u c t i o n  of  t h e s e  f a s t  e l e c t r o n s
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means t h a t  f u r t h e r  Landau damping w i l l  o c c u r  a t  l a r g e r  phas e

v e l o c i t i e s  than b e f o r e ,  s i n c e ;

= ''h. /  Va s e  .

The e f f e c t  o f  t h i s  i s  to  e f f e c t i v e l y  i n c r e a s e  the  t h r e s h o l d  for

t h e  d e c a y  i n s t a b i l i t y  so t h a t  a p e r i o d  o f  t ime e l a p s e s  on the

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

e x c e e d e d ,  and h e n c e  t he  2t0  ̂ e m i s s i o n  r e s u l t i n g  from r e c o m b i na t i o n

i n v o l v i n g  t h e s e  p l as ma w a v e s ,  i s  p u l s e d .  The Landau damping

d e c r e me n t  f o r  p l as ma p a r a me t e r s  o f  i n t e r e s t  h e r e  i s  shown in

F i g . 4 . 6 . 3  a s  a f u n c t i o n  o f  k o f  the  plasma wave.  The growth r a t e

p r e d i c t e d  in Chapt er  3 f o r  the  e l e c t r o n  plasma wave a m p l i t u d e  to
1 4 .  1

i n c r e a s e  by t he  e x p o n e n t i a l  e i s  2 . 8  10 s , so t h a t  w i t h i n  the  

t empora l  r e s o l u t i o n  o f  the  s t r e a k  camera,  the  wave can grow by

o v e r  t we nt y  o r d e r s  o f  ma g n i t u de ,  so  t h a t  i t  i s  p e r f e c t l y

p l a u s i b l e  f o r  the  wave to  grow,  d e t u n e ,  and damp w i t h i n  the  t ime  

r e s o l u t i o n  i n h e r e n t  in the  e x p e r i m e n t .
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Fig. 4.6.3.

(s-')

k = plasm on waveno. 

)y =  Debye length

k X .

0,30.2 0.4

Landau damping decrement ( -  Nd la ser

at critical  su r fa c e .

typical for T = 800 eV is 6.7 10^ m. since
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- C h a p t e r  5 -

The t h e o r y  of  t h r e e - h a l v e s  harmoni c  g e n e r a t i o n .

5 . 1  E m i s s i o n  o f  the  t h r e e - h a l v e s  harmoni c  f r e q u e n c y  ( 3 / j u J )

from l a s e r  i r r a d i a t e d  p l as mas  i s  due e n t i r e l y  to p a r a m e t r i c

me c h a n i s ms ,  such  t h a t  u n l i k e  s ec ond  harmoni c  g e n e r a t i o n ,  a 

t h r e s h o l d  e x i s t s  f o r  i t s  p r o d u c t i o n .  Thus the  i n i t i a l  o b s e r v a t i o n  

o f  3 / 2  W^l i ght  h a s  been c o m p a r a t i v e l y  r e c e n t ,  and d e pende nt  upon 

a v a i l a b l e  l a s e r  power.  Th i s  t h r e s h o l d  o c c u r s  a t  the  o n s e t  of  

g e n e r a t i o n  o f  e l e c t r o n  plasma waves  w i t h  f r e q u e n c i e s  c e n t r e d  on 

h a l f  t h e  l a s e r  f r e q u e n c y  ( d ^ / 2 ) .  From t h e r e ,  a plasmon may

r e c o mb i n e  w i t h  an i n c i d e n t ,  s c a t t e r e d ,  or r e f l e c t e d  l a s e r  phot on  

to  g i v e  a p ho t o n  o f  a f r e q ue nc y  near  3 / 2  , or a l t e r n a t i v e l y

t h r e e  p l a s mo n s  may recombi ne  to g i v e  a s i m i l a r  phot on.

5 . 2  P r o d u c t i o n  o f  ^ / 2 pl asmons

The p r o d u c t i o n  o f  ^ / 2  p l a s mo ns ,  b e i ng  the pri mary p r o c e s s  in

3 / 2  (jÜq g e n e r a t i o n  i s  a c c o u n t a b l e  by two means;  the  two plasmon

i n s t a b i l i t y  and S t i m u l a t e d  Raman S c a t t e r i n g  (SRS) .  

v i z .

2 2
pi pi

2 2
p i  P h

For SRS s a t i s f y i n g  the  f r e q ue nc y  and wavcnumbcr ma t ch i ng  c r i t m  la 

may be s e e n  g r a p h i c a l l y  in F i g .  5 . 2  I . where the a p p r o p i a t f  

d i s p e r s i o n  r e l a t i o n s  a r e  r e p r e s e n t e d  for  forward find backwcird
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s c a t t e r i n g .  For the  t wo- pl asmon i n s t a b i l i t y ,  f rec|uencv atui

wavenumber ma t c h i n g  reqii i r’C's a two d i m e n s i o n a l  t r eatment  s i n c e

the  p l as ma  wave s  do not  propeigate  para!  l e i  to the pump wave,  and

c annot  be t r e a t e d  one  dimens  I o n a 11 y , as  can SRS.

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

p a r t i c u l a r  r e l e v a n c e  to t wo- pl asmon d e c a y  has  been made by 
1

R o s e n b l u t h  , and t h a t  o f  SRS and SBS by Liu,  R o s e n b l u l h  and 

2
Whi t e  , s t a r t i n g  w i t h  the  same i n i t i a l  appr oach ,  o u t l i n e d  h e r e  

For an homogeneous  p l as ma,  i f  i s  the en e r g y  d e n s i t y  of  a 

p r o d u c t  wave f o r  a t h r e e - w a v e  i n t e r a c t i o n  p r o c e s s ,  then the  

a c t i o n  a m p l i t u d e  o f  t h a t  wave ,

a  = _£i = number of  quant a  p r e s e n t .

Then

^  = V., a. ak - 5 . 2 . 1
dT '' ' k

wher e  V i s  t h e  group wave v e l o c i t y  or r a t e  of  ener g y  t r a n s f e r  v i a  

t h e  wave ,  i m p l y i n g  t h a t  f or  f r e q ue nc y  and wavenumber ma t ch i ng  

i s  s y mme t r i c  and t he  growth r a t e  o f  the  i n s t a b i l i t y  ( for  t h o s e  

v a l u e s  o f  k w i t h  minimal  dampi ng) ,  i s  

Y = IVl l a j

' ^ 1 1 0 . o f  quant a  p r e s e n t  

r a t e  o f  e n e r g y  t r a n s p o r t  

An e x t e n s i o n  o f  e q u a t i o n  5 . 2 . 1 .  to i n c l u d e  damping and plasma  

i n h o m o g e n e i t y  g i v e s  for  the  two d eca y  waves

8 6



+  % a ,  f  V d a ^  = y  a  e x p l ^ K  d z  j
d t  d z   ̂ ^ d.

dfia- + \  d a^ = y a  exp Li [ k dz ] + 5( z )
dt  dz ° ^

where V and = group v e l o c i t i e s  of  product  waves ,  assumed

o p p o s i t e l y  p r o p a g a t i n g .

and = r e s p e c t i v e  damping r a t e s

6 ( z )  = s o u r c e  due to thermal  e x c i t a t i o n

K = phase  (wavenumber) mismatch = -  k̂  -k^

Lapl ac e  t r a n s f o r m i n g  t h e s e  e q u a t i o n s  in t ime and u s i n g

a (p)  = fexp  ( - p t  ) a ( t ) dt
do

and i n s e r t i n g  i n i t i a l  v a l u e s  and s u b s t i t u t i n g  

a = a exp / p + y -  p + v \
V, V j 2

g i v e s
2 2

d^a f- i _ / K — i / p + V  + p + v \ \ a  + /  - J_ dK \  a = Y b 5(  z )
dx^  ̂ I V, / /  2 dz j ^1 : -  5 2 2

Wi thout  the  s o u r c e  term on the RHS, t h i s  i s  an e i g e n wi  lue 

e q u a t i o n  f or  a w i t h  p i t s  e i g e n v a l u e .  A n a l y s i s  of  t h i s  equa t i o n  

w i t h  a p p r o x i m a t i o n s  for  K (phas e  mismatch)  v a r i a n c e  can u i ve  

s t i p u l a t i o n s  for  the growth and n a t u r e  of  the i n s t a b i l i t i e s

If K = K*( z ) , then e q u a t i o n  5 . 2 . 2  reduces  to the s tandard form 

of  the  p a r a b o l i c  c y l i n d e r  e q u a t i o n  , a f t e r  change of  v a r i a b l e .
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I'or t h i s ,  o n l y  s p a t i a l  a m p l i f i c a t i o n  i s  p o s s i b l e ,  such that  the  

wave s  must  grow s u b s t a n t i a l l y  d u r i n g  the  t ime i t  t a k e s  to 

p r o p a g a t e  to  the  p o i n t  o f  l a r g e  phas e  mi smat ch.  Us i n g  a WKB 

a p p r o x i m a t i o n  f o r  the  s o l u t i o n  o f  the  e q u a t i o n  shows that  wa \ e  

a m p l i f i c a t i o n  i s  g i v e n  by 

I = 1„

Hence  f o r  p o s i t i v e  growt h ,  2 TT >> i 5 . 2 . 3
Ü K '

For t h e  t wo - p l a s mo n  i n s t a b i l i t y ,  the  growth r a t e  as  g i v e n  by

0  w i t h  0  in W. cm"̂

J a c k s o n  i s ;

1 . 4 1 4

and upon i n s e r t i n g  t h i s  i n t o  e q u a t i o n  5 . 2 . 3 ,  and s u b s t i t u t i n g  for  

t he  group  v e l o c i t i e s  d e t e r mi n e d  from the  r e l a t i v e  d i s p e r s i o n

r e l a t i o n s ,  a t h r e s h o l d  a r i s e s  o f :

3 -2
f  > 1 . 6 3  10 TU W.cm 5 . 2 . 4— --

where  Tg i s  in keV and , the s e a  l e  l e n g t h  i s  in m e t r e s ,  as  i s  

the  i n c i d e n t  w a v e l e n g t h ,  .

For SRS. a h i g h e r  t h r e s h o l d  than that  for  the two plasmon  

i n s t a b i l i t y  i s  e n v i s a g e d ,  s i n c e  c o n v e c t i o n  of  ener gy  out  of  out  

o f  t he  u n s t a b l e  r e g i o n  w i l l  t)e f a s t e r  v i a  the p i oduct  

e l e c t r o m a g n e t i c  wave than v i a  an e l e c t r o s t a t i c  wave.  Al s o  at the* 

l ower  d e n s i t y  and h i g h e r  tempera tu re s  s u i t a b l e  f or  SRS, Landau 

damping becomes  i mp o r t a n t ,  u n l e s s  kA. » l / . i ,  i mpl y i ng  that  "
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A s i m p l e  e x p r e s s i o n  f o r  l l ie g i o wl l i  r a t e  o f  SRS i s  shorn bv 

R o s e n b l u l h  and S a g d e e v ^  to he

5 . 2 . 5 .

i n d i c a t i n g  t he  g a i n  to i n c r e a s e  w i t h  e l e c t r o n  d e n s i t y .  For buth

the  t wo - p l a s mo n  i n s t a b i l i t y  and SRS the  r e g i o n  of  the  pla.sma

u n s t a b l e  to  b o t h  t h e s e  p r o c e s s e s  i s  where  plasma waves  of

frequency^CO^can be s u p p o r t e d ,  and t h i s  c o r r e s p o n d s  to  an e l e c t r o n

d e n s i t y  n e a r  a q u a r t e r  c r i t i c a l ,  s i n c e  tUp  ̂n̂ '̂  . Hence t h e s e  two

me chani s ms  a r e  i mpor t ant  a s  a p o s s i b l e  means o f  d i a g n o s i n g

i n s t a b i l i t y  in t he  q u a r t e r  c r i t i c a l  r e g i o n ,  where  i n c i d e n t  l a s e r

e n e r g y  may be r e f l e c t e d  or  r e - r a d i a t e d  b e f o r e  i t  r e a c h e s  the

c r i t i c a l  s u r f a c e  and can be e f f i c i e n t l y  a b s o r b e d .  The plasma

f r e q u e n c y  in e x p r e s s i o n  5 . 2 . 3  i s  and i n s e r t i n g  t h i s  growth
2

r a t e  i n t o  e q u a t i o n  5 . 2 . 3  g i v e s  an i n t e n s i t y  t h r e s h o l d  for  SRS as

16 -2
y  > 2 .  10 w . c m

wh i c h  i s  s u p e r i o r  to  t h r e s h o l d s  f or  o t h e r  p a r a m e t r i c  p r o c e s s e s  

For t h e  e x p e r i m e n t s  u s i n g  Nd l a s e r  l i g h t  { \  = 1.06|.im) and a

nomi nal  20pm d e n s i t y  s c a l e l e n g t h ,  the  t h r e s h o l d s  may be 

summari sed a s :
13 _2

y ,  > 6 .  10 w . c m'z.pl
. 16 -2  

^  > 2.  10 W.cmsrs

so  t h a t  t he  t wo- p l as mon  de c a y  i s  f ar  more l i k e l y  to be the  

pr i mary  mechani sm for  3 / 2  g e n e r a t i o n ,  and a s  such.  the  

d i s p e r s i o n  r e l a t i o n  o f  the  pl asmons  produced by the  two-pIasmon
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d e c a y  i s  o f  i n t e r e s t  in d e d u c i n g  the c h a r a c t e r i s t i c s  o f  the  3 / ,  r w, 

l i g h t  formed by v a r i o u s  r e c o m b i n a t i o n  s chemes .  D e n o t i n g  the  two 

p l a s mo n s  w i t h  s u b s c r i p t s  1 & 2.  the wave mat ch i ng  r e q u i r e s  

hJo— > 4  + . and 1^_» k +

For an e l e c t r o n  p lasma wave,  the  Uohm-Gross e q u a t i o n  for  the

d i s p e r s i o n  r e l a t i o n  i s :

2 2 2 ?
14% = 14^  +  3  k . v /  . i = | , 2 .

h e n c e

= ( w , +  .  3 v j (  3 -  3 )

W, -  w = 3 -  k J  ( k, + k y  .  3 V, k̂  ( k, k j

If  e a c h  o f  the  d e c a y  waves  i s  r e s o l v e d  a l o n g  the  path of  k̂  , then

ea c h  p l as mon may d i f f e r  from k ^ /2  by a f a c t o r  K, such that

Then

k = k + K k = kn
-  f  -  f

k̂  . ( k -  k j  K ) -  ( K ) )  = 2 k, K
2 2

As COq=W + Cjl)̂  = 20l)| + (U^ - W |  ) ,  then

(jl) = COq + (U) — to ) = COq + 3 Yj K l<k 5 . 2 . 6
T  T  W,

As w e l l  a s  t h e  d i s p e r s i o n  r e l a t i o n ,  the  plasmons  whi ch are

p r e f e r e n t i a l l y  e x c i t e d  w i l l  g i v e  peaks  to tlie 3 / 2  tÔ s p e c  t 1 urn

wh i c h  i s  p r o d u c e d ,  and t h e s e  c o r r e s p o n d  to t h o s e  p las mons  w i t h

maximum g rowt h  r a t e .  From the work o f  Liu and R o s e n b l ut h  au
1

e x t e n s i o n  o f  t h a t  by R o s e n b l u t h  , d e s c r i b e d  e a r l i e r .  an 

e x p r e s s i o n  a r i s e s  f or  the  plasmon growth r a te  o f  the two plasmon
\

d e c a y  a s  a f u n c t i o n  o f  the  plasmon wave number.  Taki ng plft-ma
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i nhomogene i  l y . Landau damping.  and c o l l i s i o n a l  damping ml  

a c c o u n t ,  t h i s  e x p r e s s i o n  i s :

y  = “  ( 2 n  +  D t x ) ^ - -  l O p ^ e x p / -  1

'  2 2 m  k^x3 (  2k2x2

L
y n 

J  L

-  3
2

J
V-------------

1 2  3 4

where

1 = gr o wt h  r a t e  o f  a b s o l u t e  i n s t a b i l i t y .

2 = r e d u c t i o n  term f o r  plasma i nh o mo g e ne i t y .

3 = Landau damping decrement  .

4 = c o l l i s i o n a l  damping d e c r e me n t .

To d e t e r m i n e  t he  k v a l u e  o f  the  plasmon w i t h  maximum growth  

r a t e ,  t he  f i r s t  d e r i v a t i v e  o f  t h i s  e x p r e s s  i on i s  pul ecjua I to 

z e r o  ( w . r . t .  k ) ,  to  d e t e r m i n e  t h i s  p o s i t i o n ,  and t h i s  g i v e s

K

T h i s  c o n d i t i o n  i s  u s e d  l a t e r  to d e t e r m i n e  the p o s i t i o n  of  p c -a ks

in t he  p o s t u l a t e d  s p e c t r a l  d i s t r i b u t i o n s

5 . 3  3 / 2  idq g e n e r a t i o n  f l om W>/2 p l as mons .

S ub s e q u e n t  3 / 2  U)q g e n e r a t i o n  can oc c ur  e i t h e r  bv the  

r e c o m b i n a t i o n  o f  an e x c i t e d  plasmon wi t h  a phot on,  or

a l t e r n a t i v e l y  t h r e e  p las mons  may c o a l e s c e .

V i z

or
,  2ph pi ph

t
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. ( ^  3_ %

2 2 2 2
pi pi pi ph

The r e c o m b i n i n g  phot on  may be e i t h e r  i n c i d e n t ,  s e a t  I e r e d , or

r e f l e c t e d ,  and i f  s c a t t e r e d ,  then the p r o c e s s  o f  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  (SBS) w i l l  mean that  the photon w i l l  be
7

d o w n s h i f t e d  in f r e q u e n c y .  Avrov e t  al  d i s c u s s  the  t h r e e  plasmon  

and i n c i d e n t  p h o t o n /  plasmon r e c o m b i n a t i o n  p r o c e s s e s ,  and d e v e l o p  

e x p r e s s i o n s  f o r  the  s p e c t r a l  c o m p o s i t i o n  o f  3 / 2  0) 1̂ ight  and t In

d e p e n d e n c e  o f  t h i s  s pe c t r u m upon a n g l e  o f  o b s e r v a t i o n .  Then-  

s t a r t i n g  p o i n t  i s  the  t e n s o r  e q u a t i o n  for  the  n o n - l i n e a r

i n t e r a c t i o n  b e t w e e n  p lasma waves  and e l e c t r o m a g n e t i c  waves  in
0

p l a s m a s ,  a s  a s  deduc ed  by P u s t u v a l o v  and S i l i n  in t h e i r  r e v i e w  

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

i n s t a b i l i t y  i s  much l e s s  than t he  mean f r e e  path of  the l a s e r  

l i g h t  w i t h  r e s p e c t  to  e l e c t r o n - i o n  c o l l i s i o n s .

I . e .

c > > 5 z  
Vci

T h i s  c r i t e r i o n  i s  s a t i s f i e d  f or  p l as mas  o f  moderate  t e mperat ure  

(< 15 keV) ,  but  a n o t h e r  a s s u mp t i o n  o f  t h e i r  a n a l y s i s  i s  that  it

i s  o n l y  v a l i d  f o r  s h o r t  w a v e l e n g t h  p l asmons  (k >> k^) .  wh i c-h i s  

n o t  t r u e  f o r  the  c a s e  o f  i n t e r e s t  h e r e ,  w e l l  above  t h r e s h o l d .

However ,  a more g e n e r a l  approach as  d e v e l o p e d  by Barr i s  

o u t l i n e d  h e r e ,  wh i ch  c o n s i d e r s  a l l  four  p o s s i b l e  r e c o mb i n a t i o n  

s c h e me s ,  and u s e s  the  d i s p e r s i o n  r e l a t i o n  o f  p lasmons  produced by 

t wo - p l a s mo n  d e c a y  a s  a s t a r t i n g  p o i n t  to d e t e r m i n e  3 / 2
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s p e c t r a l  c h a r a c t e r i s t i c s .

From t h e  d i s p e i s i o n  r e l a t i o n s  o f  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 a t  and a s c a t t e r e d  e-m wave of  f r e q ue nc y  3 / 2  ,

2 2  2 2 2 2 2 2
%«(z) * k ( c

i t  can be s e e n  t h a t  a t  q u a r t e r  c r i t i c a l ,  ( LUpg= Wyg )

2 2 2 2 9 0
_3_tp  ̂ = c and 2 = k c^
It \

s o  t h a t

k _  = 5 . 3 . 1

S i n c e  i t  i s  t he  p e a k s  o f  e x p e r i m e n t a l  s p e c t r a  whi ch  p r o v i d e  t he 

most  e a s i l y  d e t e r m i n a b l e  f e a t u r e ,  t h e s e  c o r r e s p o n d  to the  plasmon  

f r e q u e n c y  w i t h  t he  l a r g e s t  growth r a t e ,  and as  shown p r e v i o u s l y

t h i s  c o r r e s p o n d s  to t h o s e  p l as mons  whose  k v e c t o r s  can s a t i s f y

2 2 2 K = k̂  + ky , where  k̂  = k̂  s i n 0  = k̂  s i n 9

- t h e  s u b s c r i p t  s d e n o t i n g  the  s c a t t e r e d  phot on and © i s  the a n g l e

b e t we e n  k̂  and k̂  .

Re c o mb i n a t i o n  mechani sms .

1. Ingo i n g  ph o t o n  + p lasmon.

r e s o l v i n g  component s  in the  z d i r e c t i o n  

kj c o s  9  = k  ̂ + k^

kj s i n © = ky , K = & ' K
2

From t he  d i s p e r s i o n  r e l a t i o n  for  the |) 1 asmon (eqn 5 . 2 . 6 )  <i 

d e p a r t u r e  o f  t he  a n g u l a r  f r e que nc y  of  the 3 / 2  l i g h t  from i t>
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t r u e  p o s i t i o n  i s  g i v e n  by ;

= 3 K k. v^ = 9 v.  ̂ / f s '  c o s ©  -  3
t ^ V Î  7

s i n c e  k, = fW
ko i 3

Hence  5X = -  3 3 . 8  ( c o s ©  -  0 . 9 2  ) T A 5 . 3 . 3

where  i s  in keV T h i s  i s  the  a n t i c i p a t e d  s p e c t r a l  s h i f t ,

a s s u mi n g  a l l  t h e  p o s s i b l e  p las mons  a r e  e x c i t e d .  Hence t h i s  3/3t0^

s p e c t r u m i s  a f u n c t i o n  o f  the  a n g l e  o f  e m i s s i o n .  If e q u a t i o n

5 . 2 . 7  i s  t a k e n  to  d e t e r m i n e  the  peaks  in t h i s  s pec t rum,  then
2

jkj  c o s  G  -  3 k  \  = ko -  kj s  i n  0  , s i n c e  k = kj s  i n ©
\ 2 j T

and h e n c e  c o s  0  = -  0 . 1 3 6  and 0 =  97

S u b s t i t u t i n g  t h i s  i n t o  e q u a t i o n  5 . 3 . 3  g i v e s  a r e d - s h i f t e d  peak of  

ÔX = 3 5 . 2  Tg A ' 5 . 3 . 4

Hence  t h e  r e c o m b i n a t i o n  o f  an i n g o i n g  photon and an e x c i t e d  

pl as mon i s  e x p e c t e d  to y i e l d  components  on both the red and b l u e

s h i f t e d  s i d e s  o f  the  t r u e  harmoni c  f r e q u e n c y ,  w i t h  a peak

o c c u r i n g  a t  an a n g l e  o f  97° to the  i n c i d e n t  wave v e c t o r ,  t h i s

peak b e i n g  red s h i f t e d .  However,  s i n c e  f / l  l e n s e s  were the lowest  

f / n o  u s e d  in e x p e r i m e n t s ,  t h i s  red peak would not  be s e e n ,  and 

the  maximum s p e c t r a l  e x t e n t  can be e s t i m a t e d  to be 2 , 0 X { 0 )  w h e r e ©
O

= 2 X a re tan 0 . 5 ,  = A. 2.4- % ^  ■

With t he  d e p e n d e n c e  o f  the  o b s e r v e d  3 / 2  Wg s pec  t rum on the am: le  

b e t w e e n  t he  d i r e c t i o n  o f  e m i s s i o n  and the  i n c i d e n t  wave v e c t o r ,

a c c o u n t  must  be taken  o f  the  m o d i f i c a t i o n  of  t h i s  i d e a l i s e d  

p i c t u r e  due to  t he  plasma i nhomogene i t y In a plasma f ormed from

a s o l i d  t a r g e t ,  t h e r e  must e x i s t ,  even i f  o n l y  for  a very  short
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t i me ,  an e l e c t r o n  d e n s i t y  which c o r r e s p o n d s  to tlie ct i l i c . t l  

d e n s i t y  f o r  3 / 2  l i g h t ,  whi ch  i s  9 / 4  l i me s  as  d e n s e  as  the  

c r i t i c a l  d e n s i t y  f o r  the  fundamental  l i g h t ,  i . e .  n r̂ Hence any 

3 / 2  l i g h t  t r a v e l l i n g  towards  t h i s  d e n s i t y  w i l l  be c l a s s i c a l l y  

r e f l e c t e d  and so  c o m p l i c a t e  the  s pec t rum for  any g i \ en 

o b s e r v a t i o n  d i r e c t i o n .  For the d i r e c t i o n  o f  b a c k s e a t  1er (0 =
o

1 8 0 ) ,  any forward s c a t t e r e d  l i g h t  w i l l  be r e f l e c t e d  as  shown in 

F i g  5 . 3 . 1 . a,  s o  t h a t  i t  w i l l  emerge a t  the  same a c u t e  a n g l e  as  i f  

d i r e c t l y  b a c k s e a t t e r e d . However,  in t r a v e l l i n g  to t h i s  9 / 4  n̂  ̂

s u r f a c e  and r e t u r n i n g ,  t he  3 / 2  0)̂  l i g h t  w i l l  e n c o u n t e r  a b s o r p t i o n ,  

and w i l l  be l e s s  i n t e n s e  than a s i m i l a r  b a c k s e a t t e r e d  wave.  Ti ns  

f a c t  may be u s e d  to e s t i m a t e  d e n s i t y  s c a l e l e n g t h s  due to I he 

d i f f e r e n c e  in i n t e n s i t y  be tween  b l u e  and red s h i f t e d  wi n g s ,  and 

the  g e n e r a l  i de a  o f  d i r e c t i o n a l  d e p e n de nc e  s houl d  e n a b l e  the  

d e t e r m i n a t i o n  o f  the  a p p r o p i a t e  r e c o mb i n a t i o n  m e c h a n i s m ( s ).

2 . S p e c u l a r l y  r e f l e c t e d  phot on  + exc  i ted p 1 asmon

r e c o mb i na t  i o n .

Wi th a s i m i l a r  a n a l y s i s  to  the  p r e v i o u s  c a s e :

K

k c o s  0  = k -s z k
0

"-K 0°

k s i n G = ky

ÔÇO = 9 f v \ ^ / k j  C O S 0  + 1
^ 0  4 c r T

= -  3 3 . 8  ( C O S 0  4 0 31 ) ^  Â -  5 3 5

The c r i t e r i o n  f o r  t he  p las mons  w i t h  maximum growth r a t e  i s  a g a i n
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geom etry  f o r  forward & b a c k sca t tered  ^ l u ,

light in a l inear dens i ty  profile.

n,

Fig. 5 .31 a

Intensity difference
 due to path of blue
A wing, as above

wavelength<■

predicted *^uj  ̂ spectrum due to  plasmon & 

r e f l e c te d  or sc a t tered  photon recombination -

( a f t e r  Barr^? geometry as  above).



Fig, 5.11. b.

a .  Ingoing photon  + iüi. plasmon recombination
2

bQckscat ter  ^

-â u |, l i ght  s c a t t e r e d  In d o t t e d  s e g m e n t s  r e d  s h i f t e d
remainder k b lue

23
f o r w a r d  s c a t t e r ,  0  = 0*

d i r e c t i o n  o f  p l a s m o n s  with g r e a t e s t  g r o w th  r a t e  
i . e .  s p e c t r a l  p e a k s

b. s p e c u la r ly  r e f l e c t e d  photon + plasmon
\ .Bt
\l8 '

c. Brillouin s c a t t e r e d  photon + plasmon

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

e . 3  Â -  . Tg in keV

d. 3 X p lasm on
As a .  e x c e p t  op t i mum g r o w t h  r a t e

d i r e c t i o n  is i n d e t e r m i n a t e .

Predicted spectral  compositions for possible

recombination mechanisms, (after Barr )



k'  = k' .  k'
-2. y }
4

2 2 2 2 k c o s  9  + k_\  = k f  k s i n  6

w h i c h ,  a f t e r  s o l v i n g  f o r  0  a n d  k n o w i n g  t h a t  k  ̂ = , g i v e s

c o s  0  = 0 . 3 1  ± J 2 . 094

0  = 1 5 1  or  55

On i n s e r t i n g  t h e s e  v a l u e s  i n t o  e x p r e s s i o n  5 . 3 . 4  g i v e s ;

Ô X  = 19 Tg A f o r  a red s h i f t  from 3 / 2

6 X  = -  2 9 . 8  Tg Â f o r  a b l u e  s h i f t  from 3 / 2  0)^

so t h a t  a d o u b l e  peaked s pec t rum i s  p r e d i c t e d  for  t h i s

r e c o m b i n a t i o n  mechani sm,  w i t h  a forward s c a t t e r e d  b l u e  peak and a 

b a c k s e a t t e r e d  red peak ,  as  shown in Fi g  5 . 3 . 1  b a l t h o u g h  t h i s  

p i c t u r e  i s  c o m p l i c a t e d  by the  e x i s t e n c e  o f  the 9 / 4  n̂  ̂ s u r f a c e ,  as  

me n t i o n e d  p r e v i o u s l y .

3.  E x c i t e d  p l as mon + phot on  g e n e r a t e d  bv SBS r e c o mb i n a t i o n

The 3 / 2  COg e m i s s i o n  g e n e r a t e d  by t h i s  scheme has  a s i m i l a r

a n g u l a r  d i s t r i b u t i o n  to the  p r e v i o u s  c a s e .  e x c e p t  that  the  

r e c o m b i n i n g  p h o t o n  h a s  a d o w n s h i f t e d  f reque nc y  equal  to the  

f r e q u e n c y  o f  t h e  i n c i d e n t  l a s e r  minus that  of  the e x c i t e d  ion 

a c o u s t i c  w a v e .

2
W = W — W = W — (jl), f to + 3 k„ Ki/ Sts s o I a

 ̂ 2 Wo
e

2 k c, = 2 / 2  Z m Vg = 1 77 10 FZ T
2 J M c Ia
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“ + 8 . 3  toward the red m a d d i t i o n  to f he

s p e c t r u m o f  c a s e  ' 2 ' .

4 T h r e e - p l a s mo n  recombi nat  i o n .

A g a i n ,  u s i n g  an i d e n t i c a l  a n a l y s i s  to ' 1 ' .

+ / Z kA 3 k„v^
2 I'" I

k j C o s 0 =  I k . ^  = 3 . I k, - k j C o s 9 - ^ k , j
2 2

kj. s i n G  = Z k.^

wh i c h  g i v e s :

6X = -  3 3 . 8  ( C O S 0 -  0 . 9 2  ) % Â

T h i s  i s  e x a c t l y  t he  same a n g u l a r  d e p e n de nc e  as  that  for the

i n g o i n g  p h o t o n  and p lasmon r e c o m b i n a t i o n ,  but d e t e r m i n a t i o n  of

any s p e c t r a l  p e a k s  c a nno t  be done  s i n c e  t h e r e  o n l y  e x i s t s  5

e q u a t i o n s  in 6 unknowns.  However,  t h e s e  re combi n i ng  waves  o f f e r  a

g r e a t e r  f l e x i b i l i t y  in p ha s e  ma t c h i n g ,  even i f  o n l y  the o p t i m a l l y

g r o w i n g  modes  a r e  i n c l u d e d ,  and t h i s  scheme i s  more p r o b a b l e  even

i f  i t  i s  o f  h i g h e r  o r d e r .  A summary o f  the  c h a r a c t e r i s t i c s  of  the

f our  s chemes  i s  shown in F i g  5.3.1(b)

5 . 4  E x p e r i m e n t a l  work to  d a t e .

P r o b a b l y  t h e  f i r s t  o b s e r v a t i o n  o f  3 / 2  e m i s s i o n  from a l a s e r

pro d uc e d  p l as ma was by Bobin e t  a l  , who used a 2ns  Nd l a s e r

p u l s e  i n c i d e n t  upon a p l a n e  p o l y t h e n e  t a r g e t .  A s i n g l e  peak 3 / 2  Wo

s p e c t r u m was o b s e r v e d  but  s i m i l a r  s p e c t r a  have not  been re por t ed

by o t h e r  a u t h o r s .  SRS a s  a mechani sm for  3 / 2  g e n e r a t i o n  a l s o

p r o d u c e s  p h o t o n s  o f  f r e q u e n c y  W°. l l ic o b s e r v a t i o n  of  t ln-se
2

p h o t o n s  may be t a ken  a s  a s i g n a t u r e  o f  SRS. However,  Bobin et al
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r e p o r t  the  o n l y  o b s e r v a t i o n  o f  such e m i s s i o n  ( #  2.12pm for  an \d

1L
l a s e r ) ,  and P i ng  Lee e l  a l  deduce  f rom t h e i r  own e x p e r i m e n t s

that  a s  3 / 2  Wg em i s s i on i s  mo re than an order  of  magni tude  i; r ea t e r

than t he  t h r e s h o l d  o f  d e t e c t a b i 1 i t \  for  anv e m i s s i o n  I hen SRS
2

can be n e g l e c t e d  a s  a p o s s i b l e  mechanism for subsecjuent 3 / 2  u)

g e n e r a t i o n  in f a v o u r  o f  the  two plasmon dec-ay

E x p e r i m e n t a l  o b s e r v a t i o n s  o f  3 / 2  l i g h t  ar e  not  c o p i o u s  and of

t he  s i x  r e p o r t s  o f  such  e m i s s i o n  to d a t e ^ ^ w i d e l y  v a r y i n g  v a l u e s

o f  t he  c o n v e r s i o n  e f f i c i e n c y  from fundamental  to 3 / 2  harmonic

a r e  r e p o r t e d ,  a l b e i t  under  v a r i o u s  t a r g e t  p a ra me t er s  and l a s e r
16 19

p u l s e  l e n g t h s .  Of t h e s e  s i x  r e p o r t s ,  two w i t h  a CÔ  l a s e r  ', f i v e  

o b s e r v e  a d o u b l e  peaked spec t rum w i t h  the  b l u e  s h i f t e d  wing

n a r r o w e r  and l e s s  i n t e n s e  than the  red s h i f t e d  wi ng.  Two o t h e r
, 17,18

o b s e r v a t i o n s  o f  3 / 2  ( R e m i s s  ion have  been spatial ly r e s o l v e d ,  so

t h a t  t he  e x p a n d i n g  q u a r t e r  c r i t i c a l  s u r f a c e ( s )  may be ' t r a c e d ' ,

in a s i m i l a r  manner to the  c r i t i c a l  s u r f a c e  u s i n g  2 u)q l i g h t .

From e q u a t i o n s  5 . 3 . 1  & 5 . 3 . 4 ,  i t  can be s e e n  t hat  the peak to

peak s p e c t r a l  w i d t h  i s  a f u n c t i o n  o f  the  e l e c t r o n  t e mp e r a t u r e ,  so

t h a t  3 / 2  Wg s p e c t r a  s howi ng  t h i s  d o u b l e  peaked s t r u c t u r e  can be

u s e d  to  o b t a i n  a v a l u e  f or  the e l e c t r o n  t e mp e r a t u r e .  B y c h c n k o v  c t  

20
a l  show r e a s o n a b l e  agreement  be tween t h i s  t e mperat ure  and that

16
o b t a i n e d  from X- r a y  meas urement s ,  but Garban e t  al  n o t i c e  poor  

a g r e e me nt  in t h e i r  work,
19

A p a r t i c u l a r l y  i n t e r e s t i n g  exp e r i me n t  by O f f e n b e r g e r  et  al  i s  

the  o n l y  one  to u s e  a preformed p l as ma, and  t h i s  i s  h e a t e d  by u CÔ  

l a s e r .  Due to  t he  n a t u r e  o f  t h i s  plasma in ha v i n g  a peak e l e c t i o n
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d e n s i t y  l e s s  than 9 / 4  n̂  ̂ , o n l y  the  red wing of  I he 3 / 2  

s p e c t r u m i s  v i s i b l e  in the  backward d i r e c t i o n ,  in l i n e  w i t h  the  

p r e v i o u s  t h e o r y ,  a l t h o u g h  no d e t a i l s  o f  any forward s c a t t e r e d  

3 / 2  R e m i s s i o n  a r e  g i v e n .

A f a i r l y  c o m p r e h e n s i v e  t a b l e  o f  the  e x p e r i m e n t a l  o b s e r v a t i o n  of  

3 / 2 Wo e m i s s i o n  to  d a t e  i s  shown in T a b l e  5 . 4 . 1 ,  a l l  e x p e r i me n t a l  

d e t a i l s  b e i n g  r e c o r d e d  where  a v a i l a b l e .
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- C h a p t e r  6 -

E x p e r i m e n t a l  i n v e s t i g a t i o n  o f  t h r e e - h a l v e s  harmoni c  e m i s s i o n .- ^

6 . 1  O b s e r v a t i o n  o f  t h e  t h r e e  h a l v e s  harmoni c  was p o s s i b l e  w i t h  

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

i n t e n s i t y  f o r  t h e  t w o - p l a s mo n  i n s t a b i l i t y  and a p p r o x i m a t e l y  

e q u a l l i n g  i t  f o r  SRS.  As f o r  t he  s e c o n d  harmoni c  s t u d i e s ,  both  

t i me  i n t e g r a t e d  and t i me  r e s o l v e d  s t u d i e s  were  per f ormed,  the  

l a t t e r  w i t h  t i me  r é s o l u t  i o n -15 p s , n e c e s s a r y  a g a i n  a t  the  h i g h  

power  i n t e n s i t i e s  u s e d  on t a r g e t  i f  any s t r u c t u r e  was to  be seen  

w i t h i n  t h e  l a s e r  p u l s e  d u r a t i o n  o f  n o m i n a l l y  100 ps FWHM 

G a u s s i a n .

6 .2  Time I n t e g r a t e d  s p e c t r a l  and s p a t i a l  s t u d i e s  o f  S/ZW* 

.em i s s i o n .

6 . 2 . 1  I n i t i a l  e x p e r i m e n t s  t o  d e t e r m i n e  3 / 2  s p e c t r a  1

d i s t r i b u t i o n .

S e v e r a l  t i m e  i n t e g r a t e d  3 / 201  s p e c t r a  we r e  r e c o r d e d  u s i n g  the

e x p e r i m e n t a l  a r r a n g e me n t  o f  F i g .  4 . 1 . 1 .  w i t h  a Soro  main

f o c u s s i n g  l e n s  and m u l t i —e l e m e n t  r e l a y  l e n s e s  a f t e r  the  f i n a l

t u r n i n g  m i r r o r ,  ( a ) .  T h e s e  we r e  t a k e n  from p l a n a r  and
1 5 - 2

m i c r o b a l l o o n  t a r g e t s  w i t h  i r r a d i a n c e s  e x c e e d i n g  10 W. cm . Two 

e x a m p l e s  o f  s p e c t r a ,  o b t a i n e d  a t  s i m i l a r  power l e v e l s  and 

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

F i g s . 6 . 2 . 1  ( a )  and ( b ) ,  o b t a i n e d  w i t h  a s p e c t r a l  r e s o l u t i o n  ~5A.

A l l  t h e  s p e c t r a  o b s e r v e d  e x h i b i t e d  a d o u b l e  peaked s t r u c t u r e ,  

w i t h  a p e a k  r e d —s h i f t e d  from t h e  t r u e  3 / 2  0)̂  harmoni c  and the  

o t h e r  p e a k  b l u e - s h i f t e d .  The SORO l e n s  was c o r r e c t e d  f o r  1.06pm
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typical  ^  4 , spectrum Fig. 6 .2 .1 .  a

m i c r o b a l l o o n  t a r g e t ,  - 8 . 0  J per beam

- 80 um

log. I

7093 A I \\!>.

wavelength



typical  ^ u i ,  spectru m Fig. 6.2.1. b

m i c r o b a l l o o n  t a r g e t  E.~ 8.0 J per beam

t h i s  s p e c t r u m  has  the  maximum p e a k - p e a k  width o b s e r v e d .

log. I 319 A

7093  Â

wavelength



and s u f f e r e d  s e v e r e  c h r o m a t i c  a b e r r a t i o n  @ 7093  A. The red

s h i f t e d  p e a k  was  found t o  be more i n t e n s e  than t he  b l u e  peak,  and

s u f f e r e d  g r e a t e r  d i s p l a c e m e n t  from 3 / 2 From r e c o r d s  o b t a i n e d

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

s p e c t r a l  d i s p l a c e m e n t  may be r e p r e s e n t e d  a s  shown in F i g . 6 . 2 . 2 ( b )

and a mean r a t i o  o f  red peak s h i f t  t o  b l u e  peak s h i f t  of-1-4 may be

o b t a i n e d  from t h e  g r a d i e n t .  However ,  a s  t he  q u a r t e r  c r i t i c a l

s u r f a c e  i s  e x p a n d i n g  towar ds  t h e  s p e c t r o g r a p h ,  a c o r r e c t i o n  must

be made f o r  t h e  e x p e c t e d  Do p p l e r  b l u e  s h i f t .  I t  i s  found t h a t  the

+4 A b l u e  s h i f t  on t h e  y - a x i s  i n  F i g . 6 . 2 . 2 ( b )  c o r r e s p o n d s  to  an

e x p a n s i o n  v e l o c i t y  o f  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  o f  
5 ,

-^ 1 . 6  10 m / s ,  and i t  w i l l  be s e e n  t h a t  t h i s  v a l u e  i s  in c l o s e

a g r e e m e n t  w i t h  t h a t  o b t a i n e d  by u s i n g  MEDUSA in s e c t i o n  7 . 3 .

Hence  t h i s  a g r e e m e n t  s u g g e s t s  t h a t  t he  l i n e  drawn a c r o s s  t he

e x p e r i m e n t a l  p o i n t s  in  F i g . 6 . 2 . 2 . ( b )  showi ng a l i n e a r

r e l a t i o n s h i p  b e t w e e n  red peak s h i f t  and b l u e  peak s h i f t  i s  a

r e a l i s t i c  h y p o t h e s i s .  The s p e c t r a l  w i d t h  be t we en  t h e  red s h i f t e d

pe a k  and t h e  b l u e  s h i f t e d  peak was found to  have  no c o r r e l a t i o n

w i t h  e i t h e r  t h e  mai n l a s e r  p u l s e  or  p r e - p u l s e  e n e r g i e s  The

l a t t e r  was  o n l y  j u s t  d e t e c t a b l e  however  i f  i t s  e n e r g y  e x c e e d e d  
-5

10 t h a t  o f  t h e  mai n  p u l s e .  A re ma i n i ng  f e a t u r e  o f  a l l  s p e c t r a  

was  t h e  a p p a r e n t  s t r u c t u r e  in the  s p a t i a l  d i m e n s i o n ;  t he  spec t rum  

b e i n g  compos e d  o f  s e v e r a l  ' l i n e s '  o f  e m i s s i o n ,  w i t h  s i m i l a r ,  but  

n o t  i d e n t i c a l  s p e c t r a l  b r e a d t h s ,  and d i f f e r i n g  i n t e n s i t i e s .  To 

e x a m i n e  t h i s  phenomenon a l i t t l e  more c l o s e l y ,  two f u r t h e r  

e x p e r i m e n t s  w e r e  p e r f o r me d .  F i r s t l y ,  a m i c r o b a l l o o n  t a r g e t  was
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imaged d u r i n g  i r r a d i a t i o n  in i t s  own 3 / 2 l i g h t  f o r  n o t i c e a b l e  

s i g n s  o f  s p a t i a l  d e t a i l .  S e c o n d l y ,  t h e  t a r g e t  was i r r a d i a t e d  by,  

and t h e  b a c k s e a t t e r e d  1 i g h t  c o l l e c t e d  by,  a mi r r o r  s y s t e m  whi ch  

t h e r e b y  e l i m i n a t e d  c h r o m a t i c  a b e r r a t i o n .  The two e x p e r i m e n t s  a r e  

d e s c r i b e d  b e l o w  in t h e  f o l l o w i n g  two s e c t i o n s .

6 . 2 . 2  O p t i c a l  i m a g i n g .

S t a t i c  o p t i c a l  i ma g i ng  o f  t h e  t a r g e t  was  per f ormed e x a c t l y  as

f o r  t h e  s e c o n d  h a r mo n i c  e m i s s i o n  ( S e c t i o n  4 . 3 ) ;  e x c e p t  t h a t  the

b a n d p a s s  f i l t e r s  u s e d  h e r e  w e r e  c e n t r e d  on 7093  A w i t h  a 100 A

b a n d wi d t h .  The e x p e r i m e n t a l  a r r a ng e me n t  i s  shown in F i g . 4.4 .1 ,

and an e x a mpl e  o f  a p h o t o g r a p h  o b t a i n e d  o f  t h e  3 / 2  0)  ̂ e m i s s i o n  i s

shown i n  F i g . 6 . 2 . 3 ,  and o b t a i n e d  under  s i m i l a r  c o n d i t i o n s  to

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

u n i f o r m  i n t e n s i t y  o f  3 / 20J  l i g h t ,  t h e r e  a r e  r e g i o n s  wh i c h  a r e  f a r

more i n t e n s e  t ha n  t h e  b a c k g r o u nd  i n t e n s i t y .  I t  i s  a p p a r e n t  t h a t

n o t  o n l y  a r e  t h e s e  r e g i o n s  s ma l l  in  s p a c e ,  but  a l s o  in t i me ,

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

p u l s e ,  t h e i r  i mages  wo u l d  be ' s mear ed  o u t ' ,  s i n c e  t h e  q u a r t e r
5 ,

c r i t i c a l  s u r f a c e  i s  e x p a n d i n g  a t  a v e l o c i t y  >10 m/ s .

6 . 2 . 3  F o c u s s i n g and h a r mo n i c  c o l l e c t i o n  u s i n g  a p a r a b o l o i d .  

The s e c o n d  e x p e r i m e n t  t o  o b t a i n  f u r t h e r  i n f o r m a t i o n  on the

s p a t i a l  d e p e n d e n c e  o f  3/20)^ l i g h t  i n v o l v e d  t he  u s e  o f  an f / 3 . 5  

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

s i m u l t a n e o u s l y  c o l l e c t i n g  and c o l l i m a t i n g  t he  b a c k s e a t t e r e d  

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

p r o v i d i n g  t h a t  a c h r o m a t i c  r e l a y  l e n s e s ,  or  s p h e r i c a l  m i r r o r s  were
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u s ed  t o  s u b s e q u e n t l y  image t h e  t a r g e t  o n t o  the  s p e c t r o g r a p h .  

However ,  t h e  r e f l e c t i o n  c o e f f i c i e n t  o f  t he  p a r a b o l o i d  was o n l y  

70% i n t h e  v i s i b l e  r e g i o n  o f  t h e  s p e c t r u m,  and t h i s  f a c t  c o u p l e d  

w i t h  t h e  much l a r g e r  f o c a l  s p o t  s i z e  o b t a i n e d  (~ 100pm) and t he  

l ower  c o l l e c t i o n  e f f i c i e n c y  ( f / 3 . 5  a s  oppos ed  to  f / l ) ,  re duce d  

t h e  a v a i l a b l e  i r r a d i a n c e  and r e q u i r e d  t h a t  t he  i n c i d e n t  i n t e n s i t y  

was a s  h i g h  a s  p o s s i b l e  t o  e n a b l e  a u s e f u l  3/2(jl)q e x p o s u r e  t o  be  

o b t a i n e d .  The e x p e r i m e n t a l  arr a ng e me n t  and a t y p i c a l  3 / 2  0%, 

s p e c t r u m  a r e  shown i n  f i g . 6 . 2 . 4 .  Super i mpos e d  on t he  3 / 2 W* 

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

3 0A) .  S i n c e  t h e  s p e c t r o g r a p h  was  u s e d  i n s e c o nd  o r d e r  t h i s  was  

assumed t o  be a f o u r t h  o r d e r  s p e c t r u m o f  t he  t h i r d  ha r mo n i c ,  and 

i t  was  removed w i t h  a W r a t t e n  61 f i l t e r  wh i c h  had a h i g h  o p t i c a l  

d e n s i t y  f o r  w a v e l e n g t h s  b e l o w  -  6 0 0 0 A . T h i s  harmoni c  h a s  been  

s e e n  by some o t h e r  a u t h o r s  and was n o t  s t u d i e d  f u r t h e r .  The 

3 / 2 s p e c t r u m  o b s e r v e d  was  c o n t i n u o u s  w i t h  a bandwi dt h  o f  ~60A.  

The red and b l u e  w i n g s  o b s e r v e d  by u s i n g  t h e  f / l  l e n s e s  we re  f a r  

l e s s  a p p a r e n t  when u s i n g  t h e  p a r a b o l o i d ,  a l t h o u g h  t he  s pe c t r u m  

was v e r y  a p p r o x i m a t e l y  s y m m e t r i c a l  a bo ut  t he  t r u e  3 / 2  harmoni c  

p o s i t i o n .  However ,  t h e  s p e c t r u m d o e s  a ppe a r  t o  be composed o f  

h o r i z o n t a l  ' l i n e s ' :  i . e .  d i s c r e t e  s p a t i a l  r e g i o n s  w h i c h  r a d i a t e  

a c o m p l e t e  s p e c t r u m ,  a s  t h e  bandwi dt h  o f  each  i s  v e r y  s i m i l a r ,  

a l t h o u g h  t h e  i n t e n s i t y  o f  e a c h  ' l i n e '  was t he  same.

6 . 3  D i r e c t i o n a l  d e p e n d e n c e  o f  t h e  3/2C0^ s pec t rum.

From t h e  s p e c t r a l  r e s u l t s ,  t h e  3 / 2 s pec t rum a s  p r e d i c t e d  in  

Ch a pt er  5 f o r  t h e  f o u r  r e c o m b i n a t i o n  mechani sms  was o b s e r v e d .
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a l t h o u g h  t h e  s m a l l e r  r e c e i v i n g  s o l i d  a n g l e  o f  t h e  p a r a b o l o i d  

meant t h e  l a c k  o f  o b s e r v a t i o n  o f  two d i s t i n c t  p e a k s .  An

e x p e r i m e n t  was n e e d e d  t o  c l a r i f y  th e  g e n e r a t i o n  sch em es  o f  3 / 2  

e m i s s i o n ,  f o r  w h i c h  t h e  t h e o r y  was p r e s e n t e d  in  S e c t i o n  5 . 3 .  One 

way t o  do t h i s  was t o  s i m u l t a n e o u s l y  o b s e r v e  more th an  one  

e m i s s i o n  d i r e c t i o n ,  s i n c e  t h e  s p e c t r a l  s h i f t s  from 3 / 2 a r e  

d e p e n d e n t  upon t h e  a n g l e  (©) b e t w e e n  th e  i n c i d e n t  wave v e c t o r  and 

t h e  s c a t t e r e d  3 / 2  w a v e , f o r  d i f f e r e n t  me ch anism s.  I t  was most  

a d v a n t a g e o u s  t o  o b s e r v e  t h e  3 / 2 ü ^ l i g h t  from two o p p o s i n g  

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

d i r e c t i o n  , O°<0<9O, i s  i n a c c e s s i b l e  s i n c e  t h e  p la sm a i s  g r o s s l y  

o v e r d e n s e  f o r  t h e  m a j o r i t y  o f  t h e  l a s e r  p u l s e .  However,  i t  w i l l  

be s e e n  t h a t  t h e  u s e  o f  a t h i n  f o i l  would  overcome t h i s ,  s i n c e  

th e  p la s m a  w ou ld  become u n d e r d e n s e  d u r i n g  t h e  l a s e r  p u l s e ,

t r a n s m i t t i n g  fo rw ard  s c a t t e r e d  3 / 2  l i g h t .  T h i s  i s  b e c a u s e  th e  

peak  e l e c t r o n  d e n s i t y  n e e d e d  t o  be b e l o w  9 / 4  n̂ .̂  w i t h  r e s p e c t  t o  

th e  i n c i d e n t  l a s e r  l i g h t ,  and a b o v e  l / 4  n^^for g e n e r a t i o n  in  th e

f i r s t  p l a c e .  Computer s i m u l a t i o n  u s i n g  MEDUSA ( S e c t i o n  7 . 3 ) ,  f o r

a 0 . 4pm p o l y s t y r e n e  f o i l  t a r g e t  showed t h e  peak  e l e c t r o n  d e n s i t y  

t o  be  w i t h i n  t h e s e  l i m i t s  f o r  t h e  m a j o r i t y  o f  t h e  l a s e r  p u l s e ,  

and h e n c e  an e x p e r i m e n t  was p la n n e d  to  u s e  th e  forward  and 

backward s c a t t e r e d  l i g h t  s i m u l t a n e o u s l y  from a f o i l  t a r g e t .  Due 

t o  t h e  lo w er  g e n e r a t i o n  e f f i c i e n c y  o f  3 / 2 l i g h t  compared w i t h  2Wg 

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

l a s e r  e n e r g y  upon ' b u r n t h r o u g h ' ,  i n c i d e n t  power l e v e l s  n eed ed  to  

be a s  h i g h  a s  p o s s i b l e ,  and to  o p t i m i s e  c o l l e c t i o n  o f  t h e  forward

116



s c a t t e r e d  l i g h t ,  an ICOS d o u b l e  e l e m e n t  f / l  l e n s  was u s ed  f o r

t h i s  d i r e c t i o n  The e x p e r i m e n t a l  arr a ng e m en t  a d o p t e d  f o r  t h i s

e x p e r i m e n t ,  i n v o l v i n g  E a s t  beam i r r a d i a t i o n ,  a p p e a r s  in  F i g .

6 . 3 . 1  . A d i c h r o i c  m i r r o r  b e h i n d  t h e  t a r g e t  chamber r e f l e c t e d  th e

' b u r n t h r o u g h '  e n e r g y  t o  a J o u l e m e t e r  and a v o i d e d  any o p t i c a l

damage t o  s u b s e q u e n t  o p t i c a l  c o m p o n e n t s .  A s ec o n d  d i c h r o i c  m i r r o r

s e l e c t i v e l y  r e f l e c t e d  t h e  3 / 2 l i g h t ,  and t r a n s m i t t e d  r e m a in in g

unw ante d  s e c o n d  h a rm o n ic  and r e s i d u a l  fu ndam en ta l  l i g h t .  With

l a s e r  e n e r g i e s  a p p r o a c h i n g  30 J o u l e s ,  s e v e r a l  s p e c t r a  o f  3 / 2

e m i s s i o n  in  b o t h  fo r w a rd  and backward d i r e c t i o n s  w ere  r e c o r d e d .

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

0 . 0 8  and 2 .0 pm ,  no e m i s s i o n  b e i n g  d e t e c t a b l e  in  t h e  forward

d i r e c t i o n  f o r  t h i c k n e s s e s  g r e a t e r  th an  0 .9pm . The s p e c t r o g r a p h

s l i t  w i d t h  g a v e  a l i m i t  t o  t h e  s p e c t r a l  r e s o l u t i o n  o f  ~2A, th e

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

u s e f u l  d i s p e r s i o n .  A t y p i c a l  r e s u l t  show ing  b o t h  forward and

backward d i r e c t i o n s  i s  shown in  F i g .  6 . 3 . 2 ,  t h e  backward one
16 _2

u p p e r m o s t .  The i n c i d e n t  i n t e n s i t y  was - 1 0  W.cm , and th e  

p a r t i c u l a r  f o i l  was 0 .4pm  t h i c k .  C h ro m a t ic  a b e r r a t i o n  was a g a i n  

a p p a r e n t  in  t h e  backward d i r e c t i o n ,  b ut  t h e  s u p e r i o r  d o u b l e t  l e n s  

was a v a i l a b l e  f o r  u s e  in  t h e  forward  d i r e c t i o n .  Shot  to  s h o t  

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

o f  i n t e n s i t i e s  w e re  v e r y  s i m i l a r .  U n l i k e  t h e  3 / 2  COq s p e c t r a  from 

m i c r o b a l l o o n  t a r g e t s ,  b a c k s c a t t e r e d  s p e c t r a  from t h i n  f o i l s  had a 

f a r  more i n t e n s e  red - s h i f t e d  w i n g s  than  b l u e - s h i f t e d  w i n g s ,  and 

in  t h e  ex a m p le  shown, t h e  red w in g  i s  b a r e l y  v i s i b l e .  In

117



CL

m
CM

JD

m

en
en

a

*o

c_. <  •<

i sen

U  —ai o  
CL o  
( / )

o
CD

U l

U l

•O I

c
0
to
in
E
01

m

ai
uc
ai

" Oc
01
Q -
01

T3

CJ
Co
u
01

ai
>
c .
01
to

JOo

c
01
E
01
o ic
CJ
t
ü

01
E
( _
01o .
X
01



t y p i c a l  f o r w a r d  & b a c k s c a t t e r e d  ^  m. s p e c t r a  f r o m  a  
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c o n t r a s t ,  in  t h e  forward  d i r e c t i o n ,  an a l m o s t  c o n t i n u o u s  spec trum  

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

more i n t e n s e  b l u e - s h i f t e d  w i n g .  T h i s  p a t t e r n  was m a i n t a i n e d  f o r  

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

i n c r e a s e d  up t o  1.0pm, t h e  o v e r a l l  forward  s c a t t e r e d  i n t e n s i t y  

d i m i n i s h e d ,  t o  b e l o w  t h e  fog  l e v e l  o f  t h e  f i l m .  The b a c k s c a t t e r e d  

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

t a r g e t s ,  and t h e  forward  d i r e c t i o n  i s  d i f f e r e n t  a g a i n .  As th e  

b l u e  w i n g  h e r e  i s  more i n t e n s e  th an  t h e  red  w i n g ,  a d e f i n i t e  

s p e c t r a l  d e p e n d e n c e  upon d i r e c t i o n  o f  e m i s s i o n  i s  o b s e r v e d ,  

c o n s i s t e n t  w i t h  r e s u l t s  d e r i v e d  from l i n e a r  t h e o r y .  T h i s  d a t a  i s  

d i s c u s s e d  w i t h  o t h e r  i n f o r m a t i o n  in  S e c t i o n  6 . 5 .

6 . 4  Time r e s o l v e d  3 / 2  s p e c t r a l  s t u d i e s

To f u r t h e r  c h a r a c t e r i s e  t h e  g e n e r a t i o n  o f  t h i s  h a rm o n ic ,

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

3 / 2  s p e c t r u m ,  a s  p r e v i o u s l y  a c h i e v e d  w i t h  t h e  s e c o n d  harmonic  

s p e c t r u m .  The pr im e i n t e r e s t  was  in  t h e  r e l a t i v e  d e v e l o p m e n t  in  

t im e  o f  t h e  red  and b l u e  s a t e l l i t e s ;  w h e t h e r  t h e s e  s a t e l l i t e s  

w e r e  s y n c h r o n o u s ;  and w h e t h e r  t h e  t o t a l  b and w id th  ( p ea k  -  p ea k )  

was any  f u n c t i o n  o f  t i m e ,  and h e n c e  l a s e r  i n t e n s i t y .  S i n c e  t h e  

c o n v e r s i o n  e f f i c i e n c y  from fu ndam enta l  t o  3 / 2 was - 1 0  , f a r  l e s s  

l i g h t  w as  a v a i l a b l e  than  f o r  2üü  ̂ and t h e  s t r e a k  camera

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

A s i m i l a r  e x p e r i m e n t a l  a p p r o a ch  t o  t h a t  t a k e n  p r e v i o u s l y  f o r  

t h e  t i m e  r e s o l v e d  work was a d o p t e d ,  and t h e  e x p e r i m e n t a l  l a y o u t  

a p p e a r s  in  F i g . 6 . 4 , 1 ,  However,  an Imacon 67 5  s t r e a k  camera was
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now a v a i l a b l e ,  and o f f e r e d  lower  j i t t e r  by th e  u s e  o f  t r i g g e r  

c i r c u i t r y  e m p l o y i n g  c e r a m i c  v a l v e s  i n s t e a d  o f  t h e  KN-22 k r y t r o n  

u n i t s  o f  t h e  EPL camera The image i n t e n s i f i e r  o f  t h e  Imacon was  

o f  c h a n n e l - p l a t e  d e s i g n  and t h i s  was  p h y s i c a l l y  in  c o n t a c t  w i t h  

b o t h  t h e  p h o s p h o r  end o f  t h e  s t r e a k  tu b e  and t h e  r e c o r d i n g  f i l m .  

The h o r i z o n t a l  t im e  d i s p e r s i o n  o f  t h i s  i n s t r u m e n t  meant t h a t  th e  

h o r i z o n t a l  s p e c t r a l  d i s p e r s i o n  o f  t h e  s p e c t r o g r a p h  n e e d e d  to  be  

r o t a t e d  t h r o u g h  90°  , and a s  shown,  t h i s  was done by means o f  a 

Dove p r i s m  i n c l i n e d  a t  45° in  t h e  r e l a y  o p t i c s .  The s p e c t r a l  

ra n g e  a s  s e e n  on t h e  s t r e a k  camera s l i t  was  made j u s t  g r e a t e r  

than  300A,  c e n t r e d  on 7093A,  and th e  1mm s p e c t r o g r a p h  e n t r a n c e  

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

20A, compared  w i t h  t h e  s t r e a k  camera r e s o l u t i o n  l i m i t  o f  28 l i n e  

p a ir s / m m ,  c o r r e s p o n d i n g  to  a t h e o r e t i c a l  l i m i t  o f  1 .5A.

P r e v i o u s  a r g u m e n t s  c o n c e r n i n g  t i m e  r e s o l u t i o n  due to  p a t h  

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

i t  was  found t h a t  t h e  t a r g e t  image o b t a i n e d  a t  7000A due t o  th e  

main f o c u s s i n g  l e n s ,  t h e  d o u b l e t  in  t h i s  c a s e ,  was  i d e a l  f o r  

p o s i t i o n  and m a g n i f i c a t i o n  t o  g i v e  5,37mm i l l u m i n a t e d  g r a t i n g  

l e n g t h  and h e n c e  a te m pora l  r e s o l u t i o n  ~ 1 5 p s .  T h i s  i s  in  

c o m p a r i s o n  t o  t h e  i n h e r e n t  r e s o l u t i o n  o f  t h e  camera o f  ~ 7 p s .  

Hence no a d d i t i o n a l  o p t i c s  b e t w e en  th e  main f o c u s s i n g  l e n s  and 

t h e  s p e c t r o g r a p h  w e re  n e c e s s a r y .  T a r g e t s  f o r  t h i s  e x p e r i m e n t  were  

empty g l a s s  m i c r o b a l l o o n s  a s  b e f o r e ,  o f  d i a m e t e r s  n o m i n a l l y  80pm, 

and w a l l  t h i c k n e s s  0 .8 pm ,  and th e  e n e r g i e s  u s e d  w e re  >23 J o u l e s  

per  beam to  g i v e  i r r a d i a n c e s  w e l l  ab ove  t h r e s h o l d  o f  th e
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t w o - p l a s m o n  d e c a y .  The s p e c t r a l  c a l i b r a t i o n  ' s p o t s '  were  a l s o  put  

on a s  b e f o r e ,  e x c e p t  t h a t  t h e  r e l a t i v e  w a v e l e n g t h s  w ere  7 0 43 ,  

7 0 9 3 ,  and 7193A.  To a c h i e v e  t h e  c a l i b r a t i o n  i t  was n e c e s s a r y  to  

t r i g g e r  t h e  ch a n n e l  p l a t e  i n t e n s i f i e r  from an e x t e r n a l  s o u r c e ,  

and t h i s  was  d one  u s i n g  a +20V p u l s e  from a F a r n e l l  p u l s e  

g e n e r a t o r .

6.5 E x p e r i m e n t a l  r e s u l t s  o f  t im e  r e s o l v e d  work.

S e v e r a l  t i m e - r e s o l v e d  s p e c t r a  w e r e  r e c o r d e d  from m i c r o b a l l o o n  

t a r g e t s  on Kodak 2 485  h i g h  s p e e d  f i l m  and d e v e l o p e d  in  D-19 f o r  5 

m i n u t e s  a t  3 0 °C. T y p i c a l  3 / 2 t i me  r e s o l v e d  s p e c t r a  appe ar in  

F i g s . 6 . 5 . 1 . a , b a n d  b , t h e  l a t t e r  s p e c t r u m  b e i n g  r e c o r d e d  w i t h  th e  

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

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

s t r e a k  t u b e .  Four f e a t u r e s  o f  a l l  t h e  t i m e  r e s o l v e d  s p e c t r a  

became a p p a r e n t ,  t h e  most n o t a b l e  o f  t h e s e  b e i n g  t h e  f a c t  t h a t  

t h e  t o t a l  s p e c t r u m  i s  p u l s e d  in  t i m e ,  on t i m e s c a l e s  l e s s  than th e  

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

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

red  s a t e l l i t e ,  no one s a t e l l i t e  t h e r e f o r e  a p p e a r i n g  w i t h o u t  th e  

o t h e r .  As w i t h  t h e  t i m e  i n t e g r a t e d  s p e c t r a ,  t h e  d e p a r t u r e  o f  th e  

peak  o f  t h e  b l u e  s a t e l l i t e  from 7093A a p p e a r s  t o  be a l i n e a r  

f u n c t i o n  o f  t h e  d e p a r t u r e  o f  t h e  red s a t e l l i t e  from 7093A,  which  

i s  t r u e  f o r  e a c h  b u r s t  o f  e m i s s i o n .  The t o t a l  b a n d w i d t h , red peak  

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

t h i s  i s  n o t  c o m p l e t e l y  c o n s i s t e n t  from s h o t  to  s h o t ,  but on no
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o c c a s i o n  d o e s  t h e  b a nd w id th  i n c r e a s e  a s  t i m e  p r o g r e s s e s .  The s h o t  

r e c o r d e d  in  f i r s t  o r d e r  was t o  a c h i e v e  g r e a t e r  t empora l  

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

3 / 2  COq e m i s s i o n  ' b u r s t s '  a r e  a l s o  l i m i t e d  by t h e  i n s t r u m e n t a l

r é s o l u t i o n .

6.6 Pi  s c u s s  i o n .

The e x p e r i m e n t s  p er f o rm e d  h e r e  h a v e  g i v e n  f r e s h  i n f o r m a t i o n  on 

t h e  n a t u r e  o f  t h r e e - h a l v e s  harm onic  e m i s s i o n  from l a s e r - p r o d u c e d  

p l a s m a s .  W i th  t h i s  h a r m o n ic  h a v i n g  a h i g h  t h r e s h o l d  h a s  meant th e  

u s e  o f  l a s e r  p ow ers  in  e x c e s s  o f  100 GW p e r  beam, and from 

c o n s i d e r a t i o n  o f  t h e  r e c o r d i n g  f i l m  s e n s i t i v i t y  a t  7093A,  a

f u n d a m e n t a l / t h r e e - h a l v e s  c o n v e r s i o n  e f f i c i e n c y  o f  ' 1̂0*'* was n o t e d

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

t h e  two p la s m o n  d e c a y  was by f a r  t h e  more dom inant  mechanism in  

p r o d u c i n g  p l a s m o n s  a t  ^ / 2  in  mean f r e q u e n c y ,  and t h e  p r e c e d i n g

a n a l y s i s  i n  C h a p ter  5 ,  u s i n g  t h e s e  p la s m o n s  may be u s e d  to

i n t e r p r è t e  e x p e r i m e n t a l  d a t a .

From t h e  t i m e  i n t e g r a t e d  3 / 2  0)  ̂ s p e c t r a , t a k en  from m i c r o b a l l o o n  

t a r g e t s  i r r a d i a t e d  w i t h  f / l  l e n s e s ,  two w e l l  d e f i n e d  p e a k s  a r e  

a p p a r e n t ;  o n e  b l u e  s h i f t e d  from t h e  t r u e  h arm onic  p o s i t i o n ,  and 

t h e  o t h e r  re d  s h i f t e d .  The b l u e  s h i f t  was a l w a y s  l e s s  than  th e  

red s h i f t  , and t h e  two p ea k s  had a l i n e a r  r e l a t i o n s h i p  b e tw e en  

t h e i r  r e s p e c t i v e  d i f f e r e n c e s  from 7093A,  w i t h i n  t h e  l i m i t s  o f

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

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

l e n s ,  t h e  two p e a k s  became i n d i s t i n c t ,  a l t h o u g h  t h e  t o t a l
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s p e c t r a l  w i d t h  was s i m i l a r ,  and b o t h  red and b l u e  s h i f t e d

c o m p o n e n t s  w e r e  a p p a r e n t .

F u r t h e r  i n f o r m a t i o n  was p r o v i d e d  by th e  t h i n  f o i l  e x p e r i m e n t  

w h er e  a s p e c t r u m  s i m i l a r  to  t h a t  o b t a i n e d  w i t h  t h e  p a r a b o l o i d  was  

s e e n  in  t h e  forw ard  d i r e c t i o n ,  w h i l s t  o n l y  a red component  was  

s i m u l t a n e o u s l y  o b s e r v e d  in  t h e  b a c k s e a t t e r e d  d i r e c t i o n .  By v i r t u e  

o f  t h e  f a c t  t h a t  b o t h  d e f i n i t e  red and b l u e  p ea k s  a r e  s e e n  from 

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

i n c i d e n t  p h o t o n  and p la sm o n  i s  u n l i k e l y ,  s i n c e  t h i s  o n l y  

g e n e r a t e s  a red  s h i f t e d  p e a k .  For t h e  r e c o m b i n a t i o n  o f  a pla sm on  

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

b o t h  re d  and b l u e  c o m po n en ts  a r e  g e n e r a t e d ,  b ut  t h e  sp e c t r u m  

p r e d i c t e d  from t h e  t h e o r y  i s  a s y m m e tr i c  ab out  7093A,  w i t h  a

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

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

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

p h o t o n ,  t h e n  t h e  w h o l e  s p e c t r u m  w i l l  be red s h i f t e d  by an amount 

e q u a l  t o  ~ 8 . 0 A ,  f o r  Z - 9 . 6 ,  and Tg-2keV.  T h i s  must be  b a l a n c e d  

a g a i n s t  t h e  D o p p le r  s h i f t  due  t o  t h e  q u a r t e r  c r i t i c a l  e x p a n s i o n

o f  ~ 4 . 0 A .  A more im p o r t a n t  f a c t o r  h o w ev e r ,  i s  t h a t  t h e  peak  o f

t h e  b l u e  wimg,  w h i c h  t r a v e l s  t o  th e  9 / 4  n̂  ̂ s u r f a c e  and r e t u r n s ,  

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

a n g l e ,  s i n c e  a s  shown in  F i g . 5 . 3 . 1 . a ,  th e  55 forward  s c a t t e r i n g  

a n g l e  r e t u r n s  j u s t  o u t s i d e  t h e  f / l  l e n s  a n g l e ,  ( 2 ,  a r c t a n  0 . 5  ) .  

A l s o  t h e  r e c o m b i n i n g  p la s m o n s  w i t h  t h e  h i g h e s t  v a l u e s  o f  th e  k 

v e c t o r  ( b l u e  s h i f t e d )  w i l l  e x p e r i e n c e  g r e a t e r  Landau damping,  and
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t h i s  i n  t u r n  w i l l  r e d u c e  t h e  b l u e  peak  s h i f t ,  a s  in  F i g . 5 . 3 . 1 . b .  

Hence  t h e s e  two sch em es  o f f e r  good a g re em e n t  w i t h  t h e  

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

peak  o c c u r i n g  a t  55 t o  t h e  i n c i d e n t  k v e c t o r  i s  c o l l e c t e d  by t h e  

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

by t h e  3 / 2  wave in  t r a v e l l i n g  t o  t h e  9 / 4  n̂  ̂ s u r f a c e  and back  

may be made From a f i g u r e  f o r  t h i s  a b s o r p t i o n ,  a v a l u e  f o r  

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

from e q u a t i o n  2 . 2 . 1 4 .  f o r  a wave  t r a v e l l i n g  from l / 9 t h  c r i t i c a l  

and b a c k )  ^5 o- ^  Vo ^  n&r

= 1 - exp ( -  2.132 L„V<., )

Ired c

E x p e r i m e n t a l l y  d e t e r m i n e d  v a l u e s  o f  t h e  r a t i o  o f  b l u e  w ing

i n t e n s i t y  t o  red w in g  i n t e n s i t y  a r e ,  a f t e r  f i l m  c a l i b r a t i o n ,

b e t w e e n  0 . 3 2  and 0 . 6 0 ,  s o  t h a t  i n s e r t i n g  a r e a l i s t i c  v a l u e  o f  th e

12 1
c o l l i s i o n  f r e q u e n c y  o f  5 . 1 0  s , a ra n g e  o f  s c a l e l e n g t h s  b e t w e en  

10pm and 25pm i s  p r e d i c t e d , e x t r e m e l y  w e l l  w i t h  t h o s e  o b t a i n e d  

from i n t e r f e r o m e t r i c  e x p e r i m e n t s  and from com puter  c o d e s ,  a s  in  

C h a p t e r  7 ,  t h e s e  g i v i n g  a v a l u e  - 1 3 . 5pm.

W ith  t h e  s p e c t r a  o b t a i n e d  by u s e  o f  t h e  p a r a b o l o i d ,  two 

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

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

r e s p e c t  t o  t h e  l a t t e r ,  t h i s  meant  t h a t  t h e  p e a k s  o f  b o t h  t h e  red  

and b l u e  c o m p o n e n t s ,  a s  p r e v i o u s l y  s e e n ,  now f a l l  w e l l  o u t s i d e  

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

l a c k  o f  two d e f i n i t e  p e a k s ,  a s  o b s e r v e d  w i t h  f / l  o p t i c s ,  s i n c e
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t h e  h a l f  a n g l e  s u b t e n d e d  by t h e  p a r a b o l o i d  was o n l y  8 . 1  a s  

o p p o s e d  t o  2 6 . 6  p r e v i o u s l y .  As t h e  red peak  f o r  e i t h e r  t h e  

s p e c u l a r l y  r e f l e c t e d  o r  B r i l l o u i n  s c a t t e r e d  p h o t o n  and p lasm on  

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

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

q u a r t e r  c r i t i c a l  from t h e  s p e c t r a l  s h i f t  ( r e d  peak  -  7 0 9 3 A ) .  As 

t h e  B r i l l o u i n  and D o p p le r  s h i f t s  a r e  s m a l l  and o p p o s i n g ,  t h e y  a r e  

i g n o r e d  f o r  t h i s  e s t i m a t e .  T y p i c a l l y ,  SX from t h e  red peak  to  

3/2Ci)p i s  62A,  and a s  6 X = +  1 9 . 1  T̂  A, w h er e  T̂  i s  in  keV, t h i s  

e l e c t r o n  t e m p e r a t u r e  i s  a p p r o x i m a t e l y  3 . 2  keV.  T h i s  v a l u e  i s  h i g h  

w i t h  r e s p e c t  t o  d a t a  g a t h e r e d  from t h e  th erm al  e l e c t r o n  

t e m p e r a t u r e  d e t e r m i n e d  by t h e  X - r a y  a b s o r b e r  f o i l  method,  and 

a l s o  t h a t  d e t e r m i n e d  by com pute r  s i m u l a t i o n .  T h e s e  o t h e r  v a l u e s  

a r e  ^ 0 . 8  keV,  but  i f  t h e  t e m p e r a t u r e  d e t e r m i n e d  from t h e  3 / 2  

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

t e m p e r a t u r e  d i s t r i b u t i o n  i s  i n c l u d e d ,  o f  t y p i c a l l y  10 keV.

R e t u r n i n g  t o  d a t a  on t h e  3 / 2 U|jspectrum a s  p r o v i d e d  by t h e  t h i n  

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

b a c k s e a t t e r e d  d i r e c t i o n  g i v e s  e v i d e n c e  f o r  forward  s c a t t e r i n g  o f  

any b l u e  w i n g ,  and i t s  a p p e a r a n c e  in  t h e  s p e c t r a  from m a s s i v e  

t a r g e t s  by v i r t u e  o f  r e f l e c t i o n  a t  9 / 4  n̂  ̂ . However,  t h e  b l u e

component  in  t h e  forward  s c a t t e r e d  d i r e c t i o n  i s  m a r g i n a l l y  more 

i n t e n s e  th a n  t h e  r e d .  So from t h e  e x p e r i m e n t s  on m a s s i v e  t a r g e t s ,  

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

and p la s m o n  r e c o m b i n a t i o n  a s  t h e  dominan t  sch em e,  when o b s e r v e d  

in  b a c k s c a t t e r .  T h i s  scheme i s  in  p r e f e r e n c e  t o  SBS p ho to n  and
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p la s m o n  r e c o m b i n a t i o n  s i n c e  t h e  s h o r t  l a s e r  p u l s e  u s e d  ( lOOps) on 

e v e r y  s h o t  was  n o t  o f  s u f f i c i e n t  d u r a t i o n  to  e n a b l e  long  

s c a l e l e n g t h s  t o  be p r o d u c e d ,  and a s  t h e  g a i n  f o r  SBS i s  

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

w e r e  n o t  c o n d u c i v e  t o  SBS. For t h e  t h i n  f o i l  e x p e r i m e n t s ,  t h e  

f o i l  became u n d e r d e n s e  r a p i d l y ,  s o  t h a t  n o t  o n l y  d o e s  t h e  9 / 4  n̂  ̂

s u r f a c e  c e a s e  t o  e x i s t ,  but  a l s o  t h e  n^r s u r f a c e ,  and i f  th e  

l a t t e r  i s  n o n - e x i s t e n t ,  t h e n  s p e c u l a r l y  r e f l e c t e d  or  B r i l l o u i n  

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

c r i t e r i o n  t h a t  two p la sm on  d e c a y  can  t a k e  p l a c e  a t  d e n s i t i e s  l e s s  

th an  a q u a r t e r  c r i t i c a l ,  i n d i c a t e s  t h a t  e i t h e r  i n c i d e n t  

p h o t o n / p l a s m o n  o r  3 p la sm o n  r e c o m b i n a t i o n  i s  r e s p o n s i b l e  f o r  th e  

o b s e r v e d  3 / 2 l i g h t .  S i n c e  b o t h  o f  t h e s e  sch em es  h a v e  s i m i l a r  

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

w h i c h  m ech a n ism  i s  d o m i n a n t .  B o th  can  e x p l a i n  t h e  o b s e r v e d  3/2U)p 

s p e c t r a  from t h e  f o i l  t a r g e t s ,  s i n c e  t h e  f / l  l e n s  in  t h e  forward  

d i r e c t i o n  ca n  c o l l e c t  b l u e  and red co m p o n en ts ,  w h i l s t  th e  

b a c k s e a t t e r e d  l e n s  can  c o l l e c t  o n l y  r e d .  From c o n s i d e r a t i o n s  o f  

e a s e  o f  m a t c h i n g  c o n d i t i o n s ,  t h e  3 p la sm o n  r e c o m b i n a t i o n  i s  

c o n s i d e r e d  t h e  more p r o b a b l e .

The s i d e —on p h o t o g r a p h s  o f  t h e  l o c a l i s e d  n a t u r e  o f  3 / 2 Wo 

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

t o  o c c u r  in  d i s c r e t e  ' b u r s t s ' , e a c h  l o c a l i s e d  in s p a c e  but  n o t  in  

w a v e l e n g t h .  As shown e a r l i e r ,  s i n c e  t h e s e  b u r s t s  a r e  n o t  

' s m e a r e d - o u t ' in  s p a c e ,  t h e y  must be  o c c u r i n g  on t i m e s c a l e s  much 

l e s s  t h a n  t h e  l a s e r  p u l s e  d u r a t i o n ,  and t h i s  d e d u c t i o n  was l a t e r
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c o n f i r m e d  w i t h  t h e  t i m e  r e s o l v e d  wo rk .  T ak in g  t h i s  i n f o r m a t i o n ,

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

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

on i s  p r o d u c e d  by t h e  two p la sm on  d e c a y ,  in  s m a l l  l o c a l i s e d

b u r s t s  w i t h i n  t h e  p la s m a  co r o n a ;  3 / 2  l i g h t  i s  s i m i l a r  to  t h a t

o f  t h e  2 U)q l i g h t ,  and a g a i n  t h e  a s s u m p t i o n  i s  made t h a t  th e

p a r a m e t r i c a l l y  e x c i t e d  p la sm a  w a v e s  w i t h  t h e  maximum grow th  r a t e

grow u n t i l  d e t u n i n g  l i m i t s  any f u r t h e r  g r o w t h .  As r e c o r d e d

e a r l i e r ,  t h e  a p p r o x i m a t e  maximum g r o w th  r a t e  f o r  t h e  two plasmon

d e c a y  i s  c , so  t h a t  w i t h i n  t h e  t im e  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 / s t r e a k  camera s y s t e m ,  an i n c r e a s e  in  t h e  p la sm a wave

a m p l i t u d e  o f  e^ , o r  e f f e c t i v e l y  i n f i n i t e ,  i s  p o s s i b l e .  These

w a v e s  t h e n  Landau damp, and in  d o i n g  s o  p r o d u c e  f a s t  e l e c t r o n s .

T h e s e  e l e c t r o n s  in  t u r n  g i v e  r i s e  t o  Landau damping a t  l a r g e r

p h a s e  v e l o c i t i e s  ( s m a l l e r  kX^) w h ic h  w i l l  e f f e c t i v e l y  i n c r e a s e

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

t h e  t i m e  t a k e n  f o r  t h e  l a s e r  p u l s e  l e a d i n g  e d g e  t o  i n c r e a s e  in
4

power b eyond  t h e  new t h r e s h o l d .  S p e c t r a l l y ,  Lee and Kaw h ave  

shown t h a t  f o r  two p la sm on  d e c a y ,  a l i m i t  e x i s t s  f o r  t h e  maximum 

d e t u n i n g ,  w h i c h  in  term s  o f  t h e  d i f f e r e n c e  in  f r e q u e n c y  b e tw e en  

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

6 w  = I s i n  2 0  
Wp« c

w h e r e ©  i s  t h e  a n g l e  b e t w e e n  t h e  i n c i d e n t  l a s e r  wave v e c t o r  and
o

t h e  p la s m a  wav e v e c t o r .  T h i s  h a s  a maximum when Q =  4 5 ,  and
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6 w  ‘  ^  f T
Ü) C

16 2 *
s o  t h a t  a t  10 W. cm , a maximum o f  140A red peak  t o  b l u e  peak  i s

p r e d i c t e d ,  w h i c h  a g r e e s  w i t h  t h e  p r e v i o u s  t h e o r y  o f  p la sm on  and

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

and w i t h  t h e  t im e  i n t e g r a t e d  s p e c t r a  frm m a s s i v e  t a r g e t s .

How ev er,  i f  t h e  a n g l e  o f  p r o p a g a t i o n  o f  t h e  p la s m o n s  s h o u l d

ch a n g e  a s  a f u n c t i o n  o f  t i m e ,  th en  t h e  s e p a r a t i o n  o f  t h e s e  p ea k s

w i l l  d e c r e a s e  a l s o .

The e x p e r i m e n t a l  o b s e r v a t i o n  t h a t  t h e s e  two p e a k s  do d e c r e a s e  

in  s e p a r a t i o n  w i t h  a d v a n c i n g  t i m e  g i v e s  e v i d e n c e  f o r  a mechanism  

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

optimum. T h i s  may be e x p l a i n e d  by t h e  a p p e a r a n c e  o f  p e r t u r b a t i o n  

in  t h e  d e n s i t y  p r o f i l e ,  s o  t h a t  due t o  a d e n s i t y  d e p r e s s i o n  

( c a v i t o n )  n e a r  n^  ̂ , t h e  p la s m o n s  a r e  f o r c e d  to  p r o p a g a t e  n e a r e r

O O
t o  90 t h a n  4 5  , due t o  wave m a t c h in g  c r i t e r i a .  E v i d e n c e  f o r

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

t a r g e t s ,  a t  s i m i l a r  l a s e r  i n t e n s i t i e s .  From t h e  t i m e  r e s o l v e d  

3 / 2  CjÜq s p e c t r u m  o f  F i g . 6 . 5 . 1 . a ,  a d e c r e a s e  o f  peak  t o  peak  s p r e a d  

from 174A t o  112A in  ~ 3 1 p s  i n d i c a t e s  a ch a n g e  b e t w e e n  t h e
o

p l a s m o n / i n c i d e n t  p h o t o n  wave v e c t o r s  o f ^ 3 3  . The t i m e s c a l e  on  

w h i c h  t h i s  c h a n g e  o c c u r s  i s  in  a g re e m e nt  w i t h  th e  d e n s i t y  p r o f i l e  

m e a s u r e m e n t s  ( r e f .  7 ) a t  d i f f e r e n t  t i m e s  d u r i n g  t h e  l a s e r  p u l s e

w h i c h  i n d i c a t e  c a v i t o n  f o r m a t i o n  to  be  a c h i e v e d  w i t h i n  5 0 p s .
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—  C h a p t e r  7 —

Num e r i c a l  s t u d i e s  o f  th e  p l a s ma c o r o n a .

7 . 1  The hydrodynam ic m o t io n  o f  th e  plasma h as  been  m o d e l l e d

n u m e r i c a l l y  by u s e  o f  a p u b l i s h e d  computer  c o d e ,  in  o r d e r  to  

o b t a i n  e x p a n s i o n  v e l o c i t i e s  o f  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 .  D e n s i t y  p r o f i l e s  and t h e i r  v a r i a t i o n  d u r i n g  th e  l a s e r  

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

o p t i c a l  r a y s  in  t h e s e  r e g i o n s  have th en  been  d e t e r m i n e d  by th e  

d e v e l o p m e n t  o f  a r a y - t r a c e  c o d e ,  'TRACE'.

7 . 1 . 2  The a p p l i c a t i o n  o f  a computer  c o d e .

The l a r g e s t  n u m e r i c a l  model u sed  in t h e s e  s t u d i e s  was the

o n e - d i m e n s i o n a l ,  two f l u i d  L a g ra n g ia n  computer  code MEDUSA,

d e s c r i b e d  in  d e t a i l  in  r e f s .  1 - 3 .  T h i s  has  been  s u b s t a n t i a l l y

m o d i f i e d  s i n c e  i t s  o r i g i n a l  form t o  ta k e  a c c o u n t  o f  f a c t o r s  such

a s  f a s t  ( s u p r a t h e r m a l )  e l e c t r o n  t r a n s p o r t  and a l s o  p o n d er o m o t iv e  
4

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

co d e  was u s e d  a l m o s t  e n t i r e l y  to  s i m u l a t e  th e  e v o l u t i o n  o f  the

c o r o n a l  d e n s i t y  p r o f i l e ,  and h e n c e  v a r i o u s  p o i n t s  on th e  p r o f i l e ,  

t h e  v a r i a b l e  p a r a m e t e r s  o f  t h e  code being summarised under t h r e e  

c a t e g o r i e s ;  l a s e r  inp u t  p u l s e ,  t a r g e t  c o n f i g u r a t i o n ,  and the  

c o n s t r a i n t s  on p lasm a t r a n s p o r t  phenomena.  B e in g  a

o n e - d i m e n s i o n a l  c o d e ,  MEDUSA c o u l d  be u sed  w i t h  e i t h e r  p l a n a r ,  

c y l i n d r i c a l ,  o r  s p h e r i c a l  g e o m e t r i c  s y s t e m s .  However,  i t  has  been  

shown by Morse^ t h a t  when u s i n g  a o n e - d i m e n s i o n a l  co d e ,  the  

d i f f e r e n c e s  in  p lasm a p a r a m e t e r s  g e n e r a t e d  u s i n g  p la n a r  and

s p h e r i c a l  g eo m e t r y  i s  n e g l i g i b l e  a t  d i s t a n c e s  from th e  c e n t r e  of  

symmetry g r e a t e r  than t w i c e  th e  f o c a l  s p o t  r a d i u s .  Hence

13'



s p h e r i c a l  g eo m etr y  was used  in a l l  ru n s ,  i n c l u d i n g  t h o s e  for  

p l a n a r  t a r g e t s .  With regard  to  e n e r g y  a b s o r p t i o n ,  MEDUSA u s e s  

i n v e r s e  b r e m s s t r a h l u n g  a b s o r p t i o n  up to  th e  c r i t i c a l  s u r f a c e ,  at  

w hich  r e s o n a n t  and anomalous  a b s o r p t i o n  e f f e c t s  a r e  s i m u l a t e d  by 

d e p o s i t i n g  a p r e s c r i b e d  f r a c t i o n  o f  th e  r e m a in in g  e n e r g y  t h e r e .  

A nother  v a r i a b l e  e n a b l e s  a f r a c t i o n  o f  th e  ab s o rb ed  en e r g y  to  be 

r e l e a s e d  in a s u p r a th erm a l  e l e c t r o n  d i s t r i b u t i o n  w i t h  a mean 

t e m p e r a t u r e  n t i m e s  t h a t  o f  th e  thermal  d i s t r i b u t i o n .  In a l l  

c a s e s  h e r e  th e  s u p r a th erm a l  t e m p e r a t u r e  was 9 t im e s  th e  thermal  

t e m p e r a t u r e .  E l e c t r o n  thermal  c o n d u c t i o n  as  t h e  en e r g y  t r a n s p o r t  

mechanism ob ey ed  F o u r i e r ' s  law u n t i l  t h e  n e t  f l u x  a c r o s s  an 

i n t e r f a c e  e q u a l l e d  a p r e s e t  f r a c t i o n  o f  th e  f l u x  l i m i t  on th e  

f r e e - s t r e a m i n g  l i m i t ,  i . e .  u n t i l

Q a - K g V T g  ( = thermal  c o n d u c t i v i t y ,  e . g .  S p i t z e r . )

had a l i m i t  o f  » a n̂  v^k^
4

w here a was t h e  f l u x  l i m i t i n g  p a r a m e t e r .

A l s o  in  MEDUSA was a means f o r  d e t e r m i n i n g  th e  r a t e  o f  e n er g y  

r e l e a s e  i f  f u s i o n a b l e  t a r g e t  m a t e r i a l s  w ere  u s e d .  N e u tr o n s  

g e n e r a t e d  f r o n  th e r m o n u c le a r  r e a c t i o n s  w ere  ta ken  to  be a mass  

and momentum l o s s  from t h e  s y s t e m ,  a s  w e l l  a s  was normal  

b r e m s s t r a h l u n g . F u r t h e r  d e t a i l s  on th e  o r i g i n a l  code a re  

c o n t a i n e d  in  r e f e r e n c e s  1 - 3 .

7 . 2  C r i t i c a l  s u r f a c e  m o t io n .

M o t i v a t i o n  f o r  s t u d y i n g  th e  m o t io n  o f  th e  c r i t i c a l  s u r f a c e  was
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p r o v i d e d  by t h e  need  to  a s c e r t a i n  th e  e f f e c t  o f  t h i s  m o t io n  on

t h e  s e c o n d  harmonic  s p e c tru m .  A l s o  th e  r e s u l t s  w ere  r e l e v a n t  to

d i r e c t l y  r e f l e c t e d  and s c a t t e r e d  l a s e r  l i g h t ,  a t  (D̂ . With re g a rd

t o  c r i t i c a l  s u r f a c e  m o t io n ,  s e v e r a l  m ode ls  have been  p r o p o s e d  to

e v a l u a t e  m o t io n  o f  th e  plasm a ' f l u i d ' ,  and to  o b t a i n  e x p r e s s i o n s

f o r  t h e  e l e c t r o n / i o n  t e m p e r a t u r e  and d e n s i t y  away from th e

t a r g e t .  However,  most  o f  t h e s e  m o d e ls  a r e  s t e a d y  s t a t e ,  w h er ea s

in t h e  e x p e r i m e n t s ,  th e  l a s e r  p u l s e ,  b e i n g  G a u s s i a n  w i t h  a lOOps

FWHM, meant t h a t  t h e  r a t e  o f  ch an ge o f  i r r a d i a n c e  was e x t r e m e l y

h i g h .  At t h e  o t h e r  e x t r e m e ,  a model to  s i m u l a t e  p i c o s e c o n d  p u l s e

i n t e r a c t i o n ,  su ch  t h a t  t h e r e  i s  no t ime fo r  any hydrodynamic

12 13e x p a n s i o n  t o  o c c u r , '  or  s t e a d y  s t a t e  to  be e s t a b l i s h e d ,  i s  a l s o  

i n a p p r o p i a t e . I n deed ,  a t  h i g h  i r r a d i a n c e s ,  g e n e r a l i s a t i o n s  a r e  

few,  and s i m u l a t i o n  o f  a b s o r p t i o n  due to  anomalous  mechanisms  

e x t r e m e l y  d i f f i c u l t .  Hence th e  u s e  o f  a computer  c o d e ,  but fo r  

o r d e r  o f  m a g n i t u d e  c a l c u l a t i o n s ,  a s i m p l e  hydrodynamic model was  

s u f f i c i e n t ,  s i n c e  t h e  e x p e c t e d  D op p le r  s h i f t s  due to  c r i t i c a l  

s u r f a c e  m o t io n  w e r e  sm a l l  compared w i t h  s p e c t r a l  w i d t h s .  T h i s  

c o u l d  e n a b l e  a s i m p l e  o v e r a l l  v i e w  o f  th e  hydrodynamic b l o w - o f f  

to  be o b t a i n e d ,  and p e r m i t  t r e n d s  o f  th e  e f f e c t  o f  l a s e r  

i r r a d i a n c e  and t r a n s p o r t  phenomena on t h i s  a b l a t i o n  to  be made,  

and t h i s  model  f o l l o w s .

In one d i m e n s i o n ,  under i s o t h e r m a l  c o n d i t i o n s  w i t h  equal  

e l e c t r o n  and ion  t e m p e r a t u r e s ,  t h e  e q u a t i o n s  o f  m o t io n  and

. .  . .  14c o n t i n u i t y  a r e :
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^ i ^ l A  v_d_ V = - 2  kg Tg ^  7 . 2 . 1
,dt dz / dz

dn + d(nv) = 0
dT ï ï i ~

wh er e = i o n i c  mass .

H er e ,  z i s  t h e  d i s t a n c e  from th e  s u r f a c e  o f  a b l a t i o n ,  wh ich  has

e s s e n t i a l l y  z e r o  v e l o c i t y ,  and c l e a r l y  has  an i n i t i a l  v a l u e

c o r r e s p o n d i n g  to  t h e  t a r g e t  r a d i u s ,  but  moves f r a c t i o n a l l y

inw ards d u r i n g  t h e  l a s e r  p u l s e .  The s o l u t i o n  o f  7 . 2 . 1  and 7 . 2 . 2  

g i v e s  :

Ug = n̂  exp z 7 . 2 . 3

v ( t )  c, + 7 . 2 . 4
t

where q i s  t h e  i s o t h e r m a l  sound sp eed  and * j 2 k, ^

The mass f l o w  from t h e  a b l a t i o n  s u r f a c e  , dm » m̂ ĉ  n  ̂ , where n ^ i s
d f

th e  i n i t i a l  s o l i d  p a r t i c l e  d e n s i t y ,  and t h e  k i n e t i c  p r e s s u r e  at  

t h i s  s u r f a c e  i s  eq u a l  t o  2 n^k^T^» p̂ .

The i n i t i a l  mass  o f  t h e  t a r g e t  ( p e r  u n i t  a r e a )  a s  a f u n c t i o n  of  

t i m e  i s  t h en

m ( t )  ■ -  d m . t , wher e % i s  t h e  i n i t i a l  mass o f  the
d f

t a r g e t ,  and t h i s  may be u s e d  to  o b t a i n  th e  e q u a t i o n  o f  mot io n  o f  

th e  a b l a t i o n  r e g i o n .
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E v a l u a t i o n  o f  th e  i n t e g r a l  a f t e r  th e  i n i t i a l  c o n d i t i o n  t= 0,  

g i v e s  :

d z = v (  t ) = Cj In iTip
EïFl

v ( l )  = c. In I  1 \  7 . 2 , 5
dm t 

1 -  Ï Ï T

T h i s  e x p r e s s i o n  shows t h e  a b l a t i o n  v e l o c i t y  to  i n c r e a s e  w i t h  

t i m e ,  a s s u m in g  a r e l a t i v e l y  c o n s t a n t  a b l a t i o n  r a t e ;  and a l s o  t h a t  

th e  e x p a n s i o n  v e l o c i t y  w i l l  be g r e a t e r  than t h e  ion  sound speed  

i f

dm t > 63% o f  m
dT~

I t  i s  a l s o  a p p a r e n t  t h a t  from t h i s  s i m p l e  a n a l y s i s  th e  d e n s i t y

s c a l e l e n g t h  w i l l  i n c r e a s e  w i t h  t i m e ,  a s  = Cj t

where

L.

A lOOps l a s e r  p u l s e  o f  c o n s t a n t  i r r a d i a n c e  p ro d u c e s  a d e n s i t y  

s c a l e l e n g t h  o f  20pm f o r  a t y p i c a l  ion sound sp eed  o f  2 . 1 0  m/s .  

T h i s  v a l u e  i s  in  e x c e p t i o n a l l y  good a gre em ent  w i t h  th a t  

e x p e r i m e n t a l l y  d e t e r m i n e d  on s i m i l a r  t a r g e t s  a t  s i m i l a r
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16-1Ô
i r r a d i a n c e s  by s e v e r a l  a u t h o r s

MEDUSA was now u s e d  to  s i m u l a t e  th e  c r i t i c a l  s u r f a c e  m o t io n .

a f t e r  t h e  p r e v i o u s  e m p i r i c a l  model had e s t i m a t e d  th e  o r d e r  o f

e x p e c t e d  e x p a n s i o n  v e l o c i t i e s  and s c a l e l e n g t h s .  To do t h i s ,  a

s u b r o u t i n e  was i n c o r p o r a t e d  w h ich  on ea ch  t i m e s t e p  l o c a t e d  the

mesh p o i n t  f u r t h e s t  from t h e  c o r e  and s e q u e n t i a l l y  moved inwards

by a mesh p o i n t  a t  a t ime u n t i l  one was l o c a t e d  c o r r e s p o n d i n g  to

a d e n s i t y  g r e a t e r  than c r i t i c a l .  L i n e a r  i n t e r p o l a t i o n  b e tw een

t h i s  one and t h e  p r e v i o u s  one was u s e d  to  g i v e  a p o s i t i o n  fo r  the

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

r e p r o d u c e d  t h i s  p o s i t i o n  a s  a f u n c t i o n  o f  t im e .  The r a d i i  fo r

f o u r  d i f f e r e n t  v a l u e s  o f  th e  peak  l a s e r  i r r a d i a n c e  a r e  shown in

F i g . 7 . 2 . 1  f o r  a g l a s s  m i c r o b a l l o o n  t a r g e t ;  t h e  p u l s e  shape o f

lOOps FWHM G a u s s i a n  c o r r e s p o n d i n g  to  t h a t  u s e d  in  e x p e r i m e n t s .

A l t h o u g h  f o r  s p h e r i c a l  g eo m etr y  t h e  f l u x e s  a r e  q u o t e d  in  W .sr ,  an

e x p e r i m e n t a l l y  d e t e r m i n e d  v a l u e  o f  30pm f o r  th e  f o c a l  s p o t

d i a m e t e r  o f  t h e  S o r o  l e n s  g i v e s  a c o n v e r s i o n  f a c t o r  o f  1 .41 10 to

i r r a d i a n c e  i n t o  W./cm . The o t h e r  v a r i a b l e  p a r a m e t e r s  o f  thermal

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

e l e c t r o n s  w e re  s e t  a t  3% and 90% r e s p e c t i v e l y ;  t h e s e  v a l u e s
15,19

c o r r e s p o n d i n g  most  c l o s e l y  w i t h  d a t a  from p u b l i s h e d  e x p e r i m e n t s .  

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

mean e x p a n s i o n  v e l o c i t i e s ,  and th e  g r e a t e r  th e  maximum e x t e n t  o f  

t h e  c r i t i c a l  s u r f a c e  b e f o r e  i t  becomes u n d e r d e n s e ,  and moves 

inw a rd s .  The t i m e  t=0  c o r r e s p o n d s  to  th e  p o i n t  on th e  l e a d i n g  

e d g e  o f  t h e  G a u s s i a n  l a s e r  p u l s e  where th e  power i s  e^ o f  the
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peak power and h e n c e  th e  peak o c c u r s  when t = 1 7 8 p s .  The range o f  

t h e s e  mean c r i t i c a l  s u r f a c e  e x p a n s i o n  v e l o c i t i e s  i s  between  5 , 5 8  

10^ m/s  and 2 . 2 3  10^m / s ,  f o r  a range o f  1 .4  10^ to  7 .  10 W.cm^ in 

l a s e r  i r r a d i a n c e .  T hese  v e l o c i t i e s  c o r r e s p o n d  to  D opple r  b l u e  

s h i f t s  o f  th e  20)^ b a c k s e a t  t e r e d  l i g h t  b e tw e en  1.0 and 3.9 Â, w h ich  

a g r e e  w e l l  w i t h  t h e  e x p a n s i o n  v e l o c i t i e s  o b t a i n e d  from th e  2 

s i d e  - o n  t i m e  i n t e g r a t e d  p h o t o g r a p h s .

With regard to the in f lu en ce  on the expansion v e l o c i t i e s  due to 

the plasma transport phenomena, again no one publ ished  model is  

s u f f i c i e n t  to g iv e  a complete p ic tu r e  of  the v e l o c i t y  dependence 

upon thermal f lux  l im it  or the proport ion of  the f lux  transported  

by f a s t  (suprathermal)  e l e c t r o n s .  However, with  the fa s t  e l e c t r o n  

component remaining a constant  f r a c t i o n  of  absorbed energy,  i t  

was assumed that a d ecrease  in the thermal f lux  l im i t  would 

reduce the mass a b la t io n  ra te  from the targe t  and hence the 

expansion v e l o c i t y .  MEDUSA s im u la t ion s  of  expansion as before ,  

for four d i f f e r e n t  , v a lu es  of  the thermal f lux  l im i t  as  

percentages  o f  the f ree -s tream ing  l im i t  appear in F i g , 7 , 2 . 2 ,  and 

show t h i s  g e n e r a l i s a t i o n  to be correct  The range of  expansion  

v e l o c i t i e s  are between 1,38  and 0 .7 2 .  lO^m/s for a 75% to 3% 

d i f f e r e n c e  in f lu x  l i m i t ,  which corresponds to  a range o f  1 ,2  A 

in the Doppler s h i f t .  This v a r i a t i o n  i s  small compared with  that  

due to  the change in i r rad ian ces .

S im i l a r ly  the s e t  o f  expansion s im u la t io n s  w i th  v a r i a t i o n  in  

the f a s t  e l e c t r o n  f r a c t i o n  a l s o  a f f e c t e d  the b low -o f f  and hence  

c r i t i c a l  su r face  v e l o c i t y ,  but to a l im i ted  e x t e n t .  An increase
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in f a s t  e l e c t r o n  f lux  w i l l  c e r t a i n l y  increase  the a b la t io n  rate ,

but only  i f  the mean free  path of the fa s t  e l e c t r o n s  i s  l e s s  than

the core diameter .  This c r i t e r i o n  i s  a l s o  v a l id  for n e g le c t in g

the core preheat due to fa s t  e l e c t r o n s .  as Morse and
21N ie l so n  p r e d ic t  from th e ir  model, which a l s o  shows that the f lux  

in the p e l l e t  core must be l e s s  than 1% of the la ser  f lux  at  the 

c r i t i c a l  su r face  for n e g l i g i b l e  preheat.  So an expected increase  

in expansion v e l o c i t y  with  increase  in fa s t  e l e c t r o n  fr a c t io n  is  

l im i ted  by the assumption that only a l im ited  proportion of the 

energy may be r e s p o n s ib le  for mass a b la t io n ,  s in ce  MEDUSA a l s o  

has a suprathermal d i s t r i b u t i o n  with  a mean of 9 t imes the 

temperature of  the thermal Maxwell ian d i s t r i b u t i o n .  Curves 

showing c r i t i c a l  su r face  expansions  for three va lues  of the fas t  

e l e c t r o n  energy f r a c t i o n  are shown in F i g . 7 . 2 . 3  and do show the 

trend of the larger  fa s t  e l e c t r o n  component corresponding to a 

larger  peak c r i t i c a l  surface  e x te n t ,  and hence the mean v e l o c i t y .

In summary, modell ing  of  the c r i t i c a l  surface  motion us ing  a 

publ ished computer code,  modified to fo l l o w  a p a r t i c u l a r  d e n s i t y ,  

g iv e s  va lu es  of  expansion v e l o c i t y  in good agreement with  

experiment,  w i th in  the l i m i t s  of accuracy of  determining  

experimental  parameters from shot to shot

7 . 3  Q u a r t e r - c r i t i c a l  surface  motion.

Having performed s im u la t ion s  on the expansion of  the c r i t i c a l  

surface  and the ro le  of var ious  parameters, i t  was a l s o  of  

importance to do l ik e w ise  with  the quarter c r i t i c a l  surface ,
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s i n c e  t h i s  a f f e c t e d  s h i f t s  on the  t h r e e - h a l v e s  harmoni c  e m i s s i o n .  

S i n c e  i t  i s  t h e  mean e x p a n s i o n  v e l o c i t y  o f  t h i s  d e n s i t y  whi ch  i s  

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

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

r e l a t i o n s h i p ,  s i n c e  from e q u a t i o n  7 . 2 . 5 :

exp -  _z_

s o  t h a t  f o r  an e x p a n d i n g  d e n s i t y  p r o f i l e ;

In

= 1 . 39  Cj t = 1 . 3 9

To v e r i f y  t h a t  t h e  d i s t a n c e  be t we e n  the  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  i n c r e a s e s  w i t h  t i me  and i o n - s o u n d  s p e e d ,  and

t h e  d i f f e r e n c e  b e t we e n  t h e  mean c r i t i c a l  and q u a r t e r  c r i t i c a l

v e l o c i t i e s  t o  remai n  c o n s t a n t ,  s e v e r a l  i d e n t i c a l  MEDUSA runs  were

p e r f o r me d .  The r e s u l t s  o f  a s e r i e s  o f  t h e s e  two runs  a r e  shown in

F i g . 7 . 3 . 1 ,  wher e  o n l y  t he  l a s e r  i r r a d i a n c e  was v a r i e d .  Thes e

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

d i f f e r e n c e  b e t we e n  t h 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  i s

a p p r o x i m a t e l y  c o r r e c t ,  t he  d i f f e r e n c e  b e i n g  1 . 1 2  10 m/ s .  Hence

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

was r e p e a t e d  f o r  t h e  q u a r t e r  c r i t i c a l  s u r f a c e .  Thes e  g ave  s i m i l a r

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

an o v e r a l l  i n c r e a s e  in t h e  v e l o c i t i e s .  For e x p e r i m e n t s  performed
15 - 2

a t  3 / 2  0), a peak i r r a d i a n c e  o f  7 . 1 0  W.cm upon a m i c r o b a l l o o n
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t a r g e t  w i t h  a 90% f a s t  e l c t r o n  f r a c t i o n  and a 3% thermal  f l u x  

l i m i t  y i e l d e d  a q u a r t e r  c r i t i c a l  e x p a n s i o n  v e l o c i t y  of  

3 3 lO^m/s ,  wh i ch  c o r r e s p o n d s  to a b l u e  s h i f t  o f  7 84 A i f  the  

t h r e e - h a l v e s  harmoni c  s pec t rum i s  v i ewed  in the  backward  

d i r e c t i o n .  T h i s  v a l u e  was used  in the  e a r l i e r  work on 3 / 2 LU
'  Ü

s p e c t r a  to  remove t h e  e f f e c t  o f  the  Doppl er  s h i f t .

7 . 4  D e n s i t y  Pro f i l e s .

V a l u e s  o f  t he  s c a l e l e n g t h  a t  v a r i o u s  t i me s  in the  l a s e r  p u l s e

and t he  e f f e c t  o f  p o n d e r o mo t i v e  f o r c e  were  a l s o  o b t a i n e d  from

MEDUSA. The d e n s i t y  p r o f i l e s  f o r  t h r e e  d i f f e r e n t  t i me s  d u r i n g  the

15 -2
l a s e r  p u l s e ,  w i t h  a peak i r r a d i a n c e  o f  7 . 1 0  W.cm a r e  shown in 

F i g . 7 . 4 . 1  f o r  a t h i n  f o i l  t a r g e t ,  and F i g . 7 . 4 . 2  f or  a 

m i c r o b a l l o o n  t a r g e t .  For the  t h i n  f o i l  e x p e r i m e n t s ,  a knowledge  

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

maximum d e n s i t y  c o n t r o l s  t he  maximum w a v e l e n g t h  f o r  whi ch  the  

pl as ma i s  e f f e c t i v e l y  t r a n s p a r e n t .  C o n v e r s e l y ,  t he  t i me  a t  whi ch  

t he  p l as ma becomes  t r a n s p a r e n t  to  l i g h t  o f  a p a r t i c u l a r  

w a v e l e n g t h  may be o b t a i n e d .  P o n de r o mo t i v e  f o r c e  i s  i n c l u d e d  in 

t he  c o d e  and can be s e e n  to  p r o duc e  some p r o f i l e  m o d i f i c a t i o n  

j u s t  p r i o r  t o  t h e  c r i t i c a l  d e n s i t y ,  in both  F i g s .  7 . 4 . 1  & 7 . 4 . 2 .

In F i g . 7 . 4 . 1 ,  t h e  peak e l e c t r o n  d e n s i t y  f a l l s  b e l o w  9 / 4 n ^  , whi ch  

i s  c r i t i c a l  t o  3/2(4, ,  a s  the  l a s e r  i r r a d i a n c e  r e a c h e s  a maximum. A 

d e n s i t y  c o r r e s p o n d i n g  to  a q u a r t e r  c r i t i c a l  v a n i s h e s  some lOOps 

a f t e r  t h i s .  In t he  i n t e r v a l  b e t we en  t h e s e  two e v e n t s  forward  

s c a t t e r e d  3 / 2  LU l i g h t  i s  o b s e r v a b l e .  A s i m i l a r  a n a l y s i s  f or
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forward s c a t t e r e d  2'oO^light ( f o r  the  t i me  be t we en  a peak d e n s i t y  

o f  4 X n̂  ̂ and n^J g i v e s  a d u r a t i o n  - 7 0 p s .

D i r e c t  c o mp a r i s o n  o f  t he  e f f e c t  o f  the  i n c l u s i o n  and e x c l u s i o n  

o f  p o n d e r o m o t i v e  f o r c e  a ppe a r  in F i g s . 7 . 4 . 2  and 7 . 4 . 3  

r e s p e c t i v e l y ;  b o t h  f o r  a m i c r o b a l l o o n  t a r g e t .  Wi t hout  

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

t he  c r i t i c a l  s u r f a c e  a t  a t i me  n e a r  t he  peak o f  t he  l a s e r  p u l s e  

i s  o b t a i n e d  from F i g . 7 . 4 . 3  as  b e i n g  a p p r o x i m a t e l y  13pm, but  t h i s  

v a l u e  i s  re duce d  to  —1pm a t  a s t e e p e n e d  p o r t i o n  o f  t he  p r o f i l e .  

S i n c e  t h e  c o n c e p t  o f  d e n s i t y  s c a l e l e n g t h  enc o mpa s s e s  many 

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

d e c r e a s i n g  p r o f i l e ,  a s  t he  r a d i a l  d i s t a n c e  in wh i c h  t he  d e n s i t y

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

i . e .  ^

k  - f l  dn. ( r)  
dr

T h i s  i s  i n  c o n t r a s t  t o  t he  work in Ch a p t e r s  2 Sc 3 f o r  a

t h e o r e t i c a l  l i n e a r  d e n s i t y  p r o f i l e  where  i s  t he  d i s t a n c e  f or

t h e  d e n s i t y  t o  v a r y  be t we e n  z e r o  and c r i t i c a l .

7 . 5  R e f r a c t i o n  in R a d i a l l y  Symmetr i c  Pl as ma.

As n o t e d  i n Cha pt er  4 ,  r e f r a c t i o n  by s p h e r i c a l  p l a s ma s  of  

r a d i a l l y  d e c r e a s i n g  d e n s i t y  r e s u l t s  in t he  d i a m e t e r  o f  e m i t t i n g  

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

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

as s umed,  and ray t r a c i n g  per f orme d  to  d e t e r m i n e  the  a c t u a l
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p o s i t i o n  of  the c r i t i c a l  su r face  with  the only  v a r i a b l e  being tbe  

p o s i t i o n  of  that surface;  the underdense p r o f i l e  remaining  

constant  So in t h i s  approach,  an e x p o n e n t ia l l y  d e c r e a s in g  

p r o f i l e  was assumed, and the in corporat ion  of  temporal v a r i a t i o n  

in s c a l e l e n g t h  was not r e a l l y  n e c e s s a r y ,  s in c e  the in t e r v a l  in 

time when the Gaussian la s e r  p u lse  was above the parametric  

th resh o ld ,  and producing copious  2u)^light,  was small.. Hence the  

change in s c a l e l e n g t h  over t h i s  time was ignored,  a mean va ln e  off

13.5pm b e i n g  u s e d  i n  t h e  c o d e .

22Born and Wolf have quoted a theory for r e f r a c t i o n  in layered

media, which i s  a p p l i c a b l e  i f  the o p t i c a l  wavelengths  are  

than the s c a l e l e n g t h s ; i . e .  X << . This geom etr ica l  o p t i c s

approximation makes t h e i r  a n a l y s i s ,  which fol lows, ,  much more 

s imple  due to  i t s  use  in the wave equation..  Maxwe 11 "s eqmiat i e n s  

are  f i r s t  used to determine a genera l  f i e l d  in a non—condmctiirng 

i s o t r o p i c  medium, the f i e l d s  being o f  the form;:

E . ( r . l )  .  B. (r)

JL(X, t )

These f i e l d s  are  more general  than th ose  off a  pllamie wave 

propagat ing  in  a medium o f  r e f r a c t i v e  index •• (Wheire % =*=

p e r m i t t i v i t y  o f  f r e e  space ,  * p e r m e a b i l i ty  off ffree space..)) llrni 

t h i s  c a s e ,  the  r e s p e c t i v e  eq u at ion s  for  a wave propagat ing inn tttoe 

d i r e c t i o n  s p e c i f i e d  by a u n i t  v e c to r  are::
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E = ^  e * K) , H = h
o —o —

where  ^  and a r e  c o n s t a n t  and g e n e r a l l y  compl ex  v e c t o r s .  A 

s p e c i f i c  c a s e  o f  a monochromat i c  e l e c t r i c  d i p o l e  f i e l d  in a 

vacuum,  t he  r e l a t i o n s  a r e :

E^= e e'H)  ̂ , Hy = h e ' \ f

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

These examples suggest  that in reg ions  severa l  wavelengths away 

from the sou rces ,  more general  f i e l d s  of  the form:

Eo“ = h( r ) e ' ^S( r )  -  7 . 5 . 2

are represented ,  where S (r )  i s  a real  s c a la r  funct ion  of  p o s i t i o n  

and i s  known as the o p t i c a l  path,  and e ( r )  and h ( r )  are vec tor  

fu n ct ion s  of  p o s i t i o n .

With ex p r e s s io n s  7 . 5 . 2  as t r i a l  s o l u t i o n s ,  a p p l i c a t i o n  of  

Maxwell 's  equat ions  can lead to a s e t  of r e l a t i o n s  between ê , ^  

and S, and for large k̂  (small  X ) ,  S can s a t i s f y  a d i f f e r e n t i a l  

equat ion  which i s  independent of  the amplitude v e c to r s  e^and_h. 

The three equat ions  of  most use  in t h i s  respect  which are shown 

to a r i s e  from Maxwell 's  equat ions  and vec to r  i d e n t i t i e s  are:

VS X h + Ee = 0— o -

VS X ^  -  i^h = 0 ^ - 7 . 5 . 3

e. .VS = 0 J
The s o l u t i o n  of  the f i r s t  two of these  equat ions  i s  n o n - t r i v i a l  

only i f  the a s s o c ia t e d  determinant van ishes  ( c o n s i s t e n c y
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c o n d i t i o n ) .  E l i m i n a t i n g  h,  t h e y  g i v e ;

J_ (( e. .VS ) VS -  e(VS)^) + = 0  - 7 . 5 . 4

and u s i n g  t h e  t h i r d  e q u a t i o n  o f  7 . 5 . 3 ,

(VS f  -  7 . 5 . 5

where  \l = t h e  r e f r a c t i v e  i n d e x ,  s i n c e  p = .

E q u a t i o n  7 . 5 . 5  i s  known a s  t h e  e i k o n a l  e q u a t i o n  wh i c h  in g e n e r a l  

i s  the  d e s c r i p t i o n  o f  t h e  t i me  ha r mo n i c  s o l u t i o n s  o f  t he  wave  

e q u a t i o n .  The s u r f a c e s  c o r r e s p o n d i n g  to  S ( r )  = c o n s t a n t  a r e  the  

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

I f  a l i g h t  ray i n an i s o t r o p i c  medium i s  a t  an o r t h o g o n a l  

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

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

w i t h  t h e  d i r e c t i o n  o f  t he  a v e r a g e  P o y n t i n g  v e c t o r .  From the  

e i k o n a l  e q u a t i o n :

S i s  a u n i t  v e c t o r  (R s a y )

R - 2 1  -  V S  -  7 . 5 . 6
“  M. I V ^

and i f  r ( s )  d e n o t e s  t h e  p o s i t i o n  v e c t o r  o f  a p o i n t  P on a ray ,  as

a f u n c t i o n  o f  t h e  l e n g t h  o f  a r c ,  s ,  o f  t h e  ray ,  t he n  dr  = s and
ds~

t h e  e q u a t i o n  o f  t h e  ray may be w r i t t e n  as

u ^  -  V S  -  7 . 5 . 7
ds

T h i s  s p e c i f i e s  t h e  r a y s  in terms  o f  S,  but  i t  i s  more c o n v e n i e n t  

t o  h a v e  i t  in t erms  o f  t he  r e f r a c t i v e  i ndex  f u n c t i o n  [ i ( r ) .
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D i f f e r e n t i a t i n g  7 . 5 . 7  w i t h  r e s p e c t  t o  s g i v e s :

^  ( II  d r )  = d ( V S )  
ds OS ds

dr  . V ( V S)  
ds

I V S  . V ( V  S)  . from 7 . 5 . 7  
M.

J _ V ( (  v s f  )
2[i

Y^Vp.  from 7 . 5 . 5

-  7 . 5 . 8

wh i c h  i s  a g e n e r a l  v e c t o r  form f o r  t h e  l i g h t  r a y s ,  and in 

p a r t i c u l a r  f o r  an homogeneous  medium [l = c o n s t a n t  and 7 . 5 . 8  

r e d u c e s  to

Q f  = 0  , t h e  l i g h t  r a y  p a t h s  b e i n g  s t r a i g h t  l i n e s ,  
ds^

To c o n s i d e r  t h e  c a s e  o f  i n t e r e s t  h e r e ,  t o  a good a p p r o x i m a t i o n  

t h e  p l as ma formed from i r r a d i a t i o n  o f  a s p h e r i c a l  t a r g e t  i s  

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

of  e l e c t r o n  d e n s i t y ,  and h e n c e  r a d i a l  p o s i t i o n  o n l y ,  

i . e .

[i = p ( r )  -  7 . 5 . 9  The v a r i a t i o n  o f  the  v e c t o r

I .  X ( jJ, ( r ) . s . )  i s  o f  i m p o r t a n c e  h e r e ,  s o

_ d ( r x  p . s )  = d r  X ^ s _  -f r x ^ { | i s )  
ds ds~ ds

The f i r s t  t erm on t he  RHS v a n i s h e s ,  s i n c e  dr = s ,  and from
iïs~

7 . 5 . 8 ,  t h e  s e c o n d  term = r x Vp. From 7 . 5 . 9
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V[i = X  dp. , t he  s e c o n d  term a l s o  v a n i s h e s ,  
r dr

Hence  _r x ^s  = c o n s t a n t ,  or  more c o n v e n i e n t l y ,  i f  0  i s  the  

a n g l e  b e t we e n  t h e  p o s i t i o n  v e c t o r  ^  and the  t a n g e n t  to  the  p o i n t  

r on t he  r a y .  then:

| i r  s i n O  = c o n s t a n t  = K a l o n g  any g i v e n  ray -  7 . 5 . 1 0

T h i s  e x p r e s s i o n  i s  known a s  B o u g u e r ' s  f or mul a ,  and i s  t he  g e n e r a l

e q u a t i o n  u s e d  f o r  ray t r a c i n g  in r a d i a l l y  s ymme t r i c  r e f r a c t i n g  

me di a .  In two d i m e n s i o n s ,  w i t h  an o r d i n a t e  ( y )  and an a b c i s s a  ( z )

and t h e  a n g l e  b e t w e e n  the  l o c a l  t a n g e n t  to  t he  ray and the

a b c i s s a  b e i n g  p , then  e q u a t i o n  7 . 5 . 1 0  becomes:

( y - z t a n ^ ) c o s ^ =  ( y c o s ^ - z  s i n ^  ) = K,

7 . 5 . 1 1

T h i s  i s  shown d i a g r a m a t i c a l l y  in F i g . 7 . 5 . 1 .  P u t t i n g  e q u a t i o n  

7 . 5 . 2  i n a form f o r  u s e  w i t h  sin(j> e x p l i c i t l y ,  u s i n g  s i n ^ ^  +  cô(f>
= 1,  and s o l v i n g  t h e  q u a d r a t i c  g i v e s ;  

s i n ^  » -  j<z + 1 -  W -  7 . 5 . 1 2
l 2̂( z2 + y2)

+ve  and - v e  d e n o t i n g  t h e  s i g n  o f  t h e  a b c i s s a  ( z ) .  S u c c e s s i v e  

s o l u t i o n s  o f  e q u a t i o n  7 . 5 . 1 2  ha v e  been  a c h i e v e d  w i t h  a FORTRAN 

computer  c o d e  (TRACE). T h i s  t r a c e s  r a y s  i n t o  t h e  plasma from 

v a r i o u s  i n i t i a l  p o s i t i o n s  ()^ z ^ ) ,  and a n g l e s  o f  i n c i d e n c e  , 

and p l o t s  t h e  ray t r a j e c t o r y  g r a p h i c a l l y .  The p o s i t i o n  o f  the  

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

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

program was m o d i f i e d  f o r  p a r t i c u l a r  a p p l i c a t i o n s .  Common
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e x p r e s s i o n s  f o r  t h e  i n c r e m e n t s  in  y and z a r e ;

Yj+i = y, 6z  tan

and

a z. -  5 z  where  5z  i s  the  i n c r e me n t ,  

w h i l s t  t he  d e n s i t y  p r o f i l e  was e x p r e s s e d  by:

r -  r̂ r 1 , where  r i s  t he  r a d i u s  in"e = exp

q u e s t i o n  

and r̂ j. t he  c r i t i c a l  r a d i u s .

When t r a c e d  i n t o  an i n c r e a s i n g  d e n s i t y ,  non r a d i a l l y ,  t he  ray  

i s  r e f r a c t e d  away from t h e  l o c a l  r a d i u s ;  u n t i l  i t  r e a c h e s  a p o i n t  

where  i t  s t a r t s  t o  be r e f r a c t e d  away from the  c e n t r e  o f  symmetry.  

At t h i s  p o i n t ,  t he  t u r n i n g  p o i n t ,  t h e  r a d i u s  i s  a minimum, so  

t h a t  :

^ j | i r  s i n O j  = 0  © = ^  = 90° .

At t h i s  p o i n t  t h e  ray i s  o r t h o g o n a l  to  the  l o c a l  r a d i u s ,  and 

t h e  t o t a l  ray  t r a j e c t o r y  in and o u t  o f  the  p lasma i s  a mi r r o r  

r e f l e c t i o n  a bo ut  a r a d i u s  p a s s i n g  t hrough  t h i s  t u r n i n g  p o i n t .  

Hence  t h e  ray i s  r e v e r s i b l e ,  s o  t h a t  t he  d e p t h  o f  p e n e t r a t i o n  o f  

an i n c i d e n t  r a y ,  or  maximum d e n s i t y  t h a t  i t  r e a c h e s ,  i s  s o l e l y  

d e p e n d e n t  upon t h e  i n i t i a l  a n g l e  o f  i n c i d e n c e .  T h i s  as s umes  t h a t  

t h e  s t a r t i n g  p o i n t  i s  f a r  enough from t he  c e n t r e  o f  symmetry so  

t h a t  t he  i n i t i a l  d e n s i t y  i s  e f f e c t i v e l y  z e r o ,  and t h a t  the  

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

The code  was u s e d  to  d e t e r m i n e  t h e  t h i s  r e l a t i o n s h i p  be tween  

t u r n i n g  omin* *nce , but  in the

^  . ev. l o c a t i o n .  as



e x p r e s s i o n s  f o r  t h e  i n c r e m e n t s  in y and z a re ;

î+i " Y) ÔZ tan (j)

and

Z|+, = z. -  6 z  where  5z  i s  the  i nc r e me n t ,

w h i l s t  t he  d e n s i t y  p r o f i l e  was e x p r e s s e d  by;

"e = ^cr exp

q u e s t  i on

r -  r̂ r 1 . where  r i s  the  r a d i u s  in

L„

and r̂ j. t h e  c r i t i c a l  r a d i u s .

When t r a c e d  i n t o  an i n c r e a s i n g  d e n s i t y ,  non r a d i a l l y ,  t he  ray  

i s  r e f r a c t e d  away from t h e  l o c a l  radius , -  u n t i l  i t  r e a c h e s  a p o i n t  

where  i t  s t a r t s  t o  be r e f r a c t e d  away from t he  c e n t r e  o f  symmetry.  

At t h i s  p o i n t ,  t h e  t u r n i n g  p o i n t ,  t h e  r a d i u s  i s  a minimum, so  

t h a t  ;

^j(j.r s inOj = 0  G = _IL = 90° .

At t h i s  p o i n t  t h e  ray i s  o r t h o g o n a l  t o  t he  l o c a l  r a d i u s ,  and 

t he  t o t a l  ray t r a j e c t o r y  in and o u t  o f  the  p lasma i s  a mi r r o r  

r e f l e c t i o n  a b o ut  a r a d i u s  p a s s i n g  t hrough  t h i s  t u r n i n g  p o i n t .  

Hence t h e  ray i s  r e v e r s i b l e ,  s o  t h a t  t he  d e p t h  o f  p e n e t r a t i o n  o f  

an i n c i d e n t  r a y ,  o r  maximum d e n s i t y  t h a t  i t  r e a c h e s ,  i s  s o l e l y  

d e p e n d e n t  upon t h e  i n i t i a l  a n g l e  o f  i n c i d e n c e .  T h i s  a s sumes  t h a t  

t h e  s t a r t i n g  p o i n t  i s  f a r  enough from t he  c e n t r e  o f  symmetry so  

t h a t  t he  i n i t i a l  d e n s i t y  i s  e f f e c t i v e l y  z e r o ,  and t h a t  the  

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

The code  was u s e d  t o  d e t e r m i n e  t he  t h i s  r e l a t i o n s h i p  be tween  

t u r n i n g  p o i n t  l o c a t i o n  and i n i t i a l  a n g l e  o f  i n c i d e n c e ,  but in the  

f i r s t  i n s t a n c e  i t  was  u s e d  f o r  c r i t i c a l  s u r f a c e  l o c a t i o n ,  as
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d e t e r m i n e d  by 200̂  l i g h t .  As t h i s  l i g h t  i s  eme r g e nt  from t he  r e g i o n  

o f  t h e  c r i t i c a l  s u r f a c e ,  i t  i s  t h e r e f o r e  e me r g i n g  from an.  

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

so  to  a c h i e v e  an a c c u r a t e  p r o c e d u r e  to  f i n d  t h e  t r u e  l o c a t i o n ,  

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

computer  runs  t h a t  i f  20) l i g h t  i s  e m i t t e d  in a l l  d i r e c t i o n s  from 

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

compared w i t h  t h e  o b s e r v e d  r a d i u s  ( i . e .  a f t e r  r e f r a c t i o n ) ,  i s  due  

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

s o  a l l  v a l u e s  o f  e r r o r  r e f e r  to  t h e  maximum v a l u e .

The t r u e  2 0 & e m i t t i n g  r e g i o n  was  d e t e r m i n e d  a s  f o l l o w s :

Wi th t h e  c r i t i c a l  d e n s i t y  r a d i u s  in t h e  c o d e  s e t  a t  j u s t  l e s s  

than t he  r a d i u s  o f  t h e  o b s e r v e d  e m i s s i o n ,  a ray  was  t r a c e d  i n .  

S i n c e  t h e  f / n o  o f  t h e  o p t i c s  r e c e i v i n g  t h e  20)  ̂ l i g h t  was n o t  

s m a l l ,  i t  was  as sumed t h a t  a beam p a r a l l e l  t o  t h e  o p t i c  a x i s  was  

e m e r g i n g ,  and s o  i n i t i a l l y  a ray  p a r a l l e l  t o  t h i s  a x i s  was  t r a c e d  

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

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

t o  an e l e c t r o n  d e n s i t y  a q u a r t e r  o f  t h a t  f o r  w h i c h  i s  c r i t i c a l  to  

t h e  r a y ,  t h e n  t h e  r e s u l t  i s  a c c e p t e d  and an enha nc e d  v a l u e  o f  the  

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

t h i s  t u r n i n g  p o i n t  was  o u t s i d e  t h e  p r e c i s i o n  l i m i t ,  t he n  the  

w h o l e  d e n s i t y  p r o f i l e  was  moved i n c r e m e n t a l l y  o u t wa r d s  and t he  

ray t r a c e  r e p e a t e d .  T h i s  s e q u e n c e  was  pe r f o r me d  u n t i l  t h e  r e s u l t  

was a c c e p t a b l e .  The f r a c t i o n a l  e r r o r  b e t we e n  t h e  o b s e r v e d  and 

t he  enhanced  ( c o mp ut e d)  c r i t i c a l  s u r f a c e  r a d i i  a s  a f u n c t i o n  o f
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t h e  o b s e r v e d  r a d i u s  o f  1 i g h t  i s  shown in F i g . 7 . 5 . 2 ,  and v a l u e s  

around 23% a r e  s e e n .

In t he  c a s e  o f  t h r e e - h a l v e s  harmoni c  e m i s s i o n  g e n e r a t e d  c l o s e  

t o  a q u a r t e r  c r i t i c a l ,  t h i s  c o r r e s p o n d s  to  l i g h t  e me r g i n g  from a 

d e n s i t y  one  n i n t h  o f  i t s  own c r i t i c a l  d e n s i t y ,  and s o  t he  e r r o r  

o f  r a d i u s  measurement  due  to  r e f r a c t i o n  i s  n e g l i g i b l e ,  b e i n g  l e s s  

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

To d e t e r m i n e  t h e  p e n e t r a t i o n  d e p t h  o f  an Wg ray f o c u s s e d  o n t o  

t h e  t a r g e t ,  i t  h a s  a l r e a d y  be e n  s e e n  t h a t  f o r  a ray i n c i d e n t  upon  

a l i n e a r  d e n s i t y  p r o f i l e ,  t he  t u r n i n g  p o i n t  can  be a t  a d e n s i t y  

f a r  removed from t he  c r i t i c a l  s u r f a c e ,  and t h i s  d e n s i t y  i s  

d e p e n d e n t  o n l y  upon t he  i n i t i a l  a n g l e  o f  i n c i d e n c e  ( 0 )  d e t e r m i n e d  

by n^p = n^^cos Q T h i s  i s  d e r i v e d  from S n e l l ' s  l aw s i n c e  i n p l a n e  

g e o me t r y  j i s i n O i s  a c o n s t a n t  a l o n g  t he  r ay .  For s p h e r i c a l  

g e o m e t r y ,  and a more r e a l i s t i c  d e n s i t y  p r o f i l e ,  d e t e r m i n a t i o n  o f  

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

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

i s  o f  i n t e r e s t  in  d e t e r m i n i n g  t he  p o s s i b l e  a v a i l a b i l i t y  o f  

e l e c t r o n  p l as ma  w a v e s  due  t o  r e s o n a n t ,  l i n e a r  and n o n - l i n e a r  

a b s o r p t i o n  me t h o d s ,  and h e n c e  a maximum v a l u e  o f  s e c o n d  harmoni c  

peak  f r e q u e n c y  s h i f t  due  to  r e c o m b i n a t i o n  o f  t h e s e  w a v e s ,  and the  

i n c i d e n t  wave .

To u s e  t h e  c o d e  f o r  t h i s  p u r p o s e ,  r a y s  we r e  t r a c e d  in from a 

g i v e n  p o s i t i o n  some d i s t a n c e  away from t h e  c e n t r e  o f  symmetry so  

t h a t  t h e  e l e c t r o n  d e n s i t y  i s  e f f e c t i v e l y  z e r o  and t h e  r e f r a c t i v e  

i nd e x  u n i t y .  I f  a s e r i e s  o f  r a y s  p a r a l l e l  t o  any one  r a d i u s  a r e
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t r a c e d  in towar ds  t h e  c e n t r e  o f  symmetry.  then  t h e y  have  

d i f f e r e n t  i n i t i a l  a n g l e s  o f  i n c i d e n c e  to t he  l o c a l  r a d i u s ,  and 

h e n c e  d i f f e r e n t  t u r n i n g  p o i n t s .  An exampl e  o f  t h i s  i s  shown in 

F i g . 7 . 5 . 3 ( a )  where  s e v e r a l  r a y s  a r e  t r a c e d  i n t o  a d e n s i t y  p r o f i l e  

o f  s c a l e l e n g t h  13.5| im,  t he  c r i t i c a l  s u r f a c e  r a d i u s  b e i n g  s e t  a t  

50um. A s i m i l a r  e x e r c i s e  in F i g . 7 . 5 . 3 ( b )  shows s i m i l a r  r e s u l t s  

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

a r e  g r e a t e r  s t a r t  a t  a g r e a t e r  r a d i u s  than p r e v i o u s l y .  The 

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

t h o s e  o f  F i g . 7 . 5 . 3 ( a )  we re  compared t o  e n s u r e  t h a t  an i n i t i a l  

r a d i u s  was t a k e n  f a r  enough away from t he  c e n t r e  o f  symmetry  

wher e  t h e  d e n s i t y  was  t r u l y  z e r o .  Ha v i ng  s a t i s f i e d  t h i s ,  the  

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

t erms  o f  t h e  a n g l e  o f  i n c i d e n c e  a r e  shown in F i g . 7 . 5 . 4 ,  f o r  an 

e x p o n e n t i a l l y  d e c r e a s i n g  p r o f i l e .  The s e  a r e  l e s s  in c o mp a r i s o n  

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

by S n e l l ' s  law,  w h i c h  i s  a l s o  shown.

Wi th r e f e r e n c e  t o  p r e v i o u s  e x p e r i m e n t s ,  f / l  l e n s e s  we r e  u s e d  to  

f o c u s  t h e  l a s e r  l i g h t ,  and i f  a g r o s s  a s s u m p t i o n  i s  made to  

n e g l e c t  'beam w a i s t i n g ' ,  a pure  f o c a l  p o i n t  i s  o b t a i n e d .  The two 

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

a s p h e r i c a l  t a r g e t  a r e  known a s  a "polar" f o c u s ,  when t he  l i g h t  

i s  f o c u s s e d  on t h e  n e a r e s t  s u r f a c e  o f  t h e  t a r g e t ,  and an 

" e q u a t o r i a l "  f o c u s  vdien t h e  l i g h t  i s  f o c u s s e d  on t h e  f a r t h e s t  

p o i n t  o f  t h e  t a r g e t :  t he  o p p o s i t e  "pole" The m a j o r i t y  o f  twi n  

beam e x p e r i m e n t s  we r e  u n d e r t a k e n  w i t h  a p o l a r  f o c u s .  F i g . 7 5 5
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Fig.7.5.3. a.
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s howi ng  t he  two f o c u s s i n g  c o n d i t i o n s  d i a g r a m a t i c a l l y .  As the  

pl as ma e x pa nds  r a d i a l l y ,  i t  can be s e e n  t h a t  f o r  e i t h e r  i n i t i a l  

f o c u s s i n g  c o n d i t i o n ,  the  l a r g e s t  p o s s i b l e  a n g l e  t h a t  an i n c i d e n t  

ray can  make w i t h  t h e  e x p a n d i n g  c r i t i c a l  s u r f a c e  i s  where  0  = 

a r c t a n ( f / n o / 2 ) , w h i c h  f o r  our  l e n s e s  = 2 6 . 6 ° .  P u t t i n g  t h i s  v a l u e  

i n t o  t h e  s p h e r i c a l  c a s e  o f  F i g . 7 . 5 . 4 ,  i t  can  be s e e n  t h a t  a t  t h i s  

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

0.39riç.r. T h i s  v a l u e  g i v e s  a l i m i t  t o  t h e  maximum red s h i f t  o f  2U)  ̂

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

o f  t h e  e l e c t r o n  p l as ma wave f r e q u e n c y  e x c i t e d  by t he  i n c i d e n t  

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

p h o t o n ,  or  a n o t h e r  p l as mon  t o  g e n e r a t e  2U  ̂ l i g h t .  T h i s  v a l u e  of

0.620)^ i s  f a r  g r e a t e r  than  any s p e c t r a l  s h i f t  o f  20)  ̂ o b s e r v e d  

in e x p e r i m e n t s ,  s i n c e  i t  c o r r e s p o n d s  to  1224A,  but  t h i s  r e s u l t  

shows t h a t  e l e c t r o n  p l as ma wa v e s  o f  s u i t a b l e  f r e q u e n c i e s  to  

r e c o mb i ne  and g e n e r a t e  2(1  ̂ s e e n  i n  e x p e r i m e n t s  can c e r t a i n l y  

e x i s t .

In summary,  n u m e r i c a l  s i m u l a t i o n  o f  t h e  t o t a l  i n t e r a c t i o n  

p r o c e s s  u s i n g  a m o d i f i e d  v e r s i o n  o f  a p u b l i s h e d  computer  code  has  

been  p e r f o r me d .  Wi th p a r t i c u l a r  r e f e r e n c e  t o  harmoni c  g e n e r a t i o n ,  

data  h a s  be e n  o b t a i n e d  on t h 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  e x p a n s i o n  v e l o c i t i e s  under  v a r i o u s  c o n d i t i o n s :  e l e c t r o n

d e n s i t y  s c a l e l e n g t h s  i n b o t h  s t e e p e n e d  and non s t e e p e n e d  

p r o f i l e s ;  and a l s o  peak e l e c t r o n  d e n s i t y  t i me  h i s t o r i e s  f o r  u s e  

in c o mp l e me n t i n g  d a t a  from t h e  t h i n  f o i l  e x p e r i m e n t s .  V a l u e s  of  

t h i s  s c a l e l e n g t h  we r e  u s e d  in a n u m e r i c a l  r e f r a c t i o n  s t u d y  to
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o b s e r v e  t he  e f f e c t  o f  r e f r a c t i o n  upon o b s e r v e d  harmoni c  l i g h t ,  

and a l s o  t o  d e t e r m i n e  the  p o s i t i o n  o f  the  t u r n i n g  p o i n t  of  

i n c i d e n t  l i g h t  under  v a r i o u s  c o n d i t i o n s .  The r e s u l t s  o b t a i n e d  in  

t h e s e  n u m e r i c a l  s t u d i e s  h a v e  been  u s e d  in c o n t e x t  w i t h  p r e v i o u s  

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

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

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

y - z  plane
Fig. 7.5.5.

Beam 1 Beam 2

ini t ia l  t a r g e t  r a d iu s

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

p -  beam e x t r e m i t i e s  f o r ' p o l a r  ' f o c u s . 

e -  „ e q u a t o r i a l  ' f o c u s

Initial focuss ing  conditions
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- C h a p t e r  8 -  

Co n c l u s  i o n s .

8 . 1  The work p r e s e n t e d  in t h i s  t h e s i s  h a s  g i v e n  new

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

w i t h  m a t t e r .  The i n t e r a c t i o n s  h a v e  been s t u d i e d  t hro ug h

o b s e r v a t i o n s  o f  t h e  i nduced  o p t i c a l  e m i s s i o n  whi ch  o c c u r s  a t  the  

s e c o n d  and t h r e e  h a l v e s  ha rmo ni c  f r e q u e n c i e s  o f  t he  i n c i d e n t

l a s e r  l i g h t .  The s e  o b s e r v a t i o n s  o f f e r  a v a l u a b l e  n o n - p e r t u r b i n g

d i a g n o s t i c  t e c h n i q u e  p r o v i d e d  t h a t  p a r a me t e r s  o f  the  o b s e r v e d

l i g h t  can  be a d e q u a t e l y  r e l a t e d  t o  p l as ma p a r a m e t e r s .  Hence

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

t h e o r e t i c a l  u n d e r s t a n d i n g  o f  ha rmo ni c  g e n e r a t i o n ,  and s e c o n d l y  to  

e x t e n d  me a s ur ement s  o f  h a r m o n i c s  a s  a d i a g n o s t i c ,  by p e r f o r m i n g  

me a s ur ement s  in f i v e  a r e a s  w h i c h  may be summari sed a s  f o l l o w s .

1. L o c a l i s e d  e l e c t r o n  t e m p e r a t u r e .

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

t h 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 y  can be u s e d  to  d e t e r m i n e  

e l e c t r o n  t e m p e r a t u r e  due  t o  t h e  p o s i t i o n  o f  t he  s p e c t r a l  peak ,  as  

s e e n  from t h e  t h e o r y  o f  S i l i n .  Taki ng  i n t o  a c c o u n t  t h e  e f f e c t  o f  

Do p p l e r  s h i f t  by o b s e r v i n g  t h e  e x p a n s i o n  v e l o c i t y  and u s i n g  

n u m e r i c a l  s i m u l a t i o n  methods  t o  improve a c c u r a c y  h a s  g i v e n  an

e l e c t r o n  t e m p e r a t u r e  o f  t y p i c a l l y  0 . 7 5  keV T h i s  i s  in good

a g r e e me nt  w i t h  t h a t  o b t a i n e d  from MEDUSA s i m u l a t i o n s ,  and from

X- r a y  a b s o r b e r  f o i l  d a t a .  A d i f f e r e n c e  in s p e c t r a l  peak

p o s i t i o n  be t we e n  t h e  l i n e a r  and n o n - l i n e a r  g e n e r a t i o n  schemes  due  

t o  t h e  e x c i t e d  i on  a c o u s t i c  wave  in t he  l a t t e r  c a s e  has  been
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o b s e r v e d .  T h i s  o c c u r e d  w i t h  t h i n  f o i l  t a r g e t s  or  t h o s e  w i t h  h i g h  

Z so  t h a t  t h e  l a s e r  i r r a d i a n c e  a t  c r i t i c a l  was  l a r g e l y  be l o w  

t h r e s h o l d .  However ,  in n e a r l y  a l l  e x p e r i m e n t s  t h i s  t h r e s h o l d  was  

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

( e m i s s i o n  a l o n g  t he  p a t h  o f  r e f l e c t e d  l i g h t ,  and p r e f e r e n t i a l

p - p o l a r i s e d  l i g h t )  we r e  n o t  found.

At q u a r t e r  c r i t i c a l ,  t h e  e l e c t r o n  t e m p e r a t u r e  was d e t e r m i n e d  

from t h e  s e p a r a t i o n  b e t w e e n  t h e  p e a k s  o f  t he  b l u e  and red s h i f t e d  

component s  o f  t h e  3 / 2  s p e c t r a . However ,  in t h i s  d e t e r m i n a t i o n ,  

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

r e c o m b i n a t i o n  s c h e me s ,  ( F i g . 5 . 3 . 1 . b ) , g i v i n g  two g r o s s l y  

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

s p e c t r a l  s e p a r a t i o n .  V a l u e s  o f  T~1.9eV o b t a i n e d  from t h e  Barr

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

p h o t o n / p l a s m o n  and T3,5keV f o r  t h e  i n c i d e n t  p h o t o n / p l a s m o n  and 

t h r e e  p l as mon r e c o m b i n a t i o n  s chemes  a r e  h i g h  when compared w i t h  

t h e  .9 keV d e t e r m i n e d  from a b s o r b e r  f o i l  X- r a y  d a t a ,  but  may 

r e f l e c t  on a mean v a l u e  i f  a s u p r a t h e r ma l  e l e c t r o n  component  i s  

i n c l u d e d .

2 .  D e n s i t y  s c a l e l e n g t h s .

From 3 / 2 (jÜq b a c k s e a t t e r e d  s p e c t r a ,  a method f o r  d e t e r m i n i n g  

s p a t i a l l y  a v e r a g e d  d e n s i t y  s c a l e l e n g t h s  has  a r i s e n ,  wh i c h  i s  much 

l e s s  d e p e n d e n t  upon t h e  a c t u a l  r e c o m b i n a t i o n  mechani sm.  Al l  the  

mechani s ms  e s s e n t i a l l y  g i v e  a forward s c a t t e r e d  b l u e  s h i f t e d  

s p e c t r a l  peak and a b a c k s e a t t e r e d  red o n e .  so  t h a t  f o r  a m a s s i v e  

t a r g e t ,  t h e  b l u e  s h i f t e d  peak in b a c k s e a t  t e r  h a s  t r a v e l l e d  from
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n^^/4 t o  9 / 4 t\̂ ç and r e t u r n e d ,  h a v i n g  been  p a r t i a l l y  a b s o r b e d  on

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

d e n s i t y  s c a l e l e n g t h s  b e t w e e n  10 and 25 pm ha v e  been  o b t a i n e d ,  in

e x c e l l e n t  a g r e e me nt  w i t h  b o t h  n u m e r i c a l  s i m u l a t i o n  and 

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

3 .  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  m o t i o n s .

The s e  ha v e  been  s t u d i e d  t o  d e t e r m i n e  the  Do p p l e r  s h i f t s  on 

ha rmo ni c  s p e c t r a  g e n e r a t e d  w i t h i n  e x p a n d i n g  d e n s i t y  p r o f i l e s .  It  

has  been  shown t h a t  o b s e r v a t i o n  o f  t he  e x p a n d i n g  c r i t i c a l l y  

d e n s e  s u r f a c e  ne e d  n o t  be e x p e r i m e n t a l l y  t i m e - r e s o l v e d  in o r d e r  

to  d e t e r m i n e  a v a l u e  o f  t h i s  v e l o c i t y .  I n s t e a d ,  o n l y  a kno wl e dg e  

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

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

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

d e v i a t i o n  o f  t h e  e me r g i n g  l i g h t .  Hence  t he  a c c u r a t e  r a d i a l  

i n c r e a s e  p e r  u n i t  t i me  can be e v a l u a t e d  in o r d e r  to  g i v e  a t i me  

a v e r a g e d  v a l u e  o f  t h e  e x p a n s i o n  v e l o c i t y .  N u m e r i c a l l y  t o o ,  the  

i n f l u e n c e  o f  i n c r e a s e d  i r r a d i a n c e  and c h a n g e s  in thermal  f l u x  

l i m i t  and f a s t  e l e c t r o n  e n e r g y  f r a c t i o n  on the  e x p a n s i o n  v e l o c i t y  

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

p o s s i b l e .

For t h e  t h r e e  h a l v e s  h a r mo n i c ,  o p t i c a l  i magi ng has  shown t h i s  

to  o c c u r  in ' b u r s t s ' ,  l o c a l i s e d  in s p a c e  and t i me ,  a s  c o n f i r m e d  

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

e f f e c t s  due  t o  c h r o m a t i c  a b e r r a t i o n ,  and t emporal  r e s o l u t i o n ,  

r e s p e c t i v e l y .
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4 .  Temporal  d e v e l o p m e n t  o f  p lasm a w aves  a t  and _ _

The most s i g n i f i c a n t  new i n f o r m a t i o n  h a s  been th e  o b s e r v a t i o n

o f  p u l s a t i o n  o f  b o t h  th e  s e c o n d  and t h r e e  h a l v e s  h a rm o n ic  w i t h i n

t h e  l a s e r  p u l s e  d u r a t i o n .  For t h e  se c o n d  h a r m o n ic ,  t h e s e  b u r s t s

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

f o r  t h e  t h r e e  h a l v e s  h a r m o n ic ,  where a c o m p l e t e  ' tw o  component'

s p e c t r u m  o c c u r s  in  ea c h  b u r s t .

With t h e  2 ( i )^ s p e c tr a , e s t i m a t e s  can be made on th e  minimum

grow th  r a t e  o f  t h e  p a r a m e t r i c  i n s t a b i l i t y ,  o v e r  t h e  l e a d i n g  edge

o f  a s i n g l e  b u r s t .  The r a t e  o f  ch a n g e  o f  2 0)  ̂ i n t e n s i t y  i s  

12 —1^ 4 . 1 0  s ,  a f t e r  f i l m  c a l i b r a t i o n ,  and t a k i n g  n o t i c e  o f  th e  f a c t

t h a t  t h e  s t r e a k  camera h a s  a l i m i t e d  dynamic ra nge o f  ab out  20 .

As s e e n  in  C h a p ter  3 from N i s h i k a w a ' s  t h e o r y ,  t h e  g row th  r a t e  of

14 -A
t h e  i n s t a b i l i t y  i s  2 . 0  10 s , and t h i s  i s  in  a g r e e m e n t  w i t h

t h a t
—  max.  g r o w t h  r a t e

o b s e r v e d .  F u r t h e r  e x p e r i m e n t s  w ou ld  r e q u i r e  t h e  camera t o  h ave  a 

g r e a t e r  dynamic r a n g e ,  a l t h o u g h  g r e a t e r  te m p ora l  r e s o l u t i o n  c o u l d  

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

The t o t a l  s p e c t r a l  w i d t h  o f  t h e  3 / 2 ü ^ t i m e  r e s o l v e d  f e a t u r e  

d e c r e a s e s  w i t h  t i m e .  T h i s  may e i t h e r  be due to  a c o r r e s p o n d i n g  

d ro p  in  e l e c t r o n  t e m p e r a t u r e ,  o r ,  a s  shown in  S e c t i o n  6 . 6 ,  a 

ch a n g e  in  t h e  r e l a t i v e  p r o p a g a t i o n  d i r e c t i o n s  o f  th e  two p la sm o ns  

from t h e  tw o - p la s m o n  d e c a y .  The l a t t e r  i s  more p r o b a b l e ,  due to  

t h e  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  a s  s e e n  in o t h e r  e x p e r i m e n t s ,  

w h ich  f o r c e s  t h e  p la s m o n s  to  p r o p a g a t e  a t  a g r e a t e r  a n g l e  to  each
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o t h e r  w i t h  t i m e .  For b o th  th e  2ü)^and 3 / 2  t i m e - r e s o l v e d  s p e c t r a ,  

p u l s a t i o n  was a t t r i b u t e d  to  t h e  grow th  and d e c a y  o f  e x c i t e d  

w a v e s :  th e  a l t e r n a t i v e  b e i n g  t h a t  o f  an u n s t a b l e  r e g i o n  moving  

a c r o s s  th e  ' f i e l d  o f  v i e w '  a t  c a l c u l a t e d  v e l o c i t i e s  g r e a t e r  than  

t h e  e x p a n s i o n  v e l o c i t y ,  and h e n c e  l e s s  p r o b a b l e .

5 .  T h i n - f o i l  e x p e r i m e n t s .

The new t e c h n i q u e  o f  u s i n g  t h i n - f o i l  t a r g e t s  f o r  harm onic  

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

on t h e  e m i t t e d  s p e c t r u m .  For 2lL^, no d i f f e r e n c e  in  s p e c t r a l  

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

n o t i c e d ,  and a s m a l l  s h i f t  b e t w e e n  t h e  two s p e c t r a  g a v e  an 

i n d i c a t i o n  o f  c r i t i c a l  s u r f a c e  m o t io n  b e f o r e  b u r n t h r o u g h .  In th e  

c a s e  o f  t h e  3 / 2 s p e c t r a ,  d i f f e r e n c e s  w e re  n o t i c e d ,  and show a 

l a c k  o f  a b l u e  s h i f t e d  pea k  in  t h e  b a c k s e a t t e r e d  d i r e c t i o n .  T h i s  

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

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

p o s s i b l e .  However,  t h e  e x i s t e n c e  o f  a d e f i n i t e  red peak  in  th e  

b a c k s e a t t e r e d  d i r e c t i o n  p o i n t s  t o  th e  me ch anisms  o f  i n c i d e n t  

p h o t o n / p l a s m o n  and t h r e e  p la sm on  r e c o m b i n a t i o n  t o  be t h e  more  

p r o b a b l e .

In c o n c l u s i o n  t h e r e f o r e ,  many new c h a r a c t e r i s t i c s  o f  harm on ic  

e m i s s i o n  h a v e  b e e n  o b s e r v e d ,  and r e l a t e d  to  p la sm a phenomena,  

su c h  t h a t  t h e  h i g h  p o t e n t i a l  o f  harm onic  l i g h t  a s  a plasm a  

d i a g n o s t i c  t e c h n i q u e  h a s  b een  u s e f u l l y  e x p l o r e d .
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Ap pen dix  A.

A .1 M a x w e l l ' s  e q u a t i o n s .

V X ^  = —dB — 1
dt

V X H = E d E. + J -  2 ,  e = p e r m i t t i v i t y  o f  f r e e
— o      o

dt
s p a c e .

V.jE = -  3 ,  p̂ = c h a r g e  d e n s i t y

V .B  = 0 °  -  4

A l s o ,  B = i^H, w h er e  ^  = m a g n e t i c  f l u x  d e n s i t y  & \î = p e r m e a b i l i t y  

o f  f r e e  s p a c e .

A .2  G e n e r a l  wave e q u a t i o n  from M a x w e l l ' s  e q u a t i o n s .

From e q u a t i o n s  1 & 2 :

dOrj + V.£ = 0  -  e q u a t i o n  o f  c o n t i n u i t y

jL(hJ) = o;(U)) . E(Cjl)) -  g e n e r a l i s e d  Ohm's law

w h er e  CT, t h e  c o n d u c t i v i t y ,  i s  in  g e n e r a l  a t e n s o r ,  and i s  assumed  

d e p e n d e n t  on a n g u l a r  f r e q u e n c y  but  i n d e p e n d e n t  o f  t h e  a m p l i t u d e s  

o f  E and H, f o r  s m a l l  a m p l i t u d e  w a v e s .

I n t r o d u c i n g  a d i e l e c t r i c  t e n s o r  a s :

and a s s u m i n g  t h a t  E and H v a r y  in  t im e  and s p a c e  a s  exp  

i(U)t -  k . r ) ,  w h er e  k i s  t h e  p r o p a g a t i o n  v e c t o r ,  i t  can  be shown  

from e q u a t i o n s  1, 2 & 4 t h a t

V X ^  = — i |uL̂ WH -  5

V x H = iweEiE -  6

V . B  = 0

T a k in g  t h e  c u r l  o f  e q u a t i o n  5 and s u b s t i t u t i n g  f o r  H g i v e s  t h e
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wave e q u a t i o n ;

V X (V X E) = |d £  ü)^e. E
? - 1  

o r  a l t e r n a t i v e l y ,  as c =

k X ( k  X E) + /COI E . E = 0 — 8
I c  I

T h is  i s  the  g en e ra l  wave e q u a t i o n  f o r  p o s s i b l e  waves in  a p lasma,  

and i f  a s o l u t i o n  e x i s t s  then  the d e t e r m i n a n t  ( I D I )  o f  the  

c o e f f i c i e n t s  o f  the  components in  E must v a n i s h ,  i f  E i s  n o t  

z e ro .  T h is  e q u a t i o n ,  IDI = 0, i s  known as the  d i s p e r s i o n  r e l a t i o n ,  

and i s  the  r e l a t i o n s h i p  between W and k .

For a p a r t i c u l a r  example,  i n  an i s o t r o p i c  medium, E i s  a s c a l a r  

and i s  known as the  d i e l e c t r i c  c o n s t a n t ,  and f o r  a t r a n s v e r s e  

wave in  t h i s  medium, k . E = 0

2 2T h e r e f o r e  the  wave e q u a t i o n  becomes c k = Ê  ,

2 2 2so t h a t  k c = W Ê  , f o r  a t r a n s v e r s e  wave in  an i s o t r o p i c  medium.

App e n d i x  B .

The C e n t r a l  L a s e r  F a c i l i t y  o f  t h e  S c i e n c e  R e s e a r c h  C o u n c i l .

A s c i e n t i f i c  c a s e  t o  e s t a b l i s h  t h e  a b o v e  F a c i l i t y  was  f o r m a l l y  

made in  November 19 74 ,  by s e v e r a l  u n i v e r s i t y  p h y s i c i s t s  and 

members o f  t h e  SRC a c t i v e  in  l a s e r - p l a s m a  r e s e a r c h ,  a f t e r  

n a t i o n a l  and i n t e r n a t i o n a l  i n t e r e s t  in t h e  i n t e r a c t i o n  o f  h i g h  

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

a p p r o a c h i n g  t h e  ' s t a t e  o f  t h e  a r t ' ,  and h e n c e  u n a v a i l a b l e  to  

i n d i v i d u a l  u n i v e r s i t y  g r o u p s .  T h i s  F a c i l i t y  was  a p p r o v e d ,  and  

s u b s e q u e n t l y  s e t  up in  e x i s t i n g  b u i l d i n g s  a t  t h e  R u t h e r f o r d  

L a b o r a t o r y ,  u s i n g  a s y s t e m  b a s e d  on neodymium doped g l a s s  and Y AG
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a s  t h e  a c t i v e  medium; i t s  o u t p u t  b e i n g  o f  w a v e l e n g t h  1 . 0 6  pm. 

S i n g l e  beam o p e r a t i o n  was a c h i e v e d  in m i d - 1 9 7 6 ,  and t h e  f i r s t  

tw in  beam t a r g e t  s h o t  in  A p r i l  1977,  each  beam th e n  g i v i n g  a 

maximum o f  150GW in a lOOps FWHM G a u s s i a n  p u l s e .  S u b s e q u e n t  

F a c i l i t y  d e v e l o p m e n t  now p e r m i t s  o p e r a t i o n  o f  two i n t e r a c t i o n  

a r e a s  w i t h  e i t h e r  two or  s i x  beams,  in s e p a r a t e  e x p e r i m e n t s .  Work 

p r e s e n t e d  h e r e  was p e r f o r m e d  w i t h  t h e  F a c i l i t y  in  i t s  i n i t i a l  

c o n f i g u r a t i o n  o f  s i n g l e / t w i n  beam o p e r a t i o n ,  and t h e  l a s e r  s u i t e  

a t  t h i s  t im e  i s  r e p r e s e n t e d  s c h e m a t i c a l l y  in  F i g . B . l  The 16mm 

d i a m e t e r  Yag m o d e - l o c k e d  o s c i l l a t o r  and t h e  p r e a m p l i f i e r  w e re  run  

c o n t i n u o u s l y  on a l / 3  Hz r e p .  r a t e  f o r  thermal  s t a b i l i t y ,  and a 

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

c e l l .  S e v e r a l  s t a g e s  o f  a m p l i f i c a t i o n  u s e  Nd doped g l a s s  r o d s  o f  

i n c r e a s i n g  d i a m e t e r s ,  and t h e  f i n a l  s t a g e s ,  a f t e r  t h e  beam was  

s p l i t  f o r  tw i n  beam o p e r a t i o n ,  u s e  B r e w s t e r  a n g l e  g l a s s  d i s c s ,  o f  

108mm c l e a r  a p e r t u r e ,  and 'pumped' c i r c u m f e r e n t i a 11 y . For i n i t i a l  

s i n g l e  ( E a s t )  beam work t h e  f i n a l  d i s c  a m p l i f i e r  was  n o t  u s e d ,  a s  

o n l y  low p o w er s  w e re  r e q u i r e d .  The f i n a l  beam d i r e c t i o n  f o r  t h i s  

s i n g l e  beam o p e r a t i o n  i s  i n d i c a t e d  by a ' 1 '  in  F i g .  B . l ,  and t h e  

E a s t  and West  t w i n  beams by ' 2 ' s ,  a f t e r  p a s s a g e  t h r o u g h  t h e  d i s c  

a m p l i f i e r s .

The t a r g e t  room.

From t h e  a i r - c o n d i t i o n e d  and d u s t - f r e e  l a s e r  s u i t e ,  t h e  beams  

p a s s e d  d i r e c t l y  i n t o  t h e  t a r g e t  room and w e r e  d e f l e c t e d  to  a r r i v e  

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

common a x i s  ( z ) .  The t a r g e t  chamber i t s e l f  was  s p h e r i c a l  and ~Im
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in d i a m e t e r  w i t h  s e v e r a l  o p t i c a l  a c c e s s  p o r t s  in d i f f e r e n t  

p l a n e s .  A s c h e m a t i c  o f  t h e  chamber w i t h  t h e  two f o c u s s i n g  l e n s e s  

s h o w n . a p p e a r s  in F i g .  B . 2 .  The m a j o r i t y  o f  d i a g n o s t i c  eq u ip m e n t  

e x t e r n a l  t o  t h e  chamber was s i t u a t e d  on t h e  E a s t  beam s i d e ,  a s  

shown in t h e  d ia g r a m  o f  t h e  i n i t i a l  e x p e r i m e n t a l  a r r a n g e m e n t  in  

t h e  t a r g e t  room, in F i g  B . 3 .  F a c i l i t y  f o r  a s e c o n d  or  f o u r t h  

h a r m o n ic  p r o b e  beam or a s e p a r a t e  ruby l a s e r  p r o b e  made u s e  o f  

t h e  N o r t h / S o u t h  a x i s  a t  90 to  t h e  a x i s  o f  i r r a d i a t i o n .  The 

h a r m o n ic  p r o b e  beams w e r e  g e n e r a t e d  in  t h e  l a s e r  room by 

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

t e m p e r a t u r e  s t a b i l i s e d  AD P c r y s t a l ( s ) .  F o c u s s i n g  o f  t h e  t a r g e t  

p r i o r  t o  a s h o t  was  p e r f o r m e d  by u s i n g  a CW YAG l a s e r ,  and 

im ag in g  t h e  r e t r o r e f 1e c t e d  l i g h t  from t h e  t a r g e t  o n t o  an i n f r a r e d  

V id i c o n  wh i ch p r o v i d e d  an image on CCTV m o n i t o r s .  The f o c a l  s p o t  

s i z e ,  a s  s e e n  a s  a b r i g h t  c i r c l e  on t h e  m o n i t o r ,  was  a d j u s t e d  to  

be a minimum f o r  optimum f o c u s .  S u b s e q u e n t  a d j u s t m e n t  was made 

f o r  t h e  e f f e c t  o f  th er m al  ' z o o m i n g ' ,  and a l s o  f o r  any r e q u i r e d  

d i f f e r e n c e  in  t h e  f o c u s s i n g  c o n d i t i o n .

F o c u s s i n g l e n s e s .

The main f o c u s s i n g  l e n s e s  u s e d  w e r e  o f  two v a r i e t i e s ,  t h e  more  

r e c e n t  one (ICOS) o n l y  became a v a i l a b l e  d u r i n g  t h e  c o u r s e  o f  t h i s  

work and c o n s e q u e n t l y  was o n l y  u s e d  in  l a t e r  e x p e r i m e n t s .  The 

l e n s e s  u s e d  i n i t i a l l y ,  (SORO, F r a n c e )  w e r e  o f  s i n g l e t  

c o n s t r u c t i o n ,  p i a n o  c o n v e x ,  and had a c e n t r a l ,  n o n - c y 1 i n d r i c a 1 

h o l e  to  p r e v e n t  breakdown.  A c r o s s - s e c t i o n  o f  t h i s  l e n s  i s  shown  

in F i g .  B . 4 .  The l e n s  d e s i g n  d e v e l o p e d  s u b s e q u e n t l y  (ICOS),
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p e r m i t t e d  a s m a l l e r  f o c a l  s p o t  s i z e  to  be o b t a i n e d ,  and u s e s  two 

e l e m e n t s :  on e com ponent  w i t h  s p h e r i c a l  s u r f a c e s ,  and t h e  o t h e r

a s p h e r i c .  No c e n t r a l  h o l e  was  found n e c e s s a r y  w i t h  t h i s  d e s i g n ,  

a s  a c r o s s - s e c t i o n  in F i g .  B .5  show s ,  and a l s o  t h e  d e s i g n  was  

f i g u r e d  f o r  b o t h  1 . 0 6  and 0 .5 3 pm ,  so  t h a t  t h e  l e n s  c o u l d  be  u s e d  

f o r  e x p e r i m e n t s  w i t h  t h e  fu ndam enta l  l a s e r  w a v e l e n g t h ,  and a l s o  

t h o s e  w i t h  f r e q u e n c y  d o u b l e d  i n c i d e n t  l i g h t  @ 0 .5 3 pm .
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N o m e n c l a t u r e .

SI (MKS) u n i t s  u n l e s s  o t h e r w i s e  s t a t e d .

A -  V\oiss N o .
“ 0 Q
A -  A ngstr om  (1 0  m)

B -  m a g n e t i c  f l u x  d e n s i t y

c -  v e l o c i t y  o f  e-m wave in vacuo

Cj -  i o n  sound s p e e d

D -  I. d i s p l a c e m e n t  v e c t o r ,  2  ̂ defe-rminant

e -  e l e c t r o n i c  c h a r g e

o r  E -  p ea k  e l e c t r i c  f i e l d  o f  i n c i d e n t  l a s e r  beam 

f -  th erm a l  f l u x  l i m i t ,  (0  < f < 1)

F — p o n d e r o m o t i v e  f o r c e

G -  p a r a m e t e r  d e f i n e d  in  e q u a t i o n  3 . 2 . 3

h -  P l a n c k s  c o n s t a n t

Ti -  " " /2 T I

-  p ea k  m a g n e t i c  f i e l d  

i — \/ —1

I -  i n t e n s i t y ,  (1  ̂ = peak  i n t e n s i t y )

Im, -  i m a g i n a r y

1 -  s p e c t r a l  i n t e n s i t ycjJ ^

J -  c u r r e n t  d e n s i t y

k -  wave number

k̂  -  l i n e a r  a b s o r p t i o n  c o e f f i c i e n t

k -  B o l t z m a n n ' s  c o n s t a n t  ( J . e v  )

k o r  k -  s c a t t e r e d  3/20J wave number

k -  i n c i d e n t  l a s e r  wave numbero
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V p h a s e  m i s m a t c h ,

K -  e i t h e r : ^ i m a g i n a r y  p a r t  o f  complex  r e f r a c t i v e  index;
3 p a ra m e ter  u s e d  in e q u a t i o n  5 . 2  h. ,
^ c o n s t a n t  o f  an o p t i c a l  ra y ,  = p r s in  0

Kg -  c o e f f i c i e n t  o f  e l e c t r o n  thermal  c o n d u c t i o n

-  l i n e a r  d e n s i t y  s c a l e l e n g t h

m̂ j -  e l e c t r o n  ( i o n )  mass
- 3

ngj -  e l e c t r o n  ( i o n )  d e n s i t y ,  ( no .cm )

Nd -  neodymium ( w . r . t .  Nd doped g l a s s  or  YAG a s  a l a s i n g

medium)

^  ?
q -  s i n ^

Q -  th er m al  f l u x  a c r o s s  u n i t  a r e a ,  or  a boundary  

r -  r a d i a l  d i s t a n c e  

r  ̂ -  i n i t i a l  r a d i u s

Re -  r e a l ;  a s  op posed  t o  im a g in a ry

s -  l e n g t h  o f  a r c  o f  a ray

S -  o p t i c a l  p a t h

Tgj -  e l e c t r o n  ( i o n )  t e m p e r a t u r e ,  (eV)

Uq -  p eak  a m p l i t u d e  o f  e l e c t r o n  o s c i l l a t i n g  in  an e l e c t r i c  f i e l d  

v  ̂ -  " v e l o c i t y  " " " " "

Vg o r  v̂ (̂  -  e l e c t r o n  thermal  v e l o c i t y

Vp̂  -  p h a s e  v e l o c i t y  

X -  h o r i z o n t a l  d i m e n s i o n  

y -  v e r t i c a l  d i m e n s i o n

z -  h o r i z o n t a l  d i m e n s i o n  a l o n g  a x i s  o f  i r r a d i a t i o n  

G reek .
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Y -  g r o w t h  r a t e  

5 , A -  a s  p r e f i x  = s m a l l  i n c r e m e n t ,  o r  w i d t h ,  r e s p e c t i v e l y

-  p e r m i t t i v i t y  o f  f r e e  s p a c e

d i e l e c t r i c  c o n s t a n t ,  ( s u b s c r i p t  ' t ' i s  t h a t  o f  a 

t r a n s v e r s e  w a v e )

0  -  a n g l e

w a v e  1 e n g t h  o f  i n c i d e n t  l a s e r

2 ^D e by e  s h i e l d i n g  d i s t a n c e ,  = ( /  n  ̂e )

A — S p i t z e r s  c o e f f i c i e n t ,  = Tî/p^ w h er e  p̂  i s  t h e  v a l u e  o f  t h e  

im p a c t  p a r a m e t e r  s u c h  t h a t  d e f l e c t i o n  in  t h e  o r b i t a l  p l a n e  i s  90*̂

-  r e a l  p a r t  o f  c o m p l e x  r e f r a c t i v e  i n d e x  

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

-  p e r m e a b i l i t y  o f  f r e e  s p a c e

Vgj- e l e c t r o n  i o n  c o l l i s i o n  f r e q u e n c y  

Vgd ,d~ e l e c t r o n  ( i o n )  wave  damping r a t e  

p ^-  c h a r g e  d e n s i t y  

CT -  c o n d u c t i v i t y

T: -  Vq -  ( \ \ )  s in ©

^ -  ,, angle^i.^("C ) -  fu n c tio n  in F i g .2 .3 .1

00^— a n g u l a r  f r e q u e n c y  o f  i n c i d e n t  l a s e r  l i g h t

Wpg -  e l e c t r o n  ( i o n )  p la s m a  f r e q u e n c y  
p i
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Time resolved second harmonic spectra from glass microballoons irradiated by neodymium laser pulses ( ~  10^  ̂W cm~^, 
~  100 ps) have been recorded with a resolution of ~  10 ps in time, ~  1 A in wavelength and ~  lOjum in the target plane. In
tense, time and wavelength resolution-limited spots appear, whose origin has not yet been explained.

Observations of spectrally and spatially resolved 
lecond harmonic emission from laser produced plas- 
nas have been reported by several authors [1—6]. 
rhese have provided information about possible inter
action processes and have been used to determine den- 
ity scale lengths near the critical surface. Time re sol v- 
id backscattered emission studies have also been re- 
)orted [7,8] .We present here time resolved observa- 
ions, with a spectral resolution of ~1 Â and temporal 
esolution of ~10 ps, of the spectrum of radiation 
mitted near the second harmonic wavelength from 
)lasmas produced by two opposing Nd laser beams 
/q ~  10̂  ̂W cm~  ̂Ar ~  100 ps) incident on D-T 
illed glass microballoon targets.

Erom earlier work [9], a typical time integrated 
econd harmonic system is shown in fig. 1, with a red- 
hifted peak and asymmetric broadening mainly to the 
ed. The total width is approximately 30 Â. The radia- 
ion was collected by one of the //I  singlet lenses used 
0  focus laser liglit on the target, and relay lenses pro
duced a magnified image on the slit of the 0.5 mgrat- 
ng spectrograph. The limited solid angle illuminating 
he 1200 line mm”l grating restricted the spectral re- 
olution to about 0.3 Â.

To study the evolution of the spectrum in time, an 
ilectrophotonics Photochron II streak camera with an 
!-20*photocathode was optically coupled to the out

80}jrn

WAVELENGTH

Fig. 1. Typical time integrated second harmonic spectrum 
A \  ~  30 A.

put plane of the spectrograph, as shown in fig. 2. The 
singlet lenses were replaced with aspheric focussing 
doublet types. The size of the image on tlie spectro
graph entrance slit was further increased wliich reduc
ed the spectral resolution to ~1 Â, but gave good time 
resolution: althougli the time resolution of the camera 
alone (~5 ps) was determined by tire camera entrance 
slit width, that of the entire system was limited by the 
range of path lengths in the spectrograph to 10 ps. Tire 
spatial resolution in the target plane was limited by 
the //I  lens to about 10 jutn at 5320 Â. The streak da
ta were recorded photograplrically on Kodak type 
2485 film. Separate exposures of tire 5461 Hg 1 line

423



Volume 27, number 3 OPTICS COMMUNICATIONS December 1978

TARGET 

WEST I EAST

15J 
lOOps

15J lOOps (1.06pm )

DICHROIC MIRROR 
( r > 9 0 “/. cDI.OGpm) 

f= 0 .5 m
f = 1.0m

SPECTROGRAPH 

f = 0.12 m
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S -2 0  
STREAK 
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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 conduction 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 of the data is the 
appearance of intense, spectrally and temporally reso

lution-limited, emission spots in the (tX) plane. The 
majority of the intense spots lie in a region correspond
ing to a small blue shift (~  - 4  Â). (There is some ten
tative indication that regular patterns of spots occur.)

The results are open to various interpretations. Ex
istence of 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 of 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 miglit 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 of the Rutherford 
Laboratory Laser Facility. They would also like to 
thank Dr. R.G. Evans for valuable discussions. Dr. E.
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Fig. 3. Typical time resolved second harmonic spectra showing resolution limited emission “spots” .
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Three halves harmonic emission from thin foil targets irradiated with high power (>10^^ W cm Nd laser pulses is 
reported. Spectral differences between forward and backscattered 3w o/2  emission are seen, explained by plasmon/photon 
and three plasmon recombination.

Parametric processes are expected to play an impor
tant role in the collisionless absorption of high inten
sity laser radiation incident upon plasma, particularly 
with regard to current pellet-fusion schemes [1—4]. 
These processes are characterised by a threshold, deter
mined by damping and loss due to convection and non
wave matching in inhomogeneous plasma. On exceed
ing this threshold various plasma wave phenomena can 
grow from thermal noise giving rise to stimulated scat
tering or collisionless absorption of the incident wave. 
One such process is the two-plasmon (2cOpg) instabil
ity, where the incident wave “decays” into two elec
tron plasma waves of nominally half the angular fre
quency of the laser light [5,6], viz.

where t denotes a transverse wave and C a longitudinal 
plasma wave.

This process is of interest since it occurs at an elec
tron density corresponding to a quarter of that where 
the local plasma frequency equals the laser frequency 
(cOpg = wg), and can absorb energy before it reaches 
this critical surface.

The production of harmonic emission from laser- 
produced plasmas occurring at three halves the inci
dent laser frequency (-§ cog) observed in several experi-

Present address: Materials Physics Division, AERE Harwell, 
Didcot, Oxon 0X 11 ORA, UK.

ments [7—9] may be directly attributed to the two- 
plasmon instability. As suggested by Avrov et al. [10], 
plasma waves of frequency-̂ cjq may recombine in two 
ways to generate emission around ^WQ. Either three 
plasmas may coalesce amongst themselves, or alterna
tively a single plasmon may recombine with an inci
dent photon to give a similar fcjQ photon either,

e + C + e ^ t ' ,  (1)■vco

or

t + C^t' . (2)
If these two schemes are responsible then it is also 
shown that each one will give rise to a different spec
trum. These two different spectra are independent of 
laser intensity, but are dependent upon the angle (6) 
between the incident laser wave-vector and the direc
tion of observation. Plasmon photon recombination 
will produce a spectrum with two sidebands of equal 
intensity and equally shifted to the blue and red direc
tions of the true harmonic frequency. The spectral dif
ference between these two wings is a maximum when 
6 = either 6° or 180° since

« x ^ j 2 ~ + 2 . 0 4 x

where 6X is the wavelength shift from -| Wg in metres, 
Xq is the incident wavelength in metres and is the 
electron temperature in keV.

For the three-plasmon recombination however, two
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_ o
oo

100

w a v e l e n g t h

Fig. 1. fcjQ spectrum for 80 Mm diameter microballoon target 
(£’i ~  15 J, A f  ~  100 ps) displaying red and blue shifted satel
lites. Calibration lines from Hg/Cd/Zn lamp. Effective wave
lengths: A  -  7017.24 A; B -  7326.56 A; C -  7070.9 A (fig. 3 
only).

sidebands of equal intensity are also produced except 
that the red-shifted one is backscattered (90° <  6°
<  180°) whereas the blue-shifted one is forward scat
tered (0° <  0° <  90°), since for this mechanism

5\3^^2.13X lO^Xgr^cose.

At the laser intensities used in our experiments, the 
latter process is expected to predominate, and an ex
perimentally obtained fcjQ spectra obtained in back- 
scatter from a microballoon target ( / q  >  10̂  ̂W c m ~ 2 )  

appears in fig. 1. The laser energy was — 15 Joule in a 
100 ps pulse (fwhm). This spectfum clearly shows two 
peaks, one red-shifted and the other blue shifted. 
However, the blue wing is far less intense than the red 
since in being forward scattered, it is reflected from 
its own critical surface with respect to the inci
dent laser) and returns, encountering absorption as it 
does so.

To add further weight to this theory, an experi
ment was performed where the target was a thin 
(0.08-1.0 jum) foil of polystyrene. During irradiation, 
the laser light will “burn through” the plasma formed 
from the foil and this means that a peak electron den
sity greater than|«^.j. cannot exist for long after the 
plasma is formed, since it becomes underdense rapidly. 
Hence observation of the - |cjq emission in the forward

S P EC TR O G R A P H
l oops

TA RG ET
CHAMBER

TO BURNTHROUGH J O U L E M E T E R

DICHROIC M IR RO RS -

a - r >  99% 0 1.05 pm

b - r > 8 0 “/o (2) 709 nm

Fig. 2. Experimental arrangement for viewing forward and backward fc jo  emission from a thin foil target.
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fo r wa rd

b a ck wa r d

100 A

w a v e l e n g t h

Fig. 3. Typical forward and backscattered jcoq spectra from a 0.4 iim polystyrene foil target ~  24 J, AT ~  100 ps).

direction should be possible. In the actual experiment, 
both the forward and backward directions were 
viewed simultaneously, and resolved on the same spec
trograph, the experimental arrangement appearing in 
fig. 2. Dichroic mirrors were used to deflect the inci
dent laser beam whilst at the same time remaining 
transmissive to light of optical wavelengths. A similar 
mirror reflected the remaining laser energy upon 
“burnthrough” to avoid damage to subsequent optics.

Spectra obtained from several thin foil targets 
showed that both red and blue shifted wings appear in 
both directions, a typical result being shown in fig. 3. 
However in the forward direction an almost continuous 
spectrum, rather than a double peaked spectrum, is ob
served. In general the blue shifted side was always of 
similar intensity to the red side and was often of great
er intensity than the red. In the backward direction, 
illowing for chromatic aberration, the blue wing is 
barely detectable so that the ratio of blue wing inten
sity/red wing intensity is far less than that previously 
seen with massive targets, where a surface exists 
throughout the laser pulse duration. From Avrov, the 
relative intensity ratio of total coq emission due to 
three-plasmon and plasmon-photon recombination is 
greater than 6 X 10 ;̂ hence with the dynamic range 

the recording film, three plasmon recombination is 
expected to be the only mechanism responsible for

the observed emission. Electron temperatures deter
mined from the peak-to-peak spectral width, due to 
this process, show a high value of ~ 6  keV for the back- 
scattered spectrum, from a massive target, in fig. 1, 
whereas that deduced from the forward scattered spec
trum in fig. 3 of ~  1.6 keV is closer to the value of 
~0.9 keV determined from X-ray absorber-foil data.
So in essence, the agreement between the theory of 
generation o f f  coq emission by recombination of three 
plasmons and the corresponding observed spectra is 
fair, with regard for the necessity of low //no lenses to 
achieve the high irradiance required. The//I lenses 
used had a collection angle of ±26.6° so that angular 
resolution was low. However, a previous experiment 
[11] performed with an underdense performed plasma 
heated with a CO2  laser has also shown only a detect
able red shifted wing fromfcoQ emission in the back
ward direction.

The authors gratefully acknowledge the assistance 
of the staff of the Central Laser Facility and the sup
port of the Science Research Council. They also thank 
Dr. R.G. Evans for helpful discussions.

445



A c c e p te d  fo r  p u b l ic a t io n  in  P h y s ic a l  Review  L e t t e r s

Time R eso lved  O b se r v a tio n s  o f  th e  T h ree -H a lv es  Harmonic Spectrum  from L a ser-P ro d u ced  
Plasm as

P D C a rter  and S M L Sim

Dept o f  P h y s ic s ,  R oyal H ollow ay C o l le g e ,  U n iv e r s i t y  o f  London 
Egham, S u rrey , TW20 OEX, UK

H C Barr

S ch oo l o f  M athem atics and Computer S c ie n c e ,  U n iv e r s i t y  C o lle g e  
o f  N orth  W ales, B angor, Gwynedd, LL57 2DG

R G Evans

R u th erford  L a b o ra to ry , C h i lto n ,  D id c o t ,  Oxon 0X11 .OQX

A b str a c t

Time r e s o lv e d  3 /2  o) s p e c tr a  from  g la s s  m ic r o b a llo o n s  ir r a d ia t e d  by 100 p s ,  
16 - 2  °2 X  10 W cm la s e r  p u ls e s  have b een  o b ta in e d  w ith  a tem p ora l r e s o lu t i o n  

o f  ^  ps and a s p e c t r a l  r e s o lu t i o n  o f  15 X. P u lse d  e m is s io n  i s  o b se r v e d ,  

w ith  a p u ls e  d u r a t io n  o f  l e s s  th an  th e  in stru m en t l i m i t .  B oth  red  and b lu e  

peaks appear s im u lta n e o u s ly  w ith  t h e i r  s e p a r a t io n  v a r y in g  in  t im e .

F ig u r e s  1 , 2 and 3 are s im ila r  to

F ig u r e s  6 . 4 . 1 ,  6 .5 .1 a ,  and 6 .5 .1 c  r e s p e c t i v e ly



Time Resolved O bservations of the 3 /2  Spectrum in  a Laser Produced Plasma

In recen t years much th e o r e t ic a l and experim ental work has been performed 

to  study the variou s param etric p rocesses  which occur in  la s e r  produced plasmas

a t high ir r a d ia n c e s . At the quarter c r i t i c a l  d en sity  both stim u la ted  Raman
1 2s c a tte r in g  and the two plasmon decay can occur, and e ith e r  o f  th ese  can

g iv e  r i s e  to  the em ission  o f  ra d ia tio n  at 3 /2  These i n s t a b i l i t i e s  a t quarter

c r i t i c a l  d e n s ity  are probably not very important fo r  the o v e r a ll  absorption  of
3

la s e r  energy by the plasma , but may be resp o n sib le  for  the production  o f a
4s ig n if ic a n t  number o f  f a s t  e lec tro n s  .

Previous o b serv a tio n s o f the 3 /2  em ission  have been o f tim e in tegra ted

spectra^*^ or o f the tim e reso lved  in te n s ity ^ ’ ^. Bychenkov e t  al^  have 

obtained time re so lv e d  sp ectra  w ith a long la se r  p u lse  and tim e r e so lu t io n  o f  

100 p s. We p resen t here new ob servation s o f the tim e reso lv e d  sp ectra  w ith  

high time r e s o lu t io n  o f  v20 ps and sim ultaneous sp e c tr a l r e s o lu t io n  o f  30 X.
The measurements were made w ith  the Rutherford Laboratory Nd g la s s  la s e r

16 -2  .f a c i l i t y  p rovid in g  an irrad ian ce  o f 2 x 10 W cm in  a 100 ps p u lse  on

g la s s  m icroballoon  ta r g e ts  o f 50 -  90 pm diam eter.

The experim ental layou t i s  shown in  Fig 1. The b ack sca ttered  3 /2  

was c o l le c te d  by th e FI doublet le n s ,  used to  focus the la s e r  l i g h t  on the

ta r g e t . This len s  produced a 6OX m agnified image a t  3 /2  w on the s l i t  o f
- 1  . °the 0 .5  m, 600 l in e  ram gra tin g  spectrograph, the s l i t  s iz e  o f  1 ram r e s tr ic te d

the sp e c tr a l r e s o lu t io n  to  about 15 8  . The output p lane o f  the spectrograph

was then o p t ic a l ly  coupled to  a Hadland P hotonics streak camera f i t t e d  w ith an 

S-20 photocathode, u sin g  a dove prism to  r o ta te  the image so th a t w avelength  

would be d isp ersed  along the streak  camera s l i t .

Although the tim e r e so lu tio n  o f the streak  camera alone (^6ps) was 

determined by i t s  en trance s l i t  w idth , th at o f the e n t ir e  system  was lim ited  

by the range o f  path len g th s in  the spectrom eter to  v20 p s . Photographic  

record ings o f the s trea k  data were made on Kodak 2485 f ilm  and separate  

, exposures o f the 5461 X Hg I l in e  were taken w ith  th e spectrograph a t d if fe r e n t  

wavelength s e t t in g s  to  c a lib r a te  both w avelength d isp e r s io n . The sweep speed  

o f the strea k  .camera was ca lib ra ted  in  an a u x ilia r y  experim ent u sin g  a mode 

locked dye la s e r  and an a ir  gap é ta lo n  w ith  70% m irror r e f l e c t i v i t i e s .

Two ty p ic a l  tim e reso lved  sp ectra  are shown in  F ig  2 . Both sp e c tr a l  

strea k s show th a t the 3 /2  harmonic em ission  has a p u lsed  n a tu re , where 

the duration  o f the p u lse s  i s  le s s  than the ps tem poral r e s o lu t io n  o f  

the system , w ith  the spectrograph in  second order. (Spectra showing r e so lu tio n



limited bursts of <10 ps were obtained with the spectrograph in first order).

The b lu e -s h if te d  and r e d -sh ifte d  peaks appear sim u ltan eou sly  but w ith  

th e ir  sep aration  vary ing  in  tim e. Spectra w ith  m onoton ically  decreasing

sep aration  (F ig 2a) were obtained when the la s e r  prepulse le v e l  was low
-5  . .( < 1 0  tim es the main p u lse  energy) w hile sp ectra  showing an in crea sin g  and

then d ecreasing  sep a ra tio n  (Fig 2b) occurred as a r e s u lt  o f la r g er  prepulse

le v e l s .  The b lue s h if te d  peaks appear more in te n se  than the red sh if te d  peaks
3 5which i s  the r e v e r se  o f  the time in tegra ted  o b serva tion s ’ . This i s  probably  

due to the sp e c tr a l response o f the S-20 photocathode which f a l l s  o f f  rap id ly  

in  the red near 7093 X and may a lso  be accentuated  by any error between the  

d ir e c t io n  of sp e c tr a l d isp ers io n  and the s l i t  o f the streak  camera.

9The spectrum o f  the 3 /2  em ission  has been c a lc u la te d  by Avrov and by 

Barr^^. The Barr theory  d if f e r s  from Avrov*s theory  in  th at Avrov n e g le c ts  

the wave number k^ o f  the pump wave, compared w ith  the wave k number o f the  

plasma waves, w h ile  Barr makes no such assum ption. For the co n d itio n s  o f  

our experiment plasma waves w ith k »  k^ are s tro n g ly  Landau damped so th a t  

the Avrov theory i s  not a p p lica b le .

The Barr theory  con sid ers three mechanisms fo r  the production  o f  3/2#^  

ra d ia tio n : com bination o f three plasma waves, com bination o f  a plasmon w ith  

an in c id e n t pump photon or combination o f a plasmon w ith  a pump photon r e f le c te d  

from c r i t i c a l  d e n s ity . I f  only plasma waves w ith  ^  c lo s e  to  the f a s t e s t  

growing mode are con sid ered  then the dominant co n tr ib u tio n s  to  our b a ck sea tter  

sp ectra  w i l l  r i s e  from the combination o f the r e f le c te d  pump wave and the  

plasma waves. The frequency s h i f t  o f the 3 /2  r a d ia tio n  a r is e s  from the  

Bohm Gross c o r r e c t io n  to  the plasma frequency and i s  always p rop ortion a l to  

T  ̂ the e le c tr o n  tem perature. For the modes o f maximum growth r a te  the  

w avelength s h i f t s  o f  3 /2  are = 19.0 T^, AX̂  = -  29 .8  T , w ith  T  ̂ in  

keV and AX in  X. For 3 /2  ra d ia tio n  c lo se  to  th e la s e r  a x is  AX̂  = 2 3 3  T̂  

and AXg = -  4 4 .3  T^. We have a lso  considered the e f f e c t s  o f  B r i llo u in  

s h if te d  r e f l e c t io n  o f  the pump wave and o f Doppler s h i f t s  due t o  th e m otion o f  

the quarter c r i t i c a l  reg io n . These are much l e s s  than the observed s h i f t  

o f the 3/2 r a d ia t io n , being o f order loX -  20X. Moreover th e  B r illo u in  

s h i f t  i s  reduced to  zero i f  the expansion o f  the plasma i s  a t  the sound speed.

The spectra presented here show a f&irly symmetrical 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



e ith e r  the c r i t i c a l  or quarter c r i t i c a l  su rfa ces  g iv in g  r i s e  to  an u n certa in ty  

in  the angular r e la t io n sh ip  o f the plasma waves and electrom agn etic  waves.

A lso the Barr theory has assumed that the n in e -fo u r th s  c r i t i c a l  d en sity  layer  

i s  p a r a lle l  to  the quarter c r i t i c a l  surface and th is  may not be the ca se .

The d if fe r e n c e s  between the sp ectra  o f F ig  2a and F ig  2b can be exp la ined

on the assum ption th at the s p l i t t in g  o f red and b lue wings i s  p rop ortion a l to
2 . 2the e le c tr o n  tem perature. The threshold  for  two plasmon decay i s  (v /v  ) k L > 44o e o

where v^ i s  the e le c tr o n  o s c i l la to r y  v e lo c ity  in  the pump f i e l d ,  v^ i s  the

e le c tr o n  thermal v e lo c i t y ,  i s  the wavenumber o f the pump and L i s  the

d en s ity  s c a le  len g th  a t quarter c r i t i c a l .  For la s e r  l ig h t  o f wavelength 1.06ym 
—2 16th is  g iv es  0(Wcm ) > 2 .3  x 10 T  ̂ (keV). In the case  o f sm all la s e r  prepu lse  

the d en sity  s c a le  len gth  during tlie r is in g  h a lf  o f  the la s e r  pulge i s  very sm all 

and the th resh o ld  fo r  the two plasmon decay i s  exceeded on ly  a f te r  the peak 

o f the la se r  p u lse  as the d en sity  s c a le  len g th  in c r e a se s . The decreasing  

sep aration  o f the red and blue peaks i s  then a r e f l e c t io n  o f  the d ecreasing  

e le c tr o n  tem perature during the f a l l in g  part o f  the la s e r  p u lse . With a 

s ig n if ic a n t  p rep u lse  the i n i t i a l  d en sity  s c a le  le n g th s  are longer and th resh o ld  

i s  exceeded e a r l i e r .  The sp ec tra l sep aration  then fo llo w s  the r i s e  and f a l l  

o f e le c tr o n  tem perature w ith  the la se r  ir ra d ia n ce .

I t  may be th a t the pulsed  nature o f the 3 /2  em ission  i s  due to  d en s ity  

p r o f i le  m o d ific a tio n s  caused by the pondermotive fo r c e  o f the plasma waves.

P r o f i le  m o d ific a tio n  a t the quarter c r i t i c a l  d e n s ity  su rface  has been observed
12 11by in terferom etry  and p red icted  in  plasma s im u la tio n s  . . Bursts of 3 /2

em ission  have a ls o  been pred icted  from plasma sim u la tio n s  by Langdon and
4 . .L asin sk i but in  th e ir  sim ulations the b u rsts  occurred w ith  a period o f  about

0 .8 p s fo r  the case  o f  a r e a l i s t i c  e le c tr o n - io n  mass r a t io .

We b e lie v e  th a t there i s  an a lte r n a t iv e  ex p la n a tio n  o f  th e  b u rsts o f  3/2%^

em ission  s in c e  id e n t ic a l  temporal behaviour has been observed in  2m time 
13 oreso lv ed  sp ectra  . There appears to  be no reason  why d if f e r e n t  param etric

i n s t a b i l i t i e s  a t d if fe r e n t  e lec tro n  d e n s it ie s  should be r e la te d  except for

the hydrodynamic expansion o f the plasma. I f  the plasma flow  across the

steepened d e n s ity  p ro file^ ^  a t the c r i t i c a l  su rfa ce  i s  u n sta b le , then th ese

d en s ity  f lu c tu a t io n s  w i l l  propagate outwards through quarter c r i t i c a l .  Both

2(1̂  em ission  (near c r i t i c a l  d en s ity ) and 3 /2  em ission  w i l l  thus be a f fe c te d .

The time s c a le  o f  such a hydrodynamic i n s t a b i l i t y  i s  expected  to  be about



e ith e r  the c r i t i c a l  or quarter c r i t i c a l  su rfa ces  g iv in g  r i s e  to  an u n certa in ty  

in  the angular r e la t io n sh ip  o f the plasma waves and e lectrom agn etic  waves.

A lso the Barr theory has assumed that the n in e -fo u r th s  c r i t i c a l  d en sity  layer  

i s  p a r a lle l  to  the quarter c r i t i c a l  surface and th is  may not be the ca se .

The d if fe r e n c e s  between the sp ectra  o f F ig  2a and F ig  2b can be exp la ined

on the assum ption th a t the s p l i t t in g  of red and b lue wings i s  prop ortion a l to
2 2the e le c tr o n  tem perature. The threshold  for two plasmon decay i s  (v /v  ) k L > 44o e o

where v^ i s  the e le c tr o n  o s c i l la to r y  v e lo c ity  in  the pump f i e l d ,  v^ i s  the  

e le c tr o n  thermal v e lo c i t y ,  k^ i s  the wavenumber o f the pump and L i s  the  

d en s ity  s c a le  len g th  a t quarter c r i t i c a l .  For la s e r  l ig h t  o f wavelength 1.06ym  

t h is  g iv e s  0(Wcm > 2 .3  x 10^  ̂ T̂  (keV). In the case  o f sm all la s e r  p repu lse  

the d en sity  s c a le  len g th  during^^he r is in g  h a lf  o f  the la s e r  puls^e i s  very sm all 

and the th resh o ld  fo r  the two plasmon decay i s  exceeded on ly  a f te r  the peak 

o f  the la se r  p u lse  as the d en sity  s c a le  len g th  in c r e a se s . The d ecreasing  

sep ara tion  o f the red and blue peaks i s  then a r e f l e c t io n  o f  the decreasing  

e le c tr o n  tem perature during the f a l l in g  part o f the la s e r  p u lse . With a 

s ig n if ic a n t  p rep u lse  the i n i t i a l  d en sity  s c a le  le n g th s  are longer and th resh o ld  

i s  exceeded e a r l i e r .  The sp ec tra l sep aration  then fo llo w s  the r i s e  and f a l l

o f  e le c tr o n  tem perature w ith  the la se r  ir r a d ia n c e .

I t  may be th a t the pulsed nature o f the 3 /2  em ission  i s  due to  d en s ity  

p r o f i le  m o d ific a tio n s  caused by the pondermotive fo r c e  o f the plasma waves.

P r o f i le  m o d ific a tio n  at the quarter c r i t i c a l  d e n s ity  su rfa ce  has been observed
12 . . . 11by in terferom etry  and p red icted  in  plasma s im u la tio n s  . .  Bursts o f 3 /2

em ission  have a ls o  been p red icted  from plasma s im u la tio n s  by Langdon and
4 . . . .L asin sk i but in  th e ir  s im u lation s the b u rsts  occurred w ith  a period o f about

0 .8p s fo r  the case  o f  a r e a l i s t i c  e le c tr o n - io n  mass r a t io .

We b e lie v e  th a t th ere i s  an a lte r n a t iv e  ex p la n a tio n  o f th e  b u rsts  o f 3/2%^

em ission  s in c e  id e n t ic a l  temporal behaviour has been observed in  2w tim e 
13 oreso lv ed  sp ectra  . There appears to  be no reason  why d if f e r e n t  param etric

i n s t a b i l i t i e s  a t  d if f e r e n t  e le c tr o n  d e n s it ie s  should be r e la te d  except for

the hydrodynamic expansion o f  the plasma. I f  the plasma flow  across the

steepened d e n s ity  p r o f i le  a t the c r i t i c a l  su rfa ce  i s  u n sta b le , then th ese

d en s ity  f lu c tu a t io n s  w i l l  propagate outwards through quarter c r i t i c a l .  Both

em ission  (near c r i t i c a l  d en s ity )  and 3 /2  em ission  w i l l  thus be a f fe c te d .

The time s c a le  o f ,su c h  a hydrodynamic i n s t a b i l i t y  i s  expected  to  be about



L / v .  where L i s  t h 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  the
7 -1i o n  sound s p e e d .  I f  we assume " L 3 pm and ^ 3 x 10 cm s t h e n  t h e  t ime  

s c a l e  o f  th e  i n s t a b i l i t y  i s  'b 10 ps wh ich  i s  i n  approx im ate  agre em ent  w i t h  

t h e  o b s e r v a t i o n s .
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F igu re  C aptions

F i g  1. E x p e r im en ta l  l a y o u t  f o r  t im e r e s o l v e d  3 / 2  s p e c t r a .

F i g  2 (a )  3 / 2  s p e c t r a l  s t r e a k  showing d e c r e a s i n g  s e p a r a t i o n  ( i n  t im e )  b e tw e e n  

p e a k s :  t e m p ora l  r e s o l u t i o n  *v 20 p s ,  s p e c t r a l  r e s o l u t i o n  ^ 15 

(C urvatur e  i s  due t o  ’’p in c u s h i o n "  d i s t o r t i o n  i n  t h e  image i n t e n s i f i e r ) .

F i g  2 (b) 3 / 2  s p e c t r a l  s t r e a k  showing i n c r e a s i n g ,  t h e n  d e c r e a s i n g  s e p a r a t i o n

i n  t i m e  b e tw e en  pea k s :  te m pora l  r e s o l u t i o n  ^ 20 p s ,  s p e c t r a l  r e s o l u t i o n  

~ I 5 % .
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