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A B S T R A C T

The i n s t a b i l i t i e s  w hich  o ccu r  in  th e  i n t e r a c t i o n  

o f  CO  ̂ l a s e r  r a d i a t i o n  w i th  a  d en se  plasm a have been  

s t u d i e d .

A TEA CÔ  l a s e r  p ro v id e d  p u l s e s  o f  up to  30 j o u l e s  

o f  en erg y  w ith  a d u r a t i o n  o f  50 n an o seco n d s . By f o c u s 

s in g  th e  r a d i a t i o n  on t o  a  p la n e  t a r g e t  a f o c a l  sp o t  o f

ab o u t 180 m ic rom ete rs  d ia m e te r  was form ed w ith  a  i r r a d -
9 12 -2ia n c e  o f  10 to  10 W cm . The s c a t t e r e d  r a d i a t i o n  was

c o l l e c t e d  by a l a s e r  f o c u s s in g  le n s  and a n a ly s e d  w i th  a

g r a t i n g  s p e c t ro m e te r .

L in ea r  r e l a t i o n s h i p s  have been  found betw een  th e

in c i d e n t  i r r a d i a n c e  and th e  b ack  s c a t t e r e d  e n e r g ie s  a t

2 ^ 0  21^ . This i s  i n  c o n t r a s t  t o  th e  r e s u l t s  o f

o th e r  w orkers  who have found  q u a d r a t i c  r e l a t i o n s  a t  h ig h

i r r a d i a n c e .  The back  s c a t t e r e d  e n e r g i e s  were o f  th e

o rd e r  o f  0 .1  a t  U) , 10 ^ a t  3 W and 10 ^ a t  2Wo 2 o o ’
compared w i th  th e  i n c i d e n t  e n e rg y .

The spec trum  o f  shows a d is p la c e m e n t  t o  lo n g e r

w av e len g th  which i s  a t t r i b u t e d  t o  s t im u la t e d  B r i l l o u i n  

s c a t t e r i n g ,  t h e r e  b e in g  an  io n  a c o u s t i c  w&ve which i s  

d r iv e n  by th e  l a s e r  r a d i a t i o n .  A s i m i l a r  d isp la c e m e n t  

o ccu rs  in  th e  2 Wg^spectrum and i s  a t t r i b u t e d  t o  th e  

s c a t t e r i n g  o f  plasm ons from  th e  io n  a c o u s t i c  wave. The 

m easured d is p la c e m e n t  i s  i n  ag reem en t w i th  a th e o ry  

due t o  S i l i n .  F ine s t r u c t u r e  a l s o  e x i s t s  in  th e  2Câ  

sp e c tru m , a s h o u ld e r  b e in g  found  on th e  re d  s id e  o f  

th e  l i n e  and t h i s  may r e s u l t  from  a non-M axw ellian  

e l e c t r o n  te m p e ra tu re  d i s t r i b u t i o n .  There i s  a l s o  a 

s a t e l l i t e  which i s  d i s p l a c e d  to w ard s  lo n g e r  w av e len g th s  

by ab o u t 0 .1  m ic rom ete rs  from  th e  p r e c i s e  v a lu e  o f  2W 

E x p la n a t io n s  o f  t h i s  f e a t u r e  a r e  o f f e r e d .

The s e l f  g e n e ra te d  m ag n e tic  f i e l d  has been measured 

and i t s  e f f e c t  on th e  i n t e r a c t i o n s  have been  exam ined. 

The plasm a te m p e ra tu re  has been  d e te rm in e d  by X -ray  

measurem ents and compared w i th  th e  v a lu e s  e s t im a te d  

from th e  s c a t t e r e d  sp ec tru m .
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CHAPTER 1

1 .1  INTRODUCTION

L ase r  r a d i a t i o n  o f  h ig h  i n t e n s i t y  fo c u s s e d  o n to  any 

m a t e r i a l  cau se s  i o n i z a t i o n  and g e n e r a te s  h ig h  d e n s i t y  p lasm a. 

The r a d i a t i o n  from l a s e r s  p ro d u c in g  s e v e r a l  j o u l e s  o f  energy  

in  p u l s e s  o f  nanosecond d u r a t i o n  o r  l e s s  may be fo c u s s e d  

i n t o  a  volume o f  th e  o rd e r  o f  10 ^ cm^; th e  r e s u l t i n g  

h i ^  i r r a d i a n c e  p ro d u c in g  a  s t r o n g  e l e c t r i c  f i e l d ,  h ig h  

te m p e r a tu r e s  and th e  p o s s i b i l i t y  o f  a  wide range  o f  non

l i n e a r  p r o c e s s e s .  In p r i n c i p l e ,  i t  opens a  p ro m is in g  new 

f r o n t  o f  a t t a c k  on th e  lo n g  s t a n d in g  problem  o f  how to  

p ro d u ce  th e  u l t r a  h igh  te m p e ra tu re  p lasm a needed  t o  m a in ta in
S'

th e rm o n u c le a r  o r  f u s io n  r e a c t i o n s  under c o n t r o l l e d  c o n d i t i o n s .

In 1963 th e  Q -sw itch ed  ruby  l a s e r  became a v a i l a b l e  

(McClung and  H e l lw a r th )  and  c o u ld  p roduce  p u l s e s  o f  up t o  

30 T4W pow er. These p u l s e s  were c a p a b le  o f  p ro d u c in g  p lasm as 

which expanded a t  2 x 16^ cm s e c .  (Read' y (1963) ) .  Ion 

e n e r g i e s  o f  1 Kev were o b ta in e d  w i th  5 .4  MW ruby l a s e r  

p u l s e s  (L in lo r  (1963) ).

In 1963, Basov and K rokhin p r e s e n te d  c a l c u l a t i o n s  on 

th e  f e a s i b i l i t y  o f  u s in g  a l a s e r  t o  h e a t  a  dense  d e u te r iu m  

p lasm a to  th e rm o n u c le a r  t e m p e r a tu r e s ,  ( a l s o  Basov 1964) w ith  

g r e a t e r  d e t a i l s  and Dawson (1 9 6 4 ) .p u b l i s h e d  s i m i l a r  

c a l c u l a t i o n s .  Communications i n d i c a t e d  t h a t  h ig h e r  powers 

th a n  were a v a i l a b l e  would be  n e c e s s a ry  t o  p roduce therm o-
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n u c le a r  t e m p e r a tu re s .  Subsequent c a l c u l a t i o n s  (N uckolls  

e t  a l  1972) have shown t h e  p o s s i b i l i t y  o f  p ro d u c in g  

th e rm o n u c le a r  r e a c t i o n s  by com press ing  and h e a t in g  

d e u te r iu m  t r i t i u m  p e l l e t s  w ith  an  i n t e n s e  l a s e r .

To a c h ie v e  e f f i c i e n t  h e a t in g  i t  i s  n e c e s s a ry  t o  

u n d e r s ta n d  th e  p h y s ic s  o f  i n t e r a c t i o n  o f  r a d i a t i o n  w ith  a 

p la sm a , t h e  h e a t i n g  p r o c e s s e s  and th e  way which e n e rg y  can 

be d i s s i p a t e d .  Some o f th e  p h y s i c a l  p r o c e s s e s  have been 

known f o r  some t im e .  For e x a n p le .  S te rn  (1965) has shown 

t h a t  non l i n e a r  phenomena o c c u r re d  w ith  r e l a t i v e l y  long  

( ^ 3  cm) w av e len g th  r a d i a t i o n .

1 .2  LASER PRODUCED PLASMA

1 .2 .1  Gas Breakdown

O b se rv a t io n s  o f  l a s e r  induced  breakdown in  g ases  were 

f i r s t  r e p o r t e d  by Maker i n  1963. A s p a r k  was formed when 

a  l a s e r  p u l s e  o f  a few megawatt power was fo c u s s e d  in  

a tm o s p h e r ic  a iir  and was accom panied  by a  loud  c l i c k .  The 

mechanism o f  t h i s  s p a rk  was s u b s e q u e n t ly  shown t o  be 

s i m i l a r  t o  breakdown by microwave r a d i a t i o n  and i s  o f t e n  

r e f e r r e d  t o  a s  o p t i c a l  f re q u e n c y  breakdow n. The e s s e n t i a l  

f e a t u r e  i s  t h a t  t h e  gas which i s  n o rm a lly  a  t r a n s p a r e n t  and 

n o n -c o n d u c t in g  medium becomes io n iz e d  by l a s e r  l i g h t  and 

a b s o rb s  e n e rg y  s t r o n g ly  from  th e  beam. Rapid l o c a l  h e a t i n g  

o c c u r s ,  l e a d in g  t o  th e  p ro d u c t io n  o f  a  d e n se ,  s t r o n g ly  

i o n i z e d  p la sm a .

Cas breakdown can be o b se rv ed  a t  a tm o sp h e r ic  p r e s s u r e
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b u t  d i r e c t  p h o to io n i z a t i o n  o f  th e  gas i s  im p o s s ib le .  For 

exam ple , t h e  i o n i z a t i o n  p o t e n t i a l  o f  a rgon  i s  1 5 .8  eV, 

w hereas th e  energy  o f  a CO2  l a s e r  quantum i s  o n ly ( ^ J l7  eV.

In t h e  c l a s s i c a l  t h e o r y  th e  e l e c t r o n s  o s c i l l a t e  in  

t h e  wave f i e l d  w i th  mean energy  o f

e L £

and lo s e  en e rg y  when i t  c o l l i d e s  w i th  an  a tom . The r a t e  

a t  which e n e rg y  i s  g a in e d  from  th e  e l e c t r i c  f i e l d  i s  g iven  

by

^  = eE V
d t

where V i s  th e  mean v e l o c i t y .

The e f f e c t i v e  f i e l d  g iv en  by MacDonald (1966) i s

2 "

o

2 „2 ^ 2

2  m o /

w here vgr- i s  t h e  e f f e c t i v e  c o l l i s i o n  f re q u e n cy

-3
betw een  e l e c t r o n s  and io n s ,  Nq th e  number o f  atoms cm ,

V  i s  th e  e l e c t r o n  v e l o c i t y  and CT i s  t h e  c o l l i s i o n  c ross-

s e c t i o n .

2 2
F oro ; Y c

Then

d t  2 mo?
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where t h e  i n t e n s i t y  o f  th e  r a d i a t i o n  i s

e "c
I ( t )  = —

(Sir)

a nd I  = ^ ^
° 41T

The t o t a l  g a in  i n  en e rg y

where K i s  t h e  number o f  io n s  g e n e ra te d  d u r in g  t h e  t im e

o f  t h e  l a s e r  p u l s e ,  % i s  th e  i o n i z a t i o n  e n e rg y ,  and  cL

i s  a f a c t o r  t o  t a k e  i n t o  a c c o u n t  th e  en erg y  l o s s e s .

Vl J.2 2 /
ÈA±L ri(t) d t  = ^

The t im e  a v e rag e d  t h r e s h o l d  f o r  breakdown g iv en  by Ramsden 

(1964) and Morgan (1975) i s

T -  m c K 10  ̂ X 
^ th “ 2

4 77 e ^  V t

w hich  shows t h e  im p o rtan ce  o f  t h e  d i f f e r e n t  f a c t o r s .

1 .2 .2  L aser  Produced Plasma in  a S o l id  T a rg e t

Plasma may a l s o  be p roduced  by a l a s e r  beam 

i r r a d i a t i n g  a s o l i d  t a r g e t .  In t h i s  p ro c e s s  t h e r e  i s  no 

t h r e s h o l d  a s  in  t h e  c a s e  o f  g a s ,  r a d i a t i o n  b e in g  a b so rb e d  

a t  any  i n t e n s i t y .  However, t h e  i n t e r a c t i o n  betw een t h e  

l i g h t  and th e  t a r g e t  now t a k e s  p la c e  i n i t i a l l y  i n  a  t h i n  

s u r f a c e  l a y e r  and p ro d u ces  a  v e ry  s te e p  d e n s i t y  g r a d ie n t  

which may n o t a b s o rb  l i g h t  e f f i c i e n t l y .

Most t h e o r e t i c a l  work has a t te m p te d  t o  e x p la in  th e  

h e a t in g  mechanisms in v o lv e d  when a l a s e r  beam i s  fo c u s s e d
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on th e  s u r f a c e  o f  a s o l i d  i n  vacuum and th e  su b seq u en t 

m e l t in g ,  v a p o r i z a t i o n  and i o n i z a t i o n .  The b e g in n in g  o f  

th e  i n t e r a c t i o n  i s  c o n s id e re d  f i r s t  where en e rg y  i s  

a b so rb e d  from th e  r a d i a t i o n  f i e l d ,  c a u s in g  e v a p o r a t io n  

and  i o n i z a t i o n  o f  t h e  s o l i d .  There a r e  t h r e e  p o s s i b l e  

a b so rp tio n . ' p r o c e s s e s :  a b s o r p t io n  by phonon p r o d u c t io n

in  th e  s o l i d ;  m u lt ip h o to n  a b s o r p t io n  and a b s o r p t io n  by 

f r e e  e l e c t r o n s .

1 .3  THERMAL CONDUCTIVITY

When l a s e r  l i g h t  f a l l s  on an opaque m a t e r i a l  some o f  

i t  i s  r e f l e c t e d  and th e  r e s t  i s  a b so rb e d  by e l e c t r o n s  i n  

t h e  c o n d u c t io n  band . Energy i s  t h e n  t r a n s f e r r e d  from 

t h e s e  e l e c t r o n s  by c o l l i s i o n  w i th  o th e r  e l e c t r o n s  and 

w i th  phonons, so  t h a t  th e  s o l i d  t e n d s  t o  r e a c h  an  e q u i l i 

b rium  a t  a h ig h e r  t e m p e r a tu r e .

1 .3 .1  E v a p o ra tio n

The nex t s t a g e  in  h e a t i n g  a  s o l i d  t a r g e t  b e g in s  

when phonons a r e  p roduced  by  th e  ab so rb ed  r a d i a t i o n  when 

th e  t a r g e t  t e m p e ra tu re  i s  r a i s e d  t o  b o i l i n g  p o i n t .

Assuming t h a t  a l l  t h e  l a s e r  e n e rg y  i s  c o n v e r te d  i n to  h e a t  

w i th in  a  volume e q u a l  t o  t h e ( f o c a l $ p o t  a rea^  x ( th e  d e p th  

o f  p e n e t r a t i o n ^  th e n  th e  t im e  r e q u i r e d  t o  v a p o r is e  th e  

volume i s  t h a t  i n  which t h e  s p e c i f i c  en e rg y  ab so rb e d  e q u a ls  

th e  s p e c i f i c  h e a t  o f  v a p o r i s a t i o n .  In  an o p t i c a l l y  opaque 

s o l i d  (A fanasyev e t  a l  1 9 6 6 ) ,  th e  l a s e r  r a d i a t i o n  i s  

s t r o n g l y  ab so rb e d  on th e  s u r f a c e  o f  th e  s o l i d  i n t o  i t s
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v i b r a t i o n a l  l e v e l s ,  p ro d u c in g  h e a t ,  b u t  th e  i n t e r i o r  o f

t h e  s o l i d  i s  h e a te d  by a th e rm a l  c o n d u c t io n  wave which

p e n e t r a t e s  t o  a d ep th

1 — ( Kt ) ̂  cm

2 —1where K = th e rm a l d i f f u s i v i t y  cm s e c

t  = t im e  f o r  a b s o r p t io n  o f  s u f f i c i e n t  en e rg y

f o r  v a p o r i s a t i o n  in  seconds 

For a m a t e r i a l  i n  which a l l  th e  l i g h t  i s  a b so rb e d  in  a 

l e n g th  < 1 ,  th e  tim e f o r  v a p o r i s a t i o n  i s

i f  ,(cg s)

where
= s p e c i f i c  h e a t  o f  e v a p o r a t io n  in  e r g s  gram

= m a te r i a l  s o l i d  d e n s i t y  gm cm ^

I , .= l a s e r  r a d i a t i o n  f l u x  d e n s i t y  e r g s  sec~ cm
(Ç g s )

In  th e  ca se  o f  w eakly a b s o rb in g  m a t e r i a l ,  t h e  t im e  

r e q u i r e d  f o r  e v a p o ra t io n  becomes

t  =

 ̂(c gs

w here ^  i s  t h e  a b s o r p t io n  c o e f f i c i e n t  f o r  th e  r a d i a t i o n  

i n  t h e  s o l i d  cm ^ .

1 . 3 . 2  M ultip h o to n  I o n i z a t i o n

9 ”2
For l a s e r  f l u x  g r e a t e r  th a n  10 W cm. p o s s i b i l i t i e s  

o f  m u lt ip h o to n  a b s o r p t io n  must be c o n s id e r e d .  I f  a 

s u f f i c i e n t  number o f  p h o to n s  a r e  ab so rb e d  so  t h a t  t h e i r
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c u m u la t iv e  e n e rg y  ex ceed s  th e  i o n i z a t i o n  p o t e n t i a l  o f  

th e  atom, m u l t ip h o to n  i o n i z a t i o n  o c c u r s .

The m u l t ip h o to n  i o n i z a t i o n  p r o b a b i l i t y  f o r  atoms 

i s  s i m i l a r  t o  t h a t  f o r  g a s e s .  These were d i s c u s s e d  by 

Bunkin and Pf okhorov (1964) and Gold. a nd Bebb (1965 ). 

C a lc u la t io n s  have been made o f  t h e  m u lt ip h o to n  p h o to  

c u r r e n t  from m e ta ls  by S i l i n  (1 9 7 ])  and e x p e r im e n ta l  

o b s e r v a t io n s  w ere r e p o r t e d  by F a r i a s  e t  a l  (19 7 2 ) .

1 .4  PLASMA. HEATING

There a r e  many modeHs d e s c r i b i n g  th e  p lasm a h e a t i n g  

p r o c e s s .  The f i r s t  w a s : r e p o r t e d  by Basov and Krokhin 

(1964-). S im i l a r  work was p u b l i s h e d  by Dawson (1964 ). 

These models d e s c r ib e  t h e  p r o c e s s e s  in v o lv e d  i n  th e  

h e a t in g  o f  a  volume o f  p la sm a , h av in g  d im ensions  o f  t h e  

f o c a l  r e g io n  o f  t h e  l a s e r  beam. The h e a t in g  p r o c e s s  

th e n  in v o lv e s  th e  a b s o r p t io n  o f  p ho tons  by e l e c t r o n s  i n  

th e  f i e l d  o f  t h e  i o n s .  High a b s o r p t io n  t a k e s  p la c e  a t

densit ies  b e l o w  t h e  . cr i t i ca l  d e n s i t y .
The p lasm a a b s o r p t io n  c o e f f i c i e n t  K r e s u l t i n g  from  

in v e r s e  B re m ss tra h lu n g  i s : -

K == 1.17 X 10-^ Z,_ngila^  1  ^  cm-1

where kT i n  eV

Z i s  t h e  a to m ic  number 

when =3 W p

The a b s o r p t io n  l e n g th  ^ = 9 . 7 x 1 0 ^  cm
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which i s  o f  th e  same o rd e r  a s  th e  d im ensions  o f  th e  

l a s e r  f o c a l  s p o t .

The e l e c t r o n  io n  t h e r m a l i z a t i o n  tim e  i s

_ 1 .0 5  X 10^3 A _ %
* e i  - ---- — ---------------- T 2

ng 2 In A

where T^ i n  KeV

and  A = a to m ic  w e ig h t  o f  th e  io n s .

T h is  g iv e s  t^^^ = 7 x 1 0 “® se c  f o r  a  CO  ̂ l a s e r  w i th  

a ca rb o n  t a r g e t  w hich  i s  s m a l l  compared w i th  t h e

r e c i p r o c a l  p lasm a e x p a n s io n  v e lo c i ty .  When th e  p lasm a i s  

f u l l y  i o n i z e d ,  th e  o n ly  s i g n i f i c a n t  r a d i a t i o n  i s  

B re m ss tra h lu n g ,  th e  r a d i a t e d  power b e in g  g iven  b y : -

Pg = 4 .9  X  10^1 Z n ^ T ^  W cm“^

where T i n  KeV.

The amount o f  r a d i a t i o n  l o s s e s  by B rem ss trah lu n g  

from  th e  whole p lasm a i s  o f  th e  o rd e r  o f  lO"  ̂ W which 

i s  n e g l i g i b l e ,  compared t o  t h e  l a s e r  power r e q u i r e d  t o  

p ro d u ce  th e  p la sm a .

L aser  power = ^  ( th e rm a l  en e rg y  + ex p an s io n  e n e rg y )
3

Plasma th e rm a l  e n e rg y  = j  KT^ (n^ + n^)

n = number o f  e l e c t r o n s  e

= number o f  io n s

Assuming t h a t  u n ifo rm  d e n s i t y  and te m p e ra tu re  a re  

m a in ta in e d  th ro u g h o u t  th e  p lasm a and t h a t  t h e  v e l o c i t y  

i n c r e a s e s  l i n e a r l y  from  t h e  c e n t r e  t o  th e  edge o f  th e  p lasm a

d
d t

(ex p an s io n  e n e rg y )
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where p i s  th e  p r e s s u r e  and r  i s  th e  r a d iu s  o f  th e  plasm a 

a t  tim e t .

The plasm a p r e s s u r e ,  i n  te rm s  o f  te m p e ra tu re  and 

r a d i u s ,  i s

3(n + n i )  Kx
P =  3-

4 TT

th e  te m p e ra tu re  i s  d e te rm in e d  by th e  c o n s e r v a t io n  o f  

en e rg y  e q u a t io n : -

| ( n g + r i i ) K | |  = - p 4 I T r ^ | | + Q

Q i s  th e  r a t e  a t  which p lasm a a b s o rb s  en erg y

2
Q = ^  W (1 -  e ^ ^ )  r  ^  R

Q = W (1 -  e 'K f )  r  ^  R

where R i s  th e  f o c a l  s p o t  r a d iu s

W i s  th e  l a s e r  power

These e q u a t io n s  can be s o lv e d  f o r  th e  plasm a r a d iu s  

and te m p e ra tu re ,  th e  s o l u t i o n  dep en d in g  on th e  assumed 

dependence o f  t h e  l a s e r  power on t im e .  Haughfand Polk  

(1966) have c a l c u l a t e d  th e  r a d i u s ,  v e l o c i t y  te m p e ra tu re  

and a v e rag e  energy  o f  a  p lasm a  p roduced  by d i f f e r e n t  form s 

o f  th e  i r r a d i a t i n g  l a s e r  power W.

A lthough  th e rm a l en e rg y  i s  l o s t  by th e  plasm a in  th e  

lo n g  p u ls e  mode, due t o  gas dynam ica l e x p a n s io n , th e  plasm a 

c o n t in u e s  to  ab so rb  l a s e r  r a d i a t i o n  and c o n v e r t  i t  t o  

th e rm a l  en erg y  u n t i l  th e  p lasm a becomes t r a n s p a r e n t ,  i e  

when

r  = 1
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D-awson (1964) shows t h a t  d u r in g  th e  p e r io d  o f  a b s o r p t io n  

t h r e e  q u a r te r s  o f  th e  en e rg y  i s  c o n v e r te d  i n t o  e x p an s io n  

e n e rg y , t h a t  t h e  te m p e r a tu re  in c r e a s e s  u n t i l  t h e  plasm a 

d e n s i t y  becomes so low t h a t  i t  i s  t r a n s p a r e n t  to  l a s e r  

r a d i a t i o n ,  Haughtand Folk (1966) o b ta in e d  a  t e m p e r a tu r e 

tim e  p r o f i l e ,  shown in  F ig u re  1 . 1 . ,  which shows th e  r e l a t i o n  

betw een th e  te m p e ra tu re  and tim e  d u r in g  t h e  l a s e r  p u l s e  f o r  

th e  s p h e r i c a l  ex p an s io n  o f  a sp eck  o f  p lasm a . I f  th e  p u ls e  

l e n g th  i s  lo n g e r  th a n  t ^ ^ ,  th e  plasm a becomes t r a n s p a r e n t  

a t  t im e  i^^ax' t h e  e x t r a  l a s e r  en e rg y  i s  s u p e r f lu o u s  and 

th e  p lasm a c o o ls .

Dawson o b ta in e d

_ 7 .3  X  10~^° n (1 + 2 )

( ir

where A = a to m ic  w e igh t ’* . "

I  = l a s e r  i r r a d i a n c e  W cm” 

a t im e  t y p i c a l l y  o f  th e  o r d e r  o f  1 n s e c .

The dependence o f  th e  maximum a t t a i n a b l e  te m p e ra tu re  on 

l a s e r  r a d i a t i o n  f l u x  i s

K I

1 . 1 .4 .1  Plasma Formed From a F i n i t e  T h ickness  T a rg e t

I f  p u l s e s  lo n g e r  th a n  t^ ^ ^  i n t e r a c t  w ith  a  f i n i t e  

th i c k n e s s  t a r g e t ,  t h e  te m p e ra tu re  p r o f i l e  i s  shown by th e  

d o t t e d  l i n e  in  F ig u re  1 . 1 .  The h ig h  te m p e ra tu re  p lasm a i s  

r e p la c e d  by newly io n iz e d  c o o l  opaque plasm a b o i l e d  o f f  

t h e  new s u r f a c e  o f  th e  t a r g e t .
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For a l a s e r  p u l s e  l a s t i n g  s e v e r a l  nanoseconds 

fo c u s s e d  on to  a s o l i d  t a r g e t ,  t h e  o n e -d im e n s io n a l  model 

i s  n o t a p p r o p r i a t e .  L a t e r a l  ex p an s io n  was f i r s t  ta k e n  

i n t o  acco u n t by Nemchinov (1 9 6 7 ) ,  P u e l l  (1970) c o n s id e re d  

a  model i n  which th e  t h r e e  s e p a r a t e  r e g io n s  a r e  d i s 

t i n g u i s h e d ,  a s  shown in  F ig u re  1 . 2 .  I o n iz a t io n  o c c u rs  on 

th e  s u r f a c e  o f th e  t a r g e t  and a  l a y e r  o f  plasm a i s  formed 

w i th  a  th i c k n e s s  o f  th e  l a s e r  r a d i a t i o n  a b s o r p t io n  le n g th  

i n  th e  p la sm a . T h e re fo re  t h e  plasm a te m p e ra tu re  i n c r e a s e s

and th e  d e n s i t y  d e c re a s e s  by i n c r e a s i n g  th e  i o n i z a t i o n  t o

19re a c h  t h e  c r i t i c a l  d e n s i t y  (10 in  th e  c a se  o f  a  Cp2  

l a s e r ) .  Meanwhile, t h e  h ig h  te m p e ra tu re  in  t h i s  l a y e r  

i n c r e a s e s  th e  plasma p r e s s u r e  and d r iv e s  a  th e rm a l  e x p a n s io n  

i n t o  th e  vacuum, so t h a t  t h e  e l e c t r o n  d e n s i t y  f a l l s  and th e -  

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

o f  t h e  p lasm a f a l l s  r a p i d l y  w i th  d i s t a n c e  from  t h e  t a r g e t  

s u r f a c e .

The d i f f e r e n t  r e g io n s  o f  p lasm a were c l a s s i f i e d  by 

P u e l l  (197Ç) who c o n s id e re d  a  model i n  w hich t h e  

s e p a r a t e  r e g io n s  a r e  d i s t i n g u i s h e d ,  as shown in  F ig u re  1 . 2 .

(1) C oo ling  expand ing  p lasm a which i s  o p t i c a l l y  t r a n s p a r e n t ,

(2) A h o t  dense  co re  o f  p lasm a where th e  l a s e r  r a d i a t i o n  

i s  a b so rb e d .

(3 )  The boundary  o f  th e  l a s e r  r a d i a t i o n  a b s o r p t io n  r e g io n  

where th e  e l e c t r o n  d e n s i t y  e q u a ls  th e  c r i t i c a l  e l e c t r o n  

d e n s i t y .

(4 )  A r e g io n  o f  ve ry  d en se  p lasm a, shoclc com pressed

and h e a te d  by th e rm a l  c o n d u c t io n .
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L aser
Beam

F ig u re  1 .2 ,

P la sm areg io n s  c r e a te d  by l a s e r  p u ls e  

(1 ) expand ing  plasma 

(2 ) A h o t  dense  co re

(3) Boundary o f  th e  a b s o r b in g  r e g io n

(4) A re g io n  o f  ve ry  d en se  plasm a

(5) The u n d is tu rb e d  m a t e r i a l .
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(5 )  The u n d is tu rb e d  m a t e r i a l ,

1 .5  REFLECTIVITY OF PLASMA BOUNDARY

When th e  in c id e n t  l a s e r  r a d i a t i o n  a p p ro ach es  th e  

c r i t i c a l  d e n s i t y ,  i t  r e f l e c t s  s in c e  plasm a f re q u e n cy

Much g r e a t e r  th a n  l a s e r  f re q u e n c y  CJ . A lso  W i s  

much g r e a t e r  th a n  th e  e f f e c t i v e  c o l l i s i o n  f re q u e n c y  V e i 

The r e f l e c t i o n  c o e f f i c i e n t  g iven  by K idder (1971) i s : -

R =

The p e n e t r a t i o n  dep th  d = —
pe

The l a s e r  l i g h t  p a s s e s  th ro u g h  d i f f e r e n t  l a y e r s  o f  

e l e c t r o n  d e n s i t y  where i t  i s ,  t o  some e x t e n t j . a b so rb e d .  

Dawson e t  a l  (1968) c a l c u l a t e d  th e  o v e r a l l  r e f l e c t i v i t y  

of p lasm a f o r  l i g h t  o f  lower i r r a d i a n c e  where t h e  non

l i n e a r  e f f e c t s  can be ig n o re d .  The problem  has a l s o  been 

d i s c u s s e d  by M ulser (1970).

When a  p la n e  p o l a r i z e d  wave in c id e n t  n o rm a lly  t o  th e  

p lasm a boundary  w i th  th e  plasm a d e n s i t y  i n c r e a s i n g  mono- 

t o n i c a l l y  from  z e ro  t o  th e  c r i t i c a l  d e n s i t y  a t  a  d i s t a n c e  

Zç, where th e  in c id e n c e  wave can be r e f l e c t e d  b ack , th e  

r e f l e c t i v i t y  i s

I  j.

R = ( I j - / I o ) ^  = exp ( -  2d)
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where d i s  th e  o p t i c a l  d e p th  o f  plasm a t o  th e  t u r n i n g  

p o in t

where c

W

n =

dz

= V ei H>e
nc (jJ

= y  (2 ) dz =

(^ )

Ia) (z )  2

nec

-= î î z  | / f e /  - 1  )’ dz

C le a r ly  t h e  e f f e c t i v e  r e f l e c t i v i t y  depends v e ry  s t r o n g l y  

on t h e  p lasm a e l e c t r o n  d e n s i t y  p r o f i l e  and on th e  l a s e r  

f r e q u e n c y ,  which means a  l a s e r  w i th  a  s h o r t  w av e len g th  jS 

Oft.0n p r e f e r a b l e  f o r  p lasm a h e a t in g .

The problem  o f  th e  l a s e r  b e in g  i n c i d e n t  o b l iq u e ly  

has been  d i s c u s s e d  b>y S h e a re r  (1971). The r e f l e c t i v i t y  i s  

th e n

R = I f /T o  = exp ( -  2d cos^g  )

w here 0  i s  th e  a n g le  o f  in c id e n c e .

E v e n tu a l ly  t h e  i n t e r a c t i o n  r e g io n  moves ou t o f  th e  

fo c u s  o f  t h e  l a s e r  bean and th e  r a d i a t i o n  i n t e n s i t y  i s " t o o  

low t o  m a in ta in  th e  t e m p e r a tu re ,  c a u s in g  th e  p lasm a to  c o o l .  

A l t e r n a t i v e l y ,  i f  t h e  p u ls e  i s  s u f f i c i e n t l y  s h o r t ,  th e n  

th e  l a s e r  p u l s e  ends b e fo re  th e  i n t e r a c t i o n  r e g io n  moves 

o u t o f  th e  f o c a l  r e g io n .
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1 . 6  a b s o r p t i o n  o f  l a s e r  r a d i a t i o n

The ab so rb e d  l a s e r  en e rg y  c r e a t e s  a v e ry  h ig h  

te m p e ra tu re  and p r e s s u r e  in  th e  o u te r  r e g io n  o f  t h e  p la sm a . 

This l e a d s  t o  a b lo w -o f f  o f  ho t p lasm a, whose p r e s s u r e  

com presses  th e  c o ld  i n t e r i o r .  L igh t a b s o r p t io n  t a k e s  p la c e

a t  d e n s i t ie s  b e low  nec • For a  cOg l a s e r ,  lo ^ ^

f o r  W = where i s  th e  plasm a f re q u e n c y  (4 Tin (  ^ m ) ^ .

The d i s p e r s i o n  r e l a t i o n  f o r  an e l e c t r o n  wave i n  a 

p lasm a i s  g iv en  by

U /  = ( 1  +

where )J i s  th e  e l e c t r o n - i o n  c o l l i s i o n  f r e q u e n c y .  As th e

wave e n t e r s  t h e  plasm a and  r a d i a t i o n  i s  a b s o rb e d ,  u n t i l

a t  W = CaJ th e  wave i s  r e f l e c t e d  b ack .  Under c o n d i t io n s  o f  
P

i n t e r e s t  f o r  h ig h  p o w e rc la s e r  t o  i n t e r a c t  w i th  a  p lasm a , 

th e  c o l l i s i o n  f re q u e n c y  i s  so  low t h a t  a b s o r p t io n  w i l l  be 

n e g l i g i b l y  s m a l l ,  a l th o u g h  Morse and N ie lso n  (1973) have 

p o in te d  ou t t h a t  f o r  a  narrow  ran g e  o f  a n g le s  o f  o b l iq u e  

in c id e n c e ,  s i g n i f i c a n t  non-anomolous a b s o r p t io n  may o c c u r .

At a  h ig h  l a s e r  i r r a d i a n c e ,  c o l l e c t i v e  p ro c e s s e s  can  

o c c u r .  The t h r e e  wave decay  p r o c e s s  (Oraeysky and Sagdeev

(1962) p ro v id e s  s t r o n g  l a s e r  p lasm a i n t e r a c t i o n  and th e  

p o s s i b i l i t y  o f  a b s o r p t io n  by decay  o f  t h e  l a s e r  p h o to n  

i n t o  a p l a s mon and a phonon (DuBois and Goldman (1965) ).
The c o n d i t io n s  f o r  decay  o f  a wave o f  f re q u e n cy  and 

wave number i n t o  two o th e r  waves in  an i n f i n i t e  

homogeneous p lasm a a r e  th e  f a m i l i a r  sum r u l e s  o f  en e rg y
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and momentum o f  th e  wave

CJ -  +Ug

"d = + %2

The p o s s i b i l i t y  o f  decay  o f  th e  l a s e r  pho ton  i n t o  a

Langmuir p lasm a o s c i l l a t i o n  and an io n  a c o u s t i c  mode

o ccu rs  when UJ  ̂ p r o v id e s  a v e ry  e f f i c i e n t  mechanism

f o r  anom alous a b s o r p t i o n ,  a s  d i s c u s s e d  by many a u th o r s

and v e r i f i e d  e x p e r im e n ta l ly  in  microwave and l a s e r

e x p e r im e n ts ,  a s  w e l l  a s  i n  io n o s p h e r ic  h e a t i n g .  M oreover, 

^ca t  a d e n s i t y  th e  decay  o f  a l a s e r  pho ton  i n t o  two 

p lasm ons can  occur*

C l a s s i c a l  t h e o r y  e x p la in s  t h i s  a b s o r p t io n  a s  th e  

g e n e r a t io n  o f  a p lasm onw hich  p ro p a g a te s  t o  a - r e g io n  o f  

low er d e n s i t y ,  where Landau damping c o n v e r ts  t h e i r  en e rg y  

i n t o  e l e c t r o n  th e rm a l  e n e rg y .  However, f o r  th e  l a s e r  

i n t e n s i t i e s  needed  f o r  l a s e r  f u s i o n ,  s t r o n g  n o n - l i n e a r  

e f f e c t s  can o c c u r .  These have been  s tu d i e d  a n a l y t i c a l l y  

by C ^leev  e t  a l  (1972 ), Q u a l i t a t i v e l y ,  th e  plasm a o s c i l l a 

t i o n  grows to  a l a r g e  a m p l i tu d e ,  le a d in g  t o  e l e c t r o n  

t r a p p i n g  a t  t h e  phase  v e l o c i t y  o f  th e  f a s t e s t  growing mode 

ab o u t 10 v^j^Q. Thus th e  p a r a m e t r ic  i n s t a b i l i t y  t e n d s  t o  

c o n v e r t  t h e  l a s e r  l i g h t  i n t o  v e ry  h igh  en e rg y  e l e c t r o n s .

The v e ry  long  mean f r e e  p a th  o f  such e l e c t r o n s  makes them  

c o u p le  o n ly  v e ry  w eak ly  w i th  t h e  main th e rm a l  p la sm a , a 

problem  which has  been  d i s c u s s e d  by K idder. A d d i t i o n a l l y ,  

t h e s e  e l e c t r o n s  p e n e t r a t e  i n t o  and p re h e a t  th e  c o r e ,  r a i s i n g
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i t s  e n tro p y  and making f u r t h e r  co m press ion  d i f f i c u l t .

T h is  one i n t e r e s t i n g  a r e a  on w hich  p lasm a p h y s i c i s t s  

m ight s p e c u la t e  i s  p o s s i b l e  n o n - l i n e a r  mechanisms f o r  

t h e r m a l i z a t i o n  o f  t h e s e  e l e c t r o n s .  R osenb lu th  (1972) 

i n d i c a t e s  t h a t  s im p le  two s t re a m  i n s t a b i l i t y  sh o u ld  no t 

occu r a s  th e  non th e rm a l  d i s t r i b u t i o n  te n d s  t o  be mono- 

t o n i c a l l y  d e c r e a s in g  i n  e n e rg y .  There i s  a n o th e r  • 

im p o r ta n t  r e a s o n  why th e  p a r a m e t r i c  i n s t a b i l i t y  may no t 

p ro v id e  th e  d e s i r e d  e f f i c i e n t  c o u p l in g  betw een l a s e r  and 

p la sm a , a s  a  r e s u l t  o f  w hich o th e r  form s o f  p a r a m e t r ic  

decay  i n s t a b i l i t i e s  may o ccu r  a t  low er d e n s i t i e s ,  i e  b e fo re  

th e  pho ton  re a c h e s  th e  c r i t i c a l  d e n s i t y  a t  which c o n v e rs io n  

t o  plasm ons and a c o u s t i c  waves o c c u r s .

The ty p e s  o f  p a r a m e t r i c  c o n v e r s io n  o f  p h o to n s  t o  

o th e r  waves may be sum m arized a s

^  = Ca) pho ton  ------ > p lasm on + a c o u s t i c  wave

^  pho ton  -------  ̂ two plasm on

. 2 _ ^e 2U i —2  LU photon  y p lasm on + p ho ton

2 ^ i  2^  ^ ^  p h o to n ------- > a c o u s t i c  wave + pho ton

The l a s t  two p r o c e s s e s  r e p r e s e n t  th e  p a r a m e t r ic  

p r o d u c t io n  o f  a low er e n e rg y  p h o to n ,  c a u s in g  r e f l e c t i o n .

I t  i s  n o t i c e a b l e  t h a t  t h e s e  b a c k s c a t t e r e d  r e a c t i o n s  o ccu r  

a t  low er d e n s i t y  th a n  th e  f i r s t  tw o, even though  th e  growth 

r a t e  i s  somewhat s m a l le r  so  t h a t  th e  c o u p l in g  i s  e f f i c i e n t ,  

t h e  pho tons  a r e  p r i m a r i l y  r e f l e c t e d  r a t h e r  th a n  a b so rb e d ,  

Shen (1976).
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There i s  g r e a t  i n t e r e s t  (OMCfrnAi^he b a c k s c a t t e r e d  

l a s e r  r a d i a t i o n  from  th e  p lasm a and t h e r e  a r e  d i f f e r e n t  

e x p la n a t io n s  t o  d e te rm in e  w h e th e r  th e  backscattffh irrjoccurs  

and how i t  may s a t u r a t e .

On t h e  l e v e l  o f  l i n e a r  th e o r y ,  t h r e e  s t a b i l i z i n g  

e f f e c t s  may be c o n s id e r e d :  damping o f th e  p ro d u c t  waves,

f i n i t e  bandw id th  r a d i a t i o n ,  and p lasm a in h o m o g en e ity .  To 

s t a b i l i z e  th e  decay  V  (N ishikaw a 1968) where ^

i s  t h e  growth r a t e ,  t h i s  i s  n o t  an  im p o r ta n t  mechanism 

s i n c e  t h e  damping i s  c l a s s i c a l  ( c o l l i s i o n a l  o r Landau).

For th e  l a s e r  bandw id th  R o se n b lu th  c o n s id e re d  ^  •

Thus, th e  p r i n c i p a l  l i n e a r  s t a b i l i z a t i o n  mechanism a p p e a rs  

t o  r e s u l t  from  t h e  f a c t  t h a t  t h e  decay  i n s t a b i l i t y  i s  no t 

t a k i n g  p la c e  i n  an i n f i n i t e  un ifo rm  p lasm a, b u t  i n  th e  

s t e e p l y  v a ry in g  d e n s i t y  p la sm a .

As was n o te d ,  t h e r e  a r e  two p o s s i b l e  t h r e e  wave b ack -  

s c a t t e r  decay  modes. Raman s c a t t e r i n g  of^plasmo/iÇ and 

B r i l l o u i n  s c a t t e r i n g  o f  io n  a c o u s t i c  modes. One s im p le  

mechanism f o r  th e  s a t u r a t i o n  o f  Raman s c a t t e r i n g  i s  e l e c t r o n  

h e a t i n g  by n o n l in e a r  p r o c e s s e s ,  s i n c e  2 K  ̂ and

Kp AjD ^  ^  to  a v o id  Landau damping i t  fo l lo w s  t h a t  r a t h e r

m odest e l e c t r o n  t e m p e ra tu re s  o f  T^—' 0 .0 5  mCp 

w i l l  s t a b i l i z e  th e  b a c k s c a t t e r  (R o sen b lu th  and Sagdeev 

1 9 7 2 ) .  - ^ h e  B r i l l o u i n  b a c k s c a t t e r  d e p o s i t s  ve ry

l i t t l e  energy  i n t o  t h e  p la sm a .
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1 .7  MAGNETIC FIELD

S in c e  K rokhin and Serov  (1966) announced t h e i r  

r e s u l t  o f  m easu rin g  D.C. m agne tic  f i e l d  from  l a s e r  

p ro d u ced  p la sm a , t h e r e  has  been a g r e a t  d e a l  o f  i n t e r e s t  

i n  t h i s  f i e l d  and i t s  r e l a t i o n  w ith  re so n a n c e  a b s o r p t i o n .

Some o f  t h i s  t h e o r e t i c a l  work d e a l s  w i th  th e  m agnetic  

f i e l d  r e s u l t i n g  from t h e r m o - e l e c t r i c  c u r r e n t s  

TicL/man and Shanny (1974), o r a s  a  f i e l d  g e n e ra te d  a s  an 

i n t r i n s i c  p a r t  o f  re so n a n c e  a b s o r p t i o n ,  Thomson e t  a l  

(1 9 7 5 ) .  The l a t t e r  p ro c e s s  o c c u rs  when a  p la n e  p o l a r i z e d  

wave i s  o b l iq u e  i n c id e n t  on a p lasm a w i th  a  d e n s i ty !  

g r a d i e n t ,  s i n c e  a  fo c u s s e d  l a s e r  s p o t  c o n ta in s  r a y s  w ith  

a  v a r i e t y  o f  a n g le s  , re so n a n c e  a b s o r p t io n  i s  a  u b iq u i to u s  

phenomena f o r  a b s o r p t io n  o f  l a s e r  l i g h t .  In  th e  c a s e  o f  

waves p o l a r i z e d  i n  t h e  p la n e  o f  in c id e n c e ,  p lasm a waves 

a r e  g e n e r a te d  a t  t h e  c r i t i c a l  s u r f a c e  where th e y  f e e d  

e n e rg y  i n t o  th e  p la sm a . G inzburg  (1970) a l s o  s t a t e d  t h a t  

t h e  in c id e n c e  wave w i l l  t u r n  b ack  a t  a  d e n s i t y

2n -  n^ cos 0

T his  a b s o r p t io n  in t r o d u c e s  a phase  d e ta y  be tw een  e l e c t r o n s  

o s c i l l a t i n g  m otion  and t h e  in c id e n c e  wave, c a u s in g  

e l e c t r o n s  t o  e x p e r ie n c e  a  t im e  t  a v e rag e  f o r c e .  The f o r c e  

on th e  e l e c t r o n  d e te rm in e s  th e  D.C. m ag n e tic  f i e l d .  The 

d i s p e r s i o n  r e l a t i o n  o f  t h e  wave becomes

_  lo 2  ^
o pe pe ce

The re so n a n c e  d e n s i t y  due t o  th e  m ag n e tic  f i e l d
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where i s  t h e  e l e c t r o n  c y c lo t r o n  f r e q u e n c y .  P h y s ic a l ly  

th e  l i g h t  i s  r e f l e c t e d  a t  c u t  o f f  d e n s i ty  

b u t i t s  e l e c t r i c  f i e l d  t u n n e l s  i n t o  th e  h ig h e r  d e n s i t y  

r e g io n  where i t  a p p e a rs  h y b r id  waves a r e  r e s o n a n t l y  d r iv e n

1 .8  INTRODUCTION TO THE EXPERIMENT

A TEA CO  ̂ l a s e r  p u l s e  was u sed  t o  i r r a d i a t e  a  s o l i d  

ca rb o n  t a r g e t  t o  p roduce  a  p la sm a . The l a s e r  was i n  

e x i s t e n c e  i n  t h e  D ep artm en t,  b u t some m o d i f i c a t io n s  have 

been  done t o  improve th e  o u tp u t  e n e rg y ,  th e  beam q u a l i t y  

and th e  r a t e  o f  f i r i n g .

To know th e  d i f f e r e n t  mechanisms o f  t h e  p a r a m e t r i c  

p r o c e s s e s  s t i m u l a t e d ' i n  t h e s e  p lasm a , th e  b a c k s c a t t e r e d  

r a d i a t i o n  was a n a ly s e d  f o r  harm onic g e n e r a t i o n .

F or an  a c c u r a t e  a n a l y s i s  o f  t h e  harm onic g e n e r a t io n  

th e  l a s e r  was o s c i l l a t i n g  a t  1 0 . 6  w av e len g th  by 

i n s e r t i n g  a  d i f f r a c t i o n  g r a t i n g  a s  an end r e f l e c t o r  in  

th e  c a v i t y .  C h ap te r  3 g iv e s  a  f u l l  d i s c u s s io n  o f  t h e  CO2  

l a s e r .  In  C h ap te r  4 th e  e x p e r im e n ta l  a r ra n g e m e n t ,  th e  

s p e c t r o s c o p ic  and d i a g n o s t i c  te c h n iq u e s  a r e  e x p la in e d .

The r e s u l t s  auid p l o t s  a r e  p r e s e n te d  i n  C hap te r  5 .  The 

d i s c u s s i o n  and a n a l y s i s  o f  th e  r e s u l t s  a r e  i n  C hap ter  6 .

In C h ap te r  7 t h e r e  i s  a c o n c lu s io n .
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CHAPTER 2 

THEORY OF LASER PLASMA INTERACTION

2 .1  INTRODUCTION

L ase r  l i g h t  i n t e r a c t s  w i th  a  p lasm a b e c a u se  th e  

e l e c t r o n s  and , t o  a  l e s s e r  e x t e n t ,  t h e  io n s ,  o s c i l l a t e  

in  th e  e le c t r o m a g n e t ic  f i e l d .  The manner in  which en erg y  

can  be ab so rb ed  by th e  ch a rg ed  p a r t i c l e s  in  t h e  p lasm a i s  

o f  c o n s id e r a b le  im p o r ta n c e .

When an e l e c t r o m a g n e t i c  wave o f  sm a ll  a m p li tu d e  

p r o p a g a te s  th ro u g h  th e  p lasm a an im p o r ta n t  a b s o r p t io n  

p r o c e s s  i s  i n v e r s e  B re m ss tra h lu n g  which accom panies 

e l e c t r o n  io n  c o l l i s i o n s .  However, a s  th e  te m p e ra tu re  o f  

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

c o l l i s i o n s  d e c re a s e s  and a b s o r p t i o n ,  due t o  t h i s  p r o c e s s ,  

d im in i s h e s .

I f  th e  p ro p a g a t in g  wave r e a c h e s  a r e g io n  where th e  

e l e c t r o n  plasm a freq u en cy  e q u a l s  th e  l a s e r  f re q u e n cy  th e  

wave i s  r e f l e c t e d .  Because th e  p lasm a i s  g e n e ra te d  by 

f o c u s s in g  a  s h o r t  l a s e r  p u l s e  on a  s o l i d  t a r g e t ,  t h e  

d e n s i t y  g r a d ie n t  can be e x t re m e ly  s t e e p ,  c o r re s p o n d in g  to  

a  s c a l e  le n g th  L = / — ^  I o f  1 0  ^ t o  1 0  ^ cm. In t h i s= { -

c a s e ,  a  sm a ll  a m p li tu d e  wave may be r e f l e c t e d  w i th  v e ry  

l i t t l e  a b s o r p t i o n ,  so t h a t  t h e  f r a c t i o n  o f  th e  in c id e n t  

en e rg y  c o n v e r te d  i n t o  random k i n e t i c  en e rg y  o f  t h e  e l e c t r o n s  

and io n s  in  th e  plasm a i s  s m a l l .
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When th e  r a d i a t i o n  i n t e n s i t y  in c r e a s e ^  t h e  a b s o r p t io n  

due t o  in v e r s e  B re m ss tra h lu n g  r e a c h e s  a  maximum v a lu e  

im posing  a l i m i t  on th e  r a t e  o f  h e a t i n g .  However, i n  

r e g io n s  where t h e  e l e c t r o n  d e n s i t y  ap p ro ach es  th e  c r i t i c a l  

v a lu e ,  p a r a m e t r ic  i n t e r a c t i o n s  can occu r betw een  th e  

i n c i d e n t  wave and p lasm a e l e c t r o n  and io n  w aves. Energy 

i s  th e n  f e d  i n t o  th e s e  i n s t a b i l i t i e s  and  an om alously  s t r o n g  

a b s o r p t io n  o c c u r s .

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

p lasm a i s  i n c r e a s e d  s u f f i c i e n t l y ,  th e  i n t e r a c t i o n  w ith  th e  

p lasm a becomes s t r o n g l y  n o n - l i n e a r  and s e v e r a l  im p o r ta n t  

e f f e c t s  a p p e a r .  The l i g h t  wave can e x c i t e  some o f  th e  

n a t u r a l  modes o f  o s c i l l a t i o n  o f  th e  p la sm a , so  t h e  en e rg y  

o f  t h e  l a s e r  l i g h t  i s  c o n v e r te d  i n t o  p lasm a k i n e t i c  e n e rg y .

One o f  th e  fu n d am en ta l  n o n - l i n e a r  p r o c e s s e s  i s  th e  

p a r a m e t r i c  g e n e ra t io n  o f  o th e r  modes by  a  l a r g e  a m p li tu d e  

e l e c t r o m a g n e t i c  pump wave. T h is  p ro v id e s  e f f i c i e n t  t r a n s f e r  

o f e n e rg y  from  th e  pump wave i n t o  th e  e x c i t e d  modes. I f  th e  

e x c i t e d  waves a r e  p u r e ly  e l e c t r o s t a t i c ,  th e y  a r e  a b so rb e d  in  

t h e  p lasm a th ro u g h  v a r io u s  damping mechanisms, (Kishikawa 

(1 9 6 8 ) ,  Ife.w and Dawson (1969) and S i l i n  (1965) ) .  On th e  

o th e r  hand , i f  one o f  t h e  e x c i t e d  waves i s  e l e c t ro m a g n e t ic  

i t  can  e scap e  from t h e  p lasm a le a d in g  t o  anomalous r e f l e c t i o n  

o f  t h e  i n c i d e n t  e l e c t ro m a g n e t ic  wave (R o sen b lu th  and Sagdeev 

(1 9 7 2 ) ,  Drake e t  a l  (1974) ) .

A l a r g e  a m p li tu d e  e l e c t ro m a g n e t ic  pump wave p ro p a g a t in g  

i n  a  p lasm a le a d s  t o  t h e  growth o f  o th e r  p lasm a waves ou t 

o f  t h e  background th e rm a l  n o i s e ,  p ro v id in g  t h a t  t h e  e x c i t e d
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f i e l d  ex ceeds  a t h r e s h o l d  v a lu e .  The p lasm a waves grow 

a t  th e  expense  o f th e  pump e le c t ro m a g n e t ic  f i e l d .

In a  n o n - l i n e a r  medium, c o u p lin g  can  o ccu r  betw een 

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

th e  e n e rg y  from  one mode o f  o s c i l l a t i o n  t o  a n o th e r .

C oupling  betw een waves i s  s t r o n g e s t  f o r  f r e q u e n c i e s  in  

th e  v i c i n i t y  o f  a  n a t u r a l  re so n a n c e  o f  th e  medium. Hence, 

i t  i s  t o  be e x p e c te d  t h a t  e l e c t r o n  plasm a waves and io n  

a c o u s t i c  waves w i l l  be in v o lv e d  in  many o f  th e s e  p r o c e s s e s .  

At l e a s t  t h r e e  wave p r o c e s s e s  a r e  in v o lv e d  i f  e n e rg y  and 

momentum b a la n c e  a r e  t o  be s a t i s f i e d  w i th  ph ase  m atch ing  

c o n d i t i o n s .

“ o = ‘I  '*■“ 2

where and a r e  th e  f re q u e n c y  and wave v e c to r  o f  th e  

pump wave, and w ( i  = 1 , 2 ) r e f e r  t o  th e  d r iv e n  modes.

In an unm agnetized  p lasm a th e  p r i n c i p a l  b ra n c h e s  o f  

th e  d i s p e r s i o n  r e l a t i o n  a r e  t r a n s v e r s e  e l e c t ro m a g n e t ic  

wave (T ) ,  e l e c t r o s t a t i c  Langmuir wave (L) and e l e c t r o s t a t i c  

io n  a c o u s t i c  wave (S ) .  The p o s s i b l e  t h r e e  wave decay  

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

T —  ̂ L + S (p a ra m e tr ic  decay i n s t a b i l i t y )



- 2 5 -

T —> L 4- L (two plasmon decay )

U l

T — > t ' + L ( s t im u la te d  Raman s c a t t e r i n g  (S .R o S .) )

ÜJ-

CJl

W f

T — ^ +  S ( s t im u la t e d  B r i l l o u i n  s c a t t e r i n g  (S .B .S .)}

where r e p r e s e n t s  t r a n s v e r s e  wave pho tons  a t  lower 

f r e q u e n c i e s  th a n  t h a t  o f  th e  l a s e r»

The f i r s t  two i n s t a b i l i t i e s  r e p r e s e n t  anomalous 

a b s o r p t io n  mechanisms w here a s  th e  s t im u la te d  s c a t t e r i n g  

p r o c e s s e s  ( S .B .S . )  and ( S .R .S . )  g ive  r i s e  t o  anomalous 

r e f 1 e c t  i v i t  y »
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The f r e q u e n c ie s  o f  th e  wave under c o n s id e r a t i o n  a r e  

u s u a l l y  o rd e re d  as  ^  where ^

i s  t h e  p lasm a e l e c t r o n  f re q u e n c y  and i s  th e  io n  a c o u s t i c  

f r e q u e n c y .  I t  i s  r e a d i l y  se e n  from th e  phase  m atch ing  

c o n d i t i o n s  t h a t  t h e  p a r a m e t r i c  decay  i n s t a b i l i t y  o ccu rs  

n e a r  t h e  c r i t i c a l  d e n s i t y ,  n ^ ^ , where m_ e q u a ls  cOq and

io n  a r e

2 , 2n^^ = 6 ^ m  ̂ w ^/e  . The two plasm on decay  o ccu rs  n e a r  t oo e o

th e  q u a r t e r  c r i t i c a l  d e n s i t y  w i th  ca  ̂ e q u a l  t o  w and 

^cee q u a l  t o  n^ . S t im u la te d  B r i l l o u i n  and Raman s c a t t e r i n g

a r e  p o s s i b l e  in  th e  u n d e rd en se  p lasm a r e g io n  

He <  ( S .B .S . )  and n^ <  * c e /4  ( S .R .S . ) .

In some c a s e s  where K + o r  K —̂ O, t h e  a n t i  S to k es  

wave can n o t be ig n o re d  and a fou r-w ave  p ro c e s s  o c c u r s .

T h is  w i l l  be d e s c r ib e d  in  a  l a t e r  s e c t i o n .

When l a s e r  l i g h t  g e n e r a te s  a  p lasm a from -a  s o l i d  s u r f a c 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 ro  t o  a  v a lu e  above th e  

c r i t i c a l  d e n s i t y .  The r e g io n s  in  which th e  v a r io u s  p a r a m e t r i c  

p r o c e s s e s  can occur a r e  shown below .

F b ra m e tr ic  i n s t a b i l i t y

S .B .S

Two Plasmon i n s t a b i l i t y

So RaS

z
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2 .2  LASER PLASMA INTERACTION

The l a s e r  plasm a i n t e r a c t i o n  problem  i s  concerned  

m ain ly  w i th  how th e  l i g h t  en e rg y  c o u p le s  t o  th e  p lasm a.

For low te m p e ra tu re  plasm a th e  l a s e r  en erg y  i s  ab so rb ed  

by c l a s s i c a l  a b s o r p t io n  ( in v e r s e  B re m ss tra h lu n g )  i . e .  due 

t o  i n t e r  p a r t i c l e  c o l l i s i o n s .  However, a s  th e  te m p e ra tu re  

o f  t h e  plasm a in c r e a s e s  t h e  p a r t i c l e  c o l l i s i o n  f re q u e n cy  

d e c r e a s e s  and a b s o r p t io n  due t o  t h i s  p ro c e s s  f a l l s .  When 

th e  l a s e r  l i g h t  p ro p a g a te s  in  th e  p lasm a to  a  d e n s i t y  where 

t h e  p lasm a f re q u e n cy  e q u a ls  t h e  l a s e r  f re q u e n c y  ( cdq “ “p e ( ^ ) )

t h e  l a s e r  l i g h t  i s  t o t a l l y  r e f l e c t e d  w i th  no a b s o r p t io n  

a c c o rd in g  t o  l i n e a r  th e o r y .

As th e  i n t e n s i t y  o f  th e  i n c i d e n t  l i ^ t  i n c r e a s e s ,  non- 

l i n e a r i t i e s  o f  th e  plasm a become im p o r ta n t^  In p a r t i c u l a r ,  

above a  c e r t a i n  i n t e n s i t y  where t h e  l i ^ t  wave can e x c i t e  

t h e  p lasm a waves. The e f f e c t  o f  t h i s  n o n - l i n e a r  e x c i t a t i o n  

o f  p lasm a waves p ro v id e s  a n o th e r  a b s o r p t io n  mechanism 

"anom alous a b s o r p t io n ” .

2 .3  CLASSICAL ABSORPTION

The plasm a e l e c t r o n s  o s c i l l a t e  r a p i d l y  in  t h e  e l e c t r o 

m ag n e tic  f i e l d  i o n i z in g  th e  s u r ro u n d in g  a tom s, g iv in g  h ig h  

d e n s i t y  p lasm a . The wave e q u a t io n s  o f  such a  p lasm a can be 

o b ta in e d  from  M axw ell 's  e q u a t io n s

^ 2 ^ - 4 X ne^  ^  ^ 1  ^  (2 . 1 )

nie C C
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For th e  p a r t i c u l a r  case  o f  an  e l e c t r o ,  m ag n e tic  wave in  

w hich  Ey p ro p a g a te s  in  th e  Z d i r e c t i o n ,  e q u a t io n  ( 2 .1 )  

becomes

(2 . 2 )

E,

(2 .4 )

Assuming a s o l u t i o n  o f  t h e  form

Ey = Eq exp [ i ( I ^ -  c t ) ]  

th e n  e q u a t io n  (2 . 2 ) re d u c es  t o

k2  = 4  ( 1  -  ^ )
C 0)

I f  th e  l a s e r  f re q u e n cy  w ^ ^  copg th e n  th e  plasm a 

f r e q u e n c y  in  e q u a t io n  ( 2 .4 )  i s  r e a l  and th e  wave p ro p a g a te s  

th ro u g h  t h e  p lasm a . I f  co^ cOp, K w i l l  be im ag in a ry  and 

th e  wave a m p li tu d e  d e c re a s e s  by a  f a c t o r  ^ / e  i n  a d i s t a n c e  

g iv en  by

d =
( w ^ ~  0,2)4V p ^

The e l e c t r o m a g n e t i c  wave i s  th e n  c o m p le te ly  r e f l e c t e d .

The c r i t i c a l  d e n s i t y  a t  which th e  i n c i d e n t  r a d i a t i o n  i s  r e  

f l e e t e d  i s

" e c  = ^
( 2 .5 )

e 2  X2
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Beyond t h i s  d e n s i t y  t h e  plasm a becomes opaque t o  t h e  

i n c id e n t  l a s e r  r a d i a t i o n .

A c c o rd in g  t o  l i n e a r  th e o ry  th e  l a s e r  en e rg y  i s  

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

c o l l i s i o n s .  The a b s o r p t io n  c o e f f i c i e n t  due t o  i n v e r s e  

B re m ss tra h lu n g  i s  g iven  by J o h n s to n  a n d  DciWS0n(1973 ) a s

16 7C 2 ^ n n .  e^ l n j \ , ( v )
K =  3-  37----------------2 ~ 2 ~  (2 .6 )

3 C (2 7C m  ̂ Kg T g )%  (1 -  V p / v  )

.-9 _ 27 .8  X 10" 2 n ^  In  (v)

v 2  (Kg ( 1  -  vp/v ) i

Kg Tq i s  t h e  e l e c t r o n  te m p e ra tu re  in  eV 

_/\_(v) i s  t h e  minimum o f  --------------- o r
^p ^min “ ^min

Vj, i s  t h e  e l e c t r o n  th e rm a l  v e l o c i t y

p . i s  t h e  minimum im pact p a ra m e te r  f o r  e l e c t r o n  ^min

io n  c o l l i s i o n s  

r ^ep . ^  maximum o f    o r
% T  (m^ Kb T)-

Zç, and a r e  th e  i o n i c  charge  and d e n s i t y

e ,  m^, n^ a r e  e l e c t r o n i c  c h a rg e ,  mass and number d e n s i ty

C i s  th e  v e l o c i t y  o f l i g h t .

I f  t h e  i n c i d e n t  r a d i a t i o n  i s  in c r e a s e d  s u f f i c i e n t l y  t h e  

r a d i a t i o n  e l e c t r i c  f i e l d  b e g in s  t o  have a  s i g n i f i c a n t  e f f e c t
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on th e  e l e c t r o n  d i s t r i b u t i o n  which can no lo n g e r  be 

a c c u r a t e l y  d e s c r ib e d  by th e  e l e c t r o n  t e m p e r a tu re .  The 

e l e c t r o n s  s t a r t  t o  o s c i l l a t e  i n  th e  e l e c t r i c  f i e l d  o f  th e  

r a d i a t i o n  w i th  a  v e l o c i t y  a m p li tu d e  or q u iv e r  v e l o c i t y  o f

e E
V o __

o m^ w -  25 X ( j^ )  yjx cm /sec

where X i s  t h e  l a s e r  w av e len g th  i n  and I  i s  t h e  

i n t e n s i t y  i n  W/cm^.

The r a t i o  o f  th e  q u iv e r  v e l o c i t y  t o  e l e c t r o n  th e rm a l  

v e l o c i t y  i s  known a s  t h e  f i e l d  s t r e n g t h  p a ra m e te r

n =

In a  s t r o n g  r a d i a t i o n  f i e l d  th e  plasm a p r o c e s s e s  a r e  

governed  by th e  q u iv e r  v e l o c i t y  o f  th e  e l e c t r o n ,  r a t h e r  

th a n  by th e  th e rm a l  v e l o c i t y .  Then th e rm a l  v e l o c i t y  can  

be r e p l a c e d  by  q u iv e r  v e l o c i t y  in  e q u a t io n  (2 . 6 ) .  which 

le a d s  t o  a  non 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  o f

16 n n . e^ w In  _A. ( v)
K = -------------------T-----Ô---------------2—f “ "■ ( ^ .7 )

3 C (2 % )2 (1 -  )^

The v a lu e  of In  -A. h as  been c a l c u l a t e d  by v a r io u s  

a u t h o r s ,  eg S i l i n  (1965), P e r t  (1972)^and Dawson and 

Jo h n s to n  (1 9 7 3 ) .
2

S in ce  t h e  r a d i a t i o n  i n t e n s i t y  i s  p r o p o r t i o n a l  t o  E^

th e  a b s o r p t io n  c o e f f i c i e n t  t h e r e f o r e  becomes dependen t on
-3y

th e  i r r a d i a n c e  and v a r i e s  a s  I  2 .  The t r a n s i t i o n  from  th e  

weak t o  s t r o n g  i n t e r a c t i o n  t a k e s  p la c e  a p p ro x im a te ly  when 

Ti = 1 .  Under t h e s e  c o n d i t i o n s ,  t h e  power a b so rb e d  by th e
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plasm a due to  i n v e r s e  B re m ss tra h lu n g  i s  a maximum,

2 .4  RESONANCE ABSORPTION

When a t r a n s v e r s e  e le c t ro m a g n e t ic  wave i s  i n c i d e n t ,  

n o rm a lly  on th e  p lasm a bou n d ary , i t  p e n e t r a t e s  a  d i s t a n c e  

t o  th e  c r i t i c a l  d e n s i t y .  On th e  way t o  th e  c r i t i c a l  

s u r f a c e  i t  i s  p a r t i a l l y  a b so rb e d  and th e n  r e f l e c t e d  b a c k  

t o  form a s t a n d in g  wave. The d i e l e c t r i c  c o n s ta n t  o f  th e  

p lasm a becomes

Ü) 2  (z  A
€ (Zj^) = 1 ------- 2 ~  = O (2 .9 )

0) o

I f  t h e  t r a n s v e r s e  wave i s  i n c i d e n t  o b l iq u e ly  on t h e  p lasm a 

b oundary  i t  i s  r e f r a c t e d  by th e  plasm a l a y e r s  a c c o rd in g  t o  

S n e l l s  law . ■* . "

n = ^  ̂ (Z) = s i n  G

where 0  i s  th e  a n g le  o f  in c id e n c e  o f  t h e  wave on th e  

p lasm a boundary  a s  shown in  F ig u re  2 .1

and  2  \ ^

s i n  e = (2 .1 0 )

This r e f r a c t i o n  i n c r e a s e s  g r a d u a l ly  u n t i l  a t u r n i n g  

p o in t  i s  re a ch e d  a t  a  d e p th  i n  th e  plasm a where th e  p lasm a 

f re q u e n c y  i s  g iven  by

wp (Zq) = CO ^ cos 0
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and t h e  l o c a l  plasma d e n s i t y  i s  g iven  by

2n cos 9  c
ZA

/ k
Normal
in c id e n c e

O blique
in c id e n c e

F ig u re  2 .1

For a l i n e a r  d e n s i ty  g r a d i e n t  th e  r e s u l t  would be a s  

f o l l o w s .

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

o f  d e p th  in  th e  plasm a depends on th e  p o l a r i z a t i o n  o f  

t h e  e le c t ro m a g n e t ic  wave. In  th e  c a se  o f  t h e  e l e c t r i c  

v e c to r  o f  th e  in c id e n t  r a d i a t i o n  b e in g  norm al t o  th e  p la n e  

o f  in c id e n c e  | E? | o s c i l l a t e s  in  th e  r e g io n  Z < , w ith

Z^ b e in g  th e  p o in t  where t h e  r e f r a c t i v e  index  

n = 0) , Z^) = s i n  9. For Z ^  Z^ th e  a m p li tu d e  o f

th e  e l e c t r i c  f i e l d  d rops  o f f  t o  z e ro  e x p o n e n t i a l l y .  

S c h e m a t ic a l ly  th e  b e h a v io u r  o f  i s  shown in  F ig u re  2 . 2 ( a )

An i n t e r e s t i n g  e f f e c t  a r i s e s  when th e  e l e c t r i c  v e c to r  

h a s  a component p a r a l l e l  t o  th e  p la n e  o f  in c id e n c e .  Then,

I Ez  ) o s c i l l a t e s  in  the  r e g io n  Z <  Z^ as  i n  th e  ca se  f o r
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( a )

n eec

( b )

F ig u re  2 - 2
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th e  e l e c t r i c  v e c to r  normal t o  th e  p la n e  o f  i n c id e n c e .  When 

t h e  wave ap p ro ach es  t h e  tu r n in g  p o in t  t h e  E -v e c to r  has a 

component a lo n g  th e  d e n s i t y  g r a d ie n t  and  t h e  wave ca n  tu n n e l  

th ro u g h  th e  c r i t i c a l  d e n s i t y .  (Budden 1966 ) ) .  Then i t  

b e g in s  t o  grow and t h i s  f i e l d  has a  s i n g u l a r i t y  a t  t h e  p o in t  

where 6 (Z) ~ O. I f  c o l l i s i o n s  and te m p e ra tu re  e f f e c t s  a r e  

in c lu d e d ,  t h e  s i g u l a r i t y  does no t a p p e a r .  However, a  sh a rp  

re so n a n c e  re m a in s .  The l a r g e  m agnitude of th e  e l e c t r i c

f i e l d  le a d s  to  th e  e x c i t a t i o n  o f  p lasm a o s c i l l a t i o n s .  These

plasm a o s c i l l a t i o n s  t r a n s f e r  t h e i r  en e rg y  t o  th e  e l e c t r o n s  

by Landau damping. The f i e l d  a t  t h e  re so n a n c e  p o in t  depends 

on t h e  d e n s i t y  g r a d ie n t  s c a l e  l e n g th .

I f  l i n e a r  v a r i a t i o n  o f  d e n s i ty  i s  assumed,

i e

"e  = "ce

where L i s  t h e  s c a l e  l e n g th

L = n c e / ( d n e /d z ) „  _ _j ê — rice

which i s  much g r e a t e r  th a n  th e  w av e len g th  o f  th e  l a s e r  

l i g h t  \  = 2 7c/Kq. I f  E(Z) i s  assumed t o  vary  l i n e a r l y  

w i th  Z th e n  a t  th e  p o in t  where E(Z) = O th e  m agnitude

o f  t h e  e l e c t r i c  f i e l d  s t r e n g t h  | j becomes

f /  J-
w here t  ~ (^o ^ s i n  ^  , and th e  f u n c t io n  JP ( t )  i s  a

d im e n s io n le s s  p a ra m e te r  g iven  by Ginzburg (1961) and  

e x p re s s e d  i n  te rm s o f  t h e  A iry  i n t e g r a l s  a s
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f ) ( t )

10

8

6

4

2

2.0

t

Figui^ 2 , 3

F unction  ^ ( t )  th a t  determ ined the e le c t r i c  f i e ld  

s tre n g th  a t  various p o s it io n  in  the plasma
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| ( t )  = 2 t  V (f )  / ( 2 , 1 2 )
V -  V%t  )

w i th  V ( t^ )  = K̂ / 3  ( |  t ^ )

and v '( t^ )  = -  t ^  (3 % )" :  K2 / 3  ( |  t ^ )

Where K i s  th e  B e sse l  f u n c t i o n  and a f u n c t io n  o f  t h e  

a n g le  o f  in c id e n c e  ^  i s  shown in  F ig u re  2 . 3 .

^  has  a peak  t h a t  depends on th e  w a v e le ig th  o f  l i g h t  and 

th e  d e n s i t y  s c a l e  l e n g th  o f  th e  p lasm a f a l l i n g  r a p i d l y  w i th  

t .  The maximum v a lu e  o f  t h e  e l e c t r i c  f i e l d  i s  g iv en  a s : -

p  _ 1 . 2  p  %

w ith  a  w id th  in  th e  Z d i r e c t i o n  o f  ~

A z  = (2 .1 4 )
o ^

Pearlm an e t  a l  (1977) and Manes e t  a l  (1977) found  

e x p e r im e n ta l ly  t h a t , a t  o b l iq u e  in c id e n c e  a b s o r p t io n  o f  th e  

l a s e r  l i g h t  s u f f e r s  a  two t im e s  enhancement i f  t h e  p la n e  

o f  p o l a r i z a t i o n  i s  p a r a l l e l  t o  th e  p la n e  o f  in c id e n c e ,  

compared w i th  th e  c a s e  when th e  p la n e  o f  p o l a r i z a t i o n  i s  

norm al t o  th e  p la n e  o f  i n c id e n c e .  The an g le  o f  in c id e n c e  

i s  chosen  such t h a t  th e  t u r n i n g  p o in t  e l e c t r o n  d e n s i t y  

(n^ = n^g cos 0 ) i s  n o t  to o  f a r  from  th e  d e n s i ty  n^g . 

With t h e  maximum a n g le  g iv e n  by th e  fo c u s s in g  l e n s  o f  

7 .6 °  t h e  d e n s i t y  n,  ̂ i s  0 .9 7  n^^ . I t  sh o u ld  be m entioned
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t h a t  a t  th e  s u r f a c e  where > J — s i n  0  t h e  p a ra m e t r ic  

decay  r a t e  i s  e x p e c ted  t o  be  re a s o n a b ly  h ig h  and th e  

main a b s o r p t io n  mechanisms a r e  ex p e c ted  t o  be in v e r s e  

B re m ss tra h lu n g  and re so n a n c e  a b s o r p t io n .

Due t o  th e  a b s o r p t io n  o f  l a r g e  amounts o f  l a s e r  

r a d i a t i o n  by re so n a n c e  a b s o r p t io n s  in  sm a l l  r e g io n s  and 

consequen t p ro d u c t io n  o f  a  te m p e ra tu re  g r a d i e n t ,  t h e s e  

te m p e ra tu re  and d e n s i t y  g r a d i e n t s  l e a d  t o  megagauss 

m agnetic  f i e l d s  which c a n ,  in  t u r n ,  i n h i b i t  t h e  co n d u c tio n  

o f e l e c t r o n s  see  B e z z e r id e s  e t  a l  (1977).

2 .5  PARAMETRIC PROCESSES

C l a s s i c a l  a b s o r p t io n  due t o  in v e r s e  B rem ss trah lu n g  

becojnes i n e f f i c i e n t  a s  th e  p lasm a te m p e ra tu re  in c r e a s e s  

due t o  th e  r a p id  d e c re a s e  o f  th e  e l e c t r o n - i o n  c o l l i s i o n  

f r e q u e n c y .  The a b s o r p t io n  o f  i n t e n s e  r a d i a t i o n  i s  th e n  

d e te rm in e d  by c o l l e c t i v e  e f f e c t s  in  th e  p lasm a, r e s u l t i n g  

in  t h e  c o n v e rs io n  o f  r a d i a t i o n  en erg y  i n t o  plasm a w aves, 

w hich i n  tu r n  h e a t  th e  p a r t i c l e s .

High power l a s e r  r a d i a t i o n  i n c id e n t  on th e s e  waves 

can d r iv e  p a ra m e t r ic  i n s t a b i l i t i e s ,  Kaw and Dawson (1969), 

Kruer and Dawson (1972) and Thomson e t  a l  (1973), i n  which 

e l e c t r o s t a t i c  waves o r  b o th  e l e c t r o s t a t i c  and e l e c t r o 

m ag n e tic  waves a r e  e x c i t e d .  (Goldman and Dubois (1965), 

L iu  e t  a l  (1973) and Drake e t  a l  (1 9 7 4 ) .)  I n t e r a c t i o n  o f  

l a s e r  r a d i a t i o n  w ith  e l e c t r o s t a t i c  waves r e s u l t s  i n  

pa,] 3̂i,in0 t r i c  decay , o s c i l l a t i n g  two s t re a m  i n s t a b i l i t i e s
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w hich le a d  t o  an enhanced a b s o r p t io n  a t  th e  c r i t i c a l  

s u r f a c e .  Resonance a b s o r p t io n  a l s o  o c c u rs  in  t h i s  r e g io n .

However, th e  s c a t t e r i n g  o f  l a s e r  r a d i a t i o n  by d e n s i ty  

f l u c t u a t i o n s  in  t h e  plasm a can le a d  t o  r a d i a t i o n  lo s s e s  o f 

en e rg y  such  as  Raman and B r i l l o u i n  s c a t t e r i n ^ j  These 

p r o c e s s e s  may p ro v id e  u s e f u l  d i a g n o s t i c  t o o l s  f o r  l e a r n in g  

abou t th e  sp ec tru m  o f  c o l l e c t i v e  e x c i t a t i o n s  and e l e c t r o n  

t e m p e ra tu re  in  th e  r e g io n  o f  ten u o u s  p la sm a .

2 .5 .1  The P a ra m e tr ic  Decay I n s t a b i l i t y

The th e o ry  o f  th e  p a r a m e t r ic  decay  i n s t a b i l i t y  was 

d ev e lo p e d  by Nishikawa (1 9 6 3 ).  I t  o c c u rs  when t h e  e l e c t r o n  

p lasm a wave f re q u e n cy  cOp i s  e q u a l  t o  t h e  i n c id e n t  l a s e r  

f re q u e n c y

The i n c id e n t  t r a n s v e r s e  wave e x c i t e s  b o th  à h ig h  

f r e q u e n c y  e l e c t r o n  plasma wave cop^ and  low f re q u e n cy  io n  

a c o u s t i c  wave Wp  ̂ and th e n  c o u p le s  w i th  t h e s e  waves, 

p ro v id e d  t h a t  t h e  m atch ing  c o n d i t i o n s

Ü) = 0) + (1)
o pe p i

and

a r e  s a t i s f i e d .

These a r e  t h e  en e rg y  and t h e  momentum c o n s e rv a t io n  c o n d i t i o n s .  

I f  t h e  i n t e n s i t y  of th e  i n c id e n t  r a d i a t i o n  i s  l a r g e  enough 

th e  plasm a waves cOp̂  and cOp̂  grow r a p i d l y  and a c t  as  a  pump 

f re q u e n c y  f o r  each o t h e r .  P a ra m e tr ic  c o u p l in g  betw een waves 

makes i t  p o s s ib l e  t o  p roduce  b e a t  f r e q u e n c ie s  o f  wg — wpi»
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^ ^ p i»  “ ^pe» “ o “^“ pe h a rm o n ic s .  The r e l a t i v e

c o u p l in g  o f  th e s e  modes depends on th e  i n t e n s i t y  o f  th e  

i n c i d e n t  r a d i a t i o n .  However, th e  i n t e n s i t y  can be  in c r e a s e d  

so t h a t  th e  growth r a t e  i s  g r e a t e r  th a n  th e  damping r a t e .

At t h i s  p o in t  th e s e  o s c i l l a t i o n s  become u n s t a b l e  and grow 

e x p o n e n t i a l l y .  The t h r e s h o ld  f o r  such an i n s t a b i l i t y  has 

been  e v a l u a t e d : -

y : = [ \ + C } T , / r < i J j
The th re s h o ld  f i e l d  s t r e n g t h  Eq g iv en  by N ishikôw a f o r  

th e  c a se  o f  cô  y  and th e  e l e c t r o n  plasm a and  io n  plasm a

o s c i l l a t i o n s  p ro p a g a te  w ith o u t  a t t e n u a t i o n  i s  g iv en  by

where v , and a r e  e l e c t r o n - e l e c t r o n ,  i o n - io n  and
2

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 i e s ,  and k = ^  (k^ Eg)^.
2  2  2  2  e i

A lso  w ^  -  Wp^+ k^ , where i s  th e  e l e c t r o n

th e rm a l  v e l o c i t y .  The growth r a t e  j u s t  above t h r e s h o l d  i s

2 k (o) -  Ü) ) V

pe " e e  + 4(

T h is  r a t e  a t t a i n s  a  maximum when

(0 = 0) + 0) , (2 .1 7 )
o pe 2 j 3 ek

l e a d in g  t o  a  maximum growth r a t e  o f

. .  +  - 2 —     ( 2 . 1 8 )

1 6  1 6  CO___ CO,
=  — o’ V. .  T   % 2

'pe ^ek
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I f  t h e  f i e l d  s t r e n g t h  o f  th e  i n c id e n t  r a d i a t i o n  i s  

g r e a t e r  th a n  th e  c r i t i c a l  f i e l d  s t r e n g t h  E^, th e  maximum 

growth 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  i s  g iven  by

f  .  .. ^  / • “  • (2 . 1 , ,
i  \ m_ 0) /m 2 ek 4mi \ m  ̂ Wq

T his  fo rm u la  i s  v a l i d  on ly  n e a r  th e  c r i t i c a l  f i e l d  s t r e n g t h  

g iv en  by e q u a t io n  (2 ,1 5 ) .

2 ,5 .2  Ihe  Two Plasmon I n s t a b i l i t y

An e le c t r o m a g n e t ic  wave in c id e n t  on an inhomogeneous

plasm a may decay  i n t o  two plasm ons in  the  re g io n  o f  q u a r t e r

c r i t i c a l  d e n s i t y .  The g e n e ra te d  plasma waves may f u r t h e r

co u p le  w i th  t h e  i n c id e n t  wave t o  g e n e ra te  a s c a t t e r e d  wave
3

a t  a f re q u e n c y  ^ This p ro c e s s  has been  d i s c u s s e d  by

Goldman (1 9 6 6 ),  Jackson  (1964) and Galeev e t  a l  (1972).

The f re q u e n c y  and wave number m atch ing  c o n d i t io n s  a re

“ o = “l 1 + “ l 2

= 2  <»pg a t  n c r /4

Kq = + i?L2

w here (O, ^ = o i^  + 3 VgL pe ^

C o n f ig u r a t io n  f o r  th e  wave v e c to r s  in  t h i s  p ro c e s s  

i s  t h e n : -

Kl

L2
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The Langmuir wave v e c to r s  a r e  a t  V 4  o r  5 ^ / 4  t o  Kq and 

th e  most u n s ta b le  modes occur b o th  a r e  a t  ^ / 4  t o  

Jack so n  (1967).

L1» ~

45

The t h r e s h o ld  f o r  t h e  two plasmon i n s t a b i l i t y  i s  

g iven  by Liu as  : -

where i s  th e  e l e c t r o n  th e rm a l v e l o c i t y  and L i s  t h e  

d e n s i t y  s c a l e  l e n g th .

S ince  th e  l a s e r  e n e rg y  i s  c o n v e r ted  t o  e l e c t r o s t a t i c  

modes which p ro p a g a te  o n ly  in  th e  p lasm a, t h i s  p ro c e s s  

l e a d s  t o  enhanced a b s o r p t io n .

2 , 5 . 3  S t im u la te d  B r i l l o u i n  S c a t t e r i n g

L aser  l i g h t  may be s c a t t e r e d  from c o l l e c t i v e  io n  

plasm a o s c i l l a t i o n s ,  th e  e m i t te d  r a d i a t i o n : -

X = x '  + S

where th e  l a s e r  l i g h t  X i s  c o n v e r ted  i n t o  l i g h t  o f  a  low er 

f re q u e n c y  X̂  and an io n  a c o u s t i c  wave S s a t i s f y i n g  t h e  

c o n d i t io n s  : -
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“x = "x  + " s

and = KCs

As th e  i r r a d i a n c e  i n c r e a s e s ,  th e  i n t e n s i t y  o f  B r i l l o u i n  

s c a t t e r i n g  i n c r e a s e s .

Ion a c o u s t i c  waves have w av e len g th s

which a r e  a p p r e c ia b ly  g r e a t e r  th a n  th o s e  o f  e le c t ro m a g n e t ic  

waves b u t  s u f f e r  Landau dam ping, a s  g iven  by Dubois e t  a l

(1963)

Y .  = 4 ^  I m O T  = y f  ( 2 . 2 0 )

, 2  _ mwhere a -  —M

T his  damping te rm  i s  q u i t e  s m a l l  s in c e  th e  arguem ent o f  

t h e i r  exponent i s  o f t h e  o rd e r  o f  -  C: .

For B r i l l o u i n  s c a t t e r i n g  th e  d i s p e r s i o n  r e l a t i o n  o f  

t h e  io n  wave w ith  K < <  1 i s  in d ep en d en t o f  th e  plasm a 

d e n s i t y .  C o n seq u en tly ,  t h e  w id th  o f  t h e  re so n an ce  zone i s  

p r i n c i p a l l y  d e te rm in ed  by t h e  change o f  th e  wave v e c to r  o f  

t h e  e le c t ro m a g n e t ic  waves o f  th e  o rd e r

2  c2  ^ 2  (2 . 2 1 )

Liu (1976).

Because t h i s  w id th  i s  g r e a t e r  th a n  t h a t  f o r  Raman 

s c a t t e r i n g  by a f a c t o r  o f  t h e  o rd e r  (C/Vg), i t  i s  e x p e c te d  

t h a t  th e  th r e s h o ld  f o r  B r i l l o u i n  s c a t t e r i n g  in  an inhomo

geneous plasma i s  a l s o  much lo w er. The t h r e s h o ld  f o r  

B r i l l o u i n  s c a t t e r i n g  i s  g iv en  by Liu (1976) as
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l ( ^ )  " o ' -

and i s  a p p ro x im a te ly  (V^/C)^ low er t h a n  f o r  Raman back 

s c a t t e r ,  or ab o u t (^2 / 0 )%  ( l ower  th a n  f o r  Raman 

s i d e s c a t t e r .  The B r i l l o u i n  b a c k s c a t t e r e d  w i th  K = 2 Kq 

has  t h e  same th r e s h o ld  m en tioned  h e r e .

The f re q u e n cy  and wave number m atch ing  c o n d i t io n s  can 

be  i l l u s t r a t e d  i n  th e  d i s p e r s i o n  d iag ram  a s  fo l lo w s

w

I t  i s  seen  t h a t  th e  s c a t t e r e d  e le c t ro m a g n e t ic  wave 

(ü)^ , Kj>) p ro p a g a te s  in  t h e  r e v e r s e  d i r e c t i o n  t o  th e  

e le c t r o m a g n e t ic  pump wave. Then th e  m atch ing  c o n d i t io n s  

a r e  s a t i s f i e d  a t  any p o in t  i n  t h e  plasm a from  t h e  c r i t i c a l  

s u r f a c e  ou tw ard s . T h is  means t h a t  once th e  t h r e s h o ld  

c o n d i t io n  f o r  t h i s  i n s t a b i l i t y  i s  ex ceed ed , a l l  t h e  l a s e r  

l i g h t  power c o n v e r ted  to  t h e  b a c k s c a t t e r e d  wave i s  r e 

f l e c t e d  no rm a lly  from th e  p la sm a .

2 . 5 . 4 S t im u la te d  Raman S c a t t e r i n g

In t h i s  p ro c e s s  th e  i n c i d e n t  l i g l i t  wave i s  s c a t t e r e d  

from  a  Langmuir wave w i th  C o n seq u en tly , th e

s c a t t e r e d  l i g h t  i s  s h i f t e d  f u r t h e r  i n  frequency^  fhê m 

was the  s t im u la te d  B r i l l o u i n  s c a t t e r i n g  l i g h t .



- 4 4 -

The energy  and momentum c o n s e r v a t io n  m atch ing  c o n d i t i o n s

a r e

\

=  4

and may be s a t i s f i e d  a t  a l l  d e n s i t i e s  from — out war ds  t o  

t h e  c o r o n a l  r e g io n .

For inhomogeneous plasma w i th  n = n^ (1  + ^ / l )  t h e r e  

a r e  two Raman s c a t t e r i n g  p r o c e s s e s .  For b a c k s c a t t e r e d  

where cos 0  »  ( ^ e / c ) ^  and wq = 2 a>pg, t h e  t h r e s h o l d  

c o n d i t i o n  f o r  Raman b a c k s c a t t e r e d  r a d i a t i o n  g iven  by Liu

I S  : -

L > 1

This may occu r  a t  w ^ w e l l  a s  qjq = 2 and

t e m p o r a l l y  growing modes may e x i s t .  In  b o th  c a s e s  th e

s c a t t e r e d  l i g h t  has a v e ry  long  w av e len g th  i n  t h e  d i r e c t i o n  

o f  t h e  d e n s i t y  g r a d i e n t .  This  s a t u r a t i o n  has  been d i s c u s s e d  

by Liu e t  a l  (1973)', Drake and Lee (1973) and  White e t  a l  

(1 9 7 4 ) .  The Maxwell e q u a t io n s  a re  used  t o  s tu d y  t h e  

t e m p o r a l l y  growing modes f o r  underdense  p lasm a cOq "  ^ ^ p e

and 00^ ^ ^ “ pe below th e  q u a r t e r  c r i t i c a l  d e n s i t y .

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

i3v
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2 . 6  HARviONIC GENERATION

Harmonics may be g e n e ra te d  in  a plasma i f  t h e  plasma 

p a r a m e te r s  a r e  modulated by 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 and th e n  f u r t h e r  r a d i a t i o n  i n t e r a c t s  n o n - l i n e a r l y  

w i th  t h e  m odula ted  p lasm a.  T h e o r e t i c a l  d e r i v a t i o n s  o f  

t h e  s c a t t e r e d  i n t e n s i t y  may be made by s o l v i n g  t h e  e q u a t io n s  

d e s c r i b i n g  c o u p l in g  between plasma modes o f  o s c i l l a t i o n  and 

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  waves.  A l t e r n a t i v e l y ,  a  quantum 

m echan ica l  model may be s e t  up.

P o s s i b l e  models c o n s i s t  o f  t h e  c o a le s c e n c e  o f  two 

plasmons h a v in g  f r e q u e n cy  n e a r  t o  w i th  c o n v e r s io n  t o

e l e c t r o m a g n e t i c  r a d i a t i o n

CO + 0 0  —? 2  CO
o o o

A nother  harmonic  t h a t  has been s t u d i e d  has a f r e q u e n c y

I * . may a r i s e from ,

CO co_o
2 —

_ “ o __. 3
*o 2 2  ^

Higher harm onics have been  d e t e c t e d ,  McClean e t  a l  (197?) ,  

b u t  w i l l  n o t  be d i s c u s s e d  h e r e .

In t h e  f o l l o w i n g  s e c t i o n ,  i t  w i l l  be seen  t h a t  t h e r e  

i s  more th a n  one p ro c e s s  l e a d in g  t o  t h e  g e n e r a t i o n  o f  

harmonics b u t  t h e  match ing  c o n d i t i o n s  can be s p e c i f i e d  f o r  

t h e  i n c i d e n t  and g e n e ra te d  waves.  A lso ,  t h e  power and t h e  

f r e q u e n c y  o f  t h e  s c a t t e r e d  wave may be d e te rm in e d .
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2 . 6 . 1  Second Harmonie G enera t ion  2 Wo

Second harmonie  g e n e r a t i o n  in  l a s e r  plasma i n t e r a c t i o n -  

has been th e  s u b j e c t  o f  c o n s i d e r a b l e  t h e o r e t i c a l  and e x p e r i 

m en ta l  work. For exam ple ,  Bobin e t  a l  (1973) ,  S i l i n  (1975) 

and Erokhin e t  a l  (1974) .

In a homogeneous i s o t r o p i c  plasma th e  p r o c e s s  o f  

r e c o m b in a t io n  o f  t h e  two t r a n s v e r s e  waves w i th  an e l e c t r o 

m agne tic  wave a r e  f o r b i d d e n  (Vec/erov (1963) ) b e cau se  i t  

i s  im p o s s ib le  t o  s a t i s f y  t h e  ene rgy  and momentum c o n s e r v a t i o n  

c o n d i t i o n .

The g e n e r a t i o n  o f  e l e c t r o m a g n e t i c  waves w i t h  f r e q u e n c y  

Ü) = 2  ü)̂  i n  such a p lasm a i s  p o s s i b l e  i f  one o f  t h e  plasma 

waves i s  a l o n g i t u d i n a l  wave. The second harmonic may be 

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

wave t  w i th  a Langmuir wave L

t  + L —f  t '

Momentum and e n e rg y  c o n s e r v a t i o n  r e q u i r e

t

An a l t e r n a t i v e  scheme c o n s i s t s  o f  th e  c o u p l in g  o f  two 

Langmuir waves to  g iv e  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  waves : -

^  + t  —> t

w i th   ̂0)̂

and
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In an  inhomogeneous p lasm a th e  c o n s e r v a t i o n  c o n d i t i o n s  

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

t h e  p l a s m a .

2 . 6 . 1 . 1 .  G e n e ra t io n  o f  2o) i n  Oblique In c id e n c e

In an  inhomogenous p lasm a t h e  e l e c t r i c  f i e l d  o f  t h e  

i n c i d e n c e  r a d i a t i o n  i n c r e a s e s  t o  a maximum a m p l i tu d e  n ea r  

t h e  c r i t i c a l  s u r f a c e ,  G inzburg  (1964) .  I f  t h e  i n c i d e n t e  

e l e c t r o m a g n e t i c  wave has  an e l e c t r i c  f i e l d  component i n  

t h e  p l a n e  o f  i n c i d e n c e ,  t h i s  f i e l d  can e x c i t e  Langmuir 

o s c i l l a t i o n s  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 .  S u b s e q u e n t ly ,  

non l i n e a r  i n t e r a c t i o n  can  o c c u r  between th e  i n c i d e n t  o b l iq u e  

wave and t h e  plasma e l e c t r o n  o s c i l l a t i o n s  i n  t h e  d e n s i t y  

g r a d i e n t  t o  p roduce  2 w . T h is  mode o f  g e n e r a t i o n  has been  

s t u d i e d  by E rokhin  (1969) and  (1974) and Vinogradov (1973),  

who d e te rm in e d  t h e  e l e c t r o m a g n e t i c  f i e l d s  s t r u c t u r e  t o  

t h e  f i r s t  and seco n d  ha rm onic  and t h e  r a t e  o f  c o n v e r s io n  

t o  t h e  second  harm onic .

Using a n o n - r e l a t i v i s t i c  c o ld  model d e s c r i p t i o n  where 

t h e  i o n s  p r o v id e  a n e u t r a l i z i n g  background ,  Bobin c a l c u l a t e d  

t h e  c u r r e n t  as

-Î ^  N —̂  -I
-̂ 2  =  - f ^ 3  T  +   w - - :  E J  E l

“  “o 1 -  ( P/ t ib)  (2 .2

The second  te rm  i n  t h i s  e q u a t i o n  c o n t a i n s  2 cOq*

In a u n i fo rm  plasma ( V  N = O) so

J

o

2  ” ^  (E l  • E^) (2 . 2 2 )

S in c e  t h i s  te rm  i s  l o n g i t u d i n a l  no t r a n s v e r s e  wave a t  2  œ
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can  be g e n e r a t e d .

In an inhomogenous plasma t h e r e  i s  a  c o n t r i b u t i o n  

f o r  V  which i s  im p o r t a n t  n e a r  t h e  c r i t i c a l  l a y e r  and 

can g iv e  r i s e  t o  second  harm onic  g e n e r a t i o n .

2 . 6 . 1 . 2  S i l i n  Theory

The t h e o r y  o f  p a r a m e t r i c  r e so n a n c e  g iven  by S i l i n  

(1973) o f f e r s  t h e  p o s s i b i l i t y  o f  d e t e r m in in g  t h e  dependence 

of  th e  s h i f t  o f  th e  i n t e n s i t y  maximum o f  t h e  second-harm onic  

l i n e  due  t o  t h e  io n  a c o u s t i c  wave, so t h e  e l e c t r o n  t e m p e ra tu re  

can be d e t e r m in e d .

I f  t h e  i r r a d i a n c e  of  t h e  e l e c t r o m a g n e t i c  wave i s  h ig h e r  

t h a n  th e  t h r e s h o l d  of  t h e  p a r a m e t r i c  p r o c e s s ,  t h e  e l e c t r o n  

o s c i l l a t i o n  i n s t a b i l i t i e s  can  come from th e  r e g i o n  arbund 

t h e  c r i t i c a l  d e n s i t y .  Then t h e  second  harm onic  r e s u l t s  

from c o u p l i n g  o f  t h e  e l e c t r o n  p lasma wave e x c i t e d  p a r a 

m e t r i c a l l y  t o  t h e  i n c i d e n t  o r  r e f l e c t e d  e l e c t r o m a g n e t i c  wave.

t  + 1  —^ t

I f  t h e  plasma f r e q u e n c y  i s  s l i g h t l y  lower th a n  t h e  l a s e r  

f r e q u e n c y  w^ y  t h e  second  harmonic  2  co g e n e r a te d  by

t h i s  mechanism i s  s h i f t e d  from t h e  o r i g i n a l  2  tow ards  

lo n g e r  w a v e le n g th s .

The d i s p la c e m e n t  o f  t h i s  harm onic  tow ards  t h e  r e d  can 

be  c a l c u l a t e d  from t h e  c o n s e r v a t i o n  r e l a t i o n .  I f  ( gcIq> ) 

i s  t h e  i n c i d e n t  l a s e r  wave, (cOĵ , ) i s  t h e  plasmon and

(0)2 , K2  ) i s  a  phonon,  t h e n  t h e  e n e rg y  and momentum c o n s e r 

v a t i o n  r e l a t i o n s  become:-
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cOq -  ü > i  +  CÜ2  “ l  -  “ o  ■ “ 2

K ‘ K - K K ■ K-
S in ce  t h e  i n t e r a c t i o n  t a k e s  p l a c e  n e a r  t h e  c r i t i c a l  s u r f a c e  

and co^ > V > >  “ p i

t h e n  w = CO + 6 co where 6 co << co .1 pe P

The plasmon o)  ̂ can  c o a l e s c e  w i th  t h e  pho to n  t o  

p ro d u ce  2 co d i s p l a c e d  from th e  o r i g i n a l  2  cô  by A co :

CO — 2  CO — 2  COo

= 2  CO -  f CO +o  ̂ o 1  /

=  2 c o  - ( c o  +  C0 -  =  Woo '  o o 2 ' 2

^ 2  i s  t h e  phonon f r e q u e n c y  (w^ -  ) .  The* second

harm onic  g e n e r a t e d  from t h e  p a r a m e t r i c  p r o c e s s  i s  d i s p l a c e d  

to w a rd s  t h e  r e d  by an amount e q u i v a l e n t  t o  th e  phonon 

f r e q u e n c y •

The wave v e c t o r  c o n s e r v a t i o n  r e l a t i o n  f o r  t h e  second  

harm onic  i s

K =

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

wave 2  CO g iv e s

(2 « o  -  Ao))^ = + ( 2 4  -  4 ) ^

— ( (0̂  — 6 c o )  + (21?^ — ) C
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6 (0 <̂ Q This  g iv e s

T h e r e fo r e

2KT -  K'

bu t  n e a r  t h e  c r i t i c a l  s u r f a c e  O, t h e r e f o r e

4  -  ^  ÿ
Then t h e  d i s p l a c e m e n t  of  t h e  second harmonic i s

A  Ü) = Cg — yfs Cg

T h e r e f o r e

“ o %  = " u

where i s  t h e  io n  Langm uir^frequency  and i s  t h e

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

A .  .  ^

On th e  o t h e r  hand ,  t h e  above fo rm ula  does no t  t a k e  i n t o  

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

o s c i l l a t i o n  o f  t h e  e l e c t r o n s  in  t h e  e l e c t r i c  f i e l d ' o f  th e  

wave. T h is  i n t r o d u c e s  a c o r r e c t i o n  which i n v o l v e s  m ain ly  

a h ig h  f l u x .  The n o n - l i n e a r  d i s p e r s i o n  r e l a t i o n  o f  th e  

i o n  a c o u s t i c  wave must t h e n  be i n t r o d u c e d

where i s  t h e  q u i v e r  v e l o c i t y  of  t h e  e l e c t r o n s ,  A i s  

t h e  d i f f e r e n c e  be tween t h e  l a s e r  f r e q u e n cy  and t h e  p lasma 

l o c a l  f r e q u e n c y .
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= 0)
o 2L

1  0) / - Ç -
2 o LO)

I o

%

Z  i s  t h e  d i s t a n c e  be tw een  t h e  c r i t i c a l  s u r f a c e  and th e  

r e g i o n  where t h e  e l e c t r i c  f i e l d  g iven  by t h e  A i r y  f u n c t i o n  

becomes maximum (Ginzburg  (1960) ).

Then t h e  r e d  s h i f t  o f  t h e  second  harmonic b a c k s c a t t e r e d  

wave becomes

1  o'-

= Ü ),Li

VTe ( 2 .2 4 )
4 c 2  A “o

The second  t e rm  i s  t h e  c o r r e c t i o n  te rm  which i s  o n ly  

im p o r t a n t  a t  h ig h  f l u x .

The q u i v e r  v e l o c i t y  i s

e E
V, o

m 0)

= 0 .2 5  X ' J T

(0 — /  3 Ü)
Li

0 .2 5  X
0)’o %

( 2 . 2 5 )

where I  i s  W/cm X p m

2 .6 . 2 Four Wave P ro c e s s e s

In c e r t a i n  c a s e s ,  t o  s a t i s f y  t h e  c o n d i t i o n s  o f  

momentum c o n s e r v a t i o n ,  i t  i s  n e c e s s a ry  t o  i n t r o d u c e  a 

f o u r t h  wave. Th is  wave e l i m i n a t e s  t h e  d i f f e r e n c e  i n
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momentum w i th o u t  u p s e t t i n g  t h e  e n e rg y  c o n s e r v a t i o n .  The 

second  harmonic 2 o) g e n e r a t e d  by t h i s  method i s  d e s c r i b e d  

as  " s u p e r e l a s t i c  s c a t t e r i n g "  o f  t h e  i n c i d e n t  wave w i th  

p lasmons c o n t a i n i n g  f o u r  p a r a m e t r i c  p r o c e s s e s ,  i e

pho ton  Ü) photon  ( 2  (1̂ )

phonon w •
plasmon w (Ü (0ioe

The b a c k s c a t t e r e d  pho ton  must s a t i s f y

(0 + CO -  (0. = 2(0 -  2 C O . o e X o x

I t  i s  seen  t h a t  t h e  second  harmonic 2co g e n e r a te d  by 

t h i s  mechanism i s  d i s p l a c e d  from  t h e  o r i g i n a l  2 w^ to w ards  

t h e  r e d  by 2  .

Then
2  CO — 2(0 — 2  CO.o X

I n t r o d u c in g  t h e  phonon a l lo w s  t h e  momentum c o n s e r v a t i o n  

t o  be s a t i s f i e d  and t h e r e  a r e  more- p o s s i b i l i t i e s  o f  plasmon 

i n t e r a c t i o n .  However, t h e  e f f i c i e n c y  o f  a  f o u r  wave p r o c e s s  

i s  lower compared w i t h  t h a t  o f  t h r e e  wave p r o c e s s .

Nguyen, Due Long and J o h n s to n  (1975) d e te rm in e d  th e  

t h r e s h o l d  growth r a t e .

3
2 . 6 . 3  Harmonic G e n e ra t io n  a t  j

3The b a c k s c a t t e r e d  r a d i a t i o n  a t  o f  t h e  i n c i d e n t

l a s e r  f r e q u e n c y  i s  g e n e r a t e d  a t  a  r e g i o n  o f  q u a r t e r  c r i t i c a l
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d e n s i t y ,  where = 2 co^^, by t h e  c o u p l i n g  be tween th e  

i n c i d e n c e  o r  b a c k s c a t t e r e d  a>̂  o f  t h e  i n c i d e n t  l a s e r  

wave cô  and p lasmons a t  f r e q u e n c y  There a r e  two 

p o s s i b i l i t 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 i e s  i n  t h i s  mechanism; 

t h e  two plasmon i n s t a b i l i t y  n e a r  —  or  s t i m u l a t e d  Raman

^o —

s c a t t e r i n g .

I f  (Wq> K^), Kp) a r e  t h e  f r e q u e n c y  and t h e  wave

number f o r  t h e  i n c i d e n t  pho ton  and  plasmon r e s p e c t i v e l y ,  

t h e s e  pho ton  and plasmon can  be c o u p le d  t o  g iv e  a pho ton

3i — X( 2 ^ 9  K). The i n t e r a c t i o n  geom etry  i s  g iv en  by Jackson  (1967) 

In t h e  c a se  of  t h e  two plasm on i n s t a b i l i t y ,  i t  has been 

shown i n  s e c t i o n  2 , 5 . 2 ,  w i t h  m a tch ing  c o n d i t i o n s

K = K + K 
o P I  P2

0). = 2(0 
1̂  e

The two plasmon c o u p l in g  p r o c e s s e s  a r e  g e n e r a t e d  by 

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

w

K = K + K 
o PI P2

?

45

P2

For Raman b a c k s c a t t e r i n g : -

0) = 2(0 = 2 o „o p R

and  V^/c2
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J  = (0 ^ +

= u)^ + 3 K ^e p e

l e a d i n g  t o : -

2 . 2 [LLl±h^EUj _  ,2 . 6 ,
P ^  -  2 ( V g /c )  J3 -  9 ( V g / c r J

This  means t h a t  t h e  c o r r e s p o n d in g  d e n s i t y  i s  s l i g h t l y  

"c es m a l l e r  t h a n  —̂ ■. This  r e l a t i o n s h i p  h o ld s  w h e th e r  or no t  

t h e r e  i s  c o u p l i n g  w i th  e i t h e r  two plasmon re s o n a n c e  o r  up 

c o n v e r s i o n .  In t h e  l a t t e r  c a s e  t h e  a n g l e  be tween t h e  two 

s h o u ld  have a v a lu e  C: 70° t o  make ^ / c  s m a l l  an d ,  f o r  

t h e  c a se  o f  Raman up c o n v e r s io n  i t  i s

w i t h  K? = + 2K

0)
o 

' 2

The d i s p e r s i o n  r e l a t i o n s  f o r  t h e  waves a r e  g iven  

a s  f o l l o w s

J )
O

9 2  2  2
CO

where

= (0 ^ + (K ^  + 
P P

, 2 = c o ^ - f K ^ c fo P o
2

= (0 ^ = 3K^ V 
P <

(0 ^ _ (0 ^
= o __ _

2
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From t h e s e  e q u a t i o n s ,  we g e t

C2 -  " 2P + 3 V ,
w j  = 4 üT —-------------% r  ( 2 .2 7 )

3 v "- P c2  -  -  ” 2

which means cô  > 2  and t h e  c o r r e s p o n d in g  d e n s i t y  i s  

s l i g h t l y  s m a l l e r  th a n  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 .

In f a c t ,  t h e  two plasmons can be g e n e r a t e d  w i t h  

geometry d i f f e r e n t  from t h e  p r e v i o u s ,  i e

Kb

The i n c i d e n t  pho tons  p roduce  a plasmon (co^, ^P i   ̂ i n  

t h e  f o r w a r d  d i r e c t i o n  and ( )  i n  t h e  backward 

d i r e c t i o n  t o  t h e  i n c i d e n t .  This  n e c e s s i t a t e s ' ( K p ^ )  ^  (Kp^)

a c c o r d i n g  t o  t h e  d i s p e r s i o n  r e l a t i o n  between th e  waves 

(^2 ^ ^ 2 " Moreover ,  t h e  plasmon can i n t e r a c t  e i t h e r  w i th  

th e  i n c i d e n t  p h o to n  or  w i th  t h e  b a c k s c a t t e r e d  p h o to n  t o
q

p roduce  a  s c a t t e r e d ,wave a t  i n  v a r i a b l e  d i r e c t i o n s .

2 . 7  CONCLUSION

I t  has  been  shown i n  t h i s  c h a p t e r  some o f  t h e  d i f f e r e n t  

l i n e a r  and  n o n - l i n e a r  mechanisms which a r e  r e s p o n s i b l e  f o r  

a b s o r b i n g  t h e  l a s e r  l i g h t .  There a r e  a l s o  some p r o c e s s e s

t h a t  may c a u se  u n d e s i r a b l e  r e f l e c t i o n  o f  t h e  i n c i d e n t  l a s e r  

i r r a d i a n c e .  There  a r e  a l s o ,  i n  t h i s  c h a p t e r ,  some o f  t h e  

main mechamisms which a r e  r e s p o n s i b l e  f o r  t h e  harmonic
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g e n e r a t i o n .  Th is  k in d  o f  phenomena i s  v e ry  c o m p l i c a t e d  

and from a t h e o r e t i c a l  p o i n t  o f  view not  y e t  w e l l  known. 

Some o f  t h e s e  ha rm on ics  have been  known, Bobin e t  a l  (1973) 

and Yamanaka e t  a l  (1974) ,  b u t  i t  i s  d i f f i c u l t  t o  d e te rm in e  

t h e  r e s p e c t i v e  c o n t r i b u t i o n  o f  t h e  d i f f e r e n t  modes.

In C hap te r  5 ,  o b s e r v a t i o n s  o f  some o f  t h e s e  harm onics  

w i l l  be p r e s e n t e d  and t h e i r  r e l a t i o n  w i th  t h e  d i f f e r e n t  

p a r a m e t r i c  p r o c e s s e s  w i l l  be d i s c u s s e d  i n  Chap te r  6 . This  

harmonic  can g iv e  us some i n f o r m a t io n  abou t  t h e  p lasm a 

p a r a m e t e r s ,  t e m p e r a t u r e  and d e n s i t y .
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CHAPTER 3 

THE T.E .A. CO2  l a s e r

3 .1  INTRODUCTION

S in ce  t h e  f i r s t  s u c c e s s f u l  o p e r a t i o n  of  a T.E.A. CO2  

l a s e r  was announced in  1969 (Dumanchin and Rocca S e r r a ,  1969, 

B e a u l i e u ,  1 9 7 0 ) ,  t h e r e  has  been  a r a p i d  and s p e c t a c u l a r  

i n c r e a s e  in  th e  e n e r g i e s  a v a i l a b l e  from such a d e v ic e  from 

30 mj p e r  p u l s e  in  t h e  p i n  l a s e r  o f  B e a u l ie u  (1970) to  2 KJ 

p e r  p u l s e  in t h e  e l e c t r o n  beam s u s t a i n e r  l a s e r  o f  Dougherty  

e t  a l  (1972) to  the  r e c e n t  most p o w er fu l  l a s e r  a t  Los Alamos 

o f  10 KJ p e r  p u l s e .

Table 3 .1  i l l u s t r a t e s  th e  development o f  th e  CO2  l a s e r .  

T h e o r e t i c a l  p r e d i c t i o n s  (Nuckoll^LoS Al A^OS 1 972) i n d i c a t e  

t h a t  m u l t i  k i l o j o u l e  p u l s e s  o f  a  nanosecond o r  s h o r t e r  d u r a t i o n  

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

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

3n u c l e a r  f u e l  t o  f u s i o n  i g n i t i o n  t e m p e ra tu re  (10 K) b e f o r e  

s i g n i f i c a n t  ex p an s io n  and c o o l i n g  t a k e  p l a c e .

U n t i l  a few y e a r s  ago ,  i t  was g e n e r a l l y  assumed t h a t  

t h e  most pow erfu l  l a s e r s  would be  s o l i d  s t a t e  and th e  n eo 

dymium g l a s s  l a s e r  i s  c u r r e n t l y  r e g a rd e d  as  t h e  most 

c o n v e n ie n t  system f o r  th e  p o s s i b i l i t y  o f  l a s e r - f u s i o n  b e c a u se  

o f  the  h igh-pow er  s h o r t - d u r a t i o n  p u l s e  which can be fo c u s s e d  

in  a s m a l l  a r e a  in  t h a t  t im e .
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By 1970, l a s e r s  w i th  gaseous media c o n s i s t i n g  o f  CO2  

o r  Io d in e  had a t t r a c t e d  i n c r e a s i n g  i n t e r e s t  i n  t h e  USA,

USSR, and F e d e r a l  R epub l ic  o f  Germany. 3  yvipn w ave leng ths  

from a f l u o r i d e  l a s e r  were a c h ie v e d  in  1975 a t  t h e  Sand ia  

L a b o r a t o r i e s  and Los Alamos S c i e n t i f i c  L a b o r a t o r i e s .

To a c h i e v e  h ig h  p u l s e  r e p e t i t i o n  r a t e  n e c e s s i t a t e s  

r a p i d  c o o l i n g  o f  th e  a c t i v e  medium; som eth in g  more e a s i l y  

a c h i e v e d  i n  a gas than  a s o l i d .  Comparison o f  gas l a s e r s  

w i th  t h e  Nd g l a s s  l a s e r  i s  made in  t a b l e  3 , 2 .

The most r e c e n t  e x p e r im e n t a l  r e s u l t s  o f  t h e  Los Alamos 

S c i e n t i f i c  L a b o ra to ry  have g iven r i s e  to i n c r e a s e d  optimism 

a b o u t  t h e  s u i t a b i l i t y  o f  t h e  CO2  l a s e r  f o r  scientific demonstrations 

o f  f u s i o n .  These r e s u l t s  i n d i c a t e  a much more e f f i c i e n t  

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

been  a n t i c i p a t e d .  The CO2  l a s e r  o f f e r s  th e  ad v an tage  o f  a 

r e p l a c e a b l e  a c t i v e  medium which ,  in  t u r n ,  p e r m i t s  a  h igh  

r e p e t i t i o n  r a t e ,  a good o p t i c a l  q u a l i t y  beam and ,  a t  s e v e r a l  

a tm o s p h e r i c  p r e s s u r e s ,  t h e  c a p a b i l i t y  o f  a r e l a t i v e l y  h igh  

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

3 .2  ELEMENTARY THEORY OF IHE CO2  LASER

I n f r a r e d  l a s e r  e m is s io n  from CO2  was f i r s t  r e p o r t e d  by 

P a t e l  e t  a l  (1964) i n  a p u l s e d  d i s c h a r g e  th ro u g h  p u re  CO2 .

By t h e  t im e  a more complete  r e p o r t  o f  t h i s  work had been 

p u b l i s h e d  (F&tel ,  1964) ,  a much more e f f i c i e n t  sys tem , b a se d  

on t h e  t r a n s f e r  o f  v i b r a t i o n a l  ene rgy  from n i t r o g e n  t o  t h e  

ca rbon  d io x id e  m o lecu le ,  was made p o s s i b l e .

The v i b r a t i o n a l  ene rgy  l e v e l s  o f  t h e  CO2  molecule
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r e l e v a n t  t o  l a s e r  a c t i o n  a r e  r e p r e s e n t e d  i n  F ig u re  3 . 1 .

The CO2  m o lecu le  has  t h r e e  v i b r a t i o n a l  modes, each  g iv in g  

r i s e  t o  a  s e r i e s  o f  ene rgy  l e v e l s :  t h e s e  a r e  th e  symmetric

s t r e t c h  mode ( f r e q u e n c y  v ^ = 1388 .2  cm”^ ) ,  where th e  two 

oxygen atoms move in  o p p o s i t e  d i r e c t i o n s  w h i l e  t h e  carbon  

atom i s  s t a t i o n a r y ,  th e  b e n d in g  mode w i th  f r e q u e n c y  

^ 2  “  667 .4  cm ^ , where t h e  oxygen atoms v i b r a t e  p e r p e n d i c u l a r  

t o  th e  m o le c u la r  a x i s ,  and th e  asymmetric  s t r e t c h i n g  mode 

( f r e q u e n c y  = 2349 .2  cm ^ ) where t h e  oxygen atoms move 

t o g e t h e r  w h i l e  Ihe  ca rbon  atom moves i n  th e  o p p o s i t e  d i r e c t i o n .

Bach v i b r a t i o n a l  l e v e l  has a s e t  o f  r o t a t i o n a l  energy  

l e v e l s  a s s o c i a t e d  w i th  i t  which ,  f o r  c l a r i t y ,  a r e  o n ly  shown 

on t h e  upper  and lower l a s e r  l e v e l s .

Any a r b i t r a r y  v i b r a t i o n a l  s t a t e  of t h e  m o lecu le  can be 

d e s c r i b e d  by the  number o f  e x c i t e d  q u an ta  i n  each  normal 

mode u s i n g  th e  n o t a t i o n  (n̂  ̂ n j  n^ )  where n ^ , n2 , n^ a r e  t h e  

asym m etr ic  s t r e t c h i n g  modes r e s p e c t i v e l y .

The s u p e r s c r i p t  L and th e  quantum number o f  t h e  d e g e n e r 

a t e  v i b r a t i o n  t a k e s  th e  v a lu e  L = , U2  -  2 . . . .  1 ,  O

where e a c h  L g iv e s  r i s e  t o  a  s u b l e v e l ,  when U2  = 1 ,  L = l ,  

when n2  = 2 ,  L = 2 ,  O ajid t h e  two s u b l e v e l s  r e s u l t i n g  from 

t h e s e  s t a t e s  would be  w r i t t e n  (0 1 ^ 0 ) and  ( 0 2 ^Ç),  (0 2 ^ 0 )

r e s p e c t i v e l y .

In t h e  CO2  m o le c u le ,  t h e  v i b r a t i o n a l  l e v e l s  10^0 and 

0 2 ^ 0  which c o n s i s t  o f  t h e  s u b l e v e l s  (0 2 ^0 ) ,  (0 2 ^ 0 ) have n e a r l y

t h e  same e n e rg y  r e s u l t i n g  i n  p e r t u r b a t i o n  o f  b o t h  t h e s e  l e v e l s ,
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as  f i r s t  d i s c u s s e d  by Fermi (1931) ,  and hence c a l l e d  "Fermi 

r e s o n a n c e " .  P e r t u r b a t i o n s  o f  t h i s  ty p e  occu r  on ly  between 

l e v e l s  w i th  t h e  same L (Dawson, 1964) an d ,  a s  a  r e s u l t ,  th e  

two l e v e l s  1 0 ^ 0  and 0 2 ^ 0  r e p e l  each o t h e r  and a p p e a r  in  

p o s i t i o n s  d i f f e r e n t  from th o s e  e x p e c te d .

A s e r i e s  o f  r o t a t i o n a l  l e v e l s  a r e  super im posed  on each 

o f  t h e s e  v i b r a t i o n a l  s t a t e s .  The quantum number o f  t h e s e  

l e v e l s  i s  g iv en  th e  l a b e l  J .  T r a n s i t i o n s  o ccu r  be tween p a i r s  

o f  r o t a t i o n - v i b r a t i o n  l e v e l s ,  a c c o rd in g  t o  th e  s e l e c t i o n  

r u l e s  ( W i l l e t t ,  1974 ) .

A  b = O n^ : even n^ odd J  = -  1

A b = 1 n^ : odd n^ even J  = 0 , - 1

where b d e n o te s  th e  v i b r a t i o n a l  a n g u la r  momentum o f  th e  

m o le c u le ,  J  i s  t h e  r o t a t i o n a l  quantum number o f  th e  l a s e r  

lower l e v e l ,  t h e s e  r u l e s  g iv in g  r i s e  t o  many p o s s i b l e  

t r a n s i t i o n s  c o r re s p o n d in g  t o  r a d i a t i o n  o f  9 t o  11 m ic rom etres  

w a v e l e n g t h .

The lo w e s t  v i b r a t i o n a l  e n e rg y  l e v e l  o f  n i t r o g e n  (N2 ) i s  

a l s o  shown i n  th e  d iagram . This l e v e l  i s  m e t a s t a b l e  and 

w i t h i n  18 cm ^ o f  th e  CO2  (0 (Pl) l e v e l ,  p e r m i t t i n g  a n e a r l y  

r e s o n a n t  d e - e x c i t a t i o n  t o  occu r  by c o l l i s i o n  w i th  th e  ground 

s t a t e  o f  t h e  CO2  m olecule  (Sobe lev  and Sokovikov,  1967, and 

Sharma a n d  Brau,  1 9 6 9 ) .  This  e x c i t e s  th e  CO2  m olecu le  to  

t h e  upper  l a s e r  l e v e l .  Hence, n i t r o g e n  can p r o v id e  a 

v i b r a t i o n a l  en e rg y  s t o r e  in  th e  d i s c h a r g e .

The quantum e f f i c i e n c y  o f  l a s e r  a c t i o n  i s  40% f o r  th e
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1 0 .6  Pm t r a n s i t i o n  and s l i g h t l y  h i g h e r  a t  45% f o r  th e

9 .6  Pm t r a n s i t i o n .

3 .3  EXCITATION PROCESSES

P u ls e d  CO2  l a s e r s  a r e  u s u a l l y  e l e c t r i c a l l y  e x c i t e d ,  so 

e l e c t r o n i c  c o l l i s i o n s  a r e  r e s p o n s i b l e  f o r  p o p u l a t i n g  th e  CO2  

(DO 1) l e v e l .  P o p u la t i o n  may occu r  d i r e c t l y  from th e  ground 

s t a t e  t h r o u g h  i n e l a s t i c  c o l l i s i o n s  w i th  t h e  low e n e rg y  

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

from t h e  f i r s t  v i b r a t i o n a l l y  e x c i t e d  l e v e l  o f  t h e  N2  m olecu le  

(V = 1 ) .  When N2  i s  e x c i t e d  in  a d i s c h a r g e  o r  by some o t h e r  

means t h e  p o p u l a t i o n s  w i l l  t e n d  t o  b u i l d  up in  e x c i t e d  v i b r a 

t i o n a l  l e v e l s  o f  the  ground s t a t e  o f  N2 . The f i r s t  e x c i t e d  

v i b r a t i o n a l  l e v e l  o f  t h i s  s t a t e  V = 1 l i e s  a t  an  e n e rg y  

n e a r l y  c o i n c i d e n t  w i th  t h a t  o f  t h e  CO2  (OCpl) l e v e l .  Thus, 

ene rgy  can be  t r a n s f e r r e d  be tween N2  (V = 1 ) and CO2  (00^1) 

w i th  h ig h  e f f i c i e n c y  when N2  c o l l i d e s  w i th  CO2 .

The p r o b a b i l i t y  o f  e x c i t a t i o n  of  t h e  (OCpl) l e v e l  was 

found by Boness and Schulz  (1968) t o  be s u b s t a n t i a l l y  g r e a t e r  

t h a n  t h a t  o f  (1(2x5 and (022)). A ndr ick  e t  a l  (1969) however 

have shown t h a t  (010) i s  a l s o  s t r o n g l y  e x c i t e d  when th e  

c r o s s - s e c t i o n  f o r  e x c i t a t i o n  o f  t h e  OcS. and 010 l e v e l s  i s  

1 . 5  X  10 ”^^  cm^ and 3 x 10"^^ cm^ r e s p e c t i v e l y .

The c r o s s - s e c t i o n  f o r  e x c i t a t i o n  o f  i n t o  t h e  (V = 1 )  

m e t a s t a b l e  l e v e l  can be v e ry  h ig h  and t h i s  l e a d s  t o  e f f i c i e n t  

pumping o f  t h e  d e v i c e .  • E x c i t a t i o n  c r o s s - s e c t i o n s  have 

been  s t u d i e d  e x p e r i m e n t a l l y  by Schulz (1964) and Boness and 

Schulz  (1 9 6 8 ) .  For e l e c t r o n  e n e r g i e s  2 eV th e  c r o s s -
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s e c t i o n  f o r  t h e  (V = 1 ) l e v e l  i s  1 . 5  x 10 ^^ cm^ and f o r  

e n e r g i e s  o f  2 . 3  eV t h e  t o t a l  c r o s s - s e c t i o n  a t t a i n s  a 

maximum v a lu e  o f  3 x 10  cm^.

The k i n e t i c s  o f  t h e  p r o c e s s  have been e x t e n s i v e l y  

s t u d i e d  by Nighar. (1970 ) .  The r e l a t i v e  p o p u l a t i o n s  o f  t h e  

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

i n f l u e n c e d  by t h e  r a t i o  E/N o f  th e  e l e c t r i c  f i e l d  E t o  t h e  

t o t a l  d e n s i t y  o f  t h e  n e u t r a l  m o lecu les  N . For t h e  optimum 

l a s e r  pumping o f  CO2  -  -  He m ix tu re s  E/N sh o u ld  be ab o u t

2 .1 0  V/cm^. This  v a lu e  i s  e q u i v a l e n t  t o  an  e l e c t r o n  

t e m p e r a t u r e  o f  0 .8  eV, which  i s  low compared t o  v a lu e s  

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

e v i d e n t  t h a t  CO^ l a s e r  sy s tem s  i n  which th e  r a t i o  E/N can 

be a d j u s t e d  f o r  maximum e x c i t a t i o n  CO  ̂ (Oo9-) -  N  ̂ (V = 1 ) 

l e v e l s  a r e  p o t e n t i a l l y  more e f f i c i e n t .  •*. "

3 . 3 . 1  E f f e c t  o f  Helium

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

m ix tu re

( i )  im proves th e  s t a b i l i t y  o f  th e  d i s c h a r g e ,

( i i )  r e d u c e s  th e  b u r n in g  v o l t a g e  o f  t h e  glow d i s c h a r g e  t o  

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

N2  -  CO2  g rouped  upper  l e v e l ,

( i i i )  i s  e f f e c t i v e  i n  d e - p o p u l a t i n g  t h e  (oJPo) l e v e l  by 

c o l l i s i o n s  and may a l s o  lower th e  gas k i n e t i c  t e m p e r a t u re  

A l l  o f  t h e s e  e f f e c t s  a r e  b e n e f i c i a l  t o  h ig h e r -p o w er

l a s e r  o p e r a t i o n ,  s i n c e  r a d i a t i v e  r e l a x a t i o n  r a t e s  a r e  o r d e r s
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o f  m agnitude  s m a l l e r  t h a n  t h o s e  due t o  c o l l i s i o n s  w i th  

h e l iu m  atoms and  o t h e r  gaseous  components.

3 . 4  THE DOUBLE DISCHARGE T .E .A . COg lASER

Many d i f f e r e n t  l a s e r  c o n f i g u r a t i o n s  have been  d e s c r i b e d  

i n  t h e  l i t e r a t u r e  (Dulëy , 1976 ,  o r  N ighan ) ,  b u t  one o f  t h e  

most e n e r g e t i c  i s  t h e  doub le  d i s c h a r g e  t r a n s v e r s e  e l e c t r o d e  

a tm o s p h e r i c  p r e s s u r e  (TEA) l a s e r  w hich  w i l l  be d e s c r i b e d  

h e r e .

A l though  a  glow d i s c h a r g e  can  be o p e r a te d  a t  low p r e s s u r e ,  

t h e  same c i r c u i t  and e l e c t r o d e s  o p e r a t e d  a t  a tm o sp h e r ic  

p r e s s u r e  p roduce  a c o n s t r i c t e d  a r c  which i s  u n s t a b l e .  To 

a c h i e v e  a  u n i fo rm  glow d i s c h a r g e  i n  any gas between t h e  

l a s e r  e l e c t r o d e  t h e  d i s c h a r g e  t im e  must be s h o r t e r  t h a n  t h e  

a r c  f o r m a t io n  t i m e ,  i . e .  t h e  r i s e  t im e  o f  t h e  mean d i s c h a r g e  

p u l s e  s h o u ld  be  abou t  2  p s e c ,  w hich  i s  t h e  t im e  n e c e s s a r y  f o r  

co rona  d i s c h a r g e  t o  b u i l d  up be tw een  t h e  e l e c t r o d e s .  A lso  

t h e  f a l l  t im e  o f  th e  main d i s c h a r g e  p u l s e  must be  s h o r t  so  

t h a t  a r c  fo r m a t io n  cannot  t a k e  p l a c e .  The h ig h  v o l t a g e  i s -  

r e d u c e d  below th e  breakdown v o l t a g e  s h o r t l y  a f t e r  t h e  peak  

o f  t h e  main c u r r e n t  p u l s e  ( Pah, Y-L e t  a l ,  197 2 ) .  A l t e r n a t 

i v e l y ,  glow d i s c h a r g e  may be  p ro d u ced  by l i m i t i n g  th e  d i s 

c h a rg e  c u r r e n t  d e n s i t y .  Dyer e t  a l  (1975) found 

e x p e r i m e n t a l l y  t h a t  t h e  a r c  depends s t r o n g l y  on th e  c i r c u i t  

p a r a m e te r s  t h ro u g h  Rl = E ^ / I p ,  where R i s  t h e  r e s i s t i v e  

lo a d  p r o v i d e d  by th e  d i s c h a r g e  peak c u r r e n t ,  E 

i s  t h e  s t e a d y  s t a t e  o p e r a t i n g  f i e l d ,  d i s  t h e  e l e c t r o d e
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s e p a r a t i o n  and Ip i s  the  peak  d i s c h a r g e  c u r r e n t .

Techniques  f o r  p ro d u c in g  a glow d i s c h a r g e  a r e : -

(a )  Using a c u r r e n t  p u l s e  s h o r t e r  t h a n  t h e  a r c  f o rm a t io n  

t im e  Johns and N a t io n ,  (1972).

( b ) D i s t r i b u t i o n  o f  t h e  c u r r e n t  by  means o f  an a r r a y

o f  b a l l a s t  impedances B e a u l i e u ,  1970 and Laflamme, ‘ 

1 9 7 0 ) .

(c )  P r e - i o n i z a t i o n  o f  t h e  gaseous  medium by c r e a t i n g  a 

co ro n a  d i s c h a r g e  by means o f : -

( i )  b i g g e r  e l e c t r o d e s  Pan, Y^L' e t  a l , (1972),

Dyer e t  a l ,  (1972) ,  o r

( i i )  a  p u l s e  o f  u l t r a v i o l e t  r a d i a t i o n  Seguin and 

T u l ip ,  (1972 j ,R i c h a r d s o n  e t  a l ,  (1973).

(d)  S u s t a i n i n g  t h e  d i s c h a r g e  by means o f  an e x t e r n a l  

s o u r c e  o f  i o n i z a t i o n  such  a s  ^  e l e c t r o n  beam

Fens t e r  ma c h e r  e t  a l ,  (1972).

3 . 4 . 1  The l a s e r  used  in  t h i s  s t u d y

The l a s e r  used  i n  t h i s  work,  shown in  p l a t e  3.3<fand 3.1% 

c o n s i s t e d  o f  a  s e l f  s u s t a i n i n g  doub le  d i s c h a r g e  i n  which a 

u n i fo rm  i o n i z a t i o n  l a y e r  was c r e a t e d  n e a r  t h e  ca thode  b e f o r e  

t h e  o n s e t  o f  th e  main d i s c h a r g e .  The d e s ig n  i s  s i m i l a r  t o  

t h a t  b u i l t  by  Culham, U.K.A.E.A. S t a m a ta k i s ,  1977) and 

f o l l o w s  t h a t  d e s c r i b e d  by Dumanchin e t  a l ,  1972 and î^ n  e t  

a l , (  1972) .

The l a s e r  was i n  e x i s t e n c e  when th e  a u th o r  commenced 

t h i s  s t u d y ,  b u t  i t  r e q u i r e d  m o d i f i c a t i o n  to  improve i t s
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e f f i c i e n c y  and r e l i a b i l i t y .  These m o d i f i c a t i o n s  w i l l  be 

d i s c u s s e d  in  t h e  f o l l o w i n g  s e c t i o n .

3 . 5  CONSTRUCTION OF THE LASER

3 . 5 . 1  The main e l e c t r o d e s

The l a s e r  sy s tem ,  a s  shown in  F ig u re  3 . 2 ,  c o n s i s t s  

o f  an  o s c i l l a t o r  and an a m p l i f i e r ,  b o th  b u i l t  t o  t h e  same 

d e s i g n .  The module, F ig u r e  3 . 3 a ,  o f  t h e  l a s e r  a ssem bly  

c o n s i s t e d  o f  an aluminium c a th o d e  1 0 0  cm lo n g  and 7  cm 

wide w i th  a  p a r a l l e l  anode 110 cm by 15 cm and 1 . 5  cm t h i c k .  

The s e p a r a t i o n  o f  t h e  e l e c t r o d e s  was 5 cm.

I n t o  t h e  c a th o d e ,  155 t r i g g e r  e l e c t r o d e s  were  i n s e r t e d  

be tween p a r a l l e l  b lo c k s  6  mm deep ,  a s  in  F ig u re  3 .3 b .  The 

t r i g g e r  e l e c t r o d e s  shown i n  F ig u re  3 .3 c  c o n s i s t  b f  0 .4  mm 

d ia m e te r  n ichrome w i r e  t h r e a d e d  i n t o  c a p i l l a r y  g l a s s  t u b e s  

o f  4 .4  mm o v e r a l l  d i a m e t e r ,  16 cm lo n g  and s e a l e d  a t  one end .  

The w i r e s  em erg in g  from t h e  o t h e r  ends were  f a s t e n e d  i n t o  a 

b r a s s  b a r  2  cm x 2  cm x 1 0 0  cm l o n g , a s  can be  s e e n  i n  

p l a t e  3.1^. The b a r ,  i n  t u r n ,  was c o n n e c ted  t o  1500 p f  

c o u p l in g  c a p a c i t o r  C^, a s  shown i n  F ig u re  3 . 0 .  The g l a s s  

t u b e s  w ere  s l i g h t l y  lo n g e r  t h a n  t h e  15 cm w id th  o f  t h e  

c a th o d e .  The v e r t i c a l  p a r t  o f  t h e  c a p i l l a r y  was 7 -  0 .5  cm 

long  t o  i n s u l a t e  t h e  w i r e  from t h e  c a th o d e .  A l l  t h e  g l a s s  

tu b e s  were  s u p p o r t e d  and clamped n e a r  th e  s e a l e d  end and 

a l s o  n e a r  t h e  90 d eg re e  bend ,  so t h a t  t h e  w ires  i n  tl ie  g l a s s  

tu b e s  were  a t  t h e  same l e v e l  a t  t h e  t o p  edge o f  t h e  

aluminium c a th o d e  s t r i p s .  I t  was found t h a t  a  d e v i a t i o n  o f
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more th a n  0 .5  mm from  t h i s  l e v e l  caused  a r c in g .

A l l  th e  edges  on b o th  t h e  c a th o d e  and anode were 

rounded  to  p r e v e n t  l a r g e  f i e l d  g r a d i e n t s .

In th e  o r i g i n a l  d e s ig n ,  t h e  t r i g g e r  w ire s  were 

p a r a l l e l  t o  ca th o d e  l e n g t h ,  b u t  th e  l a s e r  s u f f e r e d  a number 

o f  f a u l t s

1 .  The c a p i l l a r y  g la s s  tu b e s  b ro k e  e a s i l y ,  e s p e c i a l l y  

n e a r  th e  end where t h e  t r i g g e r  w ire  was co n n ec ted  

t o  t h e  anode . T h is  r u p t u r e  may have been caused

by th e  in hom ogene ity  o f  t h e  e l e c t r i c  f i e l d  d i s t r i b u t i o n  

be tw een  th e  e l e c t r o d e s ,  which in  t u r n  was due t o  th e  

n o n -u n i fo rm i ty  o f  t h e  e l e c t r o n  d e n s i t y  c r e a t e d  by t h e  

t r i g g e r  w i r e .

2 .  F req u en t  a r c i n g  o c c u r r e d ,  p o s s i b l y  due t o  re a s o n s  

m en tioned  above .

3 .  The l a s e r  o u tp u t  beam s u f f e r e d  inhom o g en e ity .

The o p e r a t io n  o f  th e  l a s e r  became more r e l i a b l e  when 

th e  l o n g i t u d i n a l  t r i g g e r  w i r e s  were r e p la c e d  by t r a n s v e r s e  

o n e s .

3 .6  THE DISCHARGE CIRCUIT AND PREIONIZATION

E f f i c i e n t  o p e r a t io n  o f  TEA CO2  l a s e r s  r e q u i r e s  th e  

p r o d u c t io n  o f  h ig h  en e rg y  d e n s i t y  volume gas d i s c h a r g e s  i n  

%  gas m ix tu r e s .  The maximum d is c h a r g e  d e n s i t y  t h a t  

can be a c h ie v e d  i s ,  how ever, l i m i t e d  by th e  o n s e t  o f  a r c i n g  

i n  th e  i n t e r e l e c t r o d e  volum e.

To d e la y  th e  a r c  fo rm a t io n  th e  e l e c t r o d e s  must be as
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u n ifo rm  a s  p o s s i b l e ,  p a r a l l e l  and w e l l  p o l i s h e d .

To make th e  d is c h a r g e  t im e  s h o r t ,  compared t o  a r c  

f o rm a t io n  t im e ,  i t  i s  n e c e s s a ry  t o  have a  v e ry  low 

in d u c ta n c e  e l e c t r i c a l  c i r c u i t s  and f a s t  s w i tc h in g  c le a n  

e l e c t r o d e  s u r f a c e s .

F ig u re  3 . 4  shows, in  b lo c k  d iag ram  form th e  d i s c h a r g e  

c i r c u i t  o f  th e  l a s e r .  The e n e rg y  s to r a g e  low in d u c ta n c e  

c a p a c i t o r  C% and C4  was c h a rg e d  t o  a  maximum v o l ta g e  o f  

60 kV by means o f  th e  dc power d u p p ly .  The l a s e r  was 

t r i g g e r e d  w ith  t h e  s e r i e s  s p a r k  gap shown in  F ig u re  3 .5 .

A p u l s e  sh a p in g  n e tw ork  i s  shown in  F ig u re  3 .6  and 

c o n s i s t e d  o f  an  in d u c to r  = 9 H and a  c a p a c i t o r  

= 0 .1  p f .  When th e  s p a r k  gap was t r i g g e r e d ,  t h e  

e l e c t r i c a l  en e rg y  s t o r e d  i n  t h e  c a p a c i t o r  was f e d  i n t o  

t h e  p u l s e - s h a p in g  n e tw o rk , p r o v id in g  a  v o l t a g e .p u l s e  a c r o s s  

th e  l a s e r  e l e c t r o d e s .  The v a lu e  o f  t h i s  p u l s e  i s  g iven  by 

Dyer and James (1975) and B u s h n e l le t  a l  (1976) a s

-  V o
V =   (1 -  C O S  U) t  )

^  t  C.2 

S . + =
U) =  '

^  < = .2

where i s  t h e  i n i t i a l  v o l t a g e  o f C^.

For t h e  components v a lu e  q u o te d ,  t h e  v o l ta g e  V a t t a i n s  i t s  

p eak  v a lu e  a t

Vpeak l o l 5
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H2  out

To Pulse
Conerc-tor

T rig g er Fine

N2  i n

b )
To C apacito r Baiik

T rig g e r F in Tungsten
E le c tro d esE a rth

N.2  i n

F ig u re  3 .5 .  

S park  Gap Assembly

a )  S ide  view ,

b )  Top v iew .
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a t  a t im e

2 .5  p s

a f t e r  c l o s in g  th e  s p a rk  gap .

This d e la y  i n  e s t a b l i s h i n g  th e  peak  v o l t a g e  a c r o s s  th e  

l a s e r  c a v i t y  has  been  a d j u s t e d  to  match th e  tim e  r e q u i r e d  

to  e s t a b l i s h  th e  co ro n a  d i s c h a r g e  betw een th e  t r i g g e r  

e l e c t r o d e s  and th e  c a th o d e .  I h i s  i s  r e s p o n s ib l e  f o r  c r e a t i n g  

th e  n e c e s s a ry  p r e - i o n i z a t i o n  f o r  th e  i n i t i a t i o n  o f  th e  glow 

d i s c h a r g e  betw een th e  anode and th e  c a th o d e .

The e a r t h  r e f e r e n c e  r e s i s t a n c e  in  F ig u re  3 .6  h a s  a  

v a lu e  o f  betw een 60 -  1 0 0  ohm, so t h a t  th e  tim e  c o n s ta n t  

sh o u ld  be  g r e a t e r  th a n  t h e  p u ls e  d u r a t i o n  t im e .  Hie 

r e s i s t a n c e  c o n t r o l s  th e  d ecay  o f  th e  v o l t a g e  waveform, 

b u t  a l s o  cau se s  an ohmic l o s s .  I t  i s  n o t i c e d  e x p e r im e n ta l ly  

t h a t  t h e  r e s i s t a n c e  R  ̂ p la y s  a  m ajor p a r t  in  th e  a r c in g  

p rob lem . When ^  i s  to o  h ig h  an  a r c  o c c u r s ,  b u t  i f  i t  i s  

to o  low th e  l a s e r  e n e rg y  d ropped  a s  a  r e s u l t  o f  r e d u c in g  

th e  in p u t  e l e c t r i c a l  e n e rg y .  The optimum perfo rm ance  was 

found  when R  ̂ was be tw een  70 and 80 ohm.

The d u r a t i o n  o f  th e  p r e - i o n i z i n g  d i s c h a rg e  i s  c o n t r o l l e d  

by th e  c a p a c i t o r  and th e  r e s i s t a n c e  R^ which c o n t r o l s  

th e  d u r a t i o n  o f  th e  c o ro n a  d i s c h a r g e .  The v a lu e  o f  i s  

n e a r ly  t h r e e  t im e s  th e  c a p a c i t y  betw een th e  grooved ca th o d e  

p l a t e  and th e  t r i g g e r  w i r e s  i n  t h e i r  g l a s s  tu b e s ,  a s  has  

been  m easured  by Pan e t  a l  (1972) i n  a  s i m i l a r  a r ra n g e m e n t .  

They found  t h a t  an a v e ra g e  c u r r e n t  o f  13 Amp a t  30 kV was 

r e q u i r e d  to  cha rg e  t h e  c a p a c i t o r s  in  1 .3  p s ,  and an a v e ra g e
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c u r r e n t  o f  37 Amp a t  60 kV t o  c h a rg e  th e  c a p a c i t o r s  in  

1  M s e c .

F ig u re  3 . 7  shows a  t y p i c a l  c u r r e n t  p u ls e  on t h e  main 

d i s c h a r g e .  I t  i s  d i s p la y e d  on a  T e k tro n ix  o s c i l lo s c o p e  

7904, u s in g  a  c u r r e n t  p ro b e  T e k t ro n ix  CT-5 on t h e  anode 

t o  e a r t h  l e a d s .  Glow d i s c h a r g e s  a t  a tm o sp h e r ic  p r e s s u r e  

were o b ta in e d  r e p e a t e d ly  f o r  th e  gas m ix tu re  CÔ : ^ 2  : Hg 

1 : 1 : 6  and e l e c t r i c a l  in p u t  e n e r g i e s  o f  up t o  450 J o u l e s .

3 .7  CONTROL CIRCUIT DESCRIPTION

There a r e  t h r e e  main u n i t s  shown in  F ig u re  3 .4 :

3 .7 .1  The EHT G en era to r

The EHT g e n e r a to r  c o n s i s t s  o f  a  5 KVA t r a n s f o r m e r  

d e l i v e r i n g  c u r r e n t  o f  10 mA and  th ro u g h  h ig h  v o l ta g e  

s i l i c o n  d io d e s  up to  60 KV. T h is  power su p p ly  charged  

t h e  c a p a c i t o r  bank  ( = 0 . 2 5  ( i f )  th ro u g h  c u r r e n t  l i m i t i n g  

r e s i s t o r  R = 300 K J l .  T h is  r e s i s t o r  a l s o  p r o t e c t s  th e  

r e c t i f i e r s  when th e  sp a rk  gap becomes s h o r t  c i r c u i t e d .

3 . 7 . 2  The Spark  Gap

The s p a r k  gap shown i n  F ig u re  3 . 5  i s  p r e s s u r i z e d  w i th
2

n i t r o g e n  a t  3 .5  t o  4 Kg/cm . I t  i s  t r i g g e r e d  by a  60 KV 

p u l s e  d e r iv e d  from  th e  Marx g e n e r a to r .

3 . 7 . 3  F a s t  P u lse  G e n e ra to r

T h is  u n i t  i n i t i a t e s  t h e  l a s e r  p u l s e  a f t e r  th e  p u sh 

b u t to n  i s  d e p re s s e d .
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A t r i g g e r  p u l s e  i s  g e n e ra te d  w hich , i n  t u r n ,  t r i g g e r s  

t h e  K ry tro n  an d , s im u l t a n e o u s ly ,  th e  o s c i l l o s c o p e .

T here  i s  a  d e la y  o f  a b o u t  100 n s e c  betw een t r i g g e r i n g  

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

3 .8  THE LASER GAS SUPPLY

The gas e n c lo s u r e  h a s  d im e n s io n s  1250 mm x 28 mm x 

250 mm and  c o n s i s t s  o f  20 mm t h i c k  p e r s p e x  s h e e t .  The 

t h r e e  g a se s  -  h e l iu m , c a r b o n - d io x id e  and n i t r o g e n  -  were 

c o n ta in e d  i n  h ig h  p r e s s u r e  c y l i n d e r s ,  each  co n n e c ted  t o  

i t s  r e s p e c t i v e  gas f low  m e te r  (R o tam e te r)  which had been 

c a l i b r a t e d  f o r  t h e  s p e c i f i c  g a s .  The gas su p p ly  sys tem  i s  

shown in  F ig u re  3 . 2 .  To mix th e  g a se s  b e f o r e  th e y  e n t e r  

t h e  l a s e r ,  t h e  o u tp u t s  o f  t h e  t h r e e  f lo w  m e te rs  were 

c o n n e c te d  t o  a  m a n ifo ld  and t h e  mixed gas ru n s  th ro u g h  a 

p l a s t i c  h o se  to  th e  l a s e r .  The c o n n e c t io n s  t o  t h e  

o s c i l l a t o r  and t h e  a m p l i f i e r  were i n  p a r a l l e l .  O r i g i n a l l y ,  

t h e  f lo w  t o  t h e  a m p l i f i e r  was i n  s e r i e s  w i th  th e  o s c i l l a t o r ,  

b u t  th e  t im e  ta k e n  f o r  ru n n in g  t h e  gas b e f o r e  f i r i n g  t h e  

l a s e r  was tw ic e  a s  lo n g  a s  w ith  t h e  s e r i e s  a r ra n g em e n t .

T h is  p a r a l l e l  c o n n e c t io n  was ail so  found  t o  g iv e  a  more 

u n ifo rm  glow d i s c h a r g e .

3 .9  THE LASER OPTICAL CAVITY

S in g le  mode o p e r a t io n  o f  t h e  l a s e r  i s  r e q u i r e d  t o  

r e s o l v e  f i n e  s p e c t r a l  s t r u c t u r e  in  t h e  l i g h t  s c a t t e r e d
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from  th e  p la sm a .  The d iv e rg e n c e  o f  th e  beam sh o u ld  b e  as

low a s  p o s s i b l e  f o r  t h e  s m a l l e s t  f o c a l  a r e a  on th e  t a r g e t .

The o p t i c a l  c a v i t y  was d e s ig n e d  to  meet t h e s e

e x p e r im e n ta l  r e q u i r e m e n t s . The c a v i ty  o f  th e  l a s e r  i s

shown i n  F ig u re  3 .3*  The o s c i l l a t o r  c o n t a i n e r  had two
2

7 .5  cm d ia m e te r  KCl windows (Damage t h r e s h o l d  17 J /cm  ) 

s e t  up a t  t h e  B re w s te r  a n g le  t o  th e  o p t i c a l  a x i s .  The 

r e s o n a n t  c a v i t y  c o n s i s t s  o f  a  p la n e  g r a t i n g  and a  p la n e  

m i r r o r .  The g r a t i n g  i s  a  f re q u e n c y  s e l e c t i v e  e lem en t 

o p e r a te d  a s  t h e  r e a r  r e f l e c t o r .  The o u tp u t  w a v e le n g th  o f  

t h e  COg l a s e r  can be  tu n e d  from 9 .4  t o  1 0 .6  \im by t u r n i n g  

th e  L i t t r o w  mounted d i f f r a c t i o n  g r a t i n g  ab o u t  an a x i s  

p a r a l l e l  t o  th e  g ro o v e s .  The in c id e n t  a n g le  i s  r e l a t e d  t o  

t h e  w a v e le n g th  by t h e  u s u a l  law

n X  = 2  d s i n  0

The m i r r o r  mount a n g le  O f o r  th e  g r a t i n g  i s  45° 40* to

t h e  o p t i c a l  a x i s .

The g r a t i n g  was 50 mm x 25 mm s ta n d a r d  p la n e  m a s te r

r u l i n g  g r a t i n g  ( P .T .R . ) ,  w i t h  135 grooves/mm r u l e d  p a r a l l e l

to  th e  25 ram s i d e .  I t  was b la z e d  a t  1 0 .6  (im, had 98%
2

r e f l e c t i v i t y  an d  damage t h r e s h o l d  > 10 J o u le /c m  . The 

p la n e  m i r r o r  a t  t h e  e x i t  o f  th e  o s c i l l a t o r  was a  c o a te d  

50 ram d ia m e te r  36% r e f l e c t i v i t y  Germanium p l a t e .
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3 .1 0  DIAGNOSTICS OF THE LASER

To a s s i s t  w ith  i n t e r p r e t a t i o n  o f  th e  e x p e r im e n ta l  

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

energy, W, o f  th e  l a s e r  p u l s e  a r e  r e q u i r e d .  A lso  th e  wave

l e n g th  and l i n e  w id th  must be d e te rm in e d .  The i r r a d i a n c e  

I q i s  g iv en  by

I o 2
r

where r  i s  th e  r a d iu s  o f  th e  f o c a l  s p o t  an d  p i s  th e  p eak  

power o f  th e  l a s e r  p u l s e  which can be  o b ta in e d  from th e  

energy , Wq

p .  
T̂

T i s  t h e  f u l l  d u r a t io n  o f  i t s  h a l f  peak  maximum (FWHM), a 

v a lu e  which n e g l e c t s  th e  e n e rg y  in  th e  t a i l  o f  th e  l a s e r  

p u l s e .

M easurements o f  t h e s e  q u a n t i t i e s  w ere c a r r i e d  ou t in  

s e p a r a t e  e x p e r im en ts  u s in g  t h e  t e c h n iq u e s  d e s c r ib e d  in  th e  

f o l lo w in g  s e c t i o n s .

3 .1 0 .1  E l e c t r i c a l  C h a r a c t e r i s t i c s

F ig u re  3 .7  shows a  t y p i c a l  c u r r e n t  p u l s e  on th e  main 

d is c h a rg e .  I t  i s  d i s p la y e d  on a  7904 T e k tro n ix  o s c i l l o s c o p e  

u s in g  a  T e k tro n ix  c u r r e n t  p ro b e  model CT-5 (1000 Amp peak 

AC 20 Hz to  1 .2  k Hz) u s in g  th e  1000 :1  r a t i o  on th e  anode 

to  e a r t h  l e a d s ,  and 10 m Amp:l mV r a t i o  t o  th e  o s c i l l o s c o p e  

w hich  g iv e s  1 k Amp a t  one le a d  to  th e  anode .
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50 mv 5/4 sec

Figure 3 .7 .

Current Pulse on The Main Discharge
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3 .1 0 .2 ,  The R a d ia t io n  P u lse

The r a d i a t i o n  p u l s e  was c h a r a c t e r i z e d  by i t s  e n e rg y ,  

power and d u r a t i o n .  The e n e rg y  was m easured w i th  th e  a i d  

o f  a  Gen Tec c a l o r i m e t e r  model ED500; i t s  c h a r a c t e r i s t i c s  

b e in g  shown in  Table  3 . 3 .  The c u r r e n t  from  th e  c a lo r im e te r  

was d i s p la y e d  on an o s c i l l o s c o p e .  I f  th e  en erg y  were g r e a t e r  

th a n  10 J  Mylar f i l t e r s  w ere used  to  red u ce  th e  power b e f o r e  

th e  damage t h r e s h o l d .

The p u l s e  shape  was r e c o rd e d  and th e  peak  power was 

m easured  u s in g  c a l i b r a t e d  pho ton  d ra g  d e t e c t o r s  (R ofin  model 

7411 and 7415) w i th  r e s p o n s e  t im e  l e s s  th a n  1 n s e c .  Hie 

r a d i a t i o n  p u l s e  shape  i s  shown in  F ig u re  3 . 8  when t h e  gas 

m ix tu re  c o n s i s t e d  o f  N2 : CO2 : He in  t h e  r a t i o s  1 : 1 : 6 .  The 

r a d i a t i o n  c o n s i s t s  o f  a  40 n s e c  (FMHW) main p u l s e  fo l lo w e d  

by one ^ s e c  low power t a i l .  I t  was found t h a t  th e  p u l s e  

peak  o c c u r re d  2  fx s e c  a f t e r  th e  l a s e r  t r i g g e r  p u l s e  and 

400 n s e c  a f t e r  th e  peak  o f  t h e  d i s c h a rg e  c u r r e n t .  Hie 

power o f  th e  long  t a i l  i n c r e a s e s  w ith  th e  f lo w  o f  th e  

n i t r o g e n  a s  shown in '  F ig u re  3 . 9  and a l s o  i t  d i s a p p e a r s  i f  

th e  e l e c t r i c  e n e rg y  i s  below  150 Jo u le s^  S ince  th e  e x c i t e d  

n i t r o g e n  i s  no lo n g e r  a b le  to  t r a n s f e r  en erg y  t o  t h e  CO2  

(0 0 1 ) l e v e l  a t  s u f f i c i e n t  r a t e  t o  m a in ta in  th e  same l e v e l  

o f  p o p u la t io n  i n v e r s i o n .

In norm al o p e r a t io n  th e  maximum en erg y  a c h ie v e d  w i th  a  

gas m ix tu re  o f  CO2 : : H2  -  1 : 1 : 6  -  i s  ab o u t 30 J o u le  w i th  

h a l f  t h e  en e rg y  b e in g  in  th e  main p u l s e .  These e n e r g ie s  

co u ld  be m a in ta in e d  a t  a  f i r i n g  r a t e  o f  two s h o ts  p e r  m in u te .
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2 0 0  n s e c

Figurg_3l§:

Laser Pulse Vith Gas Composition 

N2 : Cog ; He ; 1 : 1 : 6 .
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4)

500 n sec

. b)

500 n s e c

Figure 3 .9 .

Laser Pulse

a) Mg : COg ; He; 2: 1 :6

b) V/ith Low E lectric  Input 
Energy.
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3 .1 0 .3  The a r e a  o f  t h e  f o c a l  s p o t

The i n t e n s i t y  on t h e  f o c a l  s p o t  depends on th e  a n g u la r

d iv e rg e n c e  0 o f  th e  l a s e r  beam an d  on th e  f o c a l  l e n g th  F o f

t h e  l e n s ,  shown i n  F ig u re  3 . lO .  I f  t h e  le n s  i s  f r e e  o f

g e o m e tr ic a l  a b b e r a t i o n ,  t h e  i n t e n s i t y  d i s t r i b u t i o n  in  th e

v i c i n i t y  o f  t h e  G aussian  fo c u s  i s  d e te rm in e d  by d i f f r a c t i o n .

The f o c a l  sp o t  i s  an A iry  o f  d i s c  r a d iu s  r

w here .
r  = 1 . 2 2  = 1 . 2 2  % f

F i s  th e  f o c a l  l e n g th  o f  th e  l e n s

D i s  t h e  l e n s  d ia m e te r  o r  th e  d ia m e te r  o f  th e  l a s e r  

beam f a l l i n g  on th e  f o c u s s in g  le n s

f  i s  th e  n u m e r ic a l  a p e r t u r e  g

X i s  t h e  w av e len g th  o f  t h e  i n c i d e n t  r a d i a t i o n  

The e f f e c t i v e  l e n g th  o f  th e  f o c a l  r e g io n  i s

2
L = iT ^  — a s  shown in  F ig u re  3 .1 0 .

Three methods were u se d  t o  m easure  th e  f o c a l  sp o t  s i z e .  

To d e te rm in e  t h e  f o c a l  s p o t  s i z e  and  p o s i t i o n ,  t h r e e  500/wnn 

d ia m e te r  h o le s  w ere d r i l l e d  i n  a  1  mm t h i c k  alum inium  p l a t e  

on t h e  c o rn e r s  o f  a 90° t r i a n g l e ,  a s  shown in  F ig u re  3 .1 1 .  

W ith t h e  d iaphragm  im m ed ia te ly  b e f o r e  th e  f o c u s s in g  l e n s ,  

t h e  l a s e r  was f i r e d  a t  h a l f  e n e rg y .  The r e s u l t i n g  image o f  

th e  t h r e e  h o le s  was b u rn ed  on an exposed  P o la ro id  f i lm  

mounted on th e  t a r g e t  h o l d e r .  By r e c o r d in g  th e  h e ig h t  o f



—88 —

_ J  fSI

VI
D
O
o 

u
O i  o

3  i
(b
V.
D
U1

c  
o
o
o



- 8 9 -

- N
Laser 

beam /

Fiju_re_3.11, 

H a r t m a n n  d i a p h r a m



- 9 0 -

iraage s e p a r a t i o n  and t h e  d is p la c e m e n t  o f  th e  t a r g e t  a lo n g  

th e  o p t i c a l  a x i s  a t  each  s h o t ,  t h e  r e l a t i o n  betw een them 

was p l o t t e d  in  a  g rap h  shown in  F ig u re  3 .1 2 .  The i n t e r c e p t i o n  

o f  t h e  l i n e  w i th  x - a x i s  ( o p t i c a l  a x i s )  g iv e s  t h e  f o c a l  s p o t  

p o s i t i o n .

The o th e r  method o f  d e te rm in in g  th e  f o c a l  s p o t  s i z e  i s  

by means o f  th e  X -ray  p in h o le  cam era, which i s  d e s c r ib e d  in  

s e c t i o n  4 . 5 . The X -ray  p in h o le  p h o to g rap h  i s  shown in  F ig u re  

S . l 3 a .  The m ic ro d e n s i to m e te r  t r a c i n g  o f  t h i s  p h o to g ra p h  i s  

shown in  F ig u re  3 . l 3 b .  From t h i s  f i g u r e ,  combined w i th  th e  

camera m a g n i f i c a t io n  F ig u re  3 .1 3 ^ ;  showed t h a t  t h e  s p a t i a l  

d im en sio n s  o f  t h e  e m i t t i n g  volume were ^  150 pni*

A nother e s t i m a t e  o f  th e  f o c a l  sp o t  s i z e  was made from  

th e  d ia m e te r  o f  t h e  c r a t e r  b u rn ed  i n t o  a  t a r g e t .  F ig u re  

3 .1 4  shows th e  c r a t e r  l e f t  i n  th e  carbon  t a r g e t ,  by th e  

l a s e r  p u l s e .  The p h o to g ra p h  was ta k e n  under an o p t i c a l  

m ic roscope  w i th  m a g n i f i c a t io n  o f  33 t im e s .  The s i z e  o f  th e  

s p o t  from  t h i s  t e c h n iq u e  i s  200/4 m.

3 .1 0 .4  L ase r  d iv e rg e n c e

To r e s t r i c t  th e  l a s e r  t r a n s v e r s e  modes o f  o s c i l l a t i o n ,  

an  i r i s  d ia p h ra m .,  D^, was p la c e d  in  th e  c a v i t y .  This 

d iaphram  a l s o  r e d u c e s  t h e  l a s e r  d iv e rg e n c e .
t

The d iv e rg e n c e  was d e te rm in e d  by m easu ring  th e  d ia m e te r  

o f  th e  beam a t  two d i s t a n c e s  4 m e te rs  a p a r t .  Images were 

form ed on b u rn  p a p e r ,  a s  shown i n  F ig u re  3.1&. The m easured 

d iv e rg e n c e  i s  1  m r a d i a n ,  which l e a d s  t o  a  sm a ll  d ia m e te r  o f  

t h e  fo c u s s e d  l a s e r  s p o t .
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Figure 3.136

The M ioroieneitom eter Tracing 

of The X-ray Photograph
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Figure 3.1 A

Photgraph of the crater l e f t  in  the 
target by the la ser  pulse taken under 
o p tica l microscope.



Figure 3.15*

The two images used fo r  determ ine th e beam 

divergence

L eft s id e  image i s  formed at a d is ta n c e  d=0 

From the diaphram; Right s id e  i s  a t 4000mm
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Figure 3.16

Beam quality before the target chamber
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3 ,1 0 .5  Beam q u a l i t y

Exaimples o f  the  beam a s  i t  l e a v e s  th e  l a s e r  and 

a p p ro a c h e s  th e  t a r g e t  chamber a r e  shown in  F ig u re  3.16*.

I t  i s  seen  t h a t  th e  beam q u a l i t y  i s  good, and t h e r e  a r e  

no f r i n g e s  o r  h o t  s p o t s .  There had been  c o n s id e r a b le  

improvement on chang ing  from  l o n g i t u d i n a l  to  t r a n s v e r s e  

t r i g g e r  e l e c t r o d e s  in  b o th  o s c i l l a t o r  and a m p l i f i e r .

3 .1 1  SUMMARY OF THE LASER CHARACTERISTICS

I t  was found  p o s s i b l e  t o  o p e r a te  t h e  l a s e r  f o r  long  

p e r io d s  w i th o u t  e x te n s iv e  r e a d ju s tm e n t .  Up to  500 s h o t s  

c o u ld  e a s i l y  be o n ta in e d  in  one d ay . A f t e r  ab o u t  two 

weeks (5000 s h o t s )  o f  c o n t in u o u s  ru n n in g  i t  was found  

t h a t  t h e  en e rg y  f e l l  o f f  b u t  re a l ig n m e n t  and  c l e a n in g  

o f  th e  e l e c t r o d e s  p roduced  f u l l  e n e rg y .

The maximum energy  o b ta in e d  was 30 J o u l e s ,  b u t  i t  

was th e n  found  t h a t  t h e  t a i l  o f  th e  p u l s e  c o n ta in e d  a 

s m a l l  bump. Table  3 .4  shows th e  im p o r ta n t  c h a r a c t e r i s t i c s  

o f  th e  l a s e r .
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CHAPTER 4

EXPERIMENTAL APPARATUS AND METHODS

4 .1  INTRODUCTION

R a d ia t io n  from  th e  l a s e r  was fo c u s s e d  on t o  s o l i d  

t a r g e t s  which w ere  e n c lo s e d  in  an e v a c u a te d  i n t e r a c t i o n  

cham ber. The chamber was f i t t e d  w ith  e ig h t  windows w hich 

p e r m i t t e d  s e v e r a l  d i a g n o s t i c  d e v ic e s  t o  be i n s t a l l e d  and 

a l lo w ed  th e  s c a t t e r e d  r a d i a t i o n  t o  be m easured .

The a r ra n g em e n t o f  t h e  i n t e r a c t i o n  chamber and  th e  

a s s o c i a t e d  d i a g n o s t i c s  a r e  r e p r e s e n t e d  i n  F ig u re s  4 . 1 ( a )  

and 4 . 1 ( b ) .

I t  was se e n  in  C h ap te r  2 t h a t  th e  r e g io n  o f  th e  p lasm a 

where th e  i n t e r a c t i o n  o c c u rs  i s  a  sm a ll  f r a c t i o n  o f  a  m i l l i 

m eter in  d ia m e te r ,  th e  e l e c t r o n s  d e n s i t y  i n c r e a s i n g  from 

z e ro  t o  be above th e  c r i t i c a l  v a lu e  in  a  d i s t a n c e  e q u a l  to  

a  few l a s e r  w a v e le n g th s .  The te m p e ra tu re  i s  s e v e r a l  hund red  

e l e c t r o n  v o l t s ,  and  t h e r e  a r e  i n t e n s e  e l e c t r i c  and m ag n e tic  

f i e l d s .  These s p e c i a l  c o n d i t i o n s  a r e  conducive  t o  th e  

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

i n  C h ap te r  2 .  However, u n d e r  th e s e  ex trem e c o n d i t i o n s ,  t h e  

methods o f  i n v e s t i g a t i n g  th e  p lasm a a r e  r e s t r i c t e d  a lm o s t  

e n t i r e l y  t o  o p t i c a l  o n es ;  th e  most u s e f u l  te c h n iq u e  b e in g  

e m is s io n  s p e c t r o s c o p y .

By s tu d y in g  t h e  s p e c t r a  o f  th e  r a d i a t i o n  s c a t t e r e d  

from  th e  p la sm a , i t  i s  p o s s i b l e  t o  deduce th e  f r e q u e n c i e s
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o f  t h e  w ave leng th  of  t h e  waves and  i n s t a b i l i t i e s  which 

a r e  g e n e r a t e d  w i t h i n  t h e  p la sm a .  The s c a t t e r e d  r a d i a t i o n  

i s  s p e c t r a l l y  d i s p e r s e d  and measured  w i t h  a p p r o p r i a t e  

d e t e c t o r s .

4 .2  THE INTERACTION CHAMBER AND VACUÛ l SYSTEM

The i n t e r a c t i o n  o f  l a s e r  r a d i a t i o n  w i th  th e  t a r g e t  

o c c u r r e d  i n  t h e  i n t e r a c t i o n  chamber!: shown i n  F igu re  4 .2  

and F ig u re  4 . 3 ,  which was f i x e d  a t  400 cm d i s t a n c e  from 

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

enhanced  t h e  homogeneity  o f  t h e  l a s e r  beams.

The chamber c o n s i s t e d  o f  an a l l o y  tu b e  o f  32 cm 

i n t e r n a l  d i a m e te r ,  30 cm h e i g h t  and w a l l  t h i c k n e s s  o f  

1 cm. There  were  e i g h t  windows, e a c h  7 cm d i a m e te r ,  

p l a c e d  a t  45 d e g re e  a n g u l a r  s p a c in g  a ro u n d  t h e  p e r i p h e r y .

The l i d  o f  the  chamber was rem ovable  f o r  a d j u s t i n g  t h e  

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

The t a r g e t  was mounted on a p i l l a r ,  a s  shown i n  F igure

4 . 4 ,  which  c o u ld  be p o s i t i o n e d  a t  t h e  c e n t r e  o f  t h e  chamber 

by t h r e e  e x t e r n a l  m ic ro m e te r s .  The t a r g e t  cou ld  t h u s  be 

moved v e r t i c a l l y ,  and p a r a l l e l  o r  p e r p e n d i c u l a r  t o  the  l a s e r  

beam i n  t h e  h o r i z o n t a l  p l a n e .

The e n t r a n c e  window c o n s i s t e d  o f  a  75 mm d ia m e te r ,

5 mm t h i c k n e s s  p o ta s s iu m  c h l o r i d e  f l a t .  I t  was f i x e d  a t  

25°  t o  th e  o p t i c a l  a x i s  t o  r e f l e c t  s t r a y  l i g h t  ou t  o f  th e  

sy s te m .  This f l a t  a l s o  a c t e d  a s  a beam s p l i t t e r  f o r  

m o n i to r in g  th e  i n c i d e n t  l a s e r  p u l s e  e n e rg y .
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R a d i a t i o n  from th e  l a s e r  was f o c u s s e d  i n t o  t h e  i n t e r 

a c t i o n  chamber by means o f  a  125 mm f o c a l  l e n g t h  germanium 

m in i s c u s  l e n s  o f  70 mm d ia m e te r  ( f  1 . 7 ) .  However, a  beam 

d i a m e t e r  o f  35 mm r e s u l t s  i n  a  n u m e r ic a l  a p e r t u r e  o f  f  3 . 6 .  

The l e n s  was i n i t i a l l y  a n t i - r e f l e c t i o n  c o a te d  f o r  1 0 .6  

w a v e le n g th ,  b u t  t h e  c o a t i n g  was damaged a f t e r  a  l a r g e  

number o f  l a s e r  s h o t s . A rep lacem en t  l e n s  was p r o t e c t e d  

by p o l y t h e n e  p e l l i c l e s .

The t a r g e t  p o s i t i o n  was checked b e f o r e  each  l a s e r  s h o t  

by u s i n g  shadow o p t i c s ,  a s  shown i n  F ig u re  4 . 3 .  This  

o p t i c a l  sy s te m  c o n s i s t s  o f  a  beam o f  p a r a l l e l  l i g h t  which 

p a s s e d  t h r o u g h  window C and emerged from window G i n  F ig u re  

4 . 3 .  A 30 cm f o c a l  l e n g t h  l e n s  imaged th e  t a r g e t  on to  t h e  

s c r e e n  S.

The vacuum sy s tem ,  which r e d u c es  t h e  gas p r e s s u r e  i n  

t h e  i n t e r a c t i o n  chajnber t o  be tw een  10 ^ and 10 ^ t o r r ,  i s  

a l s o  i n d i c a t e d  i n  F ig u re  4 . 4 .  I t  c o n s i s t s  o f  a  h ig h  sp eed  

r o t a r y  pump* (Edwards ISC 50 B) ,  d i f f u s i o n  pump, w a te r  

c o o le d  (Edwards)  w i tp  mercury vapour t r a p ,  and l i q u i d  

n i t r o g e n  c o o le d  t r a p .

4 .3  ALIGNMENT OF THE LASER AND OPTICAL SYSTEM

The o p t i c a l  components must be c a r e f u l l y  a l i g n e d  b e f o r e  

e a c h  e x p e r im e n t  t o  a c h i e v e  optimum beam q u a l i t y  and  h ig h  

i r r a d i a n c e .  The s m a l ln e s s  ( 200y(^ o f  th e  s c a t t e r i n g

r e g i o n  makes im aging  and f o c u s s i n g  on to  th e  monochomator 

s l i t  v e ry  c r i t i c a l .  The p a r t i c u l a r  l a s e r  l i n e  must be
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T arget
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move th e  t a r g e t  in  the  dimension 
With re s p e c t  to  l a s e r  "beam.
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s e l e c t e d  and t h e  beam must be  d i r e c t e d  and f o c u s s e d  a t  t h e  

d e s i r e d  p o s i t i o n  on t h e  t a r g e t .  A lso ,  th e  d i a g n o s t i c  

d e v i c e s  need  t o  be  a l i g n e d  t o  view th e  h o t t e s t  r e g i o n  o f  

t h e  p la sm a .  Methods were  d e v e lo p e d  t o  f a c i l i t a t e  a l l  o f  

t h e s e  a d j u s t m e n t s .

The a l ig n m e n t  was a c h i e v e d  by u s in g  t h e  He-Ne l a s e r  

i l l u s t r a t e d  on t h e  r i g h t  hand s i d e  o f  F ig u re  4 .1 ^ .  F i r s t l y ,  

t h e  l a s e r  r e s o n a t o r ,  w i t h  t h e  end r e f l e c t o r  g r a t i n g ,  i s  

a l i g n e d .  To s e l e c t  t h e  1 0 . 6  yUm l i n e  t h e  g r a t i n g  was 

a l i g n e d  h o r i z o n t a l l y  t o  th e  o p t i c a l  a x i s  and t h e n  s e t  up 

v e r t i c a l l y  a t  t h e  b l a z e  a n g l e  (45°)  by m ic ro m e te r .  A f t e r  

p r e l i m i n a r y  a l ig n m e n t  w i th  t h e  He-Ne l a s e r  t h e  CO2  l a s e r  

has  t o  be  f u r t h e r  a l i g n e d  by f i r i n g  and a d j u s t i n g  th e  

g r a t i n g  t o  a c h ie v e  maximum e n e rg y  c o n s i s t e n t  w i th  a  u n i fo rm  

b u rn  p a t t e r n  on a b l a c k e n e d  p a p e r * .  The w av e leng th  was 

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

m ete r  s l i t ,  which was s e t  a t  t h e  ( c a l i b r a t e d )  p o s i t i o n  o f  

1 0 .6  yW m w a v e le n g th .

The r e s t  o f  the, o p t i c a l  s e t - u p  can be  a l i g n e d  e a s i l y  

by t h e  He—Ne l a s e r .  The i n c i d e n t  and back  s c a t t e r e d  o p t i c a l  

components and d e t e c t o r s  can  b e  a l i g n e d  by r e f l e c t i n g  a 

p o r t i o n  o f  He Ne l a s e r  beam t h r o u g h  them. To ge t  t h e  image 

o f  t h e h o t t e s t  p o i n t  o f  t h e  p lasm a i n t o  t h e  e n t r a n c e  s l i t  of 

t h e  s p e c t r o m e t e r ,  t h e  o p t i c a l  components must be a l i g n e d ,  

p r i m a r i l y  by He-Ne l a s e r ,  and  f i n d i n g  by f o c u s s i n g  t h e

* (Exposed P o l a r o i d  f i l m  o r  " f o o t p r i n t  p a p e r"  o b t a in e d  
from Messrs P o d i t i  were  u se d  f o r  t h i s  p u r p o s e . )
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b a c k s c a t t e r e d  r a d i a t i o n  of  t h e  CO2  o n to  b u rn  p ap e r  mounted 

on t h e  e n t r a n c e  s l i t  o f  t h e  s p e c t r o m e t e r .  By moving the  

beam s p l i t t e r  BSjl (C i n  F i g u r e  4 . 1 )  and  t h e  f o c u s s i n g  l e n s  

(F i n  F ig u re  4 . 1 )  t h e  image o f  t h e  plasma can be f o c u s s e d  

o n to  t h e  e n t r a n c e  s l i t  o f  t h e  s p e c t r o m e t e r .

4 . 4  PLASMA DIAGNOSTICS

By s tu d y in g  t h e  s p e c t r a  o f  t h e  back  s c a t t e r e d  r a d i a t i o n  

i t  i s  p o s s i b l e  t o  o b t a i n  some v a l u a b l e  i n f o r m a t io n  on th e  

p lasm a i n t e r a c t i o n  p r o c e s s e s .  The r a d i a t i o n  was d i s p e r s e d  

on a g r a t i n g  s p e c t r o m e t e r  and i t s  i n t e n s i t y  was d e te rm in e d  

w i th  a pho ton  d r a g  d e t e c t o r  o r  a  g o ld  doped germanium 

d e t e c t o r ,  depend ing  on t h e  w a v e le n g th  o f  th e  r a d i a t i o n  

under  s t u d y .  The c h a r a c t e r i s t i c s  o f  t h e s e  d e t e c t o r s  have 

been  g iven  a l r e a d y  i n  Table  3 . 3  The method o f  c a l i b r a t i n g  

t h e  s p e c t r o g r a p h  i s  d e s c r i b e d  b e low .

Other i n f o r m a t i o n  t h a t  i s  r e q u i r e d  i s  t h e  d im ension  o f  

the)  p la sm a ,  i t s  t e m p e r a t u r e  and t h e  m agnitude  o f  any m agnetic  

f i e l d  t h a t  may be  g e n e r a t e d .

4 . 4 . 1  S p e c t ro sc o p y  o f  t h e  s c a t t e r e d  r a d i a t i o n

To r e s o l v e  t h e  s p e c t r a l  r a d i a t i o n  a C zerny-Turner  

monochromator (PRE no 716) was u sed  w i th  v a r io u s  g r a t i n g s ,  

a s  shown i n  Table 4 . 1 .  The s p e c t r o m e t e r  had a f o c a l  l e n g t h  

o f  2 m and an a p e r t u r e  o f  f 5 .

To c a l i b r a t e  t h e  monochromator a g a i n s t  t h e  w a v e le n g th ,  

r a d i a t i o n  from a Globar i n f r a r e d  s o u rc e  was a b so rb e d  by
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m a t e r i a l  o f  known s p e c t r a l  a b s o r p t a n c e .  The r a d i a t i o n  from 

t h e  s o u rc e  was f o c u s s e d  on th e  e n t r a n c e  s l i t  by  an  f 5  l e n s  

o f  200, mm f o c a l  l e n g t h .  Two a b s o r b e r  m a t e r i a l s  were used  

t o  c a l i b r a t e  t h e  monochromator a g a i n s t  t h e  w a v e le n g th ,  t h e  

a b s o r p t i o n  s p e c t r a  a r e  shown i n  F ig u re  4 . 5 .  One was a 

p o l y s t y r e n e  f i l m  f o r  t h e  ran g e  o f  w av e len g th s  n e a r  t o  10 

and a p o l y e t h y l i n e  f i l m  f o r  t h e  ran g e  of  t h e  w av e len g th  

between 5 and 7 y/ni" 1°  c a l i b r a t e  t h e  monochromator f o r  

t h e  w a v e le n g th s  1 0 . 6 ,  7 .0 7  and 5 .3  narrow band p a s s

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

were d e t e c t e d  by means o f  a Gc.lay c e l l  w i th  diamond window 

and t h e  o u tp u t  s i g n a l  was r e c o r d e d  by a c h a r t  r e c o r d e r .

The d i s p e r s i o n  and  r e s o l u t i o n  o f  t h e  g r a t i n g  shown i n  

Table  4 .1  w ere  measured  e x p e r i m e n t a l l y  by u s i n g  nsurrow band 

p a s s  f i l t e r s .

The e x p e r im e n t a l  method o f  th e  s p e c t r o s c o p i c  measurement 

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

zed  i n  t h e  f o l l o w i n g  s e c t i o n s .

4 . 4 . 2  S p e c t ro s c o p y  o f  r a d i a t i o n  a t  COo

A p o r t i o n  o f  t h e  c a l i b r a t e d  b a c k s c a t t e r e d  l i g h t  was

sampled w i t h  a  beam s p l i t t e r  3 m ete rs  u p s t ream  from t h e

t a r g e t ,  a s  shown i n  F i g u r e  4 . 1 ,  and th e  t a r g e t  h o t  s p o t

was imaged w i t h  5x m a g n i f i c a t i o n  on to  a  c r o s s e d  5 0 0 s l i t

a t  t h e  e n t r a n c e  t o  2 m g r a t i n g  s p e c t r o m e te r  w i t h  a  measured
o

i n s t r u m e n t a l  r e s o l u t i o n  o f  20 A. The b a c k s c a t t e r e d  sp ec t ru m  

was a n a l y s e d  and t h e  p r o f i l e  o f  t h e  l a s e r  r a d i a t i o n  and t h e
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fu n d a m e n ta l  b a c k s c a t t e r e d  6Jq , a r e  shown in  F ig u re  4 . 6 .

The l i n e  p r o f i l e  has been  drawn by sh o t  by sh o t  method. 

Every p o i n t  on th e  l i n e  p r o f i l e  i s  t h e  av e rag e  o f  15 -  20 

s h o t s ,  w i th  b a r s  i n d i c a t i n g  t h e  s t a n d a r d  e r r o r .  The 

s i g n a l  was d e t e c t e d  by pho ton  d r a g  d e t e c t o r  on th e  e x i t  

s l i t  o f  th e  s p e c t r o g r a p h .

4 . 4 . 3  S p e c t ro sc o p y  o f  r a d i a t i o n  a t  2CJe

The dependence  o f  t h e  r a d i a t i o n  s c a t t e r e d  back  

t h r o u g h  t h e  f o c u s s i n g  l e n s  a t  t h e  f r e q u e n c y  of  t h e  second 

harm onic  a s  a  f u n c t i o n  o f  t h e  i n c i d e n t  l a s e r  power i s  

shown in  F ig u re  4 . 7 .  The measurements were c a r r i e d  ou t  

i n  th e  same manner as  t h o s e  o f  Wo) which were d e s c r i b e d  

i n  s e c t i o n  4 . 4 . 1 ,  b u t  w i th  a  5 .3  p a s s  band o p t i c a l

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

d e t e c t e d  a t  t h i s  w ave leng th  by  means o f  a  go ld  doped 

Germanium d e t e c t o r  which had a D* o f  10^^ m Hz^ W ^ 

c o o le d  t o  1 1 ^  K. The l i n e a r i t y  o f  t h e  d e t e c t o r  was 

checked  and i t s  r e s p p n s i v i t y  w a s ' c a l i b r a t e d  a g a i n s t  

t h e  pho ton  d r a g  d e t e c t o r  and i s  l i s t e d  i n  Table  3 . 3 .

The s p e c t r o g r a p h  g r a t i n g  u sed  had 60 grooves per  mm 

and  was b l a z e d  f o r  5 yujjj. The i n c i d e n t  l a s e r  power was 

m o n i to re d  by a pho ton  d ra g  d e t e c t o r .  As b e f o r e ,  each  p o i n t  

i n  t h e  sp e c t ru m  p r o f i l e  o f  26J , F ig u re  4.8 , i s  th e  a v e rag e

o f  20 s u c c e s s f u l  s h o t s  w i th  a c l e a n  t a r g e t  s u r f a c e .
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F ig u re  4 . 6 .

P r o f i l e  o f  i n c i d e n t  and b a c k s c a t t e r e d
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4 0  A

~  10

5.3 p  m
F ig u re  4.8 .

P r o f i l e  o f  t h e  B a c k s c a t t e r e d  

2 1= 8 W cm“^
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4 . 5 .  PLASMA TEMPERATURE

In a d d i t i o n  t o  s t u d y i n g  l a s e r  p lasma i n t e r a c t i o n ,  

i t  i s  p o s s i b l e  to  d e t e r m in e  many plasma p r o p e r t i e s  by  

a n a l y s i n g  th e  r a d i a t i o n  e m i t t e d  from t h e  p la sm a .  Because  

t h e  t e m p e r a t u r e  i s  so h i g h ,  much o f  t h e  r a d i a t i o n  

i s  i n  the % -ray  r e g i o n .

Three  methods were  u se d  t o  d e te rm in e  t h e  plasma 

t e m p e r a t u r e .  An e s t i m a t e  was made from t h e  B r i l l o u i n  

s c a t t e r e d  sp e c t ru m ,  th e  i n t e n s i t i e s  o f  t h e  X-ray c o n t a i n e d  

i n  two s p e c t r a l  r a n g e s  were  r e c o r d e d  w i th  a p in h o l e  camera 

and X-ray  i n t e n s i t i e s  w ere  d e t e r m in e d  w i t h  s c i n t i l l a t o r sV

and p h o t o m u l t i p l i e r s .

4 . 5 . 1  Tem pera tu re  d e t e r m i n e d  from t h e  Red S h i f t  o f  Wg

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

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

and th e n  b e in g  s c a t t e r e d  f rom  t h e s e  w aves .  The d i s p e r s i o n  

r e l a t i o n  o f  an  io n  a c o u s t i c  wave i s

This  w a v e le n g th  i s  t h e n  D opp le r  d i s p l a c e d  a s  th e  plasma 

expands  a t  v e l o c i t y  v .

Hence W = - 2 k  Cg

The r a d i a t i o n  i s  o b s e rv e d  a f t e r  r e f r a c t i o n  i n  t h e  p la sm a  

(o f  r e f r a c t i;v ë̂ in d ex  n ) .  Hence t h e  w ave leng th  d i s p la c e m e n t
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from U?Q i s

_ C(Uq -  uJ  )

H2 TT Wg

A p l o t  o f  t h e  d i s p la c e m e n t  was made and i s  shown i n  F ig u r e  

4 . 9 .  a g a i n s t  i r r a d i a n c e .

4 . 5 . 2  X -ray  Measurements

The e l e c t r o n  t e m p e r a t u r e  was d e te rm in e d  by th e  f o i l  

a b s o r p t i o n  t e c h n i q u e ,  f i r s t  s u g g e s t e d  by Jahoda  e t  a l  (1960) ,  

i n  which th e  r e l a t i v e  t r a n s m i s s i o n  o f  two t h i n  f o i l s  f o r  

continuum  i s  m easured .

The X -ray  continuum v a r i e s  as  exp ( -  E/Tg) .  The 

t r a n s m i s s i o n  c o e f f i c i e n t  o f  a  m e ta l  f o i l  depends on t h e  

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

h a s  a  c u t  o f f  energy  E^, be low which i t  i s  opaque.  Hence, 

i f  t h e  same r a d i a t i o n  i s  i n c i d e n t  on two f o i l s  o f  d i f f e r e n t  

t h i c k n e s s e s ,  t h e  two cu t  o f f  v a l u e s  Egi and Ec2 p e rm i t  an 

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

The i n t e n s i t y  o f  t h e  X -ray  t r a n s m i t t e d  by a  f o i l  o f  

t h i c k n e s s  d and mass a b s o r p t i o n  c o e f f i c i e n t  y4(E) i s  g iven  

by

I j ( E )  dE = -fî- Io (E )  exp"  dE

where i s  t h e  s o l i d  a n g le  su b te n d e d  by s o u rc e  a t  t h e  f o i l  

a p e r t u r e ,  a s  i n  F ig u re  4 . 1 6 .

Continuum r a d i a t i o n  due to f r e e - f r e e  and f r e e ^ b o u n d  

t r a n s i t i o n  i s  r e p r e s e n t e d  by .
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I o (E )  <3E -  exp d E ,e r g  s e c "^  s t e r a d ”^

where f  i s  a  f u n c t i o n  dependen t  on Z and g iv en  by 

M ande lsh tam  e t  a l  (1966) a s

f = 7.53 X 10-15 z2 + ̂ f p C ^ / T ^ )

rig = p la sm a e l e c t r o n  d e n s i t y  cm ^

V = volume of  t h e  e m is s io n  so u rc e

Zp = t h e  io n  ch a rge

fr, -  f r a c t i o n a l  abundance (f_= n_ / n  )P ' p p e ^

Hp = i o n  d e n s i t y  cm ^

= i o n i s a t i o n  p o t e n t i a l  o f  hydrogen (eV)

X̂ p “ i o n i s a t i o n  p o t e n t i a l  ( in  eV) from n t h  s h e l l  f o r

re c o m b in in g  e l e c t r o n  

^  = number o f  f r e e  s t a t e s  i n  n s h e l l

I f  t h e  r e g i o n  o f  t h e  p lasma ho t  s p o t  i s  viewed by two

d e t e c t o r s  s h i e l d e d  by two d i f f e r e n t  f o i l s ,  t h e n  t h e  r a t i o  R

o f  t h e  o b se rv e d  i n t e n s i t i e s  and 1 ^ 2  i a  e a c h  d e t e c t o r

may be  w r i t t e n  v e r y  a p p ro x im a te ly

I n  _ h .  e x p ( ‘ ^ / l e )  dE _
R = -----  -  -------------------  -  exp j  (B q2  -  Egi ) /Tg I

1t2 E2 e x p ( - E / l e )  dE ^

where  and E ^  a r e  t h e  c u t  o f f  e n e r g i e s  o f  t h e  two d i f f e r e n t

f o i l s .  Hence,  a  measurement o f  t h e  r a t i o  R w i t h  two f o i l s  

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

e l e c t r o n  t e m p e r a t u r e  Tg t o  be  made.
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E l to n  (1969) has  p u b l i s h e d  v a lu e s  o f  t h e  r a t i o  o f  t h e  

i n t e g r a t e d  B re m s s t r a h lu n g  e m is s io n  t r a n s m i t t e d  t h ro u g h  

f o i l s  o f  m a t e r i a l  t o  th e  t o t a l  i n c i d e n t  f l u x  I ^ ,  i . e .

IX / Io  = j  dE exp ( -  E/KTe - /< df  /J 'd B  exp [ - B / K T e l

This r a t i o  has  been  d e te r m in e d  f o r  v a lu e s  o f  f o i l  t h i c k n e s s  

d, and t e m p e r a t u r e  KTg, a s  shown in  F ig u re  4 * 1 0 .  From such  

g raphs  t h e  v a r i a t i o n s  o f  ^ T / I q a g a i n s t  the  t e m p e r a t u r e  Tg 

f o r  p a r t i c u l a r  f o i l s  were  d e te r m in e d .  Then t h e  r e l a t i v e  

t r a n s m i t t e d  i n t e n s i t i e s  o f  two d i f f e r e n t  t h i c k n e s s e s  may 

be o b t a i n e d .

lo  /  lo

and p l o t t e d  a g a i n s t  t h e  v a r i a t i o n s  o f  t e m p e r a t u r e , a s  shown 

i n  F ig u re  4 J .1 .  The r a n g e  o f  t e m p e r a t u re s  o f  i n t e r e s t  i s  

from one hu n d red  t o  a few th o u sa n d  e l e c t r o n  v o l t s .  From 

such a p l o t  and measurements o f  t h e  t r a n s m i t t e d  i n t e n s i t i e s  

w i th  two f o i l s ,  t h e  e l e c t r o n  t e m p e r a tu r e  Tg may be  deduced .

To a n a l y s e  t h e  X-ray e m i t t e d  from th e  p la sm a ,  two 

methods f o r  t im e  and sp ace  i n t e g r a t e d  s p e c t r a  were  u s e d .

Thin a lu m in iu m  f o i l s  combined w i th  mylar  were mounted 

in  f r o n t  o f  t h e  p i n h o l e  and t h e  s c i n t i l l a t o r ,  t o  s e l e c t  t h e  

r e q u i r e d  X -ray  e n e r g y ,  Johada  e t  a l  (1960).  These f o i l s  

a r e  t r a n s p a r e n t  and show c u t  o f f  energy  Eg = h ))g, which i s  

d e f i n e d  by ( h ‘̂ g  ) d = 1 ,  where fX i s  t h e  pho ton  a b s o r p t i o n  

c o e f f i c i e n t  and d i s  th e  f o i l  t h i c k n e s s .  The a b s o r p t i o n  

c o e f f i c i e n t s  were  t a k e n  from E l to n  and Anderson (1967) and



- 1 2 2 -

w
■o

M :S i^ :r.S L ^T ^= rL * i<  - r H r ir f . iz r
: q  j > » ; : * r i ; r v ; 7 r n r . £  > c ;'. n 3 ::q - : i r j > > . . r 7 :~ ;

1 1 1 1 »nilii::

•  ̂T * ̂ I ! I • 1 • ) _• ',
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R a t i o  o f  i n t e g r a t e d  B r e m s s t r a h l u n g  

e m i s s i o n  t r a n s m i t t e d  t h r o u g h  a l u * '

m i n u m  f o i l s  o f  d i f f e r e n t ,  t h i c k n e s s  t o  

t h e  t o t a l  i n c i d e n t  f l u x  I q .
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1 . 4 / 1 . 1  

1 , 1 / 0 , 7  

-O- 1 .4 . /0 .7
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Donaldson (1978) .  The f o i l  w i t h  t h e  lower  c u t  o f f  energy  

3/^j^ t h i c k  and th e  h i g h e r  c u t  o f f  e n e r g i e s  a r e  6 and 

8 t h i c k n e s s e s ,  a s  shown i n  Table 4 . 2 .

TABLE 4 .2

F o i l  t h i c k n e s s e s  Lower c u t  o f f  Upper c u t  o f f  A b s o r p t io n

m mg/cm"'

3 0 .8

6 1.6
8 2 . 4

en e rg y  (keV) e n e rg y  (KeV) C o e f f i c i e n t

0.8

1.0

1 . 6

2 . 2

4

5

2 X 10'

8 X 10"
5 X 10

The a r ra n g em e n t  o f  e a c h  p a i r  o f  f o i l s  w hich  a r e  u se d  a s  an 

X-ray  ab so r& er  i n  each  ex p e r im en t  ru n  a r e

2 2F o i l  Ajl 0 .3 5  mg/cm mylar  + 1 . 5  mg/cm aluminium

F o i l  Bi 0 .3 5  »• »» '« + 0 .8  mg/cra^ **

f o r  one ru n  o f  e x p e r im e n t s  and

2 2F o i l  A2  0 .3 5  mg/cm mylar  + 1 . 6  mg/cm aluminium

F o i l  B2  0 .3 5 II II + 2 . 4  mg/cm^

Energy was a b s o rb e d  t h ro u g h  d e p th  o f  t h e  m y la r ,  whereas 

i t  would have been  t o t a l l y  a b so rb e d  i n  t h e  s u r f a c e  o f  t h e  

aluminium , which would th e n  have a b l a t e d .  The a luminium 

c o a t i n g  was needed  t o  p r e v e n t  v i s i b l e  l i g h t  e x c e e d in g  t h e  

p h o t o g r a p h i c  e m u ls io n .  By ch o o s in g  th e  f o i l  m a t e r i a l  and 

t h i c k n e s s e s ,  a g iv en  range  o f  X -ray  e n e r g i e s  were d e t e c t e d .

Hence,  t h e  t e c h n i q u e  b a s e d  on t h e  b andpass  f i l t e r  o f  

a lum in ium  w i t h  mylar  was chosen  t o  s e l e c t e d  wavebands below
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o
9 A. S e l e c t i n g  th e  waveband r e q u i r e d  i s  done by ch o o s in g

th e  a p p r o p r i a t e  a b s o r b e r ,  and th e  p o s i t i o n s  o f  the  waveband

a r e  d e t e r m i n e d  b y  t l i e  v a l u e  y u ( ^ ) d .

S in c e  t h e  p lasma e m i t t e d  a c o n s i d e r a b l e  amount o f  l i n e

r a d i a t i o n  i n  t h e  r e g i o n  o f  th e  L edge o f  t h e  a lum in ium  f o i l ,

i t  was n e c e s s a r y  t h a t  t h e  com bina tion  o f  f o i l s  s h o u ld  be

opaque t o  v i s i b l e  l i g h t .  To mask th e  continuum r a d i a t i o n
o

i n  t h e  r e g i o n  be low 9 A t h e  mylar  f o i l s  were u sed  i n  

co m b in a t io n  w ith  t h e  a lum inium  f o i l s ,  s i n c e  t h e y  were 

s t r o n g l y  a b s o r b e d  in  t h e  r e g i o n  o f  t h e  aluminium L edge ,  

as  shown i n  F ig u r e  4 .12 .

The X -ray  a b s o r p t i o n  i n  m a t t e r ,  low f o r  c o m b in a t io n  o f  

two d i f f e r e n t  f o i l s ,  becomes

= Io(A) -  AI^AMa I

where t h e  s u b s c r ip t^  M ,deno tes  t h e  mylar and A d e n o te s  

t h e  a lum in ium . S ince  we a r e  u s in g  c o n s t a n t  t h i c k n e s s  o f  

m ylar  and d i f f e r e n t  t h i c k n e s s e s  o f  a lum in ium , a s  i l l u s t r a t e d  

i n  t h e  p r e v i o u s  s e c t i o n ,  t h e n  t h e  r e l a t i v e  i n t e n s i t i e s  t r a n s 

m i t t e d  t h r o u g h  two d i f f e r e n t  com bina t ions  w i l l  depend m ain ly  

on t h e  a lum in ium  f o i l s ,  as

I H / I t 2  “  GX A 2 ( ^ ) ^ A 2  “ A 1 ( ^ ) ^ A 1

where Ag i s  t h e  h ig h  cu t  o f f  energy  and A^ i s  t h e  low c u t  

o f f  e n e rg y  a lum in ium  f o i l s .

T o  a n a l y s e  t h e  X - r a y  e m i t t e d  f r o m  t h e  p l a s m a ,  t w o  

m e t h o d s  f o r  t i m e  a n d  s p a c e  i n t e g r a t e d  s p e c t r a  w e r e  u s e d .
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4 . 5 . 2 . 1  The P in h o le  Camera

S p a t i a l l y  r e s o l v e d  measurements o f  t h e  X-ray  e m is s io n  

from t h e  l a s e r  p ro d u c e d  p lasm a  were made w i th  t h e  a i d  o f  an  

X-ray  camera .  Th is  camera had  tw in  p i n h o l e s  3 mm a p a r t ,  a s  

shown i n  F ig u r e s  4 1 3 .and 4^JL4. Time i n t e g r a t e d  two images 

were r e c o r d e d  s i m u l t a n e o u s l y .  The r a d i a t i o n  from each  

p i n h o l e  p a s s e d  th r o u g h  d i f f e r e n t  f o i l s .  The p i n h o l e s  were 

i n t e r c h a n g e a b l e  and o f  d i a m e t e r  2 5 ,5 0  o r  100 /(M. Indepen

d en t  X-ray  f i l t e r s  were p l a c e d  over  the  two p i n h o l e s ,  a s  

shown i n  F ig u r e s  ab ove .  ;• The body o f  t h e  camera 

c o n s i s t e d  o f  a  t r u n c a t e d  a luminium cone i n  t h e  end o f  which  

were mounted t h e  p i n h o l e s  and th e  X-ray a b s o r b e r  f i l t e r .

The c o n i c a l  shape  c a u se d  l e a s t  o b s t r u c t i o n  i n  t h e  i n t e r a c t i o n  

chamber.  The f i l m  h o l d e r  was t h r e a d e d  on to  th e  b a se  o f  t h e  

camera 70 mm from t h e  p i n h o l e .  The camera was mounted a t  

45 d e g r e e s  t o  t h e  l a s e r  beam a x i s ,  15 mm from th e  t a r g e t ,  

r e s u l t i n g  i n  a  m a g n i f i c a t i o n  o f  4 . 7  t i m e s .  Two images were  

r e c o r d e d  on Kodak N o -sc re en  f i l m ,  so t h a t  t h e  X-ray  d i s t r i 

b u t i o n  i n  t h e  image 'c ou ld  b e  d e te rm in e d  a f t e r  m i c r o d e n s i t o 

mete r  m easurem ent.  An exam ple  o f  t h e  p in h o le  image i s  shown 

i n  F i g u r e  4 . 1 5 .  The r e s o l u t i o n  o f  th e  camera was c a l c u l a t e d  

a s  3 0 y i ^ ,  Donaldson e t  a l  (1 9 7 3 ) ,  which p r o v id e s  n e a r l y  s i x  

image p o i n t s  a c r o s s  t h e  p la sm a  d i a m e t e r .

4 . 5 . 2 . 2  S c i n t i l l a t o r  and P h o t o m u l t i p l i e r

An a l t e r n a t i v e  method o f  m easur ing  X-ray i n t e n s i t i e s  

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

a s  shown i n  F ig u re  4 . 1 ^ .  The s c i n t i l l a t o r  was a p l a s t i c
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Fiqure 4.14.

X-ray pinhole camera
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180^ m

Figure 4.15

X-ray pinhole image
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d i s c ,  NE102 N u c le a r  E n t e r p r i s e s ,  s h i e l d e d  by t h i n  f o i l s .

The s c i n t i l l a t o r  was c o n n e c te d  th ro u g h  a 20 mm d i a m e t e r ,

100 mm l e n g t h ,  p e r s p e x  l i g h t  p ip e  t o  a p h o t o m u l t i p l i e r ,

EMI ty p e  9592b CS20 p h o to c a th o d e .  The l i g h t  p i p e  was 

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

p h o t o m u l t i p l i e r .  The o p t i c a l  p ip e s  were co n n e c ted  t o  

t h e i r  r e s p e c t i v e  p h o t o m u l t i p l i e r s  o u t s i d e  t h e  vacuum 

chamber by u s i n g  o p t i c a l  cement o f  r e f r a c t i v e  i n d e x ,  n e a r  

t o  t h a t  p e r s p e x  l i ^ t  p i p e .  The a c c e p ta n c e  a n g l e s  o f  t h e  

f o i l  windows a t  t h e  end o f  th e  l i ^ t  p ip e  were  d e f i n e d  by 

2 cm d i a m e t e r  a p e r t u r e s  10  cm from t h e  f o c a l  r e g i o n  o f  t h e  

t a r g e t ,  a s  shown i n  F ig u r e  4.JL^. The i n t e n s i t y  o f  l i n e  

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

compared w i t h  t h a t  o f  th e  X -ray  continuum.

To d e t e c t  two s i g n a l s  a t  one l a s e r  s h o t ,  . .with two 

d i f f e r e n t  t h i c k n e s s e s  o f  a b s o r b e r ,  t h e  two s c i n t i l l â t  cars 

must view t h e  same volume o f  p la sm a ,  t h e r e f o r e  t h e  

s c i n t i l l a t o r s  were  mounted a t  t h e  45 deg ree  windows from 

th e  l a s e r  a x i s ,  a s  shown i n  F ig u re  4 .1 7 .

4 . 6  MAGNETIC FIELD MEASUREMENT

The m a g n e t ic  p ro b e s  which have been used  f o r  m easu r ing  

p u l s e d  m a g n e t ic  f i e l d s  i n  p la sm a s ,  Lovberg (1965) ,  may a l s o  

be u se d  t o  s t u d y  t h e  f i e l d s  s p o n ta n e o u s ly  g e n e r a t e d  i n  

l a s e r  p ro d u c e d  p la s m a ,  Stamper e t  a l  (1971) ,  B i rd  e t  a l  

(1 9 7 3 ) .  A r e c u r r e n t  p rob lem  i s  t h e  s t r a y  f i e l d  g e n e r a t e d  

by s p a r k  gaps and  c a p a c i t o r  b a n k s ,  b u t  t h i s  e f f e c t  may be 

overcome by u s i n g  two c o i l s  i n  such a way t h a t  t h e y
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compensate  a g a i n s t  e l e c t r i c a l  i n t e r f e r e n c e ,  Serov  e t  a l  

(1 975) .  Compensation was a c h i e v e d  by w in d ing  two c o i l s  

i n  a n t i p h a s e  and c o n n e c t i n g  them i n d i v i d u a l l y  t o  two co 

a x i a l  c a b l e s ,  a s  shown i n  F i g u r e  4 . I S . The c a b l e s  were 

th e n  j o i n e d  t o g e t h e r  a t  t h e  same d i s t a n c e  from t h e  i n t e r 

a c t i o n  chamber,  where t h e  i n t e r f e r i n g  s i g n a l s  were 

n e g l i g i b l e .  (See Appendix I  f o r  t h e o r y  and d e t a i l s . )

The p robe  c o n s i s t e d  o f  two i d e n t i c a l  s i n g l e  t u r n  

c o i l s  o f  lo o p  d ia m e te r  2 mm from  copper  w i r e  o f  t h i c k n e s s  

0 .1  mm s i t u a t e d  i n  c l o s e  p r o x i m i t y ,  w i th  axes  p a r a l l e l ,  

b u t  w ind ing  d i r e c t i o n s  opposed .  The c o i l s  were co n n ec ted  

t o  two 50 ohm c a b l e s  which a r e  j o i n e d  a t  t h a t  d i s t a n t  end,  

a s  shown i n  F ig u r e  4 . 1 8 . .  The c o i l s  were compared w i t h  

PTFE and  e n c a p s u l a t e d  in  p l a s t i c  t o  reduce  t h e  p h o to 

e m is s io n  s i g n a l  r e s u l t i n g  f rom  X - ra y ,  UV r a d i a t i o n  and 

p a r t i c l e s  s t r i k i n g  t h e  p robe  s u r f a c e .

The s i g n a l  a t  t h e  o s c i l l o s c o p e  from one c o i l  i s : -

^1 ^  d t  “ Vl

where i s  t h e  n o i s e  o f  t h e  c a b l e ,  n t h e  number o f  t u r n s  

and A i s  t h e  a r e a .

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

N2 -  nA H  = Vg

Using i d e n t i c a l  c a b l e s ,  c o n n e c te d  a s  shown i n  F ig u re  4 .1 8 b ,  

= N2

I f  t h e  s i g n a l  were  f e d  t o  a  d i f f e r e n t i a l  a m p l i f i e r  i n  t h e
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F ig u re  4 .1 6 .

Schem atic  c o n f i g u r a t i o n  o f  doub le  

c o i l  d i f f e r e n t i a l  m agne t ic  p robe
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o s c i l l o s c o p e ,  T e k t r o n i x  7409,  t h e n

V ( t )  = -  V2 ( t )  = nA ( g  + I I )

which g iv e s  t h e  t e m p o ra l  v a r i a t i o n  o f  the  m a g n e t ic  f i e l d »

For a c c u r a t e  m agne t ic  f i e l d  m easurem ents ,  t h e  

s e n s i t i v i t y  o f  t h e  p robe  was c a l i b r a t e d  e x p e r i m e n t a l l y  by 

u s in g  t h e  c i r c u i t  shown i n  F ig u re  4 . 1 9 ,  by i n s e r t i n g  t h e  

p robe  be tw een  two c o i l s  2 cm d ia m e te r  s e p a r a t e d  by 2 cm 

and  c o n n e c t e d  i n  s e r i e s  w i th  a 1 } ^f  c a p a c i t o r  c h a r g e d  t o  20 

kV. When t h e  c i r c u i t  was c l o s e d  by a s p a r k  gap,  t h e  

a c c u r a t e  p u l s e  o f  h a l f  peak  d u r a t i o n  10 ^ s e c  was produced» 

The c u r r e n t  p a s s i n g  t h r o u g h  t h e  two c o i l s  was measured  w i th  

a p ro b e  t y p e  Tek.CT5y a l l o w i n g  th e  s e n s i t i v i t y  o f  t h e  m agne t ic  

p robe  t o  be f o u n d .  I t  was 0 .31  V/G/nsec and t h e  t im e  r e s 

ponse  o f  t h e  p ro b e  ~  was c a l c u l a t e d  t o  be 26 p s e c .

For m e a s u r in g  t h e  m ag n e t ic  f i e l d  n e a r  t h e  f o c a l  s p o t  

on t h e  t a r g e t  t h e  probe was mounted a t  45 d e g r e e s  t o  t h e  

o p t i c a l  a x i s .  I t  c o u ld  be  e a s i l y  moved t o  d i f f e r e n t  ' 

d i s t a n c e s  from t h e  t a r g e t »  The v a lu e  o f  t h e  m a g n e t ic  f i e l d  

can  be  deduced  f rom  o s c i l l o g r a m  on t h e  o s c i l l o s c o p e  by 

i n t e g r a t i n g  t h e  a r e a  unde r  t h e  peak of  t h e  p u l s e  an d  m u l t i 

p l y i n g  i t  by  th e  s e n s i t i v i t y  o f« th e  p ro b e .

B 0< - Vg) dt



- 1 3 8 -

L .

-\JUULr

• v w w -
R •

2 — Spark  gap

t
%

F ig u re  4 .1 9 .

The e l e c t r i c  c i r c u i t  u sed  

f o r  c a l i b r a t i n g  t h e  probe,



- 1 3 9 -

CHAPTER 5 

EXPERIMENTAL RESULTS

5 .1  INTRODUCTION

I t  was seen  i n  C h a p te r  2 t h a t  t h e r e  a r e  s e v e r a l  i n t e r 

a c t i o n  p r o c e s s e s  which can o c c u r  on i r r a d i a t i n g  a s o l i d  

t a r g e t  by h ig h  power l a s e r  r a d i a t i o n .  The p r i n c i p a l  

p r o c e s s e s  which a r e  p r e d i c t e d  a r e  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 ,  s t i m u l a t e d  Raman s c a t t e r i n g ,  two plasmon 

decay and a r e s o n a n c e .  Hence,  i t  i s  e x p e c te d  t h a t  t h e  

p lasm a w i l l  c o n t a i n  io n  a c o u s t i c  waves o f  f r e q u e n cy  

p lasm ons o f  f r e q u e n c y  C: and m u l t i p l e s  o f  t h e s e

q u a n t i t i e s .

The s p e c t r o m e t e r  was s e t  up t o  r e c o r d  f r e q u e n c i e s  o f
3
2 ^ 0  2 ü ) ^ ,  t h e  measurements b e i n g  d e s c r i b e d  below

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

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

5 .2  integrated REFLECTIVITY MEASUREMENTS

The o v e r a l l  r e f l e c t i v i t y  was e q u a te d  t o  t h e  r a t i o  o f  

t h e  b a c k s c a t t e r e d  r a d i a t i o n  a t  a l l  w av e len g th s  t o  t h e  i n c i d e n t  

l a s e r  i r r a d i a n c e  and i s  p l o t t e d  a g a i n s t  i r r a d i a n c e  i n  F i g u r e  

5 . 1 .  This  was measured  by t im e  c a l i b r a t e d  pho ton  d r a g  

d e t e c t o r s ,  R of in  models 7411 and 7415, t h e  l a t t e r  h a v in g  XI00 

a m p l i f i e r ,  model 7402,  which r e c e i v e d  r a d i a t i o n  r e f l e c t e d  from 

Kcl beam s p l i t t e r  a s  shown i n  F ig u re  4 . 2 .  I t  i s  assumed t h a t  

t h e  r e f l e c t i o n  from th e  two f a c e s  a r e  e q u a l .  The s i g n a l  o f
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i n c i d e n t  and  b a c k s c a t t e r e d  were r e c e i v e d  s i m u l t a n e o u s l y  

on a T e k t r o n i x  556 double  beam o s c i l l o s c o p e .

In F ig u r e  5.2 , i t  i s  s een  t h a t  t h e  b a c k s c a t t e r e d  

i n t e n s i t y  i n c r e a s e s  a t  a  c o n s t a n t  r a t e  w i th  i n c r e a s i n g  

l a s e r  i r r a d i a n c e  up t o  a p p r o x im a te ly  2 x 10^^  W/crn^ over  t h i s  

r e g i o n ,  t h e  s c a t t e r e d  i n t e n s i t y  I  i s  r e l a t e d  t o  i r r a d i a n c e

I q a s

1 28
Ig = c o n s t .  I q * Watts

Above t h i s  v a l u e ,  t h e  b a c k s c a t t e r e d  r a d i a t i o n  i n c r e a s e s  

r a t h e r  more s lo w ly  and t h e  s c a t t e r e d  i n t e n s i t y  i s  r e l a t e d  t o  

th e  i r r a d i a n c e  by 1^ = c o n s t  •

The r e f l e c t i v i t y  o f  t h e  plasma which i s  d e f i n e d  by

/

i s  p l o t t e d  a g a i n s t  t h e  i n c i d e n t  i r r a d i a n c e  i n  F ig u re  5 . 1 ,

where i t  i s  s een  t h a t  th e  r e f l e c t i v i t y  o f  t h e  p lasm a a t t a i n s

10 2a  maximum v a lu e  o f  53 % a t  an  i r r a d i a n c e  o f  1 x 10 W/cra . 

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

i r r a d i a n c e  t o  a b o u t  10%.

5 .3  BACKSCATTERED RADIATION AT Wq

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

sam pled  w i t h  a  beam s p l i t t e r  and a n a ly s e d  by th e  method

d i s c u s s e d  i n  S e c t i o n  4 . 3 .  The p r o f i l e  o f  t h e  l a s e r  l i n e  1 0 .6

/um and  t h e  b a c k s c a t t e r e d  r a d i a t i o n  U)q a r e  b o th  shown i n

F ig u r e  5 . 3 .  I t  i s  s een  t h a t  t h e  l a s e r  l i n e  w id th  p l u s  t h e
o

i n s t r u m e n t a l  w id th  i s  21 0 A.
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l a s e r  light-  
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F ig u r e  5 . 3 .

P r o f i l e  o f  t h e  i n c i d e n t  and b a c k s c a t t e r e d  
Wo
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The fu n d am en ta l  coq o f  t h e  b a c k s c a t t e r e d  r a d i a t i o n  was
o

d i s p l a c e d  to w ard s  l a r g e r  w a v e le n g th s  by a b o u t  100 A, depend ing

on t h e  i r r a d i a n c e .  I t  was a3s o b ro ad en ed  t o  270 A. A f t e r

removing  t h e  e f f e c t  o f  t h e  i n s t r u m e n t a l  b ro a d e n in g  and t h e
o

l a s e r  l i n e  w i d t h ,  t h e  w id th  i s  a b o u t  200 A. The w id th  o f  

Wq a g a i n s t  l a s e r  i r r a d i a n c e  was a l s o  p l o t t e d  i n  F ig u re  5 . 4  

and i t  v a r i e d  w i th  t h e  l a s e r  i r r a d i a n c e  l i n e a r l y

The d i s p la c e m e n t  o f  t h e  s p e c t r a l  measurement from th e  

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

i r r a d i a n c e  i n  F ig u re  5 . 5 .  I t  was found  thaCt t h e  r e l a t i o n 

s h i p  v a r i e d  a s

A  \  x^ -2 .

5 . 4  backscattered RADIATION AT 2 Wg

An example o f  th e  sp e c t ru m  i n  t h e  v i c i n i t y  o f  5 .3  pm, 

a w a v e le n g th  e q u i v a l e n t  t o  2 i s  shown i n  F ig u re  5 . 6 .

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

to w a rd s  w av e len g th s  s l i g h t l y  g r e a t e r  th a n  5 . 3 p m  and  a 

s a t e l l i t e  d i s p l a c e d  by a f u r t h e r  0 .1  ( a p p r o x im a te ly ) .

There i s  a  s h o u ld e r  on t h e  lo n g  w av e leng th  s i d e  of  t h e  main 

f e a t u r e .  A l though  a  s e a r c h  was made over t h e  range  5 .1  t o  

5 .4 5  lAn, no o t h e r  f e a t u r e  was found  above t h e  n o i s e  l e v e l .

T h is  sp e c t ru m  i s  o b t a i n e d  from many s h o t s .  C o n seq u en t ly ,  

t h e  b r e a d t h  i s  an a v e ra g e  v a l u e ,  c o n s i s t i n g  o f  th e  t r u e  

b r e a d t h  o f  2 c o n v o lu te d  w i th  t h e  i n s t r u m e n t a l  b r e a d t h ,  

t h e  w id th  o f  the  o r i g i n a l  l a s e r  l i n e  and th e  d i s p la c e m e n t  

f rom  s h o t  to  s h o t .
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From s u c c e s s i v e  m easurem ents ,  i t  i s  p o s s i b l e  to  

d e te rm in e  an a v e ra g e  d i s p l a c e m e n t  o f  t h e  main f e a t u r e  and 

the  s a t e l l i t e ,  a p p a r e n t  b r e a d t h s ,  and b a c k s c a t t e r e d  e n e r g y ,  

u s in g  t h e  s p e c t r o s c o p i c  sy s te m  d e s c r i b e d  i n  s e c t i o n  4*4o

The r e l a t i v e  b a c k s c a t t e r e d  ene rgy  i n c lu d e d  i n  th e  main 

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

F ig u re  5 . 7 .  To t e s t  w h e th e r  t h i s  r e l a t i o n s h i p  o f  s c a t t e r e d  

en e rg y  t o  i r r a d i a n c e  was l i n e a r  o r  q u a d r a t  i c  , a l e a s t  

sq ua re  f i t  was made of  b o t h  law s .  The r e s u l t i n g  e q u a t i o n s  

and c o r r e l a t i o n  c o e f f i c i e n t  a r e  shown in  Table  5 ,1  and i t  

i s  seen  t h a t  th e  l i n e a r  r e l a t i o n s h i p  i s  t h e  b e s t  f i t .

TABLE 5 .1

P lo t  

l i n e a r  

q u a d r a t  i c

I n t e r c e p t

- 0 . 3

Slope 

0 .2 3  10^1

C o r r e l a t i o n
C o e f f i c i e n t

0.956

0.868

i . e .  E(2 w) = - 0 . 3  + 0 .23  1 0 “^^ I(a>o) W cm"^

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

e n e rg y  a g a i n s t  i r r a d i a n c e ,  as  shown i n  F ig u re  5.7 i t  i s  

s een  t h a t  t h e  t h r e s h o l d  power f o r  t h e  g e n e r a t i o n  o f  2co q 

i s  1 .2  10^^ W cm"^.

The d i s p la c e m e n t  o f  t h e  harm onic  f e a t u r e  from th e  

p r e c i s e  v a lu e  o f  2 i s  p l o t t e d  a g a i n s t  i r r a d i a n c e  on a  

log  log  s c a l e  i n  F ig u r e  5 . 8 .  On a  l i n e a r  p l o t ,  t h e r e  i s  a
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f i n i t e  d i s p l a c e m e n t  a t  z e r o  i r r a d i a n c e  * The d i s p l a c e n e n t  

i s  m easured  from t h e  t r u e  v a lu e  o f  2 (= 5 .3 2  Pm) t o  the

peak  o f  t h e  l i n e .  The d i sp la c e m e n t  f o l l o w s  a l i n e a r  r e l a t i o n 

s h i p

A  ^ = 1 0 + 2 . 5  Iq micron

There  i s  a  f i n i t e  d i s p la c e m e n t  o f  0 .0 0 6  /urn; a t  the  

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

w i th  i r r a d i a n c e .

The b r e a d t h  A o f  t h e  f e a t u r e  n e a r  2 coq i s  shown i n  

F ig u re  5 . 9  a s  a  f u n c t i o n  of  i n c r e a s i n g  i r r a d i a n c e .  The 

v a lu e  A i s  t h e  f u l l  w id th  h a l f  maximum (FWHM) d e r i v e d  

a f t e r  u n f o l d i n g  t h e  i n s t r u m e n t a l  w id th  A \ j .  T h is  l a t t e r  

v a lu e  i s  a  c o n v o l u t i o n  o f  th e  i n c i d e n t  l a s e r  l i n e  w id th  and 

t h e  s p e c t r o s c o p i c  s l i t  w i d t h .  E x p e r i m e n t a l l y ' i t "  i s  e q u a t e d  

t o  t h e  FWHM v a lu e  o f  a  l a s e r  l i n e ,  such  a s  t h a t  shown i n  

F ig u r e  5 . 3 .  D eco n v o lu t io n  i s  o b t a in e d  a s  an  a p p ro x im a t io n

where i s  t h e  measured FWHM v a lu e  m easured  f o r  t h e  2 o)q

l i n e  i n  a  p l o t  such a s  t h a t  shown i n  F ig u r e  5 . 3 .

S i m i l a r  v a lu e s  of  r a d i a n t  e m i t t a n c e ,  d i s p l a c e m e n t  and 

b r e a d t h  a r e  a l s o  o b t a i n e d  f o r  th e  s a t e l l i t e  l i n e  a t  

2 Wq + 0 .1  a p p ro x .  and a r e  p l o t t e d  i n  F ig u r e s  5 .1 0 ,  

and 5 o S  .

The d i s p la c e m e n t  o f  2 wg tow ards  t h e  r e d  from t h e  

o r i g i n a l  5 . 3  w av e len g th  i s  p l o t t e d  a g a i n s t  i r r a d i a n c e
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i n  F ig u re  5 . 8 .  There  i s  a f i n i t e  d i s p la c e m e n t  a t  th e  

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

w i th  i n c r e a s i n g  i r r a d i a n c e .

In F ig u r e  5 .9  i s  th e  r e l a t i o n  o f  th e  w id th  o f  2 w 

a g a i n s t  t h e  i r r a d i a n c e ,  which a l s o  s l i g h t l y  i n c r e a s e s  by 

th e  i r r a d i a n c e  a s  b \ a i n

5 . 4 . 1  S a t e l l i t e  l i n e  A. (jD

The s a t e l l i t e  l i n e  A co i s  d i s p l a c e d  from th e  main

f e a t u r e  a t  2 by a b o u t  0 ,1  a s  seen  i n  F ig u re  5 . 5 .

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

i r r a d i a n c e  in  F ig u re  5.|o* I t  becomes a p p a r e n t  above  th e

t h r e s h o l d  f o r  2 w, b u t  th e  e x t r a p o l a t i o n  from a r e g r e s s i o n

f i t t e d  t o  t h e  e x p e r i m e n t a l  p o i n t  does n o t  p e rm i t  a  t h r e s h o l d

f o r  th e  Aw l i n e  t o  be d e te r m in e d ,  t h é  e r r o r  i n  - t h e  graph

i s  m ere ly  s t a t i s t i c a l  e r r o r s  which a r e  =.35%.

The d i s p l a c e m e n t  o f  Aw from 5 .3  i s  p l o t t e d  a g a i n s t

i r r a d i a n c e  in  t h e  same f i g u r e  o f  t h e  d i s p la c e m e n t  2 co , i t

seems t h a t  b o th  d i s p l a c e m e n t s  have f i r s t  v a lu e  a t  t h e

11 ""2i r r a d i a n c e  t h r e s h o l d  <~^1.1 x 10 W cm

The e m p i r i c a l  e q u a t i o n s  d e r i v e d  from t h e s e  q u a n t i t i e s

from l i n e a r  r e g r e s s i o n  a r e : -

E = 0 .2 5  + 0 . 5  10”^ ^ I  from f i g u r e  5 . 1 0 .  w i ths o

+ 30% e r r o r .  With no t h r e s h o l d  a p p a r e n t

D isp la c e m en t  = 0 .1  m + 25% F ig u re  5 . 8 .

B re a d th  AA j.s = 0 .02  + 30% F ig u re  5 . 6 .
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5 .5  RADIATION SCATTERED AT ~w ^

The e m i t t a n c e  of  t h e  r a d i a t i o n  s c a t t e r e d  backw ards  a t
3
2  d e t e r m in e d  w i th  a d iode  and f i l t e r  a s  d e s c r i b e d  i n

s e c t i o n  4 . 5 ,  and i s  p l o t t e d  a g a i n s t  i n c i d e n t  i r r a d i a n c e  i n  

F ig u r e  5 . 1 1 .  There  i s  a  t h r e s h o l d  i r r a d i a n c e  a t  0 .9  ICr^^

W cm The e m i t t a n c e  o f  t h e  t a r g e t  i s  a b o u t  lO"^ t h a t  o f

2 (ü^ and  v a r i e s  a s

E ,  = 0 .3  -  0 .2  10^^ I  W cm“^
£.0) °
2 o

Because o f  t h e  low i n t e n s i t y  o f  t h e  b a c k s c a t t e r e d  l i g h t ,  i t  

was no t  p o s s i b l e  t o  d e te r m in e  t h e  s p e c t r a l  d i s t r i b u t i o n .  

Hence, no r e l a t i o n s h i p  can be p r e s e n t e d  f o r  th e  v a r i a t i o n  

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

5 . 6  temperature MEASUREMENT

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

i n  t h e  p la sm a  by d e t e r m i n i n g  t h e  r e l a t i v e  i n t e n s i t i e s  o f  two 

r e g i o n s  o f  t h e  X-ray '  sp e c t ru m  u s in g  t h e  p i n h o l e  camera method 

d e s c r i b e d  i n  s e c t i o n  4.5.2#U Some s p a t i a l  r e s o l u t i o n  c o u ld  be 

a c h i e v e d ,  b u t  i t  was c o n s i d e r e d  s u f f i c i e n t  f o r  ou r  p u rp o s e s  

t o  q u o te  a  s p a t i a l l y  a v e ra g e d  number.

An e x p e r i m e n t a l  s t u d y  was made of  t h e  r e l a t i o n s h i p  

be tw een  f o c u s s e d  i r r a d i a n c e  on th e  t a r g e t  s u r f a c e  and 

e l e c t r o n  t e m p e r a t u re  and t h e  r e s u l t s  a r e  p l o t t e d  i n  F ig u re  

5 . 1 2 .  The maximum t e m p e r a t u r e  a c h ie v e d  a t  an  e n e rg y  o f  30J  

from t h e  l a s e r  i s l , 4 k e \ i  200 eV. The measurements have been
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c a r r i e d  ou t w i th  t h r e e  f o i l  t h i c k n e s s e s  3 6  jim and 8

The te m p e ra tu re  o b ta in e d  w i th  th e  d i f f e r e n t  p a i r s  o f  f o i l s  

were found  t o  a g re e  w ith15^20%  e r r o r s .

5 .7  mCNETIC FIELD ME/^SUREMENTS

The m ag n e tic  f i e l d  was d e te rm in e d  by th e  m ag n e tic  p ro b e  

d e s c r ib e d  i n  s e c t i o n  4 .6  w i th  s e n s i t i v i t y  0 .31  V/G/n s e c  and 

t im e  r e s p o n s e  of 26 p s e c .

F ig u re  5 . 1 3  shows a t y p i c a l  d B /d t  s i g n a l  which m easured  

th e  te m p o ra l  d e r i v a t i v e  o f  t h e  m ag n e tic  f i e l d .  I t  c o n s i s t s  

o f  p u l s e s  o f  r i s e  t im e  10 n s e c  and f a l l  t im e  60 t o  70 n s e c .  

The d u r a t i o n  o f  th e  p u l s e  ( 80 n s e c )  i s  a p p r e c ia b ly  l a r g e r

th a n  th e  l a s e r  p u l s e  d u r a t i o n ,  b u t  i t  i s  fo l lo w e d  by a 

n e g a t i v e  s i g n a l  o f  a b o u t  4 n s e c  d u r a t i o n .  The peak  m ag n e tic  

f i e l d  a g a i n s t  th e  l a s e r  i r r a d i a n c e  was p l o t t e d  i n  F ig u re  5 .14  

f o r  s e v e r a l  v a lu e s  o f  th e  d i s t a n c e ,  r,£rom th e  t a r g e t  r  = 1 1 ,

5 mm and 3 .5  mm. The s lo p e  i n c r e a s e s  from  0 .5  KG/7 x 10^^

W cm ^ a t  r  = 11 mm t o  2 .8  KG/7 x  10^^ W cm ^ a t  3 .5  mm.

The peak: m ag n e tic  f i e l d  v a r i e s  w i th  i r r a d i a n c e  I q a s

B ^  lo

From p l o t s  such  a s  th o s e  o f  F ig u re  5 .1 4  i t  i s  p o s s i b l e  t o  

o b t a i n  a  l i n e a r  r e g r e s s i o n  o f  B on v a r io u s  f u n c t io n s  o f  r .

In  F ig u r e  5 .1 5  t h e  r e l a t i o n s h i p  o f  B t o  1 ^  i s  p l o t t e d .  I t  

i s  s e e n  t h a t

B = a r ” ®*^ r  ^  5 mm

B = a r  r < 5 m m
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1 V 2 0 0  n sec

Figure 5.13.

dBTemporal derivative of the magnetic field ^  

at r=l cm and irradiance 1=6 10 W cm ^



—1 6 1  —

O

in
CO

o

o

"U

in

CM

i!
iTvl

Si

te6
•xiiH
Q)•H

0 
•H■PQ)Pto
1

MQ}(DA
0>
+3
d
CD
Q)
3

+3
<D

do
•H
- P
q)

<D

" d

.42
to

ncj
■P
d

«H-H

t)

IcJ
I

• :. ( ' 9 'M )  8  i> : 

pP!d oueuSbj ĵ
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CHAPTER 6  

DISCUSSION OF EXPERIMENTAL RESULTS

6 .1  INTRODUCTION

M easurem ents o f  th e  r a d i a t i o n  s c a t t e r e d  a s  a  r e s u l t  

o f  CO2  l a s e r  r a d i a t i o n  i n t e r a c t i n g  w i th  a  dense  plasm a 

were d e s c r i b e d  in  t h e  p r e v io u s  c h a p t e r .  I t  was seen  t h a t  

t h e r e  were s t r o n g  f e a t u r e s  a t  CJ^, 2 U  ̂ and b u t  a l s o

th e  sp e c tru m  a t  2 0̂^ was accom panied  by a  s a t e l l i t e .

The s i g n i f i c a n c e  o f  th e  m easurem ents made on th e s e  

s p e c t r a  and t h e i r  r e l a t i o n  w i th  p a r a m e t r i c  p ro c e s s e s  

o c c u r r in g  in  th e  p lasm a w i l l  now be d i s c u s s e d .  M easurements 

o f  t e m p e r a tu r e  and m a g n e tic  f i e l d  w i l l  be used  in  i n t e r 

p r e t i n g  t h e  r e s u l t s .

6 .2  REFLECTED RADIATION

I t  was seen  in  C h ap te r  5 t h a t  1h e b ack  s c a t t e r e d  

i n t e n s i t y  was c o n s id e r a b ly  low er in  th e  harm onics th a n  a t  

t h e  i n c i d e n t  f r e q u e n c y .  By t a k i n g  i n t o  c o n s id e r a t i o n  d e t e c t o r  

r e s p o n s i v i t y  and th e  a t t e n u a t i o n  f a c t o r  o f  th e  f i l t e r s  f o r  

each  w a v e le n g th ,  t h e  i n t e n s i t i e s  o f  t h e s e  harm onics a r e  se e n  

t o  v a ry  a s : -

I  ( i n c i d e n t )  I  ( r e f l e c t e d )  I 3  ^

2

1  0 . 1  1 0 ” ^ 1 0 “ ®
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B efo re  s tu d y in g  th e s e  c o n v e r s io n  r a t i o s  i n  d e t a i l ,

i t  i s  v a lu a b le  t o  exam ine t h e  r e f l e c t i v i t y  i n t e g r a t e d

o ver  a l l  w a v e le n g th s .  In F ig u re  6 .1  th e  r a t i o  o f

r e f l e c t e d  t o  i n c i d e n t  en e rg y  i s  p l o t t e d  a g a i n s t  i r r a d i a n c e .

I t  i s  seen  t h a t  th e  r e l a t i o n  i s  non m ono ton ie . A l a r g e

p a r t  o f  t h e  en e rg y  i s  r e f l e c t e d  back  a t  t h e  f x e q u e n c y u j ^ ,

when t h e  i r r a d i a n c e  i s  low , r e a c h in g  a  maximum a t  7 . 1 0 ^
_ 2

W cm . The r e f l e c t i v i t y  th e n  f a l l s  t o  a  few p e r c e n t  a t

10 —2an  i r r a d i a n c e  o f  2  x 1 0  W cm” .

A lso  in  F ig u re  6 .1  i s  a  cu rv e  show ing th e  r e f l e c t i v i t y

e x p e c te d  i f  th e  o n ly  p r o c e s s e s  o c c u r r in g  a r e  i n v e r s e

B re m s s tra h lu n g ,  a c c o rd in g  t o  th e  e q u a t io n  g iv e n  by Dyer

e t  a l  (1 9 7 4 ) .

-3  .  3
R = exp ( - 1 .8  . 10  ^ Z l n A L / . 2  )

w here Z i s  th e  av e rag e  c h a rg e  o f  t h e  io n s  

'X i s  t h e  l a s e r  w av e len g th  

T i s  t h e  e l e c t r o n  te m p e ra tu re  

L i s  th e  d e n s i t y  s c a l e  l e n g th  

In  .A. i s  t h e  coulomb lo g a r i th m

Comparing th e  two c u rv e s  i n d i c a t e s  t h a t  o th e r  p r o c e s s e s

o c c u r .  I t  w i l l  be seen  in  s e c t i o n  6 .3  t h a t  a  p a r a m e t r i c

p r o c e s s  e x i s t s  which has a  t h r e s h o l d  i r r a d i a n c e  o f  2 . 2  1 0 ^^

W cm”^ and i s  r e s p o n s ib le  f o r  r e f l e c t i n g  a  l a r g e  proportion

o f  t h e  i n c i d e n t  e n e rg y .  The te m p e ra tu re  h a s  been  d e te rm in e d

i n  s e c t i o n  5 .6 .  However, t h i s  does n o t e x p la in  r e f l e c t i o n

10 —2
a t  an  i r r a d i a n c e  o f  l e s s  th a n  10 W cm .
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10 —2The f a l l i n g  r e f l e c t i v i t y  above 10 W cm i n d i c a t e s  

t h a t  t h e r e  i s  anom alous a b s o r p t io n .

6 .3  BA.CKSCA.TTERED RA.DIATION AT

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

r a d i a t i o n  and i r r a d i a n c e  w i th  a  s p e c t r o m e te r  h a s  b een  se e n  

in  F ig u re  5 . 1 .  The r e s u l t s  have been  u sed  t o  c a l c u l a t e  a  

c o n v e r s io n  r a t i o  w hich i s  p l o t t e d  i n  F ig u re  6 .2 .  The 

s c a t t e r i n g  a t i s  a t t r i b u t e d  t o  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 ,  a s  d e s c r ib e d  in  s e c t i o n  2 . 5 .

The b a c k s c a t t e r e d  i n t e n s i t y  v a r i e s  w i th  t h e  i n c i d e n t  

i r r a d i a n c e  a s

^sc ^ o

1 0  —2  
f o r  th e  i r r a d i a n c e  below  1 0  W cm"

=  1.2

and above t h i s  i r r a d i a n c e

= 0 .7

showing t h a t  t h e r e  i s  a  t r a n s i t i o n  from  one p r o c e s s  t o

10 —2a n o th e r  a t  a b o u t  2 x 10 W cm

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

d e v e lo p  i s  g iv en  by N ish ikaw a(1968) as

I t h  «  1 . 7  X 10^ (104 /T g)5  W cm-2

u s in g  t h e  v a lu e  o f  te m p e ra tu re  g iven  from  X -ray  m easurem ents 

Tq = 400 eV and  th e  e l e c t r o n  d e n s i ty  a t  t h e  t u r n i n g  p o in t
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2
cos  0 (Thomson e t  a l  (1975) )

where 0 i s  t h e  i n c i d e n t  a n g le .  The s p e c i f i c a t i o n  o f  th e

le n s  u sed  g iv e s  a  maximum a n g le  o f  7 .6  d e g r e e s .  The

O —P
th r e s h o l d  i r r a d i a n c e  would be I t h  ~  9 x 10 W cm” w hich

i s  in  r e a s o n a b l e  agreem ent w i th  th e  e x p e r im e n ta l  v a lu e .

10 _2
I t  i s  n o t i c e a b l e  t h a t  below  10 W cm th e  a b s o r p t i o n  o f  

t h e  l a s e r  r a d i a t i o n  i s  due t o  i n v e r s e  B re m ss tra h lu n g  w hich  

s a t u r a t e s  n e a r  t h i s  v a lu e .  Above t h i s  v a lu e  th e  a b s o r p t io n  

i n c r e a s e s ,  w hich  i s  p o s s i b l y  due t o  e x c i t a t i o n  o f  o th e r  

p a r a m e t r i c  p r o c e s s e s .

6 .3 .1  D isp lacem en t o f

I t  i s  n o t i c e a b l e  from F ig u re  5 .3  t h a t  th e  p r o f i l e  o f  

b a c k s c a t t e r e d cJ q d i s p l a c e d  to w ard s  r e d  from  t h e  o r i g i n a l  

v a lu e  o f  WQ.

A c c o rd in g  t o  t h e  th e o r y  o f  B r i l l o u i n  s c a t t e r i n g ,  th e  

d is p la c e m e n t  to w ard s  low er f r e q u e n c ie s  i s  due t o

s c a t t e r i n g  from  an io n  a c o u s t i c  wave. The d is p la c e m e n t  

o f  t h e  b a c k s c a t t e r e d  r a d i a t i o n  lOq i s  shown i n  F ig u re  5 . 5 . 

The d i s p l a c e d  v a lu e  o f  W -  i s  g iv en  by t h e  d i s p e r s i o n  

r e l a t i o n  f o r  io n  a c o u s t i c  w aves, i e : -

s

A ^  ^
OJ.

and  2

o

I t  i s  th e n  p o s s i b l e  t o  e s t im a te  th e  t e m p e r a tu re  o f  th e  

p lasm a from  t h e  d i s p la c e m e n t , s in c e  C^- [ • -j . The
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G Stim ated  te m p e r a tu re  i s  a l s o  p l o t t e d  in  F ig u re  6 . 3 .  It 

i s  seen  t h a t  t h e  te m p e ra tu re  v a r i e s  a s

Tg c* jO.46

i e  a  much s lo w e r  i n c r e a s e  t h a n  m easured by t h e  X -ray  

a b s o r p t io n  t e c h n iq u e ,  which gave : -

o.7o

6 .4  THE SECOND H^FMONIC FEATURE

A spectral profile of the second harmonic radiation

of the incident laser and its  structure was shavn in Figure

5 .0 ,  where i t  was s e e n  t h a t  t h e  s t r u c t u r e  c o n s i s t s  o f  a

c e n t r a l  f e a t u r e  d i s p l a c e d  to w a rd s  lo n g e r  w a v e le n g th s  from
o

the original 2 by about 120 A. This main feature is  also
o

b ro ad en ed  by up t o  120 A (FWHM). There i s  a  s h o u ld e r

to w ard s  t h e  r e a l  s i d e  o f  t h i s  f e a t u r e  s t a r t i n g  a t  ab o u t 
o

200 A from  th e  c e n t r a l  f r e q u e n c y .  D is p la c e d  by a b o u t  0 .0 1  

/ra to w ard s  lo n g e r  w a v e le n g th  from  th e  main f e a t u r e  t h e r e  i s  

a  s a t e l l i t e

E x p e r im e n ta l  o b s e r v a t io n  o f  e m is s io n  from  a  l a s e r  

p ro d u ced  p lasm a n e a r  th e  seco n d  harm onic o f  t h e  l a s e r  

f re q u e n c y  shows a  sp e c tru m  w hich  b ro ad en ed  and s h i f t e d  

to w a rd s  t h e  r e d  s i d e  o f  t h e  o r i g i n a l  ha rm on ic . Bobin e t  

a l  (1 9 7 5 ) ,  B u rn e t te  e t  a l  (1977) and Key e t  a l  (1 9 7 7 ) .
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6 .4 .1  The I n t e n s i t y  o f  t h e  Second Harmonic 2

I t  i s  seen  from  s e c t i o n  5 .4  t h a t  t h e r e  i s  a  l i n e a r  

r e l a t i o n s h i p  be tw een  th e  l a s e r  i r r a d i a n c e  and th e  b a c k -  

s c a t t e r e d  i n t e n s i t y  a t  2 W , w i th  a  t h r e s h o l d  o f  1 . 2  x 1 0  

W cm . P re v io u s  i n v e s t i g a t i o n s  have shown v a ry in g  r e l a t i o n 

s h ip s  be tw een  th e  s c a t t e r e d  e n e rg y  a t  2  and th e  i n c i d e n t  

l a s e r  i r r a d i a n c e  1 ^ . Eidraann and  S i g e l  (1975) found  a  

q u a d r a t i c  law . F abre  e t  a l  (1975) found  a  v a r i a t i o n  w i th

3ind t h e  r e s u l t  p u b l i s h e d  by  B a ld is  e t  a l  (1979) 

v a r i e d  a s

A b s o rp t io n  due t o  i n t e r a c t i o n s  has  been  shown by 

V inogradov and PustQ vdlov  (1973) t o  be p r o p o r t i o n a l  t o  th e  

r a d i a t i o n  f lu x ^  th e  maximum a b s o r p t i o n  o c c u r r in g  when

\  s in ^  6  = 0 .5  , ( 6 .1 )

G inzburg  (1964).

w here  8  i s  th e  a n g le  o f  i n c i d e n t  o f  t h e  r a d i a t i o n  a t  th e

p l a n e .  From th e  s p e c i f i c a t i o n  o f  th e  f o c u s s in g  le n s  t h i s

e q u a t io n  can be s a t i s f i e d  i f  th e  p lasm a d e n s i t y  s c a l e  l e n g th

i s  L = 440 yLlm,

I t  h as  b een  seen  i n  C h a p te r  2 t h a t  t h e  Langmuir wave

can  p ro d u ce  a  harm onic a t  2 ( a )  e i t h e r  by c o a le s c in g  w i th  a

t r a n s v e r s e  wave t 2  = t  + t ( ^  o r  w i th  a n o th e r  Langmuir

wave to  = t  (j + L. The m a tc h in g  c o n d i t io n s  f o r  cO and K 
^ o '

may be s a t i s f i e d  n e a r  t h e  c r i t i c a l  s u r f a c e  over a  v e ry  

s m a l l  r e g io n  o f  th e  p lasm a and  i n  th e  p re s e n c e  o f  io n  

a c o u s t i c  o s c i l l a t i o n s .  The c o n d i t i o n s  f o r  th e  e x i s t e n c e
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o f  a  p a r a m e t r i c  p r o c e s s  and  th e  t h r e s h o l d  c o n d i t io n s  a re  

g iv en  by R o sen b lu th  (1972) a s

o  X

Assuming a l i n e a r  d e n s i t y  g r a d i e n t

"  =  " o  ( 1  -  | )

w here n i s  th e  r e f r a c t i v e  in d e x

Z i s  th e  p e n e t r a t i o n  d i s t a n c e .

The r a y  p e n e t r a t e s  to  a  d i s t a n c e

Z = L (1 -  s i n  0 )

With t h e  f o c u s s in g  le n s  f 4 used t h e  maximum v a lu e  t h a t  9

c o u ld  t a k e  was 7 .6  d e g r e e s ,  th e n  t h e  v a lu e  o f  Z was 300

I t  has  been  seen  in  F ig u re  5 .7  t h a t  above*ah  i r r a d i a n c e  

11 —2o f  1 .2  . 1 0  W cm” th e  i n t e n s i t y  o f  2 i s  m o n o to n ic a l ly  

i n c r e a s i n g .  The c o n v e rs io n  r a t i o ,  e n e rg y  o f  2 / i n c i d e n t  • 

e n e r g y ,  i s  o b ta in e d  from  t h e  p l o t  o f  l 2 ^  a g a i n s t  i r r a d i a n c e  

i r r a d i a n c e  and i s  s h w n  in  f i g u r e  6 .4 . I t  i s  seen  t h a t  I 2  

v a r i e s  l i n e a r l y  w i th  Iq  f o l lo w in g  th e  r e l a t i o n ,

T ^  T 1-33

11 —2
s t a r t i n g  a t  t h r e s h o l d  v a lu e  o f  1 .2  x 10 W cm” *

Ü sing  th e  t h r e s h o l d  r e l a t i o n  f o r c J ^  g iv en  by L iu  (1976) 

f o r  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

w here  i s  t h e  th e rm a l  v e l o c i t y  and  Vq i s  t h e  q u iv e r



- 1 7 3 -

O

•O

*1
t!
\DI

I
(Dl 
V-il 
PI  ÜM 

•H I{z.1

3
CM

N
O
Vh

0)
u
c
ITS•H
V
fljU
u
M

(/)
>
o•H
-M
g
c
o•H
*4
Ù)
>
C

8

O T i e Z  U O T S J 0 A U O 3



- 1 7 4 -

v e lo c i ty ^  a  v a lu e  o f  th e  d e n s i t y  s c a l e  l e n g th  may be 

e s t im a te d  t o  be  L =510

The c o n d i t i o n s  f o r  optimum g e n e r a t io n  o f  t h e  seco n d  

harm onic i s  a f u n c t i o n  o f  th e  i n c id e n t  a n g le  A cco rd in g

t o  E rak h in  t h e o r y  (1969) t h e  maximum i n t e n s i t y  o f  2 

a p p e a rs  i f

s i n ^  0 0 .5

The p lasm a d e n s i t y  s c a l e  l e n g th  d e te rm in e d  t o  be 

L — 3 7 0 Thi s  v a lu e  o f  s c a l e  l e n g th  i s  c o n s i s t e n t  w i th  

th e  r e s u l t  g iv e n  by o t h e r  w o rk e r s .

C o n d i t io n  o f  maximum a b s o r p t io n  440.

o f  S .B .S .  510

*' maximum g e n e r a t io n  f o r  2U) 370 

" ” " 3 /2  W 560 /tm

F ab re  e t  a l  (1976) 300 rn and  400yUj^

Tonon and Rabeau (1973) 100 M  ^

W alker e t  a l  (1978) 500 an d  600

The s t r a i g h t  l i n e  p l o t t e d  in  F ig u re  6 .5  on r e g r e s s i o n

f i t s .  For t h e  2 U l i n e  t h e  c o r r e l a t i o n  c o e f f i c i e n t  i s  fo u n d
2

t o  be 0 .9 5 6  , w hereas  i f  r e g r e s s i o n  on i s  c a l c u l a t e d  th e

c o r r e l a t i o n  c o e f f i c i e n t  f a l l s  t o  0 .8 6 8 .  We c o n c lu d e  t h a t

12f o r  an  i r r a d i a n c e  be tw een  t h e  t h r e s h o ld  v a lu e  and 1 0  

W cm"^ t h e r e  i s  an  a lm o s t  l i n e a r  r e l a t i o n s h i p  be tw een  

b a c k s c a t t e r e d  e n e rg y  a t  2 CV and th e  in c id e n t  i r r a d i a n c e .  

T h is  i s  p ro b a b ly  due t o  th e  f a c t  t h a t  t h i s  mechanism o c c u rs  

n e a r  t h e  c r i t i c a l  s u r f a c e  where ^ ^ p e  t h e r e  i s  a

ft

•I
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r e s o n a n c e  a b s o r p t io n  b e s i d e s  th e  two p lasm ons c o u p l in g  

w hich  g iv e s  th e  second  harm on ic  b a c k s c a t t e r e d o

6 .4 .2  D isp lacem en t o f  2  CJ

T h e o r e t i c a l  e x p l a n a t i o n s  o f  th e  main 2 u ? fe a tu re  have 

assumed t h a t  th e  second  harm onic  i s  t h e  r e s u l t  o f  th e  

i n t e r a c t i o n  o f  an incom ing  p h o to n  and a  p l a s mon p roduced  

n e a r  th e  c r i t i c a l  s u r f a c e ,  e i t h e r  by decay  i n s t a b i l i t y ,

Bobin e t  a l  (1973), o r  by  re s o n a n c e  a b s o r p t i o n ,  V inogradov 

and  P a s t  ova lov  973 ) .  Because s te e p e n in g  o f  th e  d e n s i t y  

p r o f i l e  o c c u rs  d u r in g  l a s e r  p lasm a i n t e r a c t i o n  th e  decay  

i n s t a b i l i t y  i s  i n h i b i t e d  and r e s o n a n t  a b s o r p t io n  becomes 

dom inant f o r  g e n e r a t in g  t h e  p lasm a wave n e a r  th e  c r i t i c a l  

s u r f a c e .

The e x p r e s s io n  d e r iv e d  by  S i l i n  f o r  th e  f re q u e n c y  s h i f t  

o f  2 CJg cau sed  by p a r a m e t r i c  r e s o n a n c e  and g iv en  by K rokhin  

(1975) i s

A (jJ = vTs

_ . 1

^ th  1  ^ o
+ -r

2

(6 . 6 )

w here  a r e  th e  io n  p lasm a  f re q u e n c y  and in c id e n t

l a s e r  f re q u e n c y  r e s p e c t i v e l y .  an d  Vq a r e  th e  e l e c t r o n

th e r m a l  and q u iv e r  v e l o c i t i e s  and C i s  th e  l i g h t  v e l o c i t y .

i s  t h e  d i f f e r e n c e  b e tw een  th e  l a s e r  f re q u e n c y  IOq and 

l o c a l  p lasm a f re q u e n c y  (Jp^ (Z) i n

(Z)

w i t h  Z b e in g  th e  c o o r d in a te  of t h e  p o in t  o f  i n t e r a c t i o n  i n  

t h e  l i n e a r  d e n s i t y  p r o f i l e .  Then
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% e  (Z) =

and Z i s  th e  l o c a t i o n  o f  th e  f i r s t  f i e l d  maximum. 

Hence, from  G inzburg (1961)

' AZ = 1 .0 2

where L i s  th e  e l e c t r o n  d e n s i t y  s c a l e  l e n g th .  In e q u a t io n  

( 6 . 6 ) th e  f i r s t  te rm  i s  e q u a l  t o  KCg s in c e  th e  wave number 

i s  >[3* f M elrose  and S ten h o u se  (1 9 7 9 ) .  The second

term  i s  a  c o r r e c t i o n  f o r  th e  d i s p la c e m e n t  o f  th e  t u r n i n g  

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

S in ce  th e  i n t e r a c t i o n  i s  e x p e c te d  to  t a k e  p la c e  n e a r  

t o  t h e  c r i t i c a l  d e n s i t y  s u r f a c e  a  c o r r e c t i o n  must be made 

f o r  th e  r e f r a c t i v e  index  n (Z) o f  th e  p la sm a . Then

^ C J =  - - f -  4 c4 , - ( 6 . 8 )
n (Z) Wq

V alues o f  th e  d e n s i t y  s c a l e  l e n g th  in  p lasm as p roduced  

by COg l a s e r s  have been d e te rm in e d  e x p e r im e n ta l ly  a s  1 0 0  yum 

Tonon and Rabeau (1973), 500 and 6 0 0 Wal ker  e t  a l  (1978), 

o r  o b ta in e d  from th e  i r r a d i a n c e  a t  t h e  t h r e s h o l d  o f  th e  

p a r a m e t r i c  p r o c e s s e s  a s  440 and 5 6 0 }^ ^ »  I t  w i l l  be  seen  

i n  s e c t i o n  6 .4  t h a t  a  v a lu e  o f  5 0 0 may b e  d e r iv e d  from  

t h e  t h r e s h o l d  v a lu e .  The te m p e ra tu re  used  f o r  t h i s  p u rpose  

i s  th e  one m easured in  s e c t i o n  5 .6 .  I t  i s  se e n  i n  F ig u re  

6 . 6  t h a t  t h e  r e s u l t i n g  l i n e  f a l l s  v e ry  c lo s e  t o  th e  e x p e r i - ^  

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

The d isp la c e m e n t  i s  s e e n  i n  e q u a t io n  (6 . 6  ) t o  be 

d ep en d en t on te m p e ra tu re .  The e s t im a te d  d is p la c e m e n t  i s
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dependent, t o  a  l e s s e r  e x t e n t ,  on th e  p o s i t i o n  o f  t h e  i n t e r 

a c t i o n  in  th e  p la sm a , a l th o u g h  t h e  v a lu e  o f  t h e  r e f r a c t i v e  

index  i s  r a t h e r  c r i t i c a l .  I t  sh o u ld  be  n o te d  t h a t  t h e  

d e n s i t y  a t  t h e  d e r iv e d  v a lu e  o f  Z i s  c o n s id e r a b ly  l e s s  

th a n  th e  c r i t i c a l  d e n s i t y .

6 .4 .3  L ine  Shape

I t  i s  n o t i c e a b l e  t h a t  t h e r e  d s  a  s h o u ld e r  to w a rd s  th e

r e d  s i d e  o f  th e  o r i g i n a l  second  harm onic l i n e  w hich  s h i f t s  
o

by up t o  20 0 A from  t h e  2 I t  i s  assumed by C a irn s  (1979)

t h a t  t h e  s p e c t r a l  b ro a d e n in g  and  s h i f t  i s  seen  i n  second  

harm onic e m is s io n  i f  t h e  p lasm a waves a r e  e x c i t e d  by  

re so n a n c e  a b s o r p t io n  n e a r  t h e  c r i t i c a l  s u r f a c e .  I f  t h e  io n  

a c o u s t i c  wave w hich must p ro p a g a te  ou tw ards t o  g iv e  a  r e d  

s h i f t  h a s  a  w a v e len g th  c lo s e  t o  th e  w a v e le n g th * o f  a  p lasm a 

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

t r a n s f e r  e n e rg y  e f f e c t i v e l y  i n t o  low er f re q u e n c y  modes and 

th e  en v e lo p e  o f  th e  r e s u l t i n g  mode i n t e n s i t i e s  b e a r s  a  c lo s e  

re se m b la n ce  t o  th e  e x p e r im e n ta l  o b s e r v a t io n s .

A n o th e r  e x p la n a t io n  o f  t h i s  s h o u ld e r  i s  p ro b a b ly  due 

t o  s u p e r - e l a s t i c  s c a t t e r i n g  $ which c o n s i s t s  o f  f o u r  waves 

c o u p l in g ,  w hich means t h a t  t h e  b a c k s c a t t e r e d  seco n d  harm onic  

2 cJ i s  s h i f t e d  to  th e  r e d  from  th e  o r i g i n a l  2  by f re q u e n c y  

e q u a l  2  where i s  th e  io n  a c o u s t i c  wave.

2  Ul = 2  COq -  2

T his  may be p o s s i b l e ,  s in c e  i f  we ta k e  t h e  s h i f t  o f  t h e  s h o u l 

d e r  from  t h e  o r i g i n a l  l i n e  and ta k e  i n t o  a c c o u n t  th e  D oppler



—1 8 0 -

s h i f t  to w ard s  b l u e .  T h is  s h i f t  i s  n e a r ly  tw ic e  t h e  

s h i f t  o f  th e  main 2  W l i n e  from  th e  same r e f e r e n c e  2  

T his  was e x p la in e d  by Bobin (1975) a s  a  r e s u l t  o f  two 

e l e c t r o n  t e m p e r a tu r e  c o ld  and ho t e l e c t r o n s .

6 .4 .4  C o n t r ib u t io n  o f  D oppler Shi f t

The ha rm on ic  l i n e  i s  d i s p l a c e d  from  th e  p r e c i s e  v a lu e  

o f  2 i O ^  (5.3yUjjj) to w a rd s  t h e  r e d ,  w hich  i s  due t o  an  i n t e r 

a c t i o n  w i th  an  io n  a c o u s t i c  wave. However, t h e  p lasm a  i s  

ex p an d in g , c a u s in g  t h e  i n t e r a c t i o n  r e q u i r e d  t o  t r a v e l  

tow ards  th e  l a s e r ,  r e s u l t i n g  in  a  d is p la c e m e n t  to w ard s  

s h o r t e r  w a v e le n g th s  due to  a D oppler s h i f t .  An e s t im a te  

was made o f  t h e  p lasm a v e l o c i t y  i n  th e  i n t e r a c t i o n  r e g i o n ,  

assum ing  t h a t  t h e  t h r e s h o l d  i r r a d i a n c e  f o r  t h i s  i n t e r a c t i o n  

i s  a p p ro x im a te ly  e q u a l  t o  th e  lo w es t i r r a d i a n c e  â t  w hich 

t h e  2  u)^ sp ec tru m  i s  o b se rv e d ,  Lee e t  a l  (1974 ). The 

f re q u e n c y  o f  t h e  r a d i a t i o n i n c i d e n t  on th e  p lasm a  

moving w ith  v e l o c i t y  V s u f f e r s  a  L o re n tz ia n  d is p la c e m e n t  t o

W o = Wq •j' (1 + ^  )

2  i
where ^  = V / q  and ^  = ( 1  -  ^  )

T h is  r a d i a t i o n  p ro d u c e s  a  dou b led  f re q u e n c y  2 w i th in  

th e  plasm a w h ich , i n  t u r n ,  r a d i a t e s  a t  a  f re q u e n c y  2

In  t h e  l a b o r a t o r y  fram es  of r e f e r e n c e ,  t h e  f r e q u e n c y  

m easured  i s  2  where

2  4 ) = 2  bJ* ( 1  - / )

w i th  m atch ing  2  t o  2  le a d s  t o  a  v a lu e  f o r  ^
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.  _ _A_____
^ 4 H- Zi CD

A  60 = 2 W -  2 cVo o

and A  ^  ~  A  ^
v a lu e s  o f  th e  p lasm a v e l o c i t y  were assumed to  g e t  th e

c o r re s p o n d in g  v a lu e  o f  AX« The maximum v a lu e  a t  lO^cm s ^ 
o

i s  ^  29 A, which i s  s m a l l  compared w ith  th e  re d  s h i f t  

i n  th e  2  sp ec tru m .

6 .4 .5  The S a t e l l i t e  F e a tu r e

I t  was seen  in  t h e  p r e v io u s  s e c t i o n  t h a t  t h e  d i s 

p lacem en t o f  th e  2  f e a t u r e  was f i t t e d  c l o s e l y  by a  

t h e o r y  due t o  S i l i n .  We now examine th e  f e a t u r e  AoJc>

In F ig u re  5 .  g t h e  d is p la c e m e n t  o f  A cJ from 5 .3 2  

i s  p l o t t e d  a g a in s t  t h e  i r r a d i a n c e  a lo n g  w i th  th e  d i s p l a c e 

ment o f  th e  main f e a t u r e  2C J^. A d isp la c e m e n t  from 5 .3  t o  

5 . 4 ^  fn i s  e q u iv a le n t  t o  AW 10^^ r s " ^ .  I t  i s  seen  t h a t

b o th  d is p la c e m e n ts  Have a  f i n i t e  v a lu e  a t  th e  i r r a d i a n c e

11 —2
t h r e s h o l d  fo r  2CJ<—̂ 1 .2  x 10 W era , The r e l a t i v e  

i n t e n s i t y  o f  th e  AW f e a t u r e  i s  p l o t t e d  in  F ig u re  5.JQ .

I t  becomes a p p a re n t  above t h e  t h r e s h o l d  f o r  2 W b u t  

e x t r a p o l a t i o n  from a  r e g r e s s i o n  w i th  Ig  th e  e x p e r im e n ta l  

p o i n t  does n o t  p e rm it  a  t h r e s h o l d  f o r  d c J to  be  d e te rm in e d .  

T h is  s a t u r a t i o n  cou ld  be due t o  i n v e r s e  B rem ss trah lu n g  

a b s o r p t io n  o f  th e  back  s c a t t e r e d  AcjL

T his  f e a t u r e  i s  n o t  i n  f a c t  p roduced  by th e  d i f f r a c t i o n
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g r a t i n g .  The monochromator was a l i g n e d  f o r  2 t o  f a l l  

i n  t h e  f i r s t  o r d e r .  Hence, t h e  4 harm onic  i n  t h e  second  

o rd e r  would o v e r l a p .  However, B a ld is  e t  a l  (1979) have 

shown t h a t  th e  i n t e n s i t y  o f  4 i s  two o r d e r  o f  m agnitude  

s m a l l e r  th a n  th e  i n t e n s i t y  o f  2  CJ^ i n  a  CO^ l a s e r  p lasm a 

i n t e r a c t i o n .  The d i f f e r e n c e  i n  i n t e n s i t i e s  o f  2 and 

A  W h e re  i s  abou t 1 . 5 .  The A  W f e a t u r e  i s  n o t  a 

g r a t i n g  g h o s t ,  s in c e  n o th in g  i s  o b se rv e d  n e a r  t o  u)q when 

t h e  i n c i d e n t  l a s e r  r a d i a t i o n  was r e s o lv e d  by th e  s p e c t r o 

g ra p h .

K ruer and E s tab ro o k  (1977) show t h a t  s e l f  g e n e ra te d  

m ag n e tic  f i e l d  can  in t r o d u c e  l i g h t  a b s o r p t i o n  and harm onic 

g e n e r a t i o n .  The a b s o r p t io n  and harm onic  g e n e r a t io n  o ccu r  

due t o  e l e c t r o s t a t i c  waves r e s o n a n t l y  g e n e ra te d  by t h e  

o s c i l l a t i o n  o f  e l e c t r o n s  d r iv e n  by t h e  Vq x Bq/O  f o r c e  

where i s  t h e  q u iv e r  v e l o c i t y  o f  an  e l e c t r o n  i n  th e  

l a s e r  l i g h t  f i e l d  and Bq i s  t h e  s e l f  g e n e ra te d  m ag n e tic  

f i e l d .  This k in d  o f  re so n a n c e  a b s o r p t io n  o c c u rs  even  f o r  

norm al in c id e n c e  i n  th e  c o n d i t i o n  o f  where

i s  t h e  e l e c t r o n  c y c lo t r o n  f r e q u e n c y .

In  F ig u re  5 . 8  t h e  d is p la c e m e n t  o f  t h e  s a t e l l i t e  l i n e  

A CO i s  e q u iv a le n t  t o  ab o u t  B Or 4 x 10^ Gauss.

M easurem ents o f  t h e  m ag n e tic  f i e l d  w ere d i s c u s s e d  i n  

s e c t i o n  5 .7 . By e x t r a p o l a t i o n ,  t h e  f i e l d  may be e s t im a te d  

a t  v a r io u s  p o s i t i o n s  w i th in  t h e  p lasm a and i t s  v a r i a t i o n  

w i th  i r r a d i a n c e  d e te rm in e d .  P lo t s  o f  th e  d is p la c e m e n t  due 

t o  t h e  c y c lo t r o n  f re q u e n cy  i n  t h e  v i c i n i t y  o f  300/4%^ and 

4 0 0 / 4 ^  from  th e  t a r g e t  a r e  shown i n  F ig u re  5 , g . The d i s -
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p lacem en t e q u iv a l e n t  t o  r e a c h e s  v a lu e s  s i m i l a r  t o

th o s e  o f  A b u t  i n c r e a s e s  much more r a p i d l y .

G e n e ra l ly  th e  s a t e l l i t e  l i n e  i s  s h i f t e d  from th e  main 

l i n e  a t  2 Wg by f r e q u e n c y  which was to o  l a r g e  t o  be  con

s i d e r e d  a s  b e in g  due to  io n  a c o u s t i c  w aves. T h is"m a g n e t ic  

f i e l d  e f f e c t  may have been  o b se rv e d  by Bobin (1977).

6 . 5  HARMONIC GENERATION A T  f

I t  has  been seen  in  C h ap te r  5 t h a t  t h e  i n t e n s i t y

b a c k  s c a t t e r e d  in  th e  form  o f  ^  ^ i s  ab o u t 1 0 ~^ o f  th e

i n c i d e n t  l a s e r  i r r a d i a n c e .  F ig u re  5 .11  shows a l s o  the

r e l a t i o n  be tw een  th e  i r r a d i a n c e  and th e  b ack  s c a t t e r e d

3  . .
2 ^ 0 * s t r a i g h t  l i n e  i s  a  r e g r e s s i o n  p l o t  which g iv e s

11 2a  t h r e s h o l d  o f  1 x 10 W/cra . T here  i s  a  r a p id  i n c r e a s e

11o f  t h e  b a c k  s c a t t e r e d  r a d i a t i o n  a t  low i r r a d i a n c e  1  -  4  x  1 0  
1

W/cra a f t e r  w hich s a t u r a t i o n  o c c u r s .

3
The harm onic g e n e r a t io n  ^ r e s u l t s  from  t h e  s c a t t e r i n g

o f  t h e  i n c i d e n t  l a s e r  wave on p lasm ons o f  f re q u e n c y

These plaismons may r e s u l t  from  two p lasm a  decay  o r  from

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

f o r  two p l a s mon p a r a m e t r ic  p r o c e s s e s  g iv e n  by R o sen b lu th

f o r  an  inhomogeneous p lasm a i s

2
2  2  I L  vv 1

TT —  ^

f o r  p lasm a te m p e ra tu re  o f  500 eV and p lasm a s c a l e  l e n g th

o f  600 The i r r a d i a n c e  t h r e s h o l d  c a l c u l a t e d  f o r  t h i s

11 2r e s u l t  i s  1 . 4  x 10  W/cra , which i s  i n  good agreem en t w i th  

t h e  e x p e r im e n ta l  v a lu e .  For t h e  Raman i n s t a b i l i t y  t h e
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t h r e s h o l d  i r r a d i a n c e  would be  1 .2  10^^ W cm"^ f o r  t h e s e  

v a lu e s  o f  te m p e ra tu re  and s c a l e  l e n g th .

The s p e c t r a l  p r o f i l e  was n o t d e te rm in e d .

6 . 6  ELECTRON TEMPERATURE

In d ep en d en t m easurem ents  o f  the t e m p e r a tu re  made w i th  

t h e  a id  o f  an  X -ray p in h o le  cam era ( s e c t i o n  5 . 6 ,  F ig u re  5 .1 0 )  

a r e  com pared w i th  th e  e s t i m a t i o n  o b ta in e d  from  th e  d i s p l a c e 

ment o f  t h e  r a d i a t i o n  b a c k s c a t t e r e d  a t  u) q . The a s su m p tio n ,  

i n c lu d in g  th e s e  e s t i m a t i o n s ,  was g iv en  i n  s e c t i o n  6 . 3 .

I t  i s  seen  in  F ig u re  5 .1 2  t h a t  t h e  v a lu e  o f  X -ray  

te m p e r a tu r e  v a r i e s  w ith  th e  i r r a d i a n c e  a s  T^ 

w h e r e a s c th a t  from  th e  B r i l l o u i n  p r o c e s s e s  i s  T^ oc l i n ^ ’"^^-

K rokhin  (1965) and CarusO e t  a l  (1966) s e t  up a  one 

d im e n s io n a l  p la n e  a p p ro x im a t io n  w hich  l e a d s  t o  a  r e l a t i o n s h i p  

be tw een  t h e  te m p e ra tu re  and th e  i r r a d i a n c e  on th e  p lasm a a s

where t  i s  t h e  l a s e r  p u l s e  d u r a t i o n  t im e  and I  i s  th e  

i r r a d i a n c e .  The c o n s ta n t  o f  p r o p o r t i o n a l i t y  i s  d e te rm in e d  

from  t h e  a b s o r p t io n  c o e f f i c i e n t .  T his  model may n o t  be 

a p p l i c a b l e  f o r  a lo n g  d u r a t i o n  p u ls e  b e c a u se  t h e  e x p a n s io n  

o f  th e  p lasm a  i s  t h r e e  d im e n s io n a l .  A ls o ,  t h e r e  i s  a  r e 

duced  v a lu e  o f  th e  a b s o r p t io n  c o e f f i c i e n t .  T h e o r e t i c a l  

models t r e a t i n g  t h i s  s a t u r a t i o n  have b een  d ev e lo p ed  by 

Bqfsov e t  a l  (1968) and Pud.1 (1970), l e a d in g  to

In t h i s  c a s e  th e  tim e  d u r in g  which a  p lasm a i s  b e in g  h e a te d
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i s  r /V th  w here r  i s  t h e  l o c a l  s p o t  r a d iu s  and i s  t h e

th e rm a l  f lo w  v e l o c i t y .  Bobin e t  a l  (1969) o b t a in  a  

r e l a t i o n s h i p  a s

Te ^

In  t h e  e l e c t r o n  te m p e r a tu r e  v a lu e s  deduced from  X -ra y  

a b s o r p t io n  i n  t h i n  f o i l s  t h e  d ia m e te r  o f  th e  X -ray  e m i t t i n g  

r e g io n  o f  th e  p lasm a was deduced  from  a p in h o le  p h o to g ra p h ,  

a s  shown in  F ig u re  3 .1 5 .  The d ia m e te r  e m i t t i n g  from  th e  

r e g io n  i s  be tw een  150 -  180 yum, .

The e l e c t r o n  te m p e ra tu re  o b ta in e d  from  X -ray  m easu re 

ment shows n e a r l y  th e  saune b e h a v io u r  as t h a t  g iv e n  from  

th e  r e d  s h i f t .

Two r e g io n s  o f  e l e c t r o n s  o b se rv e d  by Gitomer and 

Henderson (1979) fo l lo w  >:

= c o n s t  ( I

w i th  d = 0 .6 7  I  1 0 ^ 5

o r  d = 0 .2 5 , I  }  10^^

T^ i s  backg round  e l e c t r o n  te m p e ra tu re  n e a r  t o  th e  

c r i t i c a l  s u r f a c e

0 .2 5  <  d <  0 .3  0 .33  <  q < 0 . 5 0

1  = W  yŴ cm“^

6 .7  MAGNETIC FIELDS

The m agnetic  f i e l d  shown in  F ig u re  5 .13  was se e n  and
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c o n ta in s  t h r e e  com ponen ts , ( 't Ve) B2  ( -  Vg ) and B3  {& v̂ ) .

The B  ̂ com ponents have a  f a s t  r i s e  t im e  and f a s t  d ecay

f o l lo w in g  th e  l a s e r  p u l s e .  The m ag n e tic  f i e l d  component i s  

th e n  e x p la in e d  a s  t h e  co n seq u en ces  o f  a  c u r r e n t  f lo w in g  

from  t h e  t a r g e t  to w a rd s  th e  p ro b e .  The second  s i g n a l  

goes n e g a t iv e  and may be a t t r i b u t e d  t o  f a s t  i o n s .  The 

t h i r d  component B3  may be  due t o  slow  e l e c t r o n s .  The 

m ag n e tic  f i e l d  d e te rm in e d  a t  v a r io u s  d i s t a n c e s  T from  t h e  

t a r g e t  was shown in  F ig u re  5 A 4 . The maximum m ag n e tic  f i e l d  

in  t h i s  c a se  i s  -2 :: 10 KG.

The s a t u r a t i o n  f i e l d  m agnitude  g iv e n  by Max e t  a l  (1978)

( A v ) ^

where L i s  t h e  p lasm a s c a l e  l e n g t h .  V alues of t h i s  f i e l d

a r e  p l o t t e d  i n  F ig u re  6 .7  and  i s  s e e n  t o  be  in  good a g r e e 

ment w i th  t h e  e x p e r im e n ta l  v a l u e s .

From t h e  r e l a t i o n  w hich  h as  been  p l o t t e d  be tw een  th e  

peak  m ag n e tic  f i e l d  and t h e  i r r a d i a n c e  i t  was found  t h a t

B oc T^"^

s i n c e  T c< (X -ray )

Then B oC

In  F ig u re  5 .1 4  th e  peak  m ag n e tic  f i e l d  i s  p l o t t e d  

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

d i s t a n c e  r  from  t h e  f o c a l  s p o t .  I t  i s  n o t i c e a b l e  t o  

o b t a in  a  l i n e a r  r e g r e s s i o n  o f  B on v a r io u s  f u n c t i o n s  o f  

r ,  t h e  r e l a t i o n s h i p  o f  B t o  p  i s  p l o t t e d  in  F ig u re  5A.5 

I t  i s  seen  t h a t
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B = f o r r ^ S  mm

mm

These r e s u l t s  a r e  i n  a c c o rd a n c e  w i t h  t h o s e  o f  

K it igam a  e t  a l  (1979) and s u g g e s t  t h e  e x i s t e n c e  o f  a 

c u r r e n t  s h e e t  which t r a v e l s  a  maximum d i s t a n c e  o f  about  

5 mm from  t h e  t a r g e t  s u r f a c e  b e f o r e  d i s r u p t i o n .

Resonance a b s o r p t i o n  enhanced  by  e x i s t e n c e  o f  s e l f  

g e n e r a t i n g  m agne t ic  f i e l d l  In o r d i n a r y  r e s o n a n c e  (B = 0)  

and o b l i q u e  i n c i d e n t  w i th  p - p o l a r i z e d  component i n  t h e  

p l a n e  o f  i n c i d e n t  t h e  e l e c t r i c  f i e l d  o s c i l l a t e s  a lo n g  th e  

d e n s i t y  g r a d i e n t .  I f  m ag n e t ic  r e s o n a n c e  o c c u r s  even a t  

norm al i n c i d e n c e ,  t h e  t r a n s v e r s e  e l e c t r i c  f i e l d  o s c i l l a t e s  

n o rm a l ly  t o  t h e  d e n s i t y  g r a d i e n t ,  bu t  t h e  x Bq f o r c e  

in d u c e s  e l e c t r o n  o s c i l l a t i o n s  a lo n g  t h e  d e n s i t y  g r a d i e n t .

In  e i t h e r  c a s e ,  t h e s e  o s c i l l a t i o n s  a lo n g  t h e  d e n s i t y  

g r a d i e n t  p roduce  a cha rge  s e p a r a t i o n  and d r i v e  a p lasma 

wave.  T r a n s v e r s e  waves can p r o p a g a t e  up t o  t h e  a p p r o p r i a t e  

c u t - o f f  d e n s i t y  and t u n n e l  th ro u g h  t o  d r i v e  p lasma waves 

a t  t h e  r e s o n a n c e  d e n s i t y .  These waves a r e  t h e n  dampened 

w i t h  a  c o n se q u e n t  h e a t i n g  o f  t h e  p l a s m a . In t h i s  c a s e  

u p p e r  h y b r i d  waves may be in v o lv e d  i n  a  m a g n e t ic  r e s o n a n c e .  

T h is  c o u ld  e x p l a i n  t h e  l i n e a r  r e l a t i o n s h i p  o f  t h e  i n t e n s i t y  

of  2 caJq and j ^ o w i t h  t h e  l a s e r  i r r a d i a n c e .
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CHAPTER 7

CONCLUSIONS

The 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 s  d e s c r i b e d  h e r e  have

been c a r r i e d  out  w i th  a CO  ̂ l a s e r  which p r o v id e d  a r a t h e r

l a r g e  d u r a t i o n  p u l s e  and a range  o f  e n e r g i e s  from 1  t o  30

Jo u le s .  Only one m a t e r i a l ,  c a rb o n ,  has been  u sed  a s  a

t a r g e t ;  n e v e r t h e l e s s ,  t h e  r e s u l t s  g iv e  a  v a l u a b l e  i n s i g h t

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

r a d i a t i o n  w i th  a dense  p l a s m a . Most o f  t h e  e x p e r i m e n t a l

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

one or  two i n s t a n c e s  t h a t  f u r t h e r  th e o ry  needs  t o  be

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

th o s e  o f  o t h e r  w o rk e r s ,  o r  a r e  no t  c o n s i s t e n t  w i t h  e x i s t i n g

t h e o r y ,  e x p l a n a t i o n s  have been  p r o v i d e d .

Measurements o f  t h e  r a d i a t i o n  b a c k s c a t t e r e d  th ro u g h

t h e  f o c u s s i n g  l e n s  i n t e g r a t e d  over t h e  w a v e le n g th  range  ^

to  A/ 2  and t h e  d u r a t i o n  o f  t h e  l a s e r  p u l s e  e n a b le d  a

measurement o f  p lasma r e f l e c t i v i t y  t o  be made. I t  was

se e n  i n  F i g u r e  5 .1  t h a t  th e  r e f l e c t i v i t y  a t t a i n s  a  maximum

10 —2v a lu e  o f  52% a t  10 W cm . Below t h i s  v a l u e ,  t h e  b a c k -

1 2s c a t t e r e d  i n t e n s i t y  i n c r e a s e s  w i th  i r r a d i a n c e  a s  Ig^, oc "

1 0 —2Above 10 W cm" t h e  b a c k s c a t t e r e d  i n t e n s i t y  i n c r e a s e s

0 7r a t h e r  s lo w ly  a s  1^ " . The r e f l e c t i v i t y  f a l l s  from t h e  

maximum v a l u e  t o  10% a t  t h e  h igh  i r r a d i a n c e  o f  10^^ W cm 

I t  i s  co n c lu d e d  t h a t  anomoulous a b s o r p t i o n  accom panies  a 

p a r a m e t r i c  p r o c e s 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 ,  which
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1 0  —P
has a t h r e s h o l d  i r r a d i a n c e  o f  a b o u t  10 W cm" . Measure

ments o f  t h e  e l e c t r o n  t e m p e r a t u r e  s u p p o r t  the  view t h a t  

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

and a b s o r p t i o n  i s  c a u s e d  by i n v e r s e  B rem ss t rah lu n g  w hich  

f a l l s  t o  50% a t  an i r r a d i a n c e  o f  2 x 10^^ W cm"^. The 

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

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

10  —2mechanisms a r e  dominant  above 10 W cm" .

P a r a m e t r i c  p r o c e s s e s  have been  i n v e s t i g a t e d  m a in ly  

by o b s e r v in g  t h e  a s s o c i a t e d  s p e c t r a .  The i n t e n s i t i e s  

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

s c a t t e r e d  f r e q u e n c i e s  a r e  o f  the  o rd e r

u ,  1 0 - :

2  W, 1 0 "^

A lJ  s a t e l l i t e  1 0 "^

These f i g u r e s  c o n f i rm  t h a t  th e  dominant r e f l e c t i o n

p r o c e s s  i 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 .  The t h r e s h o l d

1 0  —2i r r a d i a n c e  f o r  S .B .S .  was found  t o  be 3 x 10 W cm , 

which  i s  two t im e s  h i g h e r  th a n  t h e  v a lu e  r e p o r t e d  by 

Yamanaka (1 977) .  An e s t i m a t e  o f  t h e  d e n s i t y  s c a l e  l e n g t h  

made from t h e  t h e o r e t i c a l  e x p r e s s i o n  f o r  t h e  t h r e s h o l d  

i n t e n s i t y  i s  510 which i s  p l o t t e d  i n  F ig u re  7 .1  and

i s  i n  good agreem ent w i th  v a lu e s  found by o th e r  w o rk e r s .

The d i s p la c e m e n t  of  t h e  b a c k s c a t t e r e d  w a v e le n g th  from



—191 —

mrH

o oo ooo o

CMtHo

o
rH

vO
Ch

nJ
+j
q;
Q)u

(2

e

x: m
+j -H
cn o
c c rH -—-
Q) 0) 00

rH rH N
3 o\

Q) o; «T3 tH
• rH rH (P '■—'

r4 ft5 X)• u Ü
N W) w (%

(U rH T3 +j
)4 +J (TÎ C (p
P •H H-> (TJ

r4 Ü tn c Mo •H C <D c (P
rH Du o; E o jt:

T) •H c f—(
M 0

tn CP H 3
E a
(/)
flj a © B
i-H

□



- 1 9 2 -

t h e  v a lu e  o f  t h e  o r i g i n a l  w a v e le n g th  o f  1 0 . 6  i s  r e l a t e d  

t o  t h e  f r e q u e n c y  o f  t h e  i o n  a c o u s t i c  waves d r i v e n  i n  th e  

p la sm a .  Then an e s t i m a t e  o f  t h e  e l e c t r o n  t e m p e r a t u re  may 

be made. The e l e c t r o n  t e m p e r a t u r e ,  so  d e r i v e d ,  i s  p l o t t e d  

a lo n g  w i t h  v a lu e s  d e r i v e d  f rom  measurements o f  t h e  X-ray  

continuum  a g a i n s t  i r r a d i a n c e  i n  F ig u re  7 . 2 . and compared 

w i t h  o t h e r  e x p e r i m e n t a l  v a l u e s .  The dependence  on

i r r a d i a n c e  i s  i n  th e  f o l l o w i n g  p r o p o r t i o n : -
I

B r i l l o u i n  s h i f t

0 .7
I  X - ray  measurement

Tg jO.67 Gitomer and Henderson

T^ Fabre  Hot

O 32 -
T^ Fabre  Cold

The agreem ent i s  s u f f i c i e n t l y  c l e a r  t o  s u p p o r t  t h e  a r g u e -  

ment t h a t  i s  s c a t t e r e d  by  an  io n  a c o u s t i c  wave t r a v e l l i n g  

th r o u g h  t h e  u n d e r -d e n se  p l a s m a .

The s t r u c t u r e  of t h e  b a c k s c a t t e r e d  r a d i a t i o n  a t  

f r e q u e n c y  2 oJwhich was shown i n  F ig u re  5 . 6  c o n s i s t s  o f  t h e  

main f e a t u r e  s h i f t e d  to w ard s  r e d ,  w i t h  a  s h o u ld e r  tow ards  

r e d  and a s a t e l l i t e  l i n e .  T h is  sp ec t ru m  p r o v i d e s  f u r t h e r  

e v id e n c e  o f  t h e  e x i s t e n c e  o f  io n  a c o u s t i c  waves n e a r  t o  

t h e  c r i t i c a l l y  dense  r e g i o n .  When th e  d i s p la c e m e n t  o f  t h e  

harmonic  from t h e  e x a c t  v a l u e  o f  2  cÔ  i s  compared w i th  t h e  

t h e o r y  which  a t t r i b u t e s  t h e  s h i f t  t o  s c a t t e r i n g  by an io n  

a c o u s t i c  wave ( S i l i n  (1965) ) ,  good agreem ent i s  fo und .
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The c a l c u l a t i o n s  r e q u i r e  t h e  v a lu e  o f  t h e  e l e c t r o n  

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

of  t h e  t u r n i n g  p o i n t .  These v a lu e s  were d e t e r m in e d  d u r in g  

t h e  c o u r s e  o f  t h e  e x p e r i m e n t s .  The i n t e n s i t y  o f  t h e  b ack -  

s c a t t e r e d  2 ^ v a r i e s  l i n e a r l y  w i t h  t l ie  i r r a d i a n c e ,  a r e s u l t  

which  i s  c o n s i s t e n t  w i th  t h e  t h e o r y  o f  Hammerling (1977) ,  

b u t  i s  n o t  i n  agreem ent w i th  t h e  e x p e r i m e n t a l  r e s u l t s  o f  

S i g e i  (1 9 7 5 ) ,  Fabre  (1975) o r  B a ld i s  (1 9 7 7 ) .  I t  i s  p o s s i b l e

t h a t  s l o p e  i s  l i n e a r  a t  7 x 10^^ ,  b u t  q u a d r a t i c  a t  h ig h e r

• 11 —Pi r r a d i a n c e .  The t h r e s h o l d  a t  1 . 5  x 10 W cm” i s  due t o

th e  two plasmon d e c a y .  An e s t i m a t e  was made o f  t h e  d e n s i t y

s c a l e  l e n g t h ,  and  a g a i n  i s  s e e n  i n  F ig u r e  7 .1  t o  a g r e e

r e a s o n a b l y  w e l l  w i th  t h e  r e s u l t s  o f  t h e  o t h e r  w o r k e r s .

The s h o u l d e r  o b se rv ed  to w ard s  th e  r e d  s i d e  o f  th e  main 

f e a t u r e  i s  i n  ag reem en t  w i t h  th e  o b s e r v a t i o n  o f  Bobin e t  

a l  (1 9 7 3 ) ,  B a r n e t t e t  a l  (1977) and Fabre (1 9 7 7 ) .  I t  may 

b e  due t o  f o u r  wave p r o c e s s e s .  More d a t a  a r e  r e q u i r e d  t o  

t e s t  t h i s  h y p o t h e s i s ,  and t o  compare w i th  t h e  p r e d i c t i o n s  

o f  C a i r n s  (1979) o r  Yamanaka (1974) .

The s a t e l l i t e  t o  t h e  2 harmonic  has  been  a t t r i b u t e d  

t o  t h e  p r e s e n c e  o f  t h e  u p p e r  h y b r id  f r e q u e n c y  (Maki and Niu 

(1979) )

UH =

However, when measurements o f  m ag n e t ic  f i e l d  a t  s h o r t  

d i s t a n c e s  from t h e  p lasma were u sed  t o  e s t i m a t e  t h e  c y c l o t r o n  

f r e q u e n c y  n e a r  t o  t h e  c r i t i c a l l y  dense  l a y e r ,  i t  was found 

t h a t  t h e  r a t e  o f  i n c r e a s i n g  o f  t h e  s a t e l l i t e  d i s p la c e m e n t
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w i th  i r r a d i a n c e  was t o o  low. A f u r t h e r  e x p l a n a t i o n  i s  

t h a t  a  p lasm a wave i s  d r i v e n  a t  a  d i s t a n c e

Z = 1 .0 3  f ^ )

The s a t e l l i t e  i s  t h e n  c a u s e d  by re so n a n c e  w i th  a  f r e q u e n c y  

(Ginzburg (1962) )

(Z) =

The s a t e l l i t e  sp e c t ru m  i s  t h e n  p roduced  b y -a  p r o c e s s  

T(^ujo^ + L(Vp) T ( 2 o J o )

r e s u l t i n g  i n  a d i s p la c e m e n t  A<^ =

A c o r r e c t i o n  needs t o  be made t o  th e  p lasm a p e r m i t t i v i t y  

which i s  n o t : -

Î -  :  -

b u t

-  (^ce )

I t  i s  i n t e r e s t i n g  t o  s e e  i n  F ig u re  5 . 1 0 .  t h a t  t h e  

i n t e n s i t y  o f  t h e  s a t e l l i t e  l i n e  when p l o t t e d  a g a i n s t  

i r r a d i a n c e  shows no t h r e s h o l d ,  a  r e s u l t  which i s  c o n s i s t e n t  

w i th  t h e  e x i s t e n c e  o f  p u re  r e s o n a n c e .

The o t h e r  harmonic  t h a t  was ob se rv ed  was b a c k s c a t t e r e d
q 11 _ 2
2 ^ 0  w i th  a t h r e s h o l d  i r r a d i a n c e  o f  1 .2  x 10 W cm” . The 

e s t i m a t e d  d e n s i t y  s c a l e  l e n g t h  o f  5 5 0 i s  a l s o  p l o t t e d  i n  

F ig u re  7 . 1 .
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The method o f  r e c o r d i n g  s p e c t r a  has d i s s u a d e d  us 

a g a i n s t  m easu r ing  t h e  l i n e  b r e a d t h  s in c e  t h e  o b se rv ed  

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

t h e  a v e ra g e d  e f f e c t  o f  d i s p l a c e m e n t . I t  i s  hoped t h a t  

f u t u r e  measurements w i l l  be p o s s i b l e  w i th  a sy s tem  w hich  

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

I t  a p p e a rs  t h a t  i s  a l s o  a t t r i b u t a b l e  t o  two

plasmon decay .

I t  has  been n o t i c e d  t h a t  t h e  r e d  s h i f t  o f  t h e  

fu n d a m e n ta l  and t h e  ha rm onic  2 u) b a c k s c a t t e r e d  i s  due 

m ain ly  t o  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  and  i s  d ep enden t  

on ion  mass .  By u s i n g  d i f f e r e n t  Z m a t e r i a l s ,  f u r t h e r  

i n f o r m a t i o n  a b o u t  t h e  m echan ics  o f  th e  s h i f t  may be 

o b t a i n e d .  A l s o ,  i t  would be  v a l u a b l e  to use  an i o n  

c o l l e c t o r  t o  know t h e  d e g r e e  o f  i o n i z a t i o n  which g iv e s  

a c c u r a t e  t e m p e r a t u r e  measurem ents  from th e  f r e q u e n c y  s h i f t .

S in c e  r e s o n a n c e  a b s o r p t i o n  depends on th e  a n g l e  o f  

in c id e n c e  o f  th e  l a s e r  l i g h t  on t h e  t a r g e t ,  i t  would be 

i n t e r e s t i n g  to  do some e x p e r im e n t s  w i t h  d i f f e r e n t  d e g r e e s  

o f  ro u g h n e ss  o f  t h e  t a r g e t  s u r f a c e  and a l s o  w i th  v a r i a t i o n  

o f  t h e  a n g le  o f  i n c i d e n c e  o f  a  smooth p l a n e  t a r g e t .

An a t t e m p t  s h o u ld  be  made t o  f i n d  a s a t e l l i t e  f e a t u r e  

3  \
n e a r  t h e  j  o*

To e n a b le  f u r t h e r  X -ray  measurements t o  be made, a  

more s e n s i t i v e  sy s tem  i s  i n  c o n s t r u c t i o n  b ased  on a  p i n  h o l e  

camera fo l lo w e d  by an image c o n v e r t o r .
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The d e n s i t y  d i s t r i b u t i o n  o f  th e  p lasm a c r e a t e d  by 

a CO2  l a s e r  s h o u ld  be measured  by ru b y  l a s e r  s c a t t e r i n g  

a t  45° or  n e a r  t h e  fo rw ard  d i r e c t i o n .
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a p p e n d ix  Al

A l . l  THEORY OF THE COMPENSATED MAGNETIC PRDBE

The com pensa ted  p robe  was f i r s t  d e s c r i b e d  by Serov  

e t  a l  (19 7 5 ) .  I f  t h e  p ro b e  i s  co n n e c ted  as  shown i n  

F ig u re  4 .1 3 , th e  s i g n a l  t o  t h e  o s c i l l o s c o p e  from t h e  f i r s t  

c a b le  i s

V3  + = VcRoi

and from t h e  second  c a b l e  i s

^ 4  -  \  = VcR02

Because t h e  c a b l e s  a r e  i d e n t i c a l

V3  = V4

I f  1he s i g n a l  from t h e  two c a b l e s  i s  f e d  t h ro u g h  a 

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

m ag n e t ic  f i e l d  i s

+ V3  = VcRq

or n A ^ + n A | |

The in d u c e d  e l e c t r o m a g n e t a n ce i n  t h e  p robe  i s  g iven

by

é
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F ig u re  AIpX.

W ri t in g  t h e  m ag n e t ic  f l u x  th ro u g h  th e  c o i l  a s  t h e  

p ro d u c t  o f  i t s  a r e a  and t h e  m ag n e t ic  i n d u c t i o n  we o b t a i n

0 = (ira^ + s . d .  )B

Hence th e  s i g n a l  e x p e c te d  i s

p e r m i t t i n g  B t o  be o b t a i n e d  by i n t e g r a t i n g  t h e  s i g n a l .

The f a c t o r  K i s  a  c o r r e c t i o n  te rm  f o r  th e  f a l l  o f f  o f  t h e  

f i e l d  i n  t h e  d i r e c t i o n  o f  S.  The r e sp o n se  t im e  i s

V RO

L

F i g u r e  A 1 .2
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A1.2 COIL IMPEDANCE

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

p a s  shown i n  F ig u re  A1^ , t h e  s e l f  i n d u c ta n c e  L i s  g iv en

by Grover (1946) a s

L = + Lg -  M

s i n g l e  t u r n  lo o p  = 0 .0 0 4  7T a  [  I n  ^  ^ -  1 . 7 5

p a r a l l e l  p a i r  = 0 .0 0 4 2  ^ I n  p “ 4  “ g

mutual  i n d u c t a n c e  M =

Due t o  th e  second  c o i l  a t  an  a x i a l  d i s t a n c e  % , f  i s

g iv en  by Table  16 o f  t h e  above r e f e r e n c e .  For 2 mm

d i a m e t e r  c o i l s  o f  28 SWG w i r e  (0 .3 3  mm d i a )  s e p a r a t e d  by

0 .5  mm, t h e s e  a r e  n e g l i g i b l e  by com par ison .

A l l 3 SPURIOUS SIGNALS '

The main i n t e r f e r i n g  s i g n a l  occu rs  on t h e  c a b l e  j o i n i n g  

t h e  p ro b e  t o  t h e  o s c i l l o s c o p e .  Other s p u r io u s  s i g n a l s  a r i s e -  

when X - r a y s ,  UV r a d i a t i o n  and  p a r t i c l e s  s t r i k e  t h e  p robe  

s u r f a c e  and cause  s e c o n d a ry  e m i s s i o n .  Assuming t h i s  s i g n a l

F i g u r e  A 1 .3
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t o  be e q u i v a l e n t  t o  a  v o l t a g e  g e n e r a t o r  be tween e a r t h  

and  t h e  p r o b e ,  com pensa t ion  s h o u ld  e n s u r e  t h a t  t h e  s i g n a l  

a t  t h e  o s c i l l o s c o p e  becomes:

Vc Rq =  (V i  +  V i )  + (Vg -  = V i +  Yz

t h e  f i r s t  15 cm o f  t h e  c a b l e  i s  c o v e red  w i t h  PTFE and  a 

p l a s t i c  s l e e v e  i s  p l a c e d  o v e r  t h e  p ro b e  c o i l  t o  r e d u c e  

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

A1.4 ENVIRONMENTAL REQUIREMENTS

The p robe  i s  s u b j e c t e d  t o  i n t e n s e  r a d i a t i o n  which may 

cau se  damage. F u r th e rm o re ,  t h e  c u r r e n t  i n  t h e  p robe  c o u ld  

r e a c h  a v a lu e  which c a u se d  e x c e s s i v e  h e a t i n g  o f  t h e  c o i l .

Taking t h e  w o rs t  p o s s i b l e  c a s e ,  we assume t h a t  a l l  

t h e  e n e rg y  from th e  l a s e r  i s  r e r a d i a t e d  over 2  TJ by 

t h e  t a r g e t ,  t h e r e b y  e x p o s in g  th e  p ro b e  t o  a n  i r r a d i a n c e  

Wo where u) i s  t h e  s o l i d  a n g le  su b te n d e d  by t h e  p robe  

s u r f a c e  a t  a  d i s t a n c e  V from  t h e  t a r g e t

OJ = 1  ^

I t  i s  assumed t h a t  th e  p robe  i s  damaged i f  i t  r e c e i v e s  

i n s t a n t a n e o u s l y  s u f f i c i e n t  e n e rg y  t o  m elt  t h e  w i r e .  For  

m e ta l  o f  s p e c i f i c  h e a t  Cg, l a t e n t  h e a t  and m e l t i n g

p o i n t  T, d e n s i t y  m and am bient  t e m p e r a t u r e  T̂ , t h e  c l o s e s t  

p o s i t i o n  o f  t h e  p robe  t o  th e  t a r g e t  i s  g iven  by

V o  /  ^
^minin  ( .7Ta m [Cg(T -  T^) + 

v a lu e  f o r  copper  — d ia m e te r  0 . 1 mm.
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a i .5  e f f e c t  of cable

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

o f  l e n g t h  1  by a f r a c t i o n

—  = exp ( -  ( i l )

where cl i s  t h e  a t t e n u a t i o n  in  d b / m e t e r .  In t h e  c a b l e

u sed  h e r e ,  = 0 .12  db/m, r e s u l t i n g  i n  ̂ ° /V i  = 0 .8 87  over

10 m e t e r s .  Unless t h e  c a b l e  i s  c o r r e c t l y  t e r m i n a t e d  by a 

50 JL r e s i s t a n c e  a t  the  o s c i l l o s c o p e ,  t h e  i n d u c t i v e  

t e r m i n a t i o n  2 p r e s u l t s  i n  a  r e f l e c t i v i t y  o f

Z -  50

Fr = z^-TTo = - 0-99G

C o n s e q u e n t ly ,  a  50 n sec  s i g n a l  o f  0*887 Vq a t  t h e

o s c i l l o s c o p e  would be fo l lo w e d  by a second  one o f  -  0 .685  Vq

a f t e r  a  p e r i o d  o f  80 n s e c .

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

i t s  t im e  c o n s t a n t  = 2 . 4  n s e c .

An i n t e g r a t i n g  c i r c u i t  r e q u i r e s  a t im e  c o n s t a n t  Cj  ̂ a t  

l e a s t  5 t im e s  t h e  s i g n a l  d u r a t i o n ,  or  ab o u t  250 n s e c ,  and 

r e s u l t s  in  an  a t t e n u a t i o n  o f

V. .  .  .  _ i
^  = ( 1  R2 )
Vl

Making R = 50 ohm r e q u i r e s  C = 5 n f  and r e s u l t s  in  an 

a t t e n u a t i o n  o f  6 .3510  •
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A1.6 PROBE SPECIFICATION

C oil M a t e r i a l

Probe

Cable

Copper r e s i s t i v i t y

1 .7 8  1 0 ” ^ cm

C o i l  r a d i u s  

Wire r a d i u s  305 6  

Length f o r  w i r e  l e a d s  s 

S p ac in g  o f  w i re  l e a d s  d 

S p ac in g  o f  c o i l s  

R e s i s t a n c e  o f  c o i l  

S e l f  i n d u c t a n c e  o f  c o i l  

Mutual  i n d u c ta n c e  o f  c o i l  

P a i r  M

T o t a l  s e l f  i n d u c t a n c e  

Rise  t im e  o f  c o i l  due t o  

own r e s i s t a n c e  

R ise  t im e  o f  c o i l  w i th

= 1 . 0  mm

= 0 .1 5  mm

= 1 0  mm

= 1  mm

= 0 . 1  mm

= 1 . 3  1 0 ‘

= 0 .273  nH

. - 6

= 1 . 4  nH

= 1 .2 7  nH

-  1 0 ~^ s e c

1 GHz

l o a d  e q u a l  t o  c a b l e  impedance= 26 p s e c  

S e n s i t i v i t y  o f  c o i l  a t  1 GHz = 4 .2 1 o ” ^ V /T /sec

No RGL74A impedance 50

No R27390 50

R20470 50 "

A1.7 CONCLUS ION

I f  t h e  p robe  i s  compensated  a g a i n s t  e l e c t r i c a l  

i n t e r f e r e n c e  from t h e  l a s e r  c a p a c i t o r s  bank and s p a rk  

gap i t  can g iv e  an a c c u r a t e  measurement f o r  t h e  m ag n e t ic  

f i e l d  c r e a t e d  from th e  l a s e r  p roduced  p la sm a .  I t  i s  a 

s im ple  method compared w i th  t h e  Faraday  r o t a t i o n  t e c h n i q u e .
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