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I. INTRODUCTION 

Controlled thermonuclear fusion holds forth the 

oromise of a virtu all^ inexhaustable energy SUDD~Y for 

mankind, and has, therefore, received considera3le 

attention from researchers over the past three decades. 

Since the fuel, isotones of hydrogen, must be heated to 

teapepatures of over 1 KeP, it is fully ionized, and rich 

in the phenomena of ~lasma ohysics. While most of the 

research effort has focused on magnetic confinement, 

another a~oroach, laser drlven inertial confinement, 

became oossible with the advent of high Dower laser 

systems. The basis of this anoroach is to use a laser 

to comoress and heat a fuel oellet to high enough 

densitjes and temneratures that a significant number of 

thermonuclear reactions take  lace before the oellet 

disassembles. The basic ideas have been reviewed by a 

number of authors(192). 

One of the olasma ohysics oroblems of obvious 

imoortance is the absorption of the laser light by the 

olasma. Ideallv, one would hooe to have all of the 

light absorbed and used to heat and comoress the fuel. 

The 'classical1 absorption of light by a plasma is due 

to electron-ion collisions, which randomize the electrons1 

(2) otherwise ordered motion in the electromagnetic field . 



S i n c e  t h e  c o l l i s i o n  r a t e  i s  o r o o o r t i o n a l  t o  t h e  d e n s i t y  

s q u a r e d ( * ) ,  c o l l i s i o n a l  a b s o r p t i o n  i s  i n e f f e c t i v e  a t  

low d e n s i t i e s .  To g i v e  a  s p e c i f i c  examole, c o n s i d e r  

l i g h t  of one micrometer  wavelength i n c i d e n t  on a  plasma 

which has  an  e l e c t r o n  t e m o e r a t u r e  of one k i l o v o l t .  

C o l l i s i o n a l  a b s o r p t i o n  i s  s i g n i f i c a n t  on ly  i f  t h e  d e n s i t v  

p r o f i l e  i s  s l o w l ~  v a r y i n g  ( e . g . ,  L > 30 u m ,  where L i s  

t h e  d e n s i t y  s c a l e  l e n g t h ,  n  is t h e  e l e c t r o n  d e n s i t y ,  and 

L = n(dn/dx)-' ) ,  and t h e n  o n l y  n e a r  t h e  c r i t i c a l  s u r f a c e .  

The c r i t i c a l  s u r f a c e  i s  t h e  r e g i o n  where t h e  l o c a l  olasma 

f requency ( w 2  = 4nne2/m ) e q u a l s  t h e  l a s e r  f r eauency ,  and 
P 

beyond which l i g h t  cannot  o ropaga te .  

Resonant a b s o r p t i o n  ( 3 )  i s  thought  t o  be t h e  

p r i n c i p l e  a b s o r p t i o n  mechanism i n  c u r r e n t  s h o r t  o u l s e ,  

s m a l l  d e n s i t y  s c a l e  l e n g t h  exner iments .  The l a s e r  l i g h t  

can s t i m u l a t e  t h e  growth o f  olasma waves a t  t h e  c r i t i c a l  

s u r f a c e ;  t h e  energy i n  t h e  olasma waves i s  t h e n  coupled 

( 4 )  t o  t h e  e l e c t r o n s  e i t h e r  th rough  Landau damping , o r ,  

i n  t h e  c a s e  o f  h igh  i n t e n s i t i e s ,  wave b r e a k ~ n g ' ~ ) ,  which 

g e n e r a t e s  h igh  energy e l e c t r o n s .  The olasma waves a r e  

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

f r equency  i s  r e s o n a n t  w i t h  t h a t  o f  t h e  incoming l a s e r  l i g h t .  

There a r e  s t i l l  o t h e r  c a n d i d a t e s  f o r  e x p l a i n i n g  

'anomalous'  a b s o r p t i o n ,  such a s  t h e  ~ a r a m e t r i c  decay 

( 6 )  i n s t a b i l i t y  . However, a l l  t h e  a b s o r ~ t i o n  mechanisms 

s h a r e  a common c h a r a c t e r i s t i c ;  t h e y  r e q u i r e  t h e  l a s e r  
- 



light to bro~agate to the vicinity of the critical 

surface. Anv ~lasma instability which hinders this will 

therefore reduce the absorbed energy, making compression 

and heating more difficult. One such instability is 

stimulated Brillouin scattering (6-9). 

Brillouin scattering is a three wave parametric 

instabilitv involving an incident electromaenetic wave, 

an ion-acoustic wave, and a scattered electromagnetic 

wave. The scattered wave is very nearly at the same 

frequency as the incident wave, differing only by the 

ion-acoustic freauencv, which is typically three orders 

of magnitude smaller than the electromagnetic frequencies. 

Therefore, the energv in each scattered photon (Planck's 

constant times the frequency) is very nearly eaual to the 

incident photon's energy; Brillouin scattering can 

reflect a large fraction of the incident light. As will 

be shown in cha~ter I1,the instability depends on the 

ion-acoustic wave being resonantly driven by the beat 

between the incident and scattered electromagnetic waves. 

This resonance, or matching condition, can, in general, 

be satisfied only locally in a ~lasma with density and 

velocity gradients. As the gradients become smaller, the 

conditions for growth of the instability become more 

favorable. Furthermore, the saturation of the instability, 

thought to be due to ion heating (10) or ion traoping (11) , 



w i l l  o c c u r  a t  a  h i g h e r  l e v e l  f o r  a more htmogeneous p l a sma ,  

d u e  t o  t h e  l a r g e r  number of i o n s  w i t h i n  t h e  s c a t t e r i n g  

r e g i o n ,  

B r i l l o u i n  s c a t t e r i n g  i s  a c a u s e  o f  some conce rn  

when one  c o n s i d e r s  t h e  p u l s e  s h a p e s  Dlanned f o r  f u t u r e  

f u s i o n  e x p e r i m e n t s .  Most p r e v i o u s  e x ~ e r i m e n t s  used  

r e l a t i v e l y  s h o r t ,  f a s t  r i s i n g  p u l s e s  o f  30 t o  230 n s e c ,  

i l l u m l n a t i n g  t h i n  s h e l l s ,  which r e s u l t e d  i n  ' e x p l o d i n g  

p u s h e r '  b e h a v i o r ;  t h e  s h e l l  of t h e  target  i s  FaDidly  

h e a t e d  and e x ~ l o d e s ,  r e s u l t i n g  i n  m u l t i - k i l o v o l t  c o r e  

t e m p e r a t u r e s ,  and d e n s i t i e s  o f  0 . 2  gm/cm3 ( l i q u i d  D-T) 

o r  less .  The re  i s  r e l a t i v e l y  l i t t l e  unde rdense  plasma 

p r e s e n t  d u r i n g  t h e  laser ~ u l s e .  I n  a d d i t i o n ,  t h e  h i g h  

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

c r i t i c a l  s u r f a c e ,  f u r t h e r  s u o n r e s s i n g  ~ a r a m e t r i c  

i n s t a b i l i t i e s .  High c o r e  d e n s i t i e s  are n o t  r e a c h e d ,  

however. T h e r e f o r e ,  a l t e r n a t i v e  p u l s e  s h a p e s  a r e  now 

unde r  c o n s i d e r a t i o n ,  o r  b e i n g  u s e d ,  t o  p r o v i d e  ' a b l a t i v e  

p u s h e r '  t y p e  i m p l o s i o n s .  Long p u l s e s ,  1 n s e c  o r  more,  

s t a r t i n g  a t  low i n t e n s i t i e s  and s l o w l y  r i s i n g  t o  h i g h  

i n t e n s i t i e s ,  are t o  b e  used  t o  a b l a t e  away t h e  o u t s i d e  

o f  t h e  target  w i t h o u t  s h o c k - h e a t i n g  t h e  f u e l .  A s  t h e  

p lasma streams away, t h e  r e a c t i o n  f o r c e s  w i l l  d r i v e  t h e  

r e m a i n i n g  s h e l l  i nward ,  c o m ~ r e s s i n g  t h e  f u e l .  However, 

t h e  l a r g e  amount o f  u n d e r d e n s e  p l a sma  p roduced  may b e  



i d e a l  f o r  t h e  ~ r o w t h  of B r i l l o u i n  s c a t t e r i n g ,  which 

could r e f l e c t  t h e  l a s e r  l i ~ h t  b e f o r e  i t  has  reached t h e  

c r i t i c a l  s u r f a c e ,  and t h u s  reduce  t h e  amount o f  energy 

absorbed.  Thus i t  i s  impor tan t  t o  be a b l e  t o  Dred ic t  

t h e  amount of B r i l l o u i n  s c a t t e r i n g  Dresent  i n  such a  

s i t u a t i o n .  Var ious  models and c o m ~ u t e r  s i m u l a t i o n s  have 

a t tempted t o  do t h i s .  T h e i r  o r e d i c t i o n s  depend on a  

number of  p a r a m e t e r s , i n c l u d i n g  l a s e r  wavelength and 

i n t e n s i t y ,  e l e c t r o n  and i o n  t e m p e r a t u r e s ,  and v e l o c i t v  

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

has  been t o  measure t h e  e f f e c t  o f  v a r i o u s  d e n s i t y  ~ r o f i l e s  

on 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 .  I n  a d d i t i o n ,  i n s i g h t  

i n t o  t h e  behav io r  of t h i s  i n s t a b i l i t y  i n  t h e  h igh  

i n t e n s i t v ,  n o n - l i n e a r  regime,  i s  p rov ided  by ternnora l ly  

r e s o l v e d  b a c k s c a t t e r  s o e c t r a l  d a t a .  To s i m u l a t e  t h e  

e f f e c t s  of a shaoed ~ u l s e ,  we have used a  s h o r t  (60 o s e c  

FWHM), h i g h  i n t e n s i t y  p u l s e  t o  i r r a d i a t e  a   re-pulse 

g e n e r a t e d  olasma.  

Others  have examined t h e  b e h a v i o r  o f  s t i m u l a t e d  

b a c k s c a t t e r ,  b u t  w i t h  d i f f e r e n t  d i a g n o s t i c s ,  geometry,  

and/or  l a s e r  Darameters ,  t h a n  t h e  work  resented h e r e .  

R i p i n  (12), e t  a l . ,  measured b a c k s c a t t e r  o f f  of p l a n e  

t a r g e t s ,  u s i n g  a  p r e o u l s e  t o  c r e a t e  a  (presumed) b l a n e  

plasma. A Raman s h i f t e d  p robe  beam measured t h e  d e n s i t y  

p r o f i l e .  However, t h e  r e l a t i v e l y  l o n g  wavelength  o f  t h e  



p r o b e  (6329 8 )  r e s t r i c t s  t h e  measurement t o  d e n s i t i e s  

of a p p r o x i m a t e l y  lo1' ~ r n - ~  o r  l e s s ,  fa r  removed from 

t h e  c r i t i c a l  s u r f a c e .  A d d i t i o n a l l y ,  t h e   lane geometry 

c a n  r e s u l t  i n  a  s t e a d y  s t a t e  v e l o c i t ~  f low p r o f i l e  

c o n s i d e r a b l v  d i f f e r e n t  from t h a t  which o c c u r s  w i t h  

( 1 0 )  s p h e r i c a l  t a r g e t s .  P h i l l i o n ,  e t  a l .  , measured 

B r i l l o u i n  s c a t t e r i n g  from  lane t a r g e t s  i r r a d i a t e d  w i t h  

m o d e r a t e l y  l o n g  b u l s e  w i d t h s  (150 t o  400 p s e c )  and l a r g e  

( 1 0 0  t o  250 p m )  f o c a l  s ~ o t s .  The d e n s i t y  s c a l e  l e n g t h s  

were n o t  measured;  t h e y  were estimated as b e i n g  comoa- 

r a b l e  t o  t h e  f o c a l  s p o t  r a d i u s .  The l a s e r  ~ u l s e  was 

n o t    receded by a  p r e ~ u l s e .  The b a c k s c a t t e r  s ~ e c t r a  were 

dominated by t h e  l a r g e  outward e x p a n s i o n  v e l o c i t y  o f  t h e  

o l a sma ,  and c o n s e q u e n t l y  show a D o ~ p l e r  s h i f t  toward 

s h o r t e r  wave leng ths .  The a u t h o r s  a l s o    resent a model ,  

based  on s t r o n g  i o n  h e a t i n g  and consequent  l a r g e  Landau 

d a m ~ i n g ,  t o  e s t i m a t e  t h e  t o t a l  amount o f  b a c k s c a t t e r e d  

e n e r g y .  T h i s  model w i l l  be r ev iewed  Sn c h a p t e r  11, and 

compared w i t h  o u r  d a t a  i n  c h a P t e r  V I .  

We have a t t e m p t e d ,  i n  t h i s  t h e s i s ,  t o  s i m u l a t e  

laser f u s i o n  e x p e r i m e n t s  w i t h  s h a ~ e d  ~ u l s e s ,  and t o  

measure t h e  d e n s i t y  p r o f i l e s  i n  t h e  r e g i o n  of  g r e a t e s t  

i m p o r t a n c e ,  e . g . ,  n e a r  c r i t i c a l  d e n s i t y .  To t h i s  e n d ,  

we have  used  p r e p u l s e s  t o  c r e a t e  s i z e a b l e  unde rdense  

p l a smas ,  similar t o  t h e  e f f e c t  o f  l o n g ,  low i n t e n s i t y  



p u l s e s ;  a n d ,  we have used  a n  u l t r a v i o l e t  p r o b e  beam, 

2 1  - 3  c a p a b l e  o f  measu r ing  e l e c t r o n  d e n s i t i e s  UD t o  1 0  cm , 
t o  measure  t h e  d e n s i t y  p r o f i l e s .  D e n s i t v  s c a l e  l e n g t h s  

o b t a i n e d  r anged  from 5 t o  50 mic rome te r s .  

Our r e s u l t s  s u ~ D o r t  t h e  i o n - h e a t i n g  t h e o r y  o f  

Kruer  (10) , i n  t h a t  a  r e l a t i v e l y  s low i n c r e a s e  i n  back- 

s c a t t e r e d  e n e r g y  i s  obse rved  w i t h  i n c r e a s i n g  d e n s i t y  

s c a l e  l e n g t h s .  The time i n t e g r a t e d  b a c k s c a t t e r  s p e c t r a  

show t h e  r e d  s h i f t  c h a r a c t e r i s t i c  o f  B r i l l o u i n  s c a t t e r i n g .  

The t i m e  r e s o l v e d  s p e c t r a  r e v e a l  an  i n t e r e s t i n g  mode 

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

e x p l a n a t i o n s  o f  t h i s  d a t a  w i l l  b e  d i s c u s s e d  i n  c h a p t e r  V I .  

T h i s  d a t a  s h o u l d  b e  u s e f u l  i n  b o i n t i n g  t h e  way toward  

an  i n c r e a s e d  t h e o r e t i c a l  u n d e r s t a n d i n g  o f  B r i l l o u i n  

s c a t t e r i n g .  



11. THEORY OF STI!lULATE3 BRILLOUIN BACKSCATTER 

A. Linear Theory For Homogeneous Plasmas -- 

In this section, the linearized theory of Brillouin 

scattering is revlewed. This theory has been covered 

ex:ensivelv in the published literature (1,2,3,4) ; we 

will mainlv follow the treatment given bv Forslund, et 

T5e kasic fluid and !*laxwell eauations aye: al. 

a  - v + Gal'% . -a - v p  - L a A + 1- x(vxA) a t -  Ma I c at- c -a I t  

where a denotes the species (ion or electron), N the 

number density, 1 the fluid velocity, T the temperature, 

q the charge, T-? the mass, and the current. y is the 

ratio of specific heats (c,/cV), and A and p are the 

usual vector and scalar ~otentials. Implicit in 

equation (3) is the choice of the Coulomb gauge (VeA - = 0). 

We will consider only waves in the & direction; i.e., 

a v E 2.- - a x .  
( 5 )  



Linearizing rquation (11, and looking only at motions 

in the y-z plane, we see that 

v = - ( a  / ! 4  c)& 
-a a  a  ( 6 )  

to lowest order. Now breaking the density into a 

homogeneous term plus a spatially dependent ~ertubation, 

we have 

N = N  + n ( x )  
a oa a 

The cl;rrel?t is then given bv 

J = -ev ( X  + ne) - -e 0 
(8) 

where we have neglected the contribution due to the ion 

motlon. Vsing eauations ( 5 )  and (8), the electromagnefic 

wave equation (3) becomes 

P No- 

Lack of a s~ecies subscript should be understood to 

refer to electrons; i.e., No is the homogeneous, 

unperturbed part of the electron number density. 

To develop an equation for the density perturbaticn, 

we take the divergence of equation (11, neglect vx in 

the non-linear convective terms, substitute for 1 with 

equation ( 2 1 ,  using 

v*(N v) = N o a V * x  a- 

and we have 



for the electr )ns, and 

for the ions. In the ion equation, we have used 

ZNoi= No , and the motion due to the electromagnetic 
field has been neglected. Now, for Brillouin scattering, 

we are interested in slow moving (acoustic) waves, so 

that the quasi-neutral approximation mav be anplied to 

the perturbed quantities everywhere exce~t in Poisson's 

eauatlon. That is, n = ne = Zni but v2( Z 0 . 
Eliminating v 2 (  between equations (11) and (12), and 

using (Zm/Yi)<<l , gives 

In equation (141, the ratios of specific heats have been 

chosen appropriately for an acoustic wave; 
'e 

= 1 

(isothermal), yi = 3 (adiabatic). 

Equations (9) and (13) form a pair of coupled 

equations describing the parametric interaction of the 

electromagnetic waves and an ion-acoustic wave. The 

normal modes of these waves are on the left hand side 

of the equations; the driving terms are on the right 

hand side. It should be clear that if a driving term 

- 



c o n t a i n s  a  component a: t h e  normal  mode ( r e s o n a n c e )  

f r e q u e n c y  o f  one  o f  t h e  waves ,  t h a t  wave w i l l  e x p e r i e n c e  

e x p o n e n t i a l  g rowth .  

We now c o n s i d e r  t h e  p a r t i c u l a r  c a s e  of c i r c u l a r  

p o l a r i z a t i o n .  Le t  

where ' w 2  = w 2  + k;c2 . 
0 D 

It  i s  assumed t h a t  e q u a t i o n  ( 1 5 )  s a t i s f i e s  t h e  l e f t  

hand s i d e  o f  e q u a t i o n  ( 9 ) .  Le t  t h e  b a c k s c a t t e r e d  wave 

be g i v e n  b y  

A l ( x , t )  ' A l g  c o s ( u l t  - k lx )  + 
i s i n ( u l t  - klx)  - 

and t h e  i o n - a c o u s t i c  wave by 

n ( x , t )  = n  c o s ( w 2 t  - k 2 x )  

We w i l l  u s e  e x p o n e n t i a l  n o t a t i o n  f o r  c o n v e n i e n c e .  

S u b s t i t u t i n g  t h e  e x p r e s s i o n s  ( 1 6 )  and ( 1 7 )  i n t o  e q u a t i o n s  

(9) and ( 1 3 ) ,  and u s i n g  care t o  k e e ~  t h e  r i g h t  hand s i d e  

r e a l ,  we have 

i ~ ~ t - i k ~ x  
2 ( -w1 + u p  + klc 2 2 )(Aly e + C.C.) = 

and 



2 2  2 l o  t - i k 2 x  
I ,-a2 + c S k 2 )  ( n  e  2  + C . C . )  = 

where C . C .  s t a n d s  f o r  complex c o n j u g a t e  o f  t h e  p r e c e d i n g  

term. Ir, e f l u a t i o n  ( 1 9 )  t h e  t e r m s  &,*~l, and Al0A1 have 

5 e e q  drabt" ,  s i n c e  t h e y  have no comnonents z t  t h e  low 

f r e q u e n c y  w 2 ,  and a r e  t h e r e f o r e  un impor t an t  i n  d r i v i n g  

t h e  i n s t a b i l i t y .  The e q u a t i o n  f o r  A I Z  i s  i d e n t i c a l  t o  

e q u a t i o n  ( 1 8 )  w i t h  t h e  r e o l a c e m e n t  

A = - A l z  . 
1~ 

( 2 0 )  

S i n c e  we w i l l  s e e  s h o r t l y  t h a t  k l  i s  n e g a t i v e  ( i . e . ,  A -1 

i s  b a c k s c a t t e r e d ) ,  e q u a t i o n  ( 2 0 )  shows t h a t  f o r  a l e f t  

c i r c u l a r l y  b o l a r i z e d  i n c i d e n t  wave, t h e  b a c k s c a t t e r e d  

wave i s  r i g h t  c i r c u l a r l y  p o l a r i z e d ,  and v i c e  v e r s a .  

Knowi.1~ t h a t  t h e  a c o u s t i c  f r e q u e n c y  w 2  i s  much l e s s  

t h a n .  t h e  e l e c t r o m a g n e t i c  f r e q u e n c i e s  w o  a n 3  w l ,  we s e e  

t h a t  e q u a t i o n s  ( 1 8 )  and ( 1 9 )  can  be  s a t i s f i e d  o n l y  i f  

uo  = &I1 + u j  ( 2 1 )  

and ko  = k l  + k* 2  ( 2 2 )  

These  a r e  c a l l e d  t h e  m a t c h i n g  c o n d i t i o n s .  One s e e s  

t h e  quantum mechan ica l  a n a l o g  by m u l t i o l y i n g  t h e s e  

e q u a t i o n s  by ( h / 2 n ) ;  e q u a t i o n s  ( 2 1 )  and ( 2 2 )  t h e n  

r e p r e s e n t  c o n s e r v a t i o n  o f  e n e r g y  and momentum, r e s p e c t i v e l y .  

We a l s o  s e e  t h a t ,  as i l l u s t r a t e d  i n  F i g u r e  1, k2=2ko=-2k1. 



Figure 1 .  An ( w , k )  diagram. The upper curve i s  
the dispersion r e l a t i o n  f o r  an electromagnetic 
wave; the lower, f o r  an ion-acoustic wave (shown 
with a greatly exaggerated s lope ,  f o r  c l a r i t y ) .  The 
vector- l ike construction guarantees that  the  matching 
conditions w i l l  be b a t i s f i e d .  



Keeping only the resonant driving terms, eauations 

(18) and (19) become 

(-ui + u 2  t k;c2) A = (w;/~N,)A,~* P 1 Y 

' Taking the complex conjugate of equation (24) and 

elilriinating n* in equation (23) yields 

Now using equation (21), letting w 2  = u + iy, 
2r 

*here LU* = c2k2 , y o < <  w , and using k: = k: , 
2r s 2 2r 

xe heve finally the homogeneous crowth rate in the 

(4) absence of damning , 

where u 2  =(Z~/M)O;, and v, - (e/mc)A, is the electron 
PI 

'jitter' velocity. For parameters typical of our 
2 9 experiments (1 = 1016 W/cm or vo= 10 cm/sec, lo= 1 urn), 
-1 

we see that yo= 1013 sec . The homogeneous growth 

rate is indeed large, even on olcosecond time scales. 

Using equation (25), it is oossible to examine the 

situation where the electromagnetic pump is so strong 

that it dqminates the restoring force due to the electron - 



pressure, namely, w > >  k c 2 2 so These wavzs are called 

quasi-mode~(~), since they do not obey the usual ion- 

acoustic dispersion relation. Using w2>> k2cs in 

equation ( 2 5 1 ,  and solving for the growing root, we have 

with the requirement that 

where again k2 = 2k0 . We note that the frequency of 

the quasi-modes depends on the incident intensity to 

the one-third power. 

C. Linear Theory F o r  Inhomogeneous Plasmas 

We now consider Brlllouin scattering in an 

inhomogeneous plasma. The linearized problem has been 

extensivelv described in the literature (1,4,6) , and only 
the main points will be reviewed here. It is customary 

to define the wavenumber mismatch K(x) as 

K(x) = k,(x) - kl(x) - k2(x) (29) 

where, as before, the subscripts 0, 1, 2, refer to the 

incident electromagnetic wave, the backscattered wave, 

and the ion-acoustic wave, respectively. Since the 

plasma parameters may vary with position, the wavenumbers 

depend on x, and, in general, it will be possible to 



satisfy the matching conditions exactly (K = 0) only at 

one point in space. The growth of the waves will be 

limited to a region around that point such that the total 

~ h a s e  mismatch is small; i.e., 

For simplicity, one usually considers plasma ~arameters 

which.are linear functions of ~osltion: 

T ( x )  = Te (1 - x/LT) e (31) 

u(x) = Uo (1 - x/L ) 
U 

(32) 

u is the ~ l a s m a  fluid velocity. In the Dresence of a 

non-zero fluid motion, the ion-acoustic wave will be 

Dop~ler sbifted, and its dis~ersion relation is (1) 

The factor inside the square root comes from charge 

separation effects, which were neglected when we used 

quasi-neutrality in the first section. We will usually 
2 2 use the limit k A n  < <  1 . 

Y 

Rosenbluth has shown 
( 6 )  

that, for a wavenumber 

mismatch a~~roximated by 

K(x) = Kt(0) x , (34 

the instability is convective, with a spatial amplification, 

in the absence of dam~ing, given by 

I = I. e x ~ ( 2 n ~ ~ )  

where lB = (Y~/K'V c ) - - S 



Y o  is the homogeneous growth rate (equation (26)), and 

v - is the grouD velocity of the backscattered wave; 
2 

v = c u . I is the intensity of the backscattered - 
wave, and I, is its initial (thermal noise) intensity. 

Clearly, substantial amplification requires A B >  1 , 

For the linearized plasma parameters given by equations 

(30), (31), and (321, K' is found to be (4) 

(37 

To find the instability threshold, we require the 

amnlification factor A to be order one. Specializing 0 

to u > >  u2 , and k2= 2k0 , the threshold is given bv (4 
~i 

In our ex~eriment, the plasma is approximately isothermal 

throughout the region of interest, so LT+ - . Also, for 

k2A; e e  1 , the second term may be neglected. The two 

remaining terms describe the effects of the wavenumber 

mismatch of the electromagnetic waves due to the changing 

density, and the changing ion-acoustic wavenumber due to 

the position dependent flow velocity. For most plasmas 

of interest for laser fusion, the fluid velocity increases 



as one moves toward lower densities, so that Lu is 

negative in equations (32) and (381, and in (39) below. 

With the approximations mentioned above, the am~lification 

factor, given by  equation (361, is 

(39) 

This is the spatial amplification of a backscattered 

wave in an inhoriogeneous plasma. In equations ( 3 8 )  and 

(39), uo>> cs has been assumed. For uo<< c , the 
S 

following re~lacement is made: 

(l/Lu) - (M*/Lu) (40) 

where Y *  is the Mach number, (uO/cS). We see that 

subsonic flows reduce the imaortance of velocity 

~ ~ ~ a d i e n t s .  Inserting Darameter values of the order 

expected in these exaerlments ( (vo/ve) Q 1, (u /u0) = 0.5, 
? 

Ln = -Lu = 20 AO), we see that A B  > 1, so that large 

backscatter is predicted. 

It should be noted that the theory thus far 

presented is a linearized one; that is, the incident 

wave is considered to be large and unchanging, while the 

backscattered and ion-acoustic waves are small and 

growing. Only resonant interactions between the incident 

wave and one of the small waves are considered. 

However, when the backscatter grows large, other terms 

may be important. For exam~le, it has been shown (7) that 



2 2 when the ion-acoustic wave grows large ({n/~o) > k b), 
strong harmonic generation occurs. These harmonics can 

interact with the Dump wave to drive backscatter at 

(uo - 2u2), (u0- 3u2), etc., while the fundamental 

backscatter at (uo - w2) continues to drive the acoustic 
wave. Another com~lication we have ignored is the 

possibility of two or more stimulated scatterings takin~ 

(8 ~lace'in the plasma . For this to occur, the back- 

scattered waves must be comparable to the Dump wave, so 

the linear theory is no longer a~plicable. Additional 

nroblems include DumD depletion, the strong Landau 

damning which occurs when the ion tem~erature amroaches 

the electron temperature, and other non-linear dissipation 

mechanisms such as ion tra~ping and wave breaking. The 

proper treatment of these non-linear effects in limiting 

Brillo~in scattering is currently as area of active 

research. Some of the ideas involved will be reviewed 

in the next section. 

D. Non-Linear Models - of Brillouin Scattering 

Non-linear models of Brillouin scattering generally 

assume that the density perturbation has saturated at a 

value 6n. Some of the possible saturation mechanisms are 

listed at the end of the ~revious section. We assume 

that the amplitudes of the backscattered and incident 



waves are slowly varying functions of position; i.e., 

where klA; > >  A "  
1 ' 

and similarly for the incident wave $. Consider a 

plasma of constant density No and length L. Then 

substitution of (41) into the wave equation (9) yields (9'10) 

and similarly for the incident wave 

where 

and w3ere 1, Is the vacuum wavelength. As in the 

linear case, the non-resonant driving terms have been 

dropped. If we normalize the incident wave to one 

( A o ( 3 )  = 11, and assume that the initial backscett-er 

noise level is small (A1(L) = O), then the solution to 

equations (42) and (43) is 

where 0 = a L(6n/N) 

The reflectivity is given by 



We w i l l  now c o n s i d e r  two of t h e  o o s s i b l e  mechanisms 

which can  l i m i t  t h e  s l z e  of t h e  i o n  wave, s t a r t i n g  w i t h  

( 7 )  i o n  t r a p ~ i n g  . When t h e  wave a m p l i t u d e  grows t o  a  

v a l u e  such tha: t 3 e  i o n  v e l o c i t i e s  a r e  a f f e c t e d ,  t h e n  

t r a ~ ~ l n g  can o c c u r .  S p e c i f i c a l l v ,  t h e  i o n s  which have 

velocities cornoarable t o  t h e  wave 's  o h a s e  v e l o c i t y  f e e l  

t h e  p o t e ? . t l a l  o f  t h e  wave f o r  a  l o n g  n e r i o d  o f  t i m e .  

The  i.ons a r e  a c c e l e r a t e d ;  t h e  e n e r e v  t h e v  g a i n  i s  l o s t  

from t h e  wave. T h i s  l o s s  limits t h e  wave a m o l l t u d e .  A 

c r u d e  e s t i m a t e  of t h e  v a l u e  of 6n/N f o r  which t r a o p i n g  

o c c u r s  may be o b t a i n e d  by model ing  t h e  d i s t r i b u t i o n  

w i t h  t h e  water -bag  model (11) . ( I n  t h i s  model ,  t h e  i o n  

d i s t r i b u t i o n  f u n c t i o n  i s  a  c o n s t a n t  f o r  \ v (  < 47 vi , 
and z e r c  o t h e r w i s e . )  C a l c u l a t i n g  t h e  s l z e  of  t h e  wave 

where t h e  i o n  v e l o c i t y  ( d r i v e n  o l u s  t h e r m a l )  e q u a l s  t h e  

wave v e l o c i t y ,  one f l n d s  

S i n c e  we w l l l  see t h a t  t h i s  model h a s  s e r i o u s  f a i l i n g s  

i f  t h e  i o n  t e m o e r a t u r e  i s  comparable  t o  t h e  e l e c t r o n  

t e m p e r a t u r e ,  we w i l l  t a k e ,  a s  a n  examole ,    ti/^,) = 0 . 1  . 
Then e q u a t i o n  ( 4 8 )  g i v e s  (bn/N) = 0.13  . C o n t i n u i n g  

t h e  example ,  if N = 0.2  nc  , and L = 20 A ,  , t h e n  

e q u a t i o n  ( 4 7 )  o r e d i c t s  a r e f l e c t i v i t y  of 50%.  C l e a r l y ,  

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

small v a l u e s .  



We now consider the ~ossibility of the size of the 

ion wave being limited by harmonic generation. For 

finite 6n/X, the ~lasma's phase space characteristics 
( 7 )  

intersect , indicatlnq that shock waves can form there. 
Near the intersection, the waveform steepens, generating 

harmonics. The time for a disturbance to pro~agate to 

the shock ~ o i n t  is 

t1 = n ( 2  w (&n/~))-' 

However, no shock will form if the ~ l a s m a  is too 

dispersive; that is, if the harmonics are ap~reciabl~ 

out of phase (sag, by X/4) with the fundamental at tl. 

To estimate the dis~ersian time, the com~lete dispersion 

relation must be used: 

We then find the time for the fundamental and second 

harmonic to be out of phase: 

Equating t and t2 , we find the condition for harmonic 
1 

generation: 

If this limit Is exceeded, the wave's energy cascades 

into the harmonics. Applying the same parameters we used 

previously (N = 0.2 nc , L = 20 A , )  and taking Te= 2 KeV, - 



e q u a t i o n  ( 5 2 )  g i v e s  (6n/N) = 0 . 0 6 ,  and e q u a t i o n  ( 4 7 )  

p r e d i c t s  a  r e f l e c t i v i t y  of 1 7 % ,  c o n s i d e r a b l y  lower  t h a n  

t h e  i o n - t r a p p i n g  l i m i t .  I t  s h o u l d  be no ted  t h a t  e q u a t i o n  

( 4 7 )  b r e d i c t s  a  d r a s t i c  i n c r e a s e  i n  B r i l l o u i n  s c a t t e r i n g  

f o r  i n c r e a s i n g  s c a l e  l e n g t h s .  F o r  example,  i f  we u s e  

L  = 4 0  A ,  i n  t h e  above example ,  t h e  r e f l e c t i v i t y  

i n c r e a s e s  t o  505. 

We now r e v i e w  a  model ,  due  t o  Kruer  
( 1 2 , 1 3 )  

which 

t a k e s  i n t o  accoun t  t h e  f i n i t e  amount o f  i o n  h e a t i n g .  It 

i s  w e l l  known ( 1 4 )  t h a t  i o n - a c o u s t i c  waves a r e  s t r o n g l y  

( i o n )  Landau damaed, u n l e s s  (ZTe/Ti) > >  3 .  I o n - t r a a p l n g  

by t h e  wave b roduces  a  ' t a i l '  o f  e n e r g e t i c  i o n s ;  however,  

t h e  model assumes ,  f o r  s i m a l i c i t y ,  t h a t  t h e  e f f e c t  i s  

s i m i l a r  t o  un i fo rm h e a t i n g  of t h e  i o n s  ( 1 5 )  . S i n c e  t h e  

i o n s  a r e  warm, t h e y  Landau  dam^ t h e  a c o u s t i c  wave. T h i s  

damping,  i~ t u r n ,  d e p o s i t s  more e n e r g y  i n t o  t h e  i o n s ;  

t h e  i o n  t e m a e r a t u r e  r i s e s ,  and t h i s  i n c r e a s e s  t h e  damping. 

T h u s ,  we have a  n e g a t i v e  f eedback  mechanism which s e e k s  

t o  l i m i t  t h e  s i z e  o f  t h e  i o n - a c o u s t i c  wave. 

To c a l c u l a t e  t h e  s i z e  o f  t h e  wave, w e  must u s e  

e q u a t i o n  ( 1 3 ) .  A s  b e f o r e ,  o n l y  t h e  r e s o n a n t  terms are 

k e p t ,  y i e l d i n g  

where u i s  t h e  i o n - a c o u s t i c  f r e q u e n c y ,  and v i s  t h e  

Landau damping r a t e ,  g i v e n  by ( 1 4 )  



where  k 2 ~ 2  < <  1 h a s  b e e n  assumed .  It s h o u l d  be  n o t e d  
D 

t h a t ,  f o r  o u r  e x ~ e r i m e n t s  u s i n g  s i l i c o n  d i o x i d e  p l a s m a s ,  

t h e  DroDer Z t o  u s e  i n  e q u a t i o n  ( 5 4 )  i s  t h e  c h a r g e  s t a t e  

o f  t h e  oxygen  i o n s .  Not o n l y  a re  t h e y  t h e  most  a b u n d a n t  

s p e c i e s ,  b u t  t h e v  a re  a l s o  t h e  l i g h t e s t ;  t h e i r  t h e r m a l  

v e l o c i t y  i s  l a r g e r ,  a n d  t h e y  t h e r e f o r e  dam3 t h e  a c o u s t i c  

ubve  m s ~ e  e f " c t i v e 1 v .  (The e x n o n e n t  i n  e a u a t F o n  ( 5 4 :  

s h o u l d  h a v e  V j  < 2/14> i n s t e a d  o f  s i m p l y  Z ,  w h e r e  M i s  
tl 

t h e  nass o f  t h e  j t h  s p e c i e s ,  and  < > d e n o t e s  a s p e c i e s  

a v e r a g e .  F o r  o u r  p l a s m a s ,  however ,  < Z / ? l >  = Z /Y f o r  a l l  
j j 

s p e c i e s .  Thus t h e  e x ~ o n e n t  i s  s m a l l e s t  f o r  t h e  smallest  

m a s s ,  a n d  !? < z / B >  = Z j  . )  
;I 

E q u a t i o n s  ( 4 2 ) ,  ( 4 3 ) ,  a n d  ( 5 3 )  c a n  b e  s o l v e d  f o r  

t h e  r e f l e c t i v i t y  ( 1 3 , 1 6 1  , f o r  a  p l a s m a  o f  d e n s i t y  n  a n d  

l e n g t h  L :  

r ( l  - r )  = ~ ( e x n ( q ( 1  - r ) ]  - r )  

w h e r e  

( 5 6 )  

Here B  i s  t h e  i n i t i a l  n o i s e  l e v e l  o f  t h e  b a c k s c a t t e r e d  

wave (B = A1(L) ), k  i s  t h e  vacuum wavenumber o f  t h e  
0 

2 
i n c i d e n t  wave,  v, = ( e ~ , / r n c ) ,  a n d  v = Te/m. The  damping  e 

r a t e ,  v ,  d e p e n d s  o n  t h e  i o n  t e m p e r a t u r e  ( s e e  e q u a t i o n  ( 5 4 ) ) .  



To e s t i m a t e  Ti ,  i t  i s  assumed t h a t  a l l  o f  t h e  a c o u s t i c  

wave ene rgy  i s  g o i n g  i n t o  h e a t i n g  t h e  i o n s ,  and t h a t  t h e  

i o n s  a r e  t r a n s p o r t i n g  t h e  ene rgy  away a s  fas t  a s  ~ o s s i b l e  

( f r e e  s t r e a m i n g ) .  E q u a t i n g  these two terms g i v e s  

Here rIo i s  t h e  f r a c t i o n  o f  t h e  i n c i d e n t  wave unde rgo ing  

E r i l l o u i n  s c a t t e r i n g ,  and (u /Y , )  = i s  t h e  

f r a c t i o n  o f  t h e  s c a t t e r e d  ene rgy  which goes  i n t o  t h e  i o n -  

a c o u s t i c  wave. E q u a t i o n s  ( 5 5 )  and ( 5 7 )  can  be  s o l v e d  

i t e r a t i v e l y  f o r  t h e  r e f l e c t i v i t y ,  r .  F o r  example ( 1 3 )  

i f  n  = 0 . 2 n c ,  Te = 6 KeV, and I, = 3 x 1 0 ~ ~  w/cm2 a t  

A 0 
= 1 u r n ,  t h e n  r = 1 0 %  for  L = 10Ao ,  and r = 40% f o r  

L = 100Xo.  A s  ~ r e d i c t e d  e a r l i e r ,  w e  s e e  t h a t  i o n  h e a t i n g  

h a s  a  n e g a t i v e  f eedback  e f f e c t ;  t h e  i n c r e a s e  i n  back- 

s c a t t e r  w i t h  i n c r e a s i n g  s c a l e  l e n g t h  i s  much s l o w e r  t h a n  

was p r e d i c t e d  when i o n  h e a t i n g  was i g n o r e d  ( e q u a t i o n  ( 4 7 ) ) .  

F i n a l l y ,  an  e s t i m a t e  can  be made f o r  t h e  time r e q u i r e d  

t o  hez t  t h e  i o ~ s  t o  Ti = ZTe/3. Assuming r i s  a  c c n s t s n t ,  

one  g e t s  ( 1 3 )  

a s  t h e  t i m e  r e q u i r e d  t o  h e a t  t h e  i o n s .  F o r  t h e  example 

above ,  w i t h  L = 100Ao, th = 100  p s e c .  It s h o u l d  be n o t e d  

t h a t  e q u a t i o n  (58) o v e r e s t i m a t e s  t h e  t i m e  r e q u i r e d  f o r  

i o n  damping t o  be  i m p o r t a n t .  I n s p e c t i o n  o f  t h e  damping 

r a t e ,  e q u a t i o n  ( 5 4 ) ,  shows t h a t  t h e  damping i s  a maximum 



f o r  ZTe/Ti = 3;  however ,  i t  i s  s t i l l  a p p r e c i a b l e  f o r  

much l a r g e r  t e m p e r a t u r e  r a t i o s .  Fo r  example,  i f  

ZTe/Ti = 1 2 ,  t h e n  e q u a t i o n  (54) g i v e s ,  f o r  A ,  = 1 pn 
-1 

and T  = 1 KeV, v = 6 p s e c .  
e  

E .  Hydrodynamics 

We w i l l  now r e v i e w  two o f  t h e  a s p e c t s  o f  t h e  c o r o n a l  

hydrodynamics  which c a n  e f f e c t  o u r  e x ~ e r l m e n t .  F i r s t  o f  

a l l ,  a s  was p o i n t e d  o u t  i n  e q u a t i o n  ( 3 9 ) ,  v e l o c i t y  

g r a d i e n t s  c a n  l i m i t  t h e  s i z e  o f  t h e  phase-match ing  r e g i o n ,  

by Doppler  s h i f t i n g  t h e  a c o u s t i c  wave f r e q u e n c y .  These 

g r a d i e n t s  a r e  l i k e l y  t o  be l a r g e  i n  p l a n e  t a r g e t  

experiments, due  t o  t h e  one d i m e n s i o n a l  n a t u r e  o f  t h e  

e x p a n s i o n .  They may a l s o  be l a r g e  i n  s h o r t  p u l s e  

e x p e r i m e n t s ,  where hydrodynamic s t e a d y  s t a t e  may n o t  be 

r e a c h e 6  d u r i n g  t h e  l a s e r  p u l s e .  However, i n  o u r  p r e p u l s e  

e x p e r i m e n t s ,  t h e  p lasma h a s  t i m e  t o  e x ~ a n d  i n t o  a  q u a s i -  

s t e n d y  s t a t e  f l c s .  Our measurements  w i l l  show t h a t  t h e  

d e n s i t y  p r o f i l e  i s  w e l l  d e s c r i b e d  by a n  e x p o n e n t i a l  o v e r  
- 

t h e  r a n g e  o f  1 t o  9 x 1 0 ~ '  cm 3. If we assume t h a t  i t  i s  

e x p o n e n t i a l  everywhere  ( n  = ncexp(-z/Ln)  1, and t h a t  we 

have  s t e a d y  s t a t e  f l o w ,  t h e n  we can  u s e  t h e  c o n t i n u i t y  

e q u a t i o n  ( V *  ( n v )  - = 0 ) t o  f i n d  t h e  v e l o c i t y  a s  a f u n c t i o n  

o f  z ,  t h e  d i s t a n c e  f rom t h e  c r i t i c a l  s u r f a c e .  D e f i n i n g  

t h e  v e l o c i t y  s c a l e  l e n g t h  i n  t h e  u s u a l  f a s h i o n ,  

L u  = v ( d v / d z ) - I  



we f i n d  

L  = L n ( R  + z ) / ( R +  z  - 2L u  n  

where R i s  t h e  r a d i u s  t o  t h e  c r i t i c a l  d e n s i t y ,  and z i s  

t h e  r a d i a l  d i s t a n c e  measured from t h e  c r i t i c a l  s u r f a c e .  

F o r  o u r  p a r a m e t e r s  of R = 40 urn, and Ln from 10 t o  40  u rn ,  

e q u a t i o n  ( 5 9 )  shows t h a t  t h e  v e l o c i t y  s c a l e  l e n g t h s  a r e  

a lways  g r e a t e r  t h a n  t h e  d e n s i t y  s c a l e  l e n g t h s .  

F u r t h e r m o r e ,  Lu i s  p a r t i c u l a r l y  l a r g e  i n  t h e  d e n s i t y  

r e g i o r .  o f  0 . 1  t o  0 . 5  of  c r i t i c a l  d e n s i t y ,  e s p e c i a l i y  

f o r  d e n s i t y  s c a l e  l e n g t h s  o f  20 u m  o r  more. T h e r e f o r e ,  

t h e  v e l o c i t y  g r a d i e n t s  a r e  n o t  o f  g r e a t  impor t ance  i n  

l i m i t i n g  t h e  phase-match ing  l e n g t h  a t  d e n s i t i e s  n e a r  

c r i t i c a l  d e n s i t y .  

The p l a s n a  hydrodynamics  can  e f f e c t  t h e  i n t e r p r e t a t i o n  

o f  t h e  s p e c t r a l  d a t a .  If t h e  c r i t i c a l  s u r f a c e  i s  moving, 

o r  if i o n s  a r e  f l o w i n g  t h r o u g h  t h e  c r i t i c a l  s u r f a c e ,  t h e  

r e f l e c t e d  l i g h t  w i l l  be Doopler  s h i f t e d  ( 1 7 ) .  s i n c e  t h i s  

s h ' f t  i s  toward  s h o r t e r  w a v e l e n g t h s  f o r  p l a s m  ~ o t l o n  

ou tward ,  i t  can  mask o r  c o n f u s e  t h e  i n t e r p r e t a t i o n  o f  

t h e  B r i l l o u i n  s h i f t  t oward  l o n g e r  w a v e l e n g t h s .  When 

t h e r e  i s  no p r e p u l s e ,  t h i s  i s  i n d e e d  t h e  c a s e .  With a 

p r e p u l s e  formed p l a sma ,  however ,  t h e  hydrodynamic m o t i o n s  

have  t i m e  t o  r e l a x  t o  a q u a s i - s t e a d y  s t a t e .  F u r t h e r  

e v i d e n c e  i n  s u p p o r t  o f  t h i s  s t a t e m e n t  i s  t h e  o b s e r v a t i o n  (18 1 

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



moves o u t  r a p i d l y  f o r  t h e  f i r s t  a 7 0  p s e c ,  b u t  t h e n  

assumes a  more o r  l e s s  s t a t i o n a r y  p o s i t i o n  f o r  t h e  

d u r a t i o n  o f  t h e  p u l s e .  S i n c e  t h e  D o p ~ l e r  s h i f t  i s  

A X / X  = 2v/c ,  c r i t i c a l  s u r f a c e  v e l o c i t i e s  o f  less t h a n  

6xl0'om/sec w i l l  p roduce  s p e c t r a l  s h i f t s  o f  l e s s  t h a n  4 A. 
One can  a l s o  u s e  a  s t e a d y  s t a t e ,  i s o t h e r m a l  model (18 

t o  e s t i m a t e  t h e  plasma f l o w  v e l o c i t y .  For  s h o r t  p u l s e  

e x p e r i m e n t s ,  t h e  i s o t h e r m a l  a s sumpt ion  i s  n o t  p a r t i c u l a r l y  

a c c u r a t e ,  s o  t h e  r e s u l t s  s h o u l d  be c o n s i d e r e d  as o r d e r  

o f  magni tude  e s t i m a t e s .  The e q u a t i o n  o f  mot ion  may b e  

i n t e g r a t e d  t o  o b t a i n  

where c i s  t h e  i o n - a c o u s t i c  s p e e d ,  ns and vs a r e  t h e  
S 

d e n s i t y  and v e l o c i t y  a t  t h e  plasma s o u r c e .  One u s u a l l y  

assumes (n , /n )  > >  1, and cS  > >  v  
L s S i m i l a r l y ,  t h e  mass 

c o n s e r v a t i o n  e q u a t i o n  ( s t e a d y  s t a t e )  may be  i n t e g r a t e d ,  

g i v i n g  

2 r nv = ( l / b n )  (H/r.ii) ( 6 1 )  

where h i s  t h e  ( c o n s t a n t )  r a t e  o f  mass f l o w ,  i n  a 

s p h e r i c a l l y  s y m e t r i c  geomet ry .  E q u a t i o n  ( 6 0 )  p r e d i c t s  

a n  ou tward  f l o w  v e l o c i t y  o f  a ~ p r o x i m a t e l y  2cs 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 i s  f l ow of  m a t e r i a l  

i n t o  t h e  unde rdense  r e g i o n  c a n  g i v e  r i s e  t o  a s p e c t r a l  

s h i f t  toward  s h o r t e r  w a v e l e n g t h s .  For a one  d i m e n s i o n a l  



expansion, the shift is given by (17) 

( A X / X )  = -(u/c) (62) 

where u is the flow velocity at the critical surface. 

However, for a three dimensional steady state flow, the 

magnitude of this shift is reduced by the factor (R,/R~)~ 

where R is the radius of the critical density, and RF 
C 

is the radius of the expansion front. This extra factor, 

which'is due to the three dimensional steady state 

2 continuity equacion (Ve(r nv) = 0 ), can reduce the 

predicted blue shift by an order of magnitude or more. 

This is especially true for prepulse formed plasmas, 

where RF > >  Rc. 



111. EXPERIMENTAL PROCEDURES 

A. Introduction 

There are two specific objectives in this thesis. 

The first is to Dresent data showina the relations hi^ 

between the density gradient and the amount of stimulated 

backscatter ~roduced, when a S~herical glass microshell 

is illuminated with a high power laser. In the following 

sections, we describe the laser svstem, and the diag- 

nostics used for these measurements; the ootical Drobe 

beam and holograohic interferometry, and the calorimetry. 

The numerical Drocedures used to unfold the interferometric 

data are discussed in chapter IV. 

The second objective of this work is to examine the 

s~ectral content of the backscattered energv, with 

em~hasis on time resolved s~ectrosco~y. The orocedures 

and equi~rnent used for these measurements are described 

in the final two sections of this chaoter. 

B. Glass DeveloDment Laser 

The Laboratory For Laser Energetics' Glass Develoo- 

ment Laser (GDL) is a one beam, phosohate glass system 

capable of ~ e a k  Dowers in excess of 0.5 TW in short 

pulses. Figure 2 shows a schematic diagram of the laser 

-. 





sys tem.  Not ice  t h a t  t 5 e r e  a r e  two beams e x i t i n g  t h e  

room; one i s  t h e  o u t p u t  of  t h e  l a s t  l a s e r  a m p l i f i e r ,  

w h i l e  t h e  o t h e r  c o n t a i n s  h a l f  of t h e  energy o u t p u t  o f  

t h e  f i r s t  64 rnrn rod  a m p l i f i e r .  Th i s  l a t t e r  beam w i l l  

be r e f e r r e d  t o  a s  t h e  ' e a r l y '  probe beam. 

The G D L  system was s l i g h t l y  modif ied t o  a l l o w  f o r  

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

i n s e r t . i o n  system is  shown i n  F i g u r e  3 .  A t r a n s l a t i o n  

s t a g e ,  h o l d i n g  t h e  r e t r o r e f l e c t i n g  pr ism,  makes it 

p o s s i b l e  t o  a d j u s t  t h e  p r e p u l s e  t i m i n g  from 0.5 n s e c ,  

t o  1 . 8  n s e c ,  be fo re  t h e  main p u l s e .  The two half-wave 

p l a t e s ,  i n  c o n j u n c t i o n  w i t h  t h e  p o l a r i z e r  P ,  i ndependen t ly  

a d j u s t  t h e  i n t e n s i t y  o f  t h e  main p u l s e  and t h e  p r e p u l s e .  

The main p u l s e  i s  always reduced by  a t  l e a s t  a  f a c t o r  o f  

two, t o  avoid  o v e r d r i v i n g  t h e  l a s e r  system. T h e r e f o r e ,  

r a t i o s  o f  p r e p u l s e  energy t o  main p u l s e  energy o f  z e r o  

t o  t e n  p e r c e n t  a r e  a v a i l a b l e .  

The p r e p u l s e  s y s t e m  was assembled as f o l l o w s .  

F i r s t ,  t h e  r e t r o r e f l e c t i n g  p r i sm was addus ted ,  w i t h  a  

helium-neon l a s e r ,  t o  have i t s  f r o n t  f a c e  o r t h o g o n a l  t o  

t h e  d i r e c t i o n  o f  motion o f  t h e  s l i d i n g  s t a g e .  T h i s  

assembly was t h e n  i n s e r t e d  i n t o  t h e  p r e p u l s e  sys tem,  and 

m i r r o r  M2 addus ted  t o  b r i n g  t h e  YAG a l ignment  beam 

o r t h o g o n a l  t o  t h e  p r i s m ' s  f r o n t  s u r f a c e .  T h i s  l e f t  t h e  

l a s e r  beam p a r a l l e l  t o  t h e  s l i d e  d i r e c t i o n ,  s o  t h a t  when 
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the stage was translated back and forth, there was no 

change in the location of the retroreflected beam on 

M3. Mirrors 1?4 and M5 were then used to insert the 

prepulse back into the laser system. 

Measurement of the relative timing between the 

 repulse and the main ~ u l s e  was accom~lished using a 

vacuum photodiode and a Tektronics 7844 oscillosco~e. 

The half-wave plates were adjusted so that the prepulse 

and main beam were of apbroximately equal intensity, and 

a low Dower shot, firing only the first 4 rod am~lifiers, 

was taken. From the resulting oscillosco~e trace, the 

prepulse to main beam time difference was found to be 

1.8 nsec. The accuracy, limited mainly by the rise time 

of the scope and 80 feet of RG-59 cable, is estimated 

at 0.2 nsec. The position of the translation stage was 

noted, and all subsequent pre~ulse times were calculated 

from t = 1.8(nsec)-2d/c, where 2d is the distance by 

which the path length was increased. Since this can 

easily be measured to millimeter accuracy, the 

re~roducibility of any setting is accurate to within 

a few picoseconds. 

We will end this section with a brief description 

of the target area, also known as Beta. A schematic 

diagram is shown in Figure 4. At the first mirror the 

GDL beam encounters in the target room, four percent of 
- 
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t h e  ec? rgy  i s  t r a n s m i t t e d  and d i r e c t e d  t o  t h e  probe beam 

t a b l e .  T h i s  beam w i l l  be r e f e r r e d  t o  as t h e  l synchronousl  

o r  'main'  brobe  beam, t o  d i s t i n g u i s h  i t  from t h e  e a r l y  

probe  beam. The remaining n i n e t y  s i x  p e r c e n t  of  t h e  

energy i s  t h e n  sbl i t  i n t o  two a ~ b r o x i m a t e l y  e a u a l  

i n t e n s i t v  beams, which a r e  d i r e c t e d  through a u a r t e r -  

wave b l a t e s  and i n t o  t h e  vacuum chamber from o o b o s i t e  

d i r e c t t o n s .  I n s i d e  t h e  chamber, P/2 a s ~ h e r i c  l e n s e s  focus  

t h e  beams o n t o  t h e  t a r g e t .  The quarter-wave b l a t e s  are 

o r i e n t e d  t o  g i v e  r i g h t  c i r c u l a r  o o l a r i z a t i o n .  

A videcon i s  ~ o s i t i o n e d  t o  view t h e  t a r g e t  through 

t h e  f i f t y  ~ e r c e n t  b e a m s o l i t t e r ;  i t  obse rves  t h e  back- 

r e f l e c t e d  l i g h t  o f  t h e  Y A G  al ignment  l a s e r ,  i n s u r i n g  

p roper  f o c u s .  ( A  50 u m  c o r r e c t i o n  1s a o b l i e d  t o  t h e  

f o c u s i n g  l e n s e s  t o  combensate f o r  t h e  chromat ic  s h i f t  

due t o  t h e  1 0 0  8 d i f f e r e n c e  between YAG and ~ h o s n h a t e  

g l a s s  l a s i n g  wave leng ths . )  T h i s  b a c k s c a t t e r  viewing 

sys tem was a l s o  used t o  conf i rm t h e  b r o o e r  a l ignment  

o f  t h e  b r e ~ u l s e  i n s e r t i o n  s y s t e m ,  bv a l l o w i n g  t h e  Y A G  t o  

p rooaga te  o n l y  a l o n g  t h e  p a t h  t a k e n  by t h e  o r e b u l s e ,  and 

checking t h a t  i t  t o o  was p r o o e r l y  focused  on t a r g e t .  

C .  U l t r a v i o l e t  Probe Beam 

A synchronous,  u l t r a v i o l e t  b robe  beam was c o n s t r u c t e d ,  - 
s o  t h a t  t h e  e l e c t r o n  d e n s i t y  cou ld  be  measured 



interferometrically. The wavelength was made as short 

as was practical, in order to minimize refractive effects. 

This requirement will be discussed in more detail in the 

next chapter. For our probe beam, a small fraction of 

the incident laser beam is split off and passed through 

two successive frequency doubling crystals. The 

resulting probe beam has the desired short wavelength 

(2635 ,B), and its timing, relative to the main laser 
beam, is mechanically fixed. An undesirable property 

is its harmonic relationship to the main beam, since 

( 2 )  harmonics are also generated within the ~lasma . 
Others have avoided the problem of harmonic light from 

the plasma by Raman shifting their second harmonic brobe 

beam in However, the resulting wavelength 

is too long for probing to high densities. An approach 

which deserves more attention is to use a frequency 

doubled dye laser. A short pulse, non-harmonic ultra- 

violet probe can be generated; the difficulty lies in 

synchronizing the probe beam to the main laser. 

The theory of optical harmonic generation, by the 

use of non-linear crystals, is discussed in many modern 

optics texts. An especially lucid account is given in 

~ a r i v ( ~  ) . Basically, one requires that the fundamental 

and harmonic travel through the crystal at the same phase - 
velocity, in order to eliminate interference effects. 



S a t i s f y i n g  t h i s  r equ i rement  i s  r e f e r r e d  t o  as 'phase  

m a t c h i n g ' .  There  a r e  two commonly used methods f o r  

a c h i e v i n g  t h i s ,  c a l l e d  s imply  t y p e  I and type  11. I n  

t y p e  I phase  matching ,  t h e  fundamental  p ropaga tes  th rough  

a  n e g a t i v e  ( p o s i t i v e )  u n i a x i a l  c r y s t a l  as an  o r d i n a r y  

( e x t r a o r d i n a r y )  wave, w h i l e  t h e  harmonic p r o p a g a t e s  as 

an  e x t r a o r d i n a r y  ( o r d i n a r y )  wave. ( A  n e g a t i v e  u n i a x i a l  

c r y s t a l  h a s  one o p t i c  a x i s ,  and t h e  e x t r a o r d i n a r y  i n d e x  

o f  r e f r a c t i o n  i s  s m a l l e r  t h a n  t h e  o r d i n a r y  i n d e x ,  a t  

t h e  same wavelength . )  I n  t y p e  I1 phase  matching ,  two 

fundamenta l  waves a r e  used ,  one o r d i n a r y  and one e x t r a -  

o r d i n a r y .  T h e i r  ave rage  index  o f  r e f r a c t i o n  e q u a l s  t h e  

i n d e x  of r e f r a c t i o n  of t h e  harmonic.  

For  o u r  probe  beam sys tem,  t y p e  11, a n g l e  tuned KDP 

(po tass ium dihydrogen p h o s p h a t e )  was chosen as t h e  f i r s t  

d o u b l i n g  c r y s t a l .  It h a s  a  h i g h  damage t h r e s h o l d ,  a n  

a n g u l a r  a c c e p t a n c e  n e a r l y  t w i c e  as l a r g e  as t y p e  I 

K D P ( ~ ) ,  and i s  r e l a t i v e l y  i n s e n s i t i v e  t o  t e m o e r a t u r e  

f l u c t u a t i o n s .  The c r y s t a l  ( 1  cm l o n g ,  2.5 cm d i a m e t e r )  

was mounted i n  a hous ing  f i l l e d  w i t h  a n  i n d e x  matching  

f l u i d  (FC-104). No t e m p e r a t u r e  s t a b i l i z a t i o n  was used;  

however,  t h e  room t e m p e r a t u r e  seldom v a r i e d  more t h a n  

one  d e g r e e  c e n t i g r a d e .  

The second n o n - l i n e a r  c r y s t a l  d o u b l e s  t h e  second 

harmonic t o  t h e  f o u r t h  harmonic,  which i s  i n  t h e  u l t r a -  

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



large in the ultraviolet, it is highly desirable to use 

90' (type I )  phase matching; this maximizes the size 

(4) of the angular misalignment which can be tolerated . 
0 

Figure 5 shows the 90 phase matching temperatures and 

wavelengths for a number of crystals(6). Deuterated K D P  

(K3*P) is the best choice for generating the fourth 

harmonic of Nd:YAG, at 266 nm. However, it requires an 
0 

impractically low (less than 0 C )  temperature when used 

wlth a phosphate glass system (fourth harmonic at 264 nm). 

Therefore, we used A D P  (ammonium dihydrogen phosphate). 

Using a small phosphate glass oscillator (the diagnostic 

evaluation laser), the 90' phase matching temperature 

was determined to be 35.6 OC, in good agreement with 

Figure 5. The 1.2 cm per side A D P  crystal was mounted 

in a tem~erature controlled oven, and a oiece of K G - 3  

glass (7) was placed over the entrance window to prevent 

one micron light from reaching the crystal. 

A schematic diagram of the probe beam system is 

shown in figure 6. Spatial filters (8 are used to 

improve the beam quality. A 0.5 mm pinhole, located at 

the focal ooint of the input lens, passes the zero and 

low s~atial frequency Fourier components, while blocking 

the high frequencv components of the light. These 

pinholes are in air, not vacuum, and each shot is 

accompanied by air breakdown in the vicinity of the hole. 
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However, t h i s  d i d  no t  appear  t o  have any d e l e t e r i o u s  

e f f e c t s  f o r  o u r  s h o r t  (60 p s e c )  p u l s e  exper iments .  I f  a  

l o n g e r  probe were d e s i r e d ,  vacuum s p a t i a l  f i l t e r s  a r e  

probably  r e q u i r e d .  

The l e n s e s  which a r e  used f o r  t h e  s p a t i a l  f i l t e r s  

s i m u l t a n e o u s l y  s e r v e  two o t h e r  Durposes.  They down 

c o l l i m a t e  t h e  beams t o  approximate ly  1 cm i n  d i a m e t e r ,  

t o  match t h e  s i z e  o f  t h e  c r y s t a l s ,  and t h e y  a l s o  r e l a y  

t h e  i n a g e  of  t h e  beam a t  t h e  l a s t  a m p l i f i e r  t o  t h e  

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

improve t h e  beam q u a l i t y ,  by r e s t o r i n g  t h e  phase f r o n t  

t o  i t s  c o n d i t i o n  a t  t h e  image l o c a t i o n .  

The e a r l y  and synchronous probe beams a r e  combined 

by a  beam s ~ l i t t e r  j u s t  b e f o r e  t h e  c r y s t a l s ,  as shown i n  

F igure  6 .  The system t h u s  produces  two u l t r a v i o l e t  

p u l s e s ,  one synchronous w i t h  t h e  i r r a d i a t i o n  o f  t h e  

t a r g e t ,  and one approx imate ly  100 n s e c  i n  advance of  

t a r g e t  i r r a d i a t i o n .  The t ime of a r r i v a l  o f  t h e  synchronous 

p u l s e  can be v a r i e d  + l o 0  psec  by moving t h e  t r a n s l a t i o n  

s t a g e  (TR1). A l l  o f  t h e  non-normal i n c i d e n c e  u l t r a v i o l e t  

m i r r o r s  have d i e l e c t r i c  c o a t i n g s  (magnesium f l u o r i d e  on 

g l a s s  s u b s t r a t e s )  w i t h  h i g h  ( g r e a t e r  t h a n  95%)  r e f l e c t i v i t y  

a t  0 .26 pm,  and low ( l e s s  t h a n  20%) r e f l e c t i v i t y  a t  0.53 pm. 

Thus, no f i l t e r s  were n e c e s s a r y  i n  t h e  u l t r a v i o l e t  beam t o  

s e p a r a t e  i t  from t h e  g r e e n  second harmonic. A beam 



s p l i t t e r  (magnesium f l u o r i d e  on a fused s i l i c a  s u b s t r a t e )  

s p l i t s  o f f  25% of t h e  u l t r a v i o l e t  beam f o r  use as t h e  

r e f e r e n c e  beam i n  t h e  ho lograph ic  system. The remainder  

i s  brought  up t o  t h e  vacuum chamber l e v e l  by a  two m i r r o r  

p e r i s c o p e ,  and d i r e c t e d  t o  t h e  t a r g e t .  The probe beam, 

w i t h  a  d iamete r  of approximate ly  1 cm, i s  o f  c o u r s e ,  much 

l a r g e r  t h a n  t h e  t a r g e t ,  and i t s  i n t e n s i t y  i s  low enough 

t h a t  f t  does  no t  damage t h e  t a r g e t .  A p a i r  o f  q u a r t z  

l e n s e s  r e l a y s  t h e  image of t h e  t a r g e t  t o  t h e  v i c i n i t y  of  

t h e  h o l o g r a p h i c  p l a t e .  These w i l l  be d i s c u s s e d  f u r t h e r  

i n  t h e  nex t  s e c t i o n .  Not ice  t h a t  a  second two m i r r o r  

p e r i s c o p e  b r i n g s  t h e  scene  beam back down t o  t a b l e  l e v e l .  

Each p e r i s c o p e  r o t a t e s  t h e  p o l a r i z a t i o n  by go0,  s o  t h a t  

t h e  f i n a l  p o l a r i z a t i o n  a t  t h e  photographic  p l a t e  i s  t h e  

same a s  t h e  o r i g i n a l  ( v e r t i c a l )  p o l a r i z a t i o n .  T h i s ,  o f  

c o u r s e ,  i s  n e c e s s a r y ,  s i n c e  t o  ~ r o d u c e  t h e  hologram, we 

must be a b l e  t o  have i n t e r f e r e n c e  between t h e  scene  

and r e f e r e n c e  beams. 

We w i l l  now d i s c u s s  t h e  methods used i n  a l i g n i n g  t h e  

Dr0be beam, w i t h o u t  an  i n  s i t u  a l ignment  o s c i l l a t o r .  A s  

has  a l r e a d y  been ment ioned,  t h e  d i a g n o s t i c  e v a l u a t i o n  

l a s e r  was used t o  de te rmine  t h e  90' phase  matching 

t e m p e r a t u r e  o f  35.6 O C  f o r  t h e  ADP c r y s t a l .  The ADP 

c r y s t a l ,  i n  i t s  t e m ~ e r a t u r e  c o n t r o l l e d  oven,  and t h e  KDP 

c r y s t a l ,  i n  a gimbal  mount, were mounted on a n  aluminum 



p l a t e  which was anchored  t o  t h e  o p t i c a l  t a b l e  by magnet ic  

b a s e s .  The p l a t e  a l s o  had h o l e s  d r i l l e d  and t a p p e d  t o  

a c c e p t  a m i r r o r  mount on i t s  f r o n t  edge.  The e n t i r e  

assembly  was  laced n e a r  t h e  o u t p u t  o f  a Q-switched YAG 

o s c i l l a t o r .  T h i s  l a s e r  p roduced  5 watts a v e r a g e  power, 

u s i n g  a  30 n s e c  wide p u l s e  and a  5 KHz r e p e t i t i o n  r a t e .  

The l a s e r  was a l i g n e d  t o  go t h r o u g h  t h e  c r y s t a l s .  The 

a n g u l a r  o r i e n t a t i o n  of t h e  KDP was t h e n  v a r i e d  u n t i l  t h e  

g r e e n  l i g h t  p roduced  was o f  maximum i n t e n s i t y ,  as measured 

by a  ~ h o t o d i o d e .  The e x p e c t e d  ( 4 )  2 ( s i n ( 0  ) / 0  ) v a r i a t i o n  

i n  i n t e n s i t y  was e a s i l y  o b s e r v e d .  A m i r r o r  was t h e n  

mounted on t.he aluminum p l a t e ,  and c a r e f u l l y  a d j u s t e d  t o  

e x a c t l y  b a c k r e f l e c t  t h e  laser  beam. T h i s  m i r r o r  marked 

t h e  p r o p e r  beam d i r e c t i o n  t h r o u g h  t h e  c r y s t a l s .  The 

e n t i r e  assembly  o f  p l a t e ,  c r y s t a l s ,  and m i r r o r  was t h e n  

p l a c e d  i n  ~ o s i t i o n  i n  t h e  GDL t a r g e t  chamber a r e a ,  a s  

shown i n  F i g u r e  6.  The Y A G  a l i g n m e n t  l a s e r  was t u r n e d  

o n ,  and t h e  p r o b e  beam m i r r o r s  a d j u s t e d  u n t i l  t h e  beam 

was e x a c t l y  r e t r o r e f l e c t e d  from t h e  ( t e m p o r a r y )  m i r r o r  

on t h e  aluminum p l a t e .  A d j u s t a b l e  i r i s  d iaphragms were 

u s e d  t o  mark t h e  p r o p e r  beam p o s i t i o n s .  The r e t r o -  

r e f l e c t i n g  m i r r o r  was t h e n  removed from i n  f r o n t  o f  t h e  

c r y s t a l s .  A series o f  s e v e n  low power s h o t s  were t a k e n  

t o  ' f i n e  t u n e '  t h e  c r y s t a l  a l i g n m e n t .  Only t h e  f i r s t  

t h r e e  laser r o d s  were f i r e d ;  t h i s  gave  sufficient e n e r g y  



i n  t h e  ' e a r l y '  p robe  beam, and a l lowed f o r  a  r e p e t i t i o n  

r a t e  of  1 2  minu tes  p e r  s h o t .  A c a l o r i m e t e r ,  w i t h  a  1 pm 

b l o c k i n g  f i l t e r ,  mon i to red  t h e  harmonic e n e r g y ,  w h i l e  

t h e  c r y s t a l  was s t e p p e d  t h r o u g h  a  r a n g e  of 5 m i l l i r a d i a n s .  

The f u l l  w id th -ha l f  maximum of t h e  harmonic ene rgy  was 

found t o  be 2 m i l l i r a d i a n s .  

A l l  of t h e  u l t r a v i o l e t  m i r r o r s  were r o u e h l y  a l i g n e d  

w i t h  a helium-neon l a s e r .  F i n a l  a l ignmen t  was accombl ished  

by    walk in^' P o l a r o i d  f i l m  and c r o s s  h a i r s  t h rough  t h e  

sys t em on a  s h o t  t o  s h o t  b a s i s .  

S i m i l a r l y ,  t h e  t e m p e r a t u r e  o f  t h e  ADP c r y s t a l  was 

a d j u s t e d  w h i l e  o b s e r v i n g  t h e  u l t r a v i o l e t  o u t p u t  on P o l a r o i d  

f i l m .  S i n c e  t h e  c o n v e r s i o n  e f f i c i e n c y  was v e r y  low a t  

35.6 O C ,  t h e  beam was e v i d e n t l y  n o t  o r t h o g o n a l  t o  t h e  

c r y s t a l  a x i s .  R a t h e r  t h a n  a d j u s t  t h e  beam, t h e  c r y s t a l  

t e m p e r a t u r e  was lowered ,  and s h o t s  were t a k e n  and obse rved  

on P o l a r o i d  f i l m ,  u n t i l  a maximum u l t r a v i o l e t  i n t e n s i t y  

was found .  The p h a s e  m a t c h i n g  t e m p e r a t u r e  used  was 

32.2 O C .  (The t e m p e r a t u r e  c o n t r o l l e r ,  which i s  p o o r l y  

c a l i b r a t e d ,  was se t  a t  35.8 OC. ) 

To match t h e  r e f e r e n c e  beam o ~ t i c a l  o a t h  l e n g t h  t o  

t h a t  o f  t h e  s c e n e  beam, a t r a n s l a t i o n  s t a g e ,  TR2 i n  

F i g u r e  6, i s  used .  A s  t h e  p a t h  l e n g t h  was changed ,  on  

a s h o t  t o  s h o t  b a s i s ,  t h e  r e g i o n  o v e r  which r e c o n s t r u c t e d  

images c o u l d  b e  o b t a i n e d  was found.  T h i s  r e g i o n  was 



approximate ly  2 cm l o n g ,  which i n d i c a t e s  t h a t  t h e  u l t r a -  

v i o l e t  p u l s e s  were of a t  l e a s t  30 psec d u r a t i o n .  

F i n a l l y ,  t h e  t i m i n g  of  t h e  synchronous probe was 

compared t o  t h e  main h e a t i n g  beams. For t h i s  purpose ,  

a Hadland s t r e a k  camera, w i t h  an  S-20 photocathode,  was 

 laced on t h e  s o u t h  s i d e  of t h e  t a r g e t  chamber, i n  l i n e  

w i t h  t h e  probe  beam e x i t  window. The s t r e a k  camera was 

a b l e  t o  d e t e c t  t h e  small amount o f  g reen  probe  l i g h t  

which was r e f l e c t e d  by  t h e  d i e l e c t r i c  m i r r o r s ;  i t  could  

a l s o  e a s i l y  d e t e c t  second harmonic l i g h t  genera ted  w i t h i n  

a t a r g e t  plasma by t h e  main l a s e r .  The h e a t i n g  beam (on ly  

t h e  e a r t  beam was u s e d )  was a t t e n u a t e d ,  and s e v e r a l  s h o t s  

were t a k e n .  These measurements made i t  p o s s i b l e  t o  r e l a t e  

t h e  s e t t i n g  of t h e  t r a n s l a t i o n  s t a g e  (TR1 i n  F i g u r e  6 )  t o  

t h e  t i m i n g  of  t h e  probe beam wi th  r e s p e c t  t o  t h e  h e a t i n g  

beam, t o  w i t h i n  10  psec .  A l l  o f  t h e  t i m e s  a r e  measured 

from t h e  peak o f  t h e  probe  beam t o  t h e  peak of  t h e  

h e a t i n g  beam. 

The convers ion  e f f i c i e n c i e s ,  and t h e  energy of  t h e  

probe  beam, were n o t  r o u t i n e l y  moni tored .  The convers ion  

e f f i c i e n c y  from 1 .05  vm t o  0.53 vm, f o r  low energy 

a l ignment  s h o t s ,  was t y p i c a l l y  5% f o r  15  m J  of 1 .05  vm 

energy  i n p u t .  For a t y p i c a l  f u l l  power s h o t ,  100 m J  o f  

i n f r a r e d  energy was i n c i d e n t  on t h e  first  c r y s t a l  i n  a 
2  1 cm d i a m e t e r  beam, g i v i n g  a n  i n t e n s i t y  of 2  GW/cm ; 20% 

o f  t h i s  emirgy was conver ted  t o  t h e  g reen .  No measurement 



was made of the ultraviolet energy produced. However, 

by estimating the sensitivity of the Agfa 10E75 ~lates, 

( 9 )  by extrapolation from the literature , to be on the 
order of 100 ergs/cm2, and attempting to account for all 

losses, we may make a crude estimate. Such an estimate 

yields a conversion efficiency of 5% from green light 

to ultraviolet. 

Interferometers 

Optical interferometry is used to measure the plasma 

density profile. Since there is considerable refraction 

of the probe beam in traversing these ~lasmas, the 

interferometric system must be capable of accurate 

imaging. This is discussed in more detail in the next 

chapter. It is also desirable to have a system which is 

as compact and stable as possible, because of the 

difficulties in aligning optics to interferometric 

tolerances in the ultraviolet. 

The folded wave interferometer (lo) meets the latter 

criterion. In this system, the probe beam, after 

traversing the olasma, is s ~ l i t  into two beams. The 

beams are then recombined in such a fashion that the 

image of the plasma in one beam overlaps, and interferes 

with, the image of the nearby vacuum region in the other 

beam. All of the critical optical components can be 



mounted i n  a  compact a r r angemen t ,  and a l ignmen t  o f  t h e  

m i r r o r s  c a n  be done w i t h  v i s i b l e  l i g h t .  Accura t e  imaging  

of  t h e  p lasma mus t ,  however,  be  v e r i f i e d  w i t h  u l t r a v i o l e t  

l i g h t .  

Ho log raph ic  i n t e r f e r o m e t r y  (11) h a s  a number o f  

a d v a n t a g e s  (12), t h e  p r i n c i p l e  one b e i n g  t h e  a b i l i t y  t o  

e a s i l y  o b t a i n  imaging  a c c u r a c y .  T h i s  method o f  

i n t e r f e r o m e t r y  depends on t h r e e  o f  t h e  o r o o e r t i e s  o f  

ho lograms.  F i r s t ,  t h e  r e c o n s t r u c t e d  h o l o g r a p h i c  Image 

c o n t a i n s  n o t  o n l y  t h e  i n t e n s i t y  v a r i a t i o n s  o f  t h e  o r i g i n a l  

l i g h t ,  b u t  a l s o  t h e  phase  v a r i a t i o n s .  Second ly ,  a number 

o f  i ndependen t  holograms can  be r e c o r d e d  on t h e  same 

p h o t o g r a b h i c  p l a t e ,  one on  to^ o f  t h e  o t h e r .  F i n a l l v ,  

t h e  r e c o n s t r u c t e d  image Is t h r e e  d i m e n s i o n a l .  It i s  t h i s  

l as t  p r o p e r t y  which e n a b l e s  one t o  o b t a i n  imaging  

a c c u r a c y ;  s i n c e  a l l  image p l a n e s  a r e  c o n t a i n e d  i n  t h e  

t h r e e  d i m e n s i o n a l  r e c o n s t r u c t e d  image ,  e x a c t  f o c u s i n g  

can be done a f t e r  t h e  s h o t ,  w i t h  a CW, v i s i b l e  l i g h t  

r e c o n s t r u c t i o n .  The f irst  two h o l o g r a p h i c  p r o p e r t i e s  

ment ioned above form t h e  b a s i s  f o r  d o u b l e  p u l s e  ho lo -  

g r a p h i c  i n t e r f e r o m e t r y .  F i r s t ,  a hologram i s  made o f  a 

p l a n e  wave i n  a vacuum ( t h e  ' r e f e r e n c e  e x p o s u r e ' ) .  Then, 

on  t h e  same p l a t e ,  a hologram o f  l i g h t  p a s s i n g  t h r o u g h  

t h e  p lasma i s  r e c o r d e d .  When t h e  ho logram i s  r e c o n s t r u c t e d ,  

t h e  images o f  b o t h  t h e  p lasma and t h e  p l a n e  wave are 



s i m u l t a n e o u s l y  r e - c r e a t e d ;  where  t h e i r  p h a s e s  d i f f e r ,  

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

We c h o s e  t o  u s e  a d o u b l e  p u l s e  h o l o g r a p h i c  s y s t e m ,  

d e s p i t e  s e v e r a l  d i s a d v a n t a g e s .  One must u s e  h i g h  

r e s o l u t i o n  p h o t o g r a p h i c  ~ l a t e s ,  which are i n h e r e n t l y  

i n s e n s i t i v e ;  a s t r o n g  p r o b e  beam i s  r e q u i r e d  f o r  p r o p e r  

e x p o s u r e s .  The i n t e r f e r o g r a m  i s  n o t  a v a i l a b l e  f o r  

a n a l y s i s  immed ia t e ly  a f t e r  t h e  s h o t ;  t h e  p l a t e  must be  

d e v e l o p e d ,  t h e  image r e c o n s t r u c t e d  and o h o t o g r a p h e d  

t h r o u g h  a mic roscope .  One n e e d s  two e x o o s u r e s  f o r  e a c h  

i n t e r f e r o g r a m .  However, t h e  a b i l i t y  t o  do  p o s t - s h o t  

f o c u s i n g  o u t w e i g h s  t h e s e  l i m i t a t i o n s .  I n  a d d i t i o n ,  t h e  

hologram t e n d s  t o  be  less  s e n s i t i v e  t h a n  o t h e r  methods 

t o  s p u r i o u s  l i g h t  f rom ~ l a s m a  e m i s s i o n s ,  and  t o  b l u r r i n g  

due  t o  a r a p i d l y  moving plasma. (The u l t r a - f i n e  

h o l o g r a p h i c  f r i n g e s  on t h e  p l a t e  are n o t  formed f rom t h e  

f o r m e r ,  and a r e  'washed o u t T  f o r  t h e  l a t t e r ,  s o  t h a t  

t h e y  do n o t  r e c o n s t r u c t . )  We r e v i e w  t h e  i n t e r f e r o m e t r i c  

s y s t e m  i n  t h e  n e x t  s e c t i o n .  

E. Double P u l s e  H o l o ~ r a p h i c  Sys tem 

I n  o u r  s y s t e m ,  t h e  ' e a r l y '  p r o b e  beam p r o d u c e s  a 

hologram of  t h e  t a r g e t ,  and t h e  s u r r o u n d i n g  vacuum r e g i o n ,  

a p p r o x i m a t e l y  100  n s e c  b e f o r e  t h e  t a r g e t  i s  i r r a d i a t e d  

by t h e  h i g h  i n t e n s i t y  1 . 0 5  v m  beams. When r e c o n s t r u c t e d ,  



t h e  image o f  t h e  vacuum r e g i o n  i s  simply a  p lane  wave. 

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

no t  a  p l a n e  wave; i t  has  had i n t e n s i t y  and phase 

v a r i a t i o n s  impressed on it by t h e  g l a s s  microbal loon.  

The synchronous probe  i s  used t o  c r e a t e  a  hologram 

o f  t h e  plasma formed d u r i n g  t h e  i r r a d i a t i o n  o f  t h e  t a r g e t ,  

o r  some o t h e r  ( s e l e c t a b l e )  t ime .  When r e c o n s t r u c t e d ,  t h e  

l i g h t ' w h i c h  passed  th rough  t h e  plasma i s  r e - c r e a t e d  i n  

i n t e n s i t y  and phase .  The e a r l y  and synchronous 

holograms a r e  formed on t h e  same p l a t e ,  and,  when 

s u i t a b l y  i l l u m i n a t e d ,  b o t h  a r e  r e c o n s t r u c t e d .  F r i n g e s  

aDpear,  showing where t h e  probe beam th rough  t h e  plasma 

i n t e r f e r e s  w i t h  t h e  e a r l y  probe th rough  t h e  vacuum. S ince  

t h e  l a t t e r  image i s  a  p l a n e  wave, t h e  i n t e r p r e t a t i o n  i s  

s t r a i g h t f o r w a r d ;  t h e y  show t h e  phase  v a r i a t i o n s  caused 

by t h e  plasma. It should  be noted  t h a t  i f  f r i n g e s  a r e  

o b s e r v a b l e  i n s i d e  t h e  o r i g i n a l  t a r g e t  d i a m e t e r ,  t h e y  a r e  

t h e  r e s u l t  o f  i n t e r f e r e n c e  between t h e  probe beam th rough  

t h e  plasma,  and t h e  e a r l y  probe  th rough  t h e  g l a s s ;  t h e y  

cannot  be e a s i l y  I n t e r p r e t e d ,  s i n c e  t h e  e f f e c t s  of  t h e  

g l a s s  a r e  no t  w e l l  c h a r a c t e r i z e d .  

The schemat ic  l a y o u t  of t h e  h o l o g r a p h i c  i n t e r f e r o m e t e r  

i s  shown i n  F i g u r e  6. The c o l l e c t i o n  l e n s ,  l o c a t e d  i n s i d e  

t h e  vacuum chamber, i s  a custom d e s i g n e d  ( I 3 )  F/2, 10  cm 

f o c a l  l e n g t h  t r i p l e t .  To t r a n s m i t  264 nm l i g h t ,  i t s  



e lements  a r e  f u s e d  s i l i c a .  The maximum d e n s i t y  which 

can  be obse rve  depends on t h e  amount o f  r e f r a c t i o n  i n  

t h e  plasma,  and t h e  accep tance  a n g l e  o f  t h e  c o l l e c t i o n  

l e n s .  Numerical s i m u l a t i o n s ,  which w i l l  be d i s c u s s e d  i n  

more d e t a i l  i n  t h e  nex t  c h a p t e r ,  i n d i c a t e d  t h a t  f o r  a 

t y p i c a l  plasma (100 u m  d i a m e t e r ,  e x p o n e n t i a l  d e n s i t y  

s c a l e  l e n g t h  of 1 0  u m ) ,  an  F/2 c o l l e c t i o n  l e n s  i s  

r e q u l r e d  i n  o r d e r  t o  probe t o  t h e  c r i t i c a l  d e n s i t y .  

Another e f f e c t  of t h e  r e f r a c t i o n  i s  t ha t  t h e  

( r e f r a c t e d )  l i g h t  from t h e  synchronous brobe  w i l l  s t r i k e  

t h e  imaging l e n s  n e a r  i t s  edge ,  whi le  t h e  ( u n r e f r a c t e d )  

l i g h t  i n  t h e  e a r l y  probe  beam w i l l  be i n c i d e n t  v e r y  n e a r l y  

on a x i s .  T h i s  means t h a t  t h e  l e n s  must be well c o r r e c t e d  

f o r  s p h e r i c a l  a b e r r a t i o n .  I t  i s  sometimes s t a t e d  (11) 

t h a t ,  w i t h  doub le  p u l s e  ho lography ,  e r r o r s  due t o  Door 

o p t i c s  ' c a n c e l  o u t ' .  T h i s  i s  on ly  t r u e  i n  t h e  absence  

o f  r e f r a c t i o n .  

The s p h e r i c a l  wavef ron t  a b e r r a t i o n  o f  t h e  F/2 t r i p l e t  

was measured by t h e  manufac tu re r  u s i n g  v i s i b l e  (6328 1) 
l i g h t ,  w i t h  a ( c a l c u l a t e d  t h i c k n e s s )  c o r r e c t o r  p l a t e .  

From t h i s  measurement,  it was i n f e r r e d  t h a t  t h e  s p h e r i c a l  

a b e r r a t i o n  i n  t h e  u l t r a v i o l e t  was less t h a n  o n e - s i x t h  o f  

a wavelength  ( 1 4 )  

T h i s  l e n s  i s  used w i t h  a  second q u a r t z  l e n s  (F/18, 

90 cm f o c a l  l e n g t h )  t o  form a r e l a y  p a i r  w i t h  gX 



m a g n i f i c a t i o n .  It was p o i n t e d  o u t  e a r l i e r  t h a t  t h e  

h o l o g r a p h i c  s y s t e m  f r e e s  u s  o f  t h e  need f o r  e x a c t  

f o c u s i n g  ~ r i o r  t o  c o l l e c t i n g  t h e  d a t a .  The re  are,  

however,  two l i m i t a t i o n s  t o  t h i s  s t a t e m e n t .  The l e n s  

must be  used  c l o s e  t o  i t s  d e s i g n  p a r a m e t e r s ( i n f i n i t e  

c o n j u g a t e  r a t i o )  If i t s  per formance  i s  t o  f a l l  w i t h i n  i t s  

s p e c i f i c a t i o n s .  The o t h e r  c o n s t r a i n t  i s  due t o  t h e  

aUart.2 vacuum window. T h i s  window w i l l  Droduce s p h e r i c a l  

a b e r r a t i o n  u n l e s s  t h e  image i s  f o c u s e d  a t  i n f i n i t y .  

F o r t u n a t e l y ,  a simple estimate shows t h e  s p h e r i c a l  

a b e r r a t i o n  t o  be n e g l i g i b l e  f o r  f o c u s i n g  e r r o r s  of  1 mm 

o r  l e s s  ( c o n j u g a t e  r a t i o s  o f  100  o r  more ) .  T h i s  d e g r e e  

of a c c u r a c y  i s  e a s i l y  a c h i e v e d ,  as f o l l o w s .  The 

h o l o g r a ~ h i c  p l a t e  i s  ~ o s i t i o n e d  a ~ p r o x i m a t e l v  89 cm from 

t h e  90 cm f o c a l  l e n g t h  l e n s .  I f  t h e  F/2 l e n s  i s  ~ r o ~ e r l v  

f o c u s e d ,  t h e r e f o r e ,  t h e  image of t h e  t a rge t  s h o u l d  a m e a r  

1 cm beh ind  t h e    late. A hologram i s  made, and t h e  image 

l o c a t i o n  i s  obse rved .  I f  i t  i s  n o t  1 cm from t h e   late, 

t h e  c o l l e c t i o n  l e n s  i s  a d j u s t e d ,  and t h e  ~ r o c e d u r e  i s  

r e o e a t e d .  It s h o u l d  be  n o t e d  t h a t  s i n c e  t h e  l o n g i t u d i n a l  

m a g n i f i c a t i o n  i s  8 1 ,  ( t h e  l a t e r a l  m a g n i f i c a t i o n  s q u a r e d ) ,  

a n  e r r o r  o f  1 cm i n  l o c a t i n g  t h e  image ( h i g h l y  u n l i k e l y )  

p r o d u c e s  a n  u n c e r t a i n t y  o f  o n l y  0.12 mm i n  t h e  f o c u s i n g  

o f  t h e  c o l l e c t i o n  l e n s .  

The h o l o g r a p h i c  camera  c o n s i s t s  s i m o l y  o f  a 



p h o t o g r a p h i c  p l a t e  h o l d e r ,  su r rounded  by a l i g h t - t i g h t  

box w i t h  a f o u r  i n c h  d i a m e t e r ,  e l e c t r i c a l l y  o p e r a t e d  

s h u t t e r .  The s h u t t e r  i s  a c t i v a t e d  from t h e  GDL c o n t r o l  

room. A s m a l l  n h o t o d i o d e  i s  used  t o  send a  s i g n a l  t o  

t h e  c o n t r o l  room, t o  i n d i c a t e  whe the r  o r  n o t  t h e  t a r g e t  

a r e a  room l i g h t s  a r e  o f f .  

The p h o t o g r a p h i c  ~ l a t e s  we u s e  are Agfa 10E75 NAH,  

nomina l ly  4 by  5 i n c h e s .  They a r e  c o n s i d e r a b l y  more 

s e n s i t i v e  t h a n  needed f o r  t h i s  a p p l i c a t i o n .  S i n c e  we 

l a c k e d  h i g h  o p t i c a l  q u a l i t y  u l t r a v i o l e t  a t t e n u a t o r s ,  it 

was d e c i d e d  t o  r e d u c e  t h e  f i l m  sneed  r a t h e r  t h a n  

a t t e n u a t e  t h e  beam. (We c o u l d  n o t  r e d u c e  t h e  p r o b e  beam 

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

t o  n o i s e  r a t i o . )  To a c c o m ~ l i s h  t h i s ,  t h e  D-19 ( 1 5 )  

d e v e l o p e r  was d i l u t e d  1:l w i t h  w a t e r ,  and a n  a n t i - f o g  

a g e n t  ( 1 6 )  was added a t  t w i c e  i t s  recommended s t r e n g t h  (17 . 
F o r  a  t y p i c a l  s h o t ,  t h e  p l a t e  was deve loped  f o r  two 

m i n u t e s  a t  20  OC. T h i s  time was a d j u s t e d  i f  t h e  i n t e n s i t y  

f o r  t h a t  s h o t  was u n u s u a l l y  weak o r  s t r o n g .  I n  l i e u  of 

a n  a c i d  s t o p  b a t h ,  a r u n n i n g  water b a t h  was used  t o  h a l t  

deve lopment .  Next ,  t h e  p la te  was b a t h e d  f o r  two t o  f o u r  

m i n u t e s  i n  Raoid F i x e r  ( 1 5 )  , t h e n  washed f o r  f i v e  t o  t e n  

m i n u t e s ,  f o l l o w e d  by d r y i n g  i n  a i r .  The hologram was 

t h e n  r e a d y  f o r  r e c o n s t r u c t i o n .  

The r e c o n s t r u c t i o n  a p p a r a t u s  i s  shown i n  F i g u r e  7 .  
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A 0.5 mW helium-neon laser is used to illuminate the 

hologram. The reconstructed image is magnified by a 

5X microscope objective, which relays the image onto the 

film plane of a 35 mm single lens reflex camera body. 

The microscope objective is adjusted to Droduce a sharp 

image of the target support stalk. (The desirability of 

focusing at the mid-plane of the target will be discussed 

in the next cha~ter. ) 

Individual holograms varied considerablv in the 

brightness of the reconstructed image. Typically, 

however, an exposure time of one second on Trl-X (I5) film 

( A S A  4 0 0 )  was reouired. After processing, the 35 mrn 

negatives were used to produce large prints, from which 

the data could be directly digitized. 

The data reduction and error analysis for the 

interferometric data will be reviewed in chapter IV. 

F. Calorimetry 

The Beta target area uses four thermoelectric 

calorimeters (Scientech Model 3-80101) to monitor the 

incident east and west beam energies, the backscattered 

energy, and any energy transmitted around or through the 

the target. These are shown in Figure 4, The incident 

energy calorimeters measure the amount of light which is 

reflected from the uncoated vacuum chamber windows. 



To understand tle functioning of the backscattered 

and transmitted light calorimeters, it is necessary to 

review the polarization present at various points along 

the optical path. The light f ~ o m  the laser is vertically 

polarized ('St). On passing through the quarter-wave 

plates it becomes right circularly polarized (see 

Figure 4). Light which misses the target travels down 

the op~osite beam line. The quarter-wave plate in that 

beam line changes the polarization back to vertical. 

The light travels back to the 50% reflecting beams~litter, 

where half of it is sent down the dotted path shown in 

Figure 4. The polarizer directs this light to the 'St 

calorimeter, where its energv is measured. 

Now consider light which bits the target. If this 

light is specularly reflected, or undergoes Brillouin 

backscattering, its polarization is changed from right 

to left circular. On passing through the quarter-wave 

plate, it is converted to horizontal ~olarization ('P'). 

The beamsplitter directs some of this light through the 

polarizer, to the 'P' calorimeter (and also to the 

spectrometer). It should be noted that, for 'P' 

polarization, the beamsplitter is -65% transmitting, and 

-35% reflecting. Therefore, the 'P' calorimeter is 

more sensitive to backscatter from the west beam than 

from the east beam. 



The calorimeters were all calibrated in situ against 

a large (six inch diameter) reference calorimeter by 

firing a number of low power laser shots, with the reference 

calorimeter taking the place of the target. A high 

reflectance mirror, inserted in one beam line at a time, 

was used to calibrate the backscattered and transmitted 

light calorimeters. The reference calorimeter was 

calibrated using an internal electrical resistance as a 

heat source. The relative calibration between the 

incident energy calorimeters and the backscatter 

calorimeter was periodically checked by firing a low 

power shot off of a retroreflecting mirror placed in the 

beam line. The calibrations used are shown in Table I. 

Notice that, as previously mentioned, the backscatter 

calorimeter is more sensitive to the west beam than the 

east. The calorimeter signals are each fed into an 

amplifier and a hold circuit, and are read out on digital 

voltmeters. The hold circuits have a decay time on the 

order of 0.01 volt/sec. The voltmeters are manually 

latched within a few seconds after the shot, ensuring 

read out accuracies of 20 to 30 millivolts. For a typical 

shot, (10 Joules on target, 10% backscatter), this results 

in relative backscatter error bars of 3%. Subsequent 

calibration shots showed fluctuations on the order of 65, 

presumably due to small misalignments and/or electrical 



Table I 

Calorimeter Calibration (Volts/Joule) 

East Beam 0.415 

West Beam 0.556 

Transmitted (IS') 0.89~ 

Backscattered ('P') 

Both Beams 0.90 

West Beam Only 1.17 

East Beam Only 0.63 

*TO correct for 'P' reflections off of the 

polarizer, 8% of the 'P' reading, in volts, 

is subtracted from the 'S' calorimeter reading, 

before applying the 0.89 V/J calibration factor. 



n o i s e .  Thus t h e  e r r o r  t a r s  f o r  t h e  b a c k s c a t t e r  f r a c t i o n  

a r e  t y p i c a l l y  10% of t h e  f r a c t i o n .  

The t r a n s m i t t e d  energy c a l o r i m e t e r  showed n e g l i g i b l e  

energy g e t t i n g  by t h e  t a r g e t ,  excep t  when t h e  beams were 

g r e a t l y  defocused.  

O .  B a c k s c a t t e r  Spect roscopv:  Time I n t e g r a t e d  

A p o r t i o n  of t h e  'P' p o l a r i z e d  b a c k s c a t t e r e d  l i g h t  

i s  d i r e c t e d  t o  a  one mete r  f o c a l  l e n g t h  Czerny-Turner 

g r a t i n g  s ~ e c t r o r n e t e r  ( I 8 ) ,  a s  i n d i c a t e d  i n  F i g u r e  4 .  It 

i s  e a s i l y  shown ( I 9 )  t h a t  t h e  r e s o l v i n g  power o f  a  g r a t i n g ,  

X / A X ,  i s  e q u a l ,  i n  f i r s t  o r d e r ,  t o  t h e  t o t a l  number o f  

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

t h e  g r a t i n g  l i n e s  a r e  c o n t i n u o u s l y  i l l u m i n a t e d ,  and can 

t h e r e f o r e  i n t e r f e r e  wi th  each  o t h e r .  For  s h o r t  ~ u l s e s ,  

t h e  e f f e c t i v e  s i z e  of t h e  g r a t i n g  i s  l i m i t e d  t o  t h o s e  

o p t i c a l  p a t h  d i f f e r e n c e s  which a r e  less t h a n  t h e  p u l s e  

width .  T h i s  l i m i t a t i o n ,  which w i l l  be e l a b o r a t e d  on i n  

t h e  nex t  s e c t i o n ,  can be e x p r e s s e d  a s  

A v * A T  = 1 ( 6 3 )  

where A v  i s  t h e  s m a l l e s t  r e s o l v a b l e  f r equency  d i f f e r e n c e ,  

and A T  i s  t h e  p u l s e  wid th .  A p r a c t i c a l  r e s o l u t i o n  l i m i t  

i s  o f t e n  imposed by t h e  f i n i t e  s i z e  o f  t h e  e n t r a n c e  s l i t .  

The s p e c t r o m e t e r  u s e s  a 5 cm wide ,  1200 lines/mm 

g r a t i n g .  For  o u r  t ime-averaged s t u d i e s ,  t h i s  g r a t i n g  was 



f u  Lly i l l u m i n a t e d ,  g i v i n g  a  p o s s i b l e  r e s o l u t  i o n  of  

A X  = 0.2 1 a t  X  = 1 . 0 5  p m ,  i n  f i r s t  o r d e r .  However, t h e  

p u l s e  wid th  o f  60 psec  c o n s t r a i n s  t h e  e f f e c t i v e  s i z e ;  

e q u a t i o n  ( 6 3 )  y i e l d s  A X  = 0 . 6  8 .  The i n ~ u t  s l i t  was s e t  

a t  100 rm w i d t h .  S i n c e  t h e  d i s p e r s i o n  a t  1 rm i s  7 R/mm, 

t h e  s l i t  l imits t h e  r e s o l u t i o n  t o  A X  = 0.7  1. Taking  

t h e  r.m.s. a v e r a g e  y i e l d s  t h e  r e s o l u t i o n  A A  = 1 1. 
.The s ~ e c t r o m e t e r  i s  a l i g n e d  w i t h  t h e  a i d  o f  t h e  G D L  

Y A 5  a l i g n m e n t  laser.  The t a r g e t  i s  removed, and t h e  

l i g h t  a l lowed  t o  ~ r o ~ a g a t e  down b o t h  t h e  e a s t  and west 

beams. One o f  t h e  quar te r -wave  n l a t e s  i s  r o t a t e d  90' ; 

a s  a  r e s u l t ,  t h e  l i g h t  t r a v e l i n g  th rough  t h e  t a r g e t  

chamber and back t h e  o p p o s i t e  beam l i n e  i s  h o r i z o n t a l l v  

('P') p o l a r i z e d .  A f r a c t i o n  ( % l o % )  o f  t h i s  l i g h t  i s  

focused  o n t o  t h e  s p e c t r o m e t e r  e n t r a n c e  s l i t  by an  8 cm 

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

i s  viewed i n  t h e  f i l m  p l a n e  w i t h  t h e  a i d  of a  ground 

g l a s s  and a n  i n f r a r e d  v i ewer .  The v i ewer  i s  a l s o  used 

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

When a l ignmen t  is  c o m p l e t e ,  t h e  ground g l a s s  i s  

r e p l a c e d  by a  f i l m  h o l d e r  c o n t a i n i n g  a  4 by 5 i n c h  s h e e t  

o f  High Sbeed I n f r a r e d  ( 1 5 )  
f i l m .  The f i l m  i s  exposed  

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

a r e f e r e n c e  l i n e  f o r  u s e  d u r i n g  a n a l y s i s .  When t h i s  i s  

comple t ed ,  t h e  wave p l a t e  is  r e t u r n e d  t o  i t s  o r i g i n a l  



p o s i t i o n ,  and t h e  s p e c t r o m e t e r  i s  ready t o  r e c o r d  t h e  

b a c k s c a t t e r  spectrum. 

A f t e r  t h e  d a t a  s h o t ,  t h e  f i l m  i s  developed i n  

~ - 1 9 ' ~ ~ )  t o  y i e l d  a  f i l m  gamma of approximate ly  one. A 

mic rodens i tomete r  i s  t h e n  used t o  g e n e r a t e  a  p l o t  of  f i l m  

d e n s i t y  v e r s u s  wavelength.  

To c a l i b r a t e  t h e  d i s p e r s i o n  o f  t h e  sys t em,  a r e t r o -  

r e f l e c t i n g  m i r r o r  was i n s e r t e d  i n t o  t h e  west beam, and 

a low power s h o t  was t a k e n .  The r e s u l t i n g  d e n s i t o m e t e r  

t r a c e ,  shown i n  F i g u r e  8 ,  shows t h e  g l a s s  l a s e r  l i n e  a t  

1.054 urn, and t h e  YAG l i n e  a t  1.064 pm. The measured 

d i s p e r s i o n  i s  7 h r n .  

H .  B a c k s c a t t e r  Spect roscopy:  Time Resolved 

To r e c o r d  t ime  r e s o l v e d  b a c k s c a t t e r  s p e c t r a ,  i t  was 

n e c e s s a r y  t o  modify t h e  sys tem d e s c r i b e d  i n  t h e  las t  

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

l e n g t h  o f  a l i g h t  r a y  d i f f r a c t i n g  o f f  o f  any g i v e n  groove 

d i f f e r s  by one wavelength ( i n  f i rs t  o r d e r )  f rom t h e  path 

o f  a r a y  d i f f r a c t i n g  from t h e  a d j a c e n t  groove.  A s  more 

g rooves ,  o r  g r a t i n g  l i n e s ,  are i l l u m i n a t e d ,  t h e  l i g h t  i s  

s p r e a d  o u t  i n  time. T h e r e f o r e ,  t h e  t e m p o r a l  r e s o l u t i o n  

degrades  i n  p r o p o r t i o n  t o  N ,  t h e  number o f  l i n e s  

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

i n v e r s e l y  p r o p o r t i o n a l  t o  N ,  it i s  s t r a i g h t f o r w a r d  t o  
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derive eauation (63) in the previous section. As an 

example, if a temporal resolution of 10 psec is desired, 

equation (63) shows that the spectral resolution must 

be limited to be no better than 3.7 8,  at our laser 
wavelength of 1.05 um. 

The cylindrical lens was removed from the spectrometer, 

and a very long ( 5  meter) focal length lens used instead, 

to focus the light onto the input slit. This is shown 

in Figure 9. The high F number input resulted in 

illumination of only 2.5 mm of the grating. The 

corresponding spectral resolution is 3.5 8; the tem~oral 

dispersion of the sDectrometer is then 10.6 psec. The 

entrance slit was set at 400 urn, which would limit the 

resolution to 2.8 1( if the grating were fully illuminated. 

The spectrometer output is relayed to the input slit 

of a streak camera (20) by a prism and a 10 cm focal 

length lens, with a magnification of 0.5. The prism 

rotates the image of the spectrometer slit, so that it 

is orthogonal to the streak camera slit. The system was 

sufficiently sensitive to detect light from the GDL 

oscillator. As described for the YAG earlier, one 

quarter-wave plate Is rotated go0, and the target removed, 

so that the light transmitted through the chamber becomes 

horizontally polarized, and is directed to the spectrometer. 

Since the oscillator can be fired once every 10 seconds, 
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t h i s  g r e a t l y  f a c i l i t a t e s  t h e  t i m i n g  o f  t h e  s t r e a k  cE.mera. 

The s t r e a k  camera t r i g g e r  was f u r n i s h e d  by a  p-I-n 

pho tod iode ,  p o s i t i o n e d  t o  s e e  a  smal l  p a r t  o f  t h e  

' e a r l y  ' probe  beam. 

The system was s p e c t r a l l y  c a l i b r a t e d  u s i n g  t h e  YAG 

l a s e r .  The s p e c t r o m e t e r  g r a t i n g  was s e t  t o  a  c e n t e r  

wavelength o f  10630 1, t h e  s t r e a k  camera t u r n e d  on i n  t h e  

f o c u s ~ m o a e ,  and an  exposure  of about  3 seconds  d u r a t i o n  

was made. The g r a t i n g  was t h e n  advanced t o  10640 1, and 

a n o t h e r  e n o s u r e  t a k e n ;  t h i s  was r e p e a t e d  a t  10650 8, and 

a t  10660 8 .  This  r e s u l t e d  i n  r e f e r e n c e  marks spaced 1 0  8 
a p a r t  on t h e  d e v e l o ~ e d  f i l m .  A d e n s i t o m e t e r  t r a c e  o f  

t h e s e  c a l i b r a t i o n  marks i s  shown i n  F i g u r e  10 .  The 

g r a t i n g  d r i v e  i s  known t o  be very  a c c u r a t e ,  and t h e  change 

i n  t h e  d i s ~ e r s i o n  i s  n e g l i g i b l e .  

The s p e c t r o m e t e r  was s e t  a t  10550 8 f o r  d a t a  s h o t s .  

S e v e r a l  low power s h o t s  were t a k e n  w i t h  a  r e t r o r e f l e c t i n g  

m i r r o r  i n  t h e  beam, t o  c a l i b r a t e  t h e  p o s i t i o n  o f  t h e  

l a s e r  l i n e  on t h e  f i l m .  ( T h i s  p o s i t i o n  can  a l s o  be 

c a l c u l a t e d  from t h e  YAG c a l i b r a t i o n  d a t a ;  t h i s  y i e l d s  

t h e  same r e s u l t . )  

An e t a l o n  ( 5  cm t h i c k n e s s ,  70% r e f l e c t i n g  on each  

end)  was i n s e r t e d  i n  t h e  b a c k s c a t t e r  beaml ine ,  b e f o r e  

t h e  s p e c t r o m e t e r .  T h i s  gave a series o f  p u l s e s ,  500 p s e c  

a p a r t ,  and each reduced i n  i n t e n s i t y  by a f a c t o r  o f  two 

from t h e  p r e c e d i n g  one ,  which can  be used t o  c a l i b r a t e  



Figure 10. Time Resolved Spectra Cal ibrat ion Lines 
(Sharp l i n e s  on t h e  r i g h t  are from the  f i l m  edge 
and a sprocket h o l e . )  



the streak s~eed. The measured speed, averaged over 

1 nsec at the center of the streak, is 64 psec/mm. In 

reducin~ the data, a pulse near the center of the streak 

is always used, since the spectral dispersion has been 

calibrated only in that region. Fortunately, the etalon 

~ulse appearing closest to the center almost alwavs 

provided the best film exDosure as well (in the range of 

1.5 obtical density). A close examination of Figure 10 

shows that there Is some distortion (~15%)  resent, 

presumably due to pin-cushion distortion in the i m a ~ e  

intensifier. When the data is presented in cha~ter V, 

the figures will show linear (uncorrected) wavelength 

scales; wavelengths quoted in the text, however, have 

been corrected for the intensifier distortion. The 

correction consists of linear interpolation between the 

calibration lines shown in Figure 10, and linear 

extrapolation beyond them. The numbers used are: 

6.7  8/mm for A X  between zero and 10 8; 7 .8  8/mm between 

10 8 and 20 1; and 7 8/mm for A X  greater than 20 1, 
where A X  is the red shift from the incident wavelength. 

In order to determine the absolute wavelength, it 

is necessary to measure from the edge of the film; i.e., 

the accuracy is limited by the repeatability of the 

mechanical film trans~ort mechanism. We estimate the 

tracking accuracy to be better than 0.5 mm, which 



c o r r e s p o n d s  t o  3  1. S h o t s  where a beam was r e t r o -  

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

of  less t h a n  2  8 i n  t h e i r  p o s i t i o n  from t h e  bo t tom 

edge  o f  t h e  f i l m .  

I n  summary, t h e  time r e s o l v e d  b a c k s c a t t e r  

s p e c t r o s c o p y  i s  c a n a b l e  of  1 5  p s e c  t i m e  r e s o l u t i o n  

( i n c l u d i n g  10  p s e c  f o r  t h e  s t r e a k  camera ' s  r e s o l u t i o n ) ,  

and 4 - 8  s p e c t r a l  r e s o l u t i o n .  The r e l a t i v e  c a l i b r a t i o n  

o f  w a v e l e n g t h ,  l i m i t e d  by u n c e r t a i n t y  i n  t h e  image 

i n t e n s i f i e r  d i s t o r t i o n ,  i s  22 I( f o r  r e d  s h i f t s  o f  z e r o  

t o  20 8 ,  and somewhat l a r g e r  ( e s t i m a t e d  a t  23  1) f o r  

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

wave leng th  i s  l i m i t e d  by t h e  m e c h a n i c a l  f i l m  t r a n s p o r t  

t o  a p p r o x i m a t e l y  2  8 .  F i n a l l y ,  t h e  s t r e a k  s ~ e e d  was 

measured t o  a v e r a g e  61 .7  psec/mm i n  t h e  500 p s e c  b e f o r e  

t h e  d a t a ,  and 67 .2  psec/mm i n  t h e  500 p s e c  a f t e r  t h e  

d a t a ,  g i v i n g  an  a v e r a g e  s t r e a k  speed  o f  64 ~ s e c / m r n ,  w i t h  

a  v a r i a t i o n  o f  25%.  



IV. DATA REDUCTION 

A .  Abel Inversion 

We will now review the theory relevant to the 

interpretation of interferometric data in refracting media. 

For the case of negligible refraction, illustrated 

in Figure 11, the results are well known''). Two 

coordinate systems are shown: cartesian (x,y,z) and 

cylindrical ( r , $ , z ) .  In order to interpret the data, it 

is necessary to impose a symmetry requirement. In 

particular, it is assumed, in all that follows, that the 

index of refraction is independent of the coordinate $ ;  

i.e., there is a rotational symmetry about the z axis. 

Now, an interferometer will measure the phase of the 

probe beam which goes through the medium, compared to 

a reference beam through vacuum. That phase difference 

is given by 

where F is the phase difference, expressed in fraction 

of a wavelength; IJ is the index of refraction of the 

medium; the index of the vacuum is, of course, one. 

Changing to cylindrical coordinates, and using the 

symmetry assumption, we have 



I Plasma 

Figure 11.  Coordinate System For Abel  Invers ion 



This equation has a well known (1 1 
inversion, named 

after Abel : 
0 

The index of refraction of a blasma is given by 

where n is the electron number density, w is the 
P 

electron plasma frequency, and we have ignored corrections 

(2) due to magnetic fields and damping as they are small . 
Since the plasma frequency depends only on the density, 

and the index of refraction depends only on the plasma 

frequency, the density is uniquely determined if one 

knows the index of refraction. From equation (66), It 

is clear that the index can be determined by an 

interferometric measurement of F, the phase difference. 

B. Refractive Effects 

In order to investigate refractive effects, a 

numerical simulation was developed. This work is similar 

to that done by Sweeney (3). For simpllclty , a spherically 
symmetric plasma was modeled. An HP 9830 calculator 

program was written to ray trace a probe beam through the 



plasma,  u s i n g  Bouger 's  Law; v r  s i n ( 8 )  = c o n s t a n t ,  where 

v i s  t h e  index  of r e f r a c t i o n ,  r t h e  s p h e r i c a l  c o o r d i n a t e ,  

and 0 t h e  a n g l e  between r and t h e  r a y  d i r e c t i o n .  The 

program c a l c u l a t e s  t h e  t r u e  o ~ t i c a l  p a t h  l e n g t h  o f  t h e  

r a y ,  and c a l c u l a t e s  t h e  f r i n g e  p a t t e r n  genera ted  by  an 

i n t e r f e r o m e t e r ,  assuming an  i d e a l  l e n s  i s  used f o r  t h e  

imaging.  This  f r i n g e  p a t t e r n  i s  t h e n  used as d a t a ,  and 

i s  Abel i n v e r t e d  u s i n g  e q u a t i o n  ( 6 6 ) ;  i . e . ,  a s  i f  t h e r e  

were no r e f r a c t i o n .  A t y p i c a l  r e s u l t  i s  shown i n  

F i g u r e  1 2 .  The d i sc repancy  between t h e  ' a c t u a l t  d e n s i t y  

and t h e  'measured '  d e n s i t y  i s  due t o  t h e  r e f r a c t i o n :  an  

i d e a l  l e n s  images t h e  l i g h t  a long  a  s t r a i g h t  l i n e ,  whi le  

t h e  a c t u a l  p a t h  i s  curved.  Th i s  i s  i l l u s t r a t e d  i n  

F igure  13.  The f r i n g e  p a t t e r n  used t o  c a l c u l a t e  t h e  

d e n s i t y  i n  F i g u r e  1 2  was o b t a i n e d  b y  imaging t h e  mid- 

p l a n e  of  t h e  plasma. 

When t h e  image p l a n e  i s  ( n u m e r i c a l l y )  moved b y  more 

t h a n  t e n  micrometers ,  t h e  e r r o r  i n  t h e  measured d e n s i t y  

grows l a r g e r ,  a s  shown i n  F i g u r e  1 4 .  T h i s  i s  e s p e c i a l l y  

t r u e  when t h e  image p l a n e  i s  moved i n  t h e  d i r e c t i o n  away 

from t h e  l e n s  ( toward n e g a t i v e  x  i n  F i g u r e  1 3 ) .  T h i s  

can  be unders tood w i t h  t h e  h e l p  o f  F i g u r e  13 .  For  mid- 

p l a n e  ( x  = 0 )  imaging, t h e  imaged r e f r a c t e d  r a y  i s  

compared w i t h  t h e  'wrong' u n r e f r a c t e d  ( r e f e r e n c e  exposure )  

r a y ,  one which  i s  s l i g h t l y  t o o  low. When t h e  image p l a n e  
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Figure 13. The Effects of Refraction 
(solid line) and Imaging (dotted line) 



a Focus at x = -20pm 

$ Focus at x = +20pm 

Figure 14. Simulation of Focusing Errors 
(Solid line shows l actual l density) 



i s  moved toward  n e g a t i v e  x ,  t h i s  e f f e c t  becomes worse.  

When moved toward  p o s i t i v e  x ,  t h e r e  i s  a p o i n t  where t h e  

r e f r a c t e d  rag i s  imaged t o  n e a r l y  t h e  same h e i g h t  ( y  

c o o r d i n a t e )  a s  i t  had o r i g i n a l l y ,  and t h e  e r r o r  due  t o  

t h e  curved  p a t h  i s  c a n c e l e d .  The n u m e r i c a l  s t u d i e s  show 

t h i s  p o s i t i o n  t o  be between x  = 0  and x  = 1 0  mic romete r s  

f o r  t y p i c a l  p lasmas .  The a b i l i t y  t o  compensate f o r  

(4) r e f r a c t i v e  e r r o r s  has been  d i s c u s s e d  by o t h e r s  . 
U n f o r t u n a t e l y ,  t h i s  r e q u i r e s  a n  a  p r i o r 1  knowledge o f  

t h e  plasma d e n s i t y  p r o f i l e .  A number o f  r e s e a r c h e r s  have 

a t t e m p t e d  t o  produce  codes  which would d e t e r m i n e  t h e  

p r o p e r  f o c a l  p o s i t i o n  i t e r a t i v e l y  ; however,  t h e s e  

programs u s u a l l y  do  n o t  conve rge  p r o p e r l y  w i t h o u t  

( s u b j e c t i v e )  o p e r a t o r  involvement  ('). I f  t h e  image p l a n e  

i s  p l a c e d  a t  s t i l l  l a r g e r  p o s i t i v e  x ,  t h e  e r r o r  a g a i n  

grows. Thus,  i f  t h e  f o c a l  p l a n e  i s  c o n t i n u o u s l y  v a r i e d ,  

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

when imaged n e a r  t h e  mid-plane ( x  = 0 )  can  t h e y  be  

c o r r e c t l y  i n t e r p r e t e d ,  however. The d e s i r a b i l i t y  of 
( 2 )  f o c u s i n g  a t  t h e  mid-plane h a s  been  p o i n t e d  o u t  by o t h e r s  . 

T h i s  r e q u i r e m e n t  i s ,  as ment ioned  b e f o r e ,  t h e  main r e a s o n  

f o r  c h o o s i n g  t o  do t h e  i n t e r f e r o m e t r y  h o l o g r a p h i c a l l y ,  

s i n c e  a c c u r a t e  f o c u s i n g  (on  t h e  t a r g e t  s t a l k )  c a n  b e  

e a s i l y  o b t a i n e d  and v e r i f i e d .  



C .  Numerical  - Data Reduc t ion  

I n  t h i s  t h e  s e c t i o n ,  t h e  numer i ca l  methods used t o  

i n v e r t  t h e  i n t e r f e r o m e t r i c  d a t a  w i l l  be  rev iewed.  The 

a c t u a l  FORTRAN programs used w i l l  be p u b l i s h e d  s e p a r a t e l y .  

An e n l a r g e d  CODY o f  t h e  i n t e r f e r o g r a m  i s  p l a c e d  on 

a  Hewlet-Packard 9862A d i g i t i z i n g  t a b l e .  A c y l i n d r i c a l  

c o o r d i n a t e  sys t em i s  p l a c e d  on t h e  i n t e r f e r o g r a m ,  w i t h  

t h e  z  a x i s  l y i n g  a l o n g  t h e  i n c i d e n t  laser  beam, 

p e r p e n d i c u l a r  t o  t h e  t a r g e t  s u p p o r t  s t a l k .  L i n e s  are 

drawn i n  t h e  r d i r e c t i o n  ( o r t h o g o n a l  t o  z ) ,  wherever  a  

b r i g h t  o r  d a r k  f r i n g e  i n t e r s e c t s  t h e  z  a x i s .  The f r i n g e s  

a r e  c o n s e c u t i v e l y  numbered, i n  u n i t s  o f  wavelength  

d i f f e r e n c e ;  t h e  o u t e r m o s t  d a r k  f r i n g e  i s  0.5,  t h e  n e x t  

b r i g h t  f r i n g e  i s  1 . 0 ,  t h e  n e x t  d a r k  f r i n g e  i s  1 . 5 ,  e t c .  

T h e  d i g i t i z e r  c r o s s - h a i r  i s  moved a l o n g  t h e  l i n e s ;  it 

r e c o r d s  t h e  c o o r d i n a t e s  ( r , z )  wherever  a f r i n g e  i n t e r s e c t s  

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

Thus,  a f i n i t e  number o f  d a t a  p o i n t s  are  accumula t ed  f o r  

each  l i n e :  ( ~ ( r ~ , z ~ ) = O . 5 ,  F ( r 2 , z l ) = l . 0 ,  . . . , F(0,z1)=5.0)  , 
f o r  example ,  where F i s  t h e  f r i n g e  number a t  ( r , z ) ,  and  

rl,  r2 ,  ..., 0,  are t h e  r ad ia l  c o o r d i n a t e s  where t h e  f i r s t  

f r i n g e ,  second f r i n g e ,  e t c . ,  i n t e r s e c t  t h e  l i n e  drawn 

a t  z=zl .  These  p o i n t s  are p l o t t e d  I n  t h e  example shown 

i n  F i g u r e  1 5 .  



I f  t h e  f r i n g e  number f u r . c t i o n  F ( r , z )  were known f o r  

a l l  v a l u e s  o f  r f o r  a  g i v e n  z ,  t h e  i n v e r s i o n  would be 

s t r a i g h t f o r w a r d .  R e c a l l  t h e  Abel i n v e r s i o n  e q u a t i o n  

f o r  t h e  i n d e x  o f  r e f r a c t i o n ,  from s e c t i o n  A :  

C l e a r l y ,  i f  F  i s  a c c u r a t e l y  known, t h e  i n t e g r a l  c a n  be 

done .  I n  ~ r a c t i c e ,  t h e r e  a r e  two problems .  F i r s t ,  F i s  

known o n l y  a t  a f i n i t e  number o f  ~ o i n t s ;  s e c o n d l y ,  

s m a l l  e r r o r s  ( ' n o i s e ' )  i n  t h e  f u n c t i o n  F  may p roduce  

l a r g e  f l u c t u a t i o n s  i n  t h e  v a l u e  o f  g. T h i s  l a t t e r  

~ r o b l e m  r e q u i r e s  t h a t  some s o r t  o f  smooth ing  o r  f i l t e r i n g  

be done .  A t h i r d  prob lem i s  t h a t  t h e  e x a c t  form o f  t h e  

f u n c t i o n  F  i s  unknown f o r  v a l u e s  o f  r greater  t h a n  t h e  

r a d i u s  o f  t h e  f i rst  d a r k  f r i n g e  (F10 .5 ) .  I n  a l l  o f  t h e  

n u m e r i c a l  r o u t i n e s ,  F i s  assumed t o  be a G a u s s i a n  f o r  

large r. The Gauss i an  Is chosen  t o  smoo th ly  match t h e  

d a t a  c u r v e  f i t  a t  t h e  l a s t  (F10 .5)  d a t a  p o i n t .  While 

t h i s  c h o i c e  i s  a r b i t r a r y ,  i t  c a n  be s e e n ,  by e x a m i n a t i o n  

o f  e q u a t i o n  ( 6 6 ) ,  t h a t  i t s  e f f e c t  on  t h e  d e n s i t y  n e a r  

t h e  z  a x i s  i s  small, s i n c e  t h e  term ( y 2 -  r 2 )  -0.5  in 

t h e  i n t e g r a n d  w i l l  b e  small i n  t h e  r e g i o n  ( l a r g e  y )  

where  F  i s  r e p r e s e n t e d  by t h e  G a u s s i a n .  

The d a t a  r e d u c t i o n  program,  which i s  l i s t e d  i n  t h e  



Appendix,  o p e r a t e s  i n  t h e  f b l l o w i n g  manner.  The d a t a  

p o i n t s  are c a l l e d  from s t o r a g e ,  i n  symmetr ic  p a i r s  

( i . e . ,  F ( r , z ) = F ( - r , z )  ). A c u b i c  s p l i n e  c u r v e  i s  f i t  

t h r o u g h  a l l  t h e  p o i n t s ,  and a Gauss i an  i s  f i t  o n t o  t h e  

' t a i l '  o f  t h e  f u n c t i o n  (Fc0.5). These  a n a l y t i c  f u n c t i o n s  

a r e  t h e n  used  i n  e q u a t i o n  ( 6 6 ) ;  t h e  i n t e g r a l s  a r e  

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

r a n g l a g  from 1 t o  80 m i c r o n s ,  i n  one micron  s t e p s .  A 

c u b i c  s p l i n e  smooth ing  r o u t i n e  i s  t h e n  a p p l i e d ,  t o  t a k e  

t h e  n o i s e  o u t  o f  t h e  i n v e r s i o n .  T h i s  r o u t i n e  l e a v e s  t h e  

on -ax i s  (r=O) d e n s i t y  unchanged. I n  o r d e r  t o  be  c e r t a i n  

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

F ( r , z )  f o r  s m a l l  r ( n e a r  t h e  z  a x i s ) ,  d a t a  was reduced  

o n l y  a l o n g  l i n e s  o f  c o n s t a n t  z  such  t h a t  F ( 0 , z )  was,  i n  

f a c t ,  a d a t a  p o i n t .  The c u r v e  f i t ,  t h e r e f o r e ,  i s  

i n t e r p o l a t i o n  o n l y ;  no e x t r a p o l a t i o n  i s  n e c e s s a r y .  

Examina t ion  o f  e q u a t i o n  ( 6 6 )  shows t h a t  t h e  v a l u e  o f  

t h e  d e n s i t y  on t h e  z  a x i s  i s  most s e n s i t i v e  t o  t h e  f u n c t i o n  

F ( r , z )  f o r  s m a l l  v a l u e s  o f  r. The program p l o t s  t h e  d a t a ,  

t h e  c u r v e  f i t ,  and t h e  d e n s i t y  ( a l l  v e r s u s  t h e  

c y l i n d r i c a l  r a d i a l  c o o r d i n a t e  r ) .  

A s  a t e s t  c a s e ,  we assumed t h e  f r i n g e  f u n c t i o n  t o  

b e  g i v e n  by 

F = 5 e x p ( - e r 2 )  ( 6 8 )  

where 6 = 0.0017675 



The Abel i n v e r s i o n ,  e q u a t i o n  (661 ,  can  be  done a n a l y t i c a l l y  

f o r  t h i s  f u n c t i o n  ( a  G a u s s i a n ) ,  g i e l d i n e  

where ,  as b e f o r e ,  

P = 41 - n/16nc (70 

Equa t ion  ( 6 8 )  was used t o  c a l c u l a t e  t h e  ' d a t a  p o i n t s 1 ;  

i . e . ,  t h o s e  v a l u e s  o f  r where F = 5 ,  4 .5 ,  4 ,  ..., 1, 0 .5 .  

These p o i n t s  were e n t e r e d  i n t o  t h e  n u m e r i c a l  r e d u c t i o n  

code .  The r e s u l t s  a r e  shown i n  T a b l e  11, and i n  

F i g u r e s  1 5  and 16 ,  a l o n g  w i t h  t h e  ' a c t u a l 1  d e n s i t y  

c a l c u l a t e d  from e q u a t i o n s  ( 6 9 )  and ( 7 0 ) .  A s  c an  be  s e e n ,  

t h e  code r e p r o d u c e s  t h e  assumed d e n s i t y  t o  w i t h i n  one 

h a l f  o f  a  P e r c e n t .  

A second r e d u c t i o n  code was used t o  v e r i f y  t h e  

r e s u l t s  o f  t h e  code j u s t  d e s c r i b e d ,  and t o  i n v e s t i g a t e  

t h e  e f f e c t s  o f  smoothing t h e  d a t a  b e f o r e  d o i n g  t h e  Abel 

i n v e r s i o n .  T h i s  program f i t s ,  i n  a least  mean s q u a r e  

s e n s e ,  a second ,  f o u r t h ,  o r  s i x t h  o r d e r  po lynomia l  t o  t h e  

d a t a .  A s  b e f o r e ,  a Gauss i an  i s  used  t o  model t h e  t a i l  

o f  t h e  f u n c t i o n .  N a t u r a l l y ,  as a h i g h e r  o r d e r  i s  u s e d ,  

t h e  f i t  becomes b e t t e r ,  w h i l e  t he  smoothness  ( f l u c t u a t i o n s  

i n  t h e  d e r i v a t i v e )  becomes worse .  I n s t e a d  of a ~ o l y -  

n o m i a l ,  a  s i m p l e  Gauss i an  c a n  a l s o  b e  least  mean s q u a r e  

f i t  t o  t h e  d a t a .  The a c t u a l  f u n c t i o n  and o r d e r  u sed  are 

E i b j e c t i v e l y  chosen  as b e i n g  t h e  o n e s  which g i v e  t h e  b e s t  



TABLE I1 

Results of Test Case 

30 

3.203 

0.203 

' 
Radius (urn)  

[c ] Density nc) 

Calculated rn ) Density Inc) 

5 

0.942 

0.945 

1 

0.983 

0.978 

10 

0.827 

0.827 

20 

0.489 

0.490 



Figure 1 5 .  Plot o f  Fringe Data and Spline F i t  



R 
Figure 16 .  Abel Invers ion o f  Data i n  Figure 15 



f . . t  t o  t h e  d a t a .  The r e s u l t s  a r e  compared w i t h  t h o s e  

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

between t h e  two are r e f l e c t e d  i n  t h e  e r r o r  b a r s ;  t h e  

d i f f e r e n c e s  were found t o  exceed  1 0 %  o n l y  when a  

po lynomia l  was u n a b l e  t o  produce  a good f i t  ( a s  i n  t h e  

c a s e  o f  ' f l a t  f r i n g e s ,  f o r  example ) .  

A t h i r d ,  i ndependen t  r e d u c t i o n  code ,  due t o  

~ w e e n e y ' ~ ) ,  was used  as a check  o f  o u r  r e s u l t s .  T h i s  

code  expands  t h e  d e n s i t y  d i s t r i b u t i o n  a s  a t r u n c a t e d  

F o u r i e r - S e s s e l  s ampl ing  ser ies  of  f i n i t e  bandwidth .  The 

f i r s t  term r e s e m b l e s  a G a u s s i a n ;  h i g h e r  o r d e r  terms 

c o n t a i n  h i g h e r  f r e q u e n c y  f l u c t u a t i o n s .  The number o f  

terms used  i s  s u b j e c t i v e l y  d e t e r m i n e d .  The s e r i e s  i s  

Abel i n v e r t e d ,  and t h e  c o e f f i c i e n t s  are f i t t e d  t o  t h e  

d a t a  i n  a least  mean s q u a r e  s e n s e .  By k e e p i n g  f ewer  

( o r  more)  terms i n  t h e  s ampl ing  s e r i e s ,  t h e  e f f e c t s  o f  

more ( o r  l e s s )  smooth ing  are r e a d i l y  a p p a r e n t .  Sweeney 

r educed  s e v e r a l  o f  o u r  i n t e r f e r o g r a m s  u s i n g  t h i s  code ;  

t h e  r e s u l t s  a g r e e d  ( t o  w i t h i n  1 0 % )  w i t h  o u r  own d a t a  

r e d u c t i o n .  The small d i s c r e ~ a n c i e s  which d i d  e x i s t  a r e  

most l i k e l y  due t o  d i f f e r e n c e s  i n  t h e  d i g i t i z a t i o n  of  

t h e  d a t a .  



D. I n t e r f e r o m e t r i c  E r r o r  Sources  I 

There a r e  s e v e r a l  p o s s i b l e  s o u r c e s  of e r r o r  i n  

a n a l y z i n g  t h e  i n t e r f e r o g r a m s .  The e f f e c t s  of r e f r a c t i o n  

and poor imaging have a l r e a d y  been mentioned. The 

ho lograbh ic  t e c h n i q u e ,  which a l lows  f o r  pos t - sho t  f o c u s i n g  

t o  w i t h i n  b e t t e r  t h a n  10 v m ,  minimizes t h e  e f f e c t  of  t h e  

l a t t e r .  Numerical s i m u l a t i o n  shows t h a t  r e f r a c t i v e  

e f f e c t s  cause  a n ~ r o x i m a t e l y  10% e r r o r  a t  d e n s i t i e s  of 

l o 2 '  ~ r n - ~ ;  however, t h i s  e r r o r  f a l l s  o f f  t o  only  a  few 

p e r c e n t  f o r  d e n s i t i e s  of l e s s  t h a n  0 . ~ ~ 1 0 ~ ~  cmW3. The 

r e s o l u t i o n  of  t h e  d i g i t i z i n g  t a b l e  (0 .01  i n c h )  has  been 

i n v e s t l p a t e d ,  and found t o  c o n t r i b u t e  only  n e g l i g i b l y  t o  

t h e  e r r o r s .  However, w i t h  some wide f r i n g e s ,  t h e r e  i s  

a  degree  o f  s u b j e c t i v i t y  i n  d e t e r m i n i n g  t h e  c e n t e r  of  t h e  

f r i n g e .  T h i s  u s u a l l y  o c c u r s  on ly  f o r  t h e  outermost  (low 

d e n s i t y )  f r i n g e s ,  which t e n d  t o  be broad.   he r e s u l t i n g  

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

be 3 microns o r  l e s s .  

By f a r  t h e  two l a r g e s t  s o u r c e s  o f  error are t h e  

u n c e r t a i n t y  i n  t h e  e x a c t  form of t h e  f r i n g e  f u n c t i o n  

( t h e  q u e s t i o n  of smoothing) ,  and f a l l u r e  of t h e  symmetry 

assumption.  The methods used t o  estimate t h e  e f f e c t s  of 

smoothing were d i s c u s s e d  i n  t h e  l as t  s e c t i o n .  The 

symmetry assumpt ion ,  which i s  n e c e s s a r y  t o  u n f o l d  t h e  

d a t a ,  i s  t h a t  t h e  plasma d e n s i t y  depends o n l y  on t h e  



cylindrical coordinates (r,z); i.e., it is rotationally 

symmetric about the laser beam axis. There is no means 

of verifying that this symmetry existed. A necessary, but 

not sufficient, condition is that the density profile 

obtained using the fringe data from above the symmetry 

axis should match that obtained using data from below 

the symmetry axis. Differences between the two sides are 

used as an estimate of the error due to lack of symmetry; 

these differences, along with the smoothing variations 

discussed ~reviously, constitute the error bars shown 

on the density profile plots. There is one exception 

to this. For very large prepulses, the target suoport 

stalk strongly influences the plasma, but in the uDper 

half-plane only. For these shots, only the lower half- 

plane is used to deduce the density, and there is no 

adequate check of the symmetry assum~tion. 



V .  RESULTS 

A .  Dens i ty  P r o f i l e s  And - Backsca t t e red  Energy 

The r e s u l t s  of t h e  d e n s i t y  p r o f i l e  and b a c k s c a t t e r e d  

energy measurements a r e  summarized i n  Table I11 and i n  

F igure  17 .  For each s h o t  l i s t e d ,  an  e x p o n e n t i a l  s c a l e  

l e n g t h  L  has  been deduced. The s c a l e  l e n g t h  i s  d e f i n e d  

by t h e  b e s t  f i t  of t h e  e q u a t i o n  

n  = no exo(-z/L) (71)  

t o  t h e  a x i a l  d e n s i t y  p r o f i l e .  ( i . e . ,  L i s  t h e  i n v e r s e  

s l o p e  of t h e  b e s t  s t r a i g h t  l i n e  f i t  t o  t h e  a x i a l  d e n s i t y  

d a t a ,  when p l o t t e d  on semi-log Daper . )  An example i s  

shown i n  F i g u r e  1 8 .  For  most s h o t s ,  e q u a t i o n  (71)  

provided an  adequa te  f i t  o f  t h e  d a t a .  I n  a  few c a s e s ,  

however, I t  was n e c e s s a r y  t o  model t h e  ~ r o f i l e  w i t h  two 

d i f f e r e n t  s c a l e  l e n g t h s ;  ( a  s m a l l )  one a t  h i g h  d e n s i t i e s ,  

and ( a  l a r g e r )  one a t  lower  d e n s i t i e s .  I n  F i g u r e  1 7 ,  f o r  

t h e s e  c a s e s ,  t h e  l o n g e r  s c a l e  l e n g t h  i s  used ,  s i n c e  such 

( 1 )  r e g i o n s  a r e  more f a v o r a b l e  t o  B r i l l o u i n  s c a t t e r i n g  . 
F i g u r e s  19  and 20 show c o n t r a s t i n g  ext remes .  The 

i n t e r f e r o g r a m  i n  F i g u r e  1 9  was t a k e n  100 psec  b e f o r e  t h e  

h e a t i n g  p u l s e ,  and shows t h e  e f f e c t s  o f  a  s m a l l  p r e p u l s e  

which presumably a r r i v e d  w i t h i n  a few hundred ~ i c o s e c o n d s  

o f  t h e  main p u l s e .  F i g u r e  20 shows t h e  e f f e c t  o f  a 

l a r g e  ( 1  J o u l e ) ,  d e l i b e r a t e  p r e p u l s e ,  i n t r o d u c e d  1 .8  n s e c  



TABLE I11 

S c a l e  Length  and  B a c k s c a t t e r e d  Enerey  Summary - 

L a s e r  Energy  i s  f o r  west beam. 

L a s e r  p u l s e  w i d t h  was nomimal ly  60 p s e c  ( F W H M ) .  

S h o t  
Number 

P robe  Time i s  p o s i t i v e  i f  b e f o r e  p e a k  o f  ma in  beam. 

1 9 1 3  4 . 5  700 55  24 44  
1914  5 . 9  900 97 1 6  40 
1 9 1 5  5 . 5  900 97 1 3  27 
1917  6 . 1  1 2 0  97 10 .6  20 
1 9 1 8 '  5 . 4  350 9  7  1 5 . 5  33 - 1 9 2 1  4 .7  - 97 5 .6  6  
1922  4 .0  97 1 2 . 8  3  0  
1926  4 . 1  97 2 9 . 1  50  
1941  4 .0  540 280 97 1 7  35 
1 9 4 3  4.4 1 97 8 .9  - 2012 2 . 9  

9 
55  1 0 . 6  16  

2013 4 . 2  - 5 5  1 3 . 7  17  - 2020 3 .2  27 9  1 2  
2039 3 .6  7  40 8 .4  20 
2041  3 .2  6  40 9  9 9  
2042 2 . 3  5  20 9 .6  8 
2045 2.4 5 0 1 5 . 1  1 0  
2046 3.6 7  -30 1 3  9 1 6  
2059 3 . 1  6  80 1 1 . 8  7  
2069 4 .0  1 0 0  62  '"3 2 1  
2078 4 . 2  110 20 1 3 .  22 

P robe  
Time 
( P S )  

Energy  
Main P r e p u l s e  
(J) ( m J )  

P r e p u l s e  was 1 . 8  n s e c  i n  a d v a n c e  o f  ma in  p u l s e .  

Had 1 .0  n s e c  p r e p u l s e .  

P e r c e n t  
B a c k s c a t t e r  

D e n s i t y  S c a l e  
Leng th  

( m i c r o n s )  



DENSITY SCALE LENGTH (microns) 

Figure 17.  Plot of Fractional Backscatter and 
Density Scale Length Data 





Figure 1 9 .  Interferogram and Axia l  Densi ty  P r o f i l e  
Shot Number 1921 





b e f o r e  t h e  h e a t i n g  p u l s e .  The plasma i s  c l e a r l y  much 

l a r g e r ,  w i t h  a  long  a x i a l  s c a l e  l e n g t h .  

The d a t a  shown i n  Table  I11 were a l l  ob ta ined  w i t h  

f o c u s i n g  a t  t h e  c e n t e r  of t h e  t a r g e t .  The i n t e n s i t y  was 

n o t  d e l i b e r a t e l y  v a r i e d ,  and t h o s e  v a r i a t i o n s  t h a t  d i d  

occur  d i d  not  seem t o  i n f l u e n c e  t h e  r e s u l t s ;  i . e . ,  no 

c o r r e l a t i o n  was observed between t h e  f r a c t i o n a l  b a c k s c a t t e r  

and t h e  i n c i d e n t  energy.  A q u a l i t a t i v e  c o r r e l a t i o n  t h a t  

i s  expec ted  and observed i s  t h a t  t h e  s i z e  o f  t h e  olasma 

v a r i e s  w l t h  t h e  s i z e  and t i m i n g  o f  t h e  p r e p u l s e  ( t h e  

l a r g e r  and e a r l i e r  t h e  p r e p u l s e ,  t h e  l a r g e r  t h e  plasma 

which i s  o b s e r v e d ) .  I n  c o n t r a s t ,  t h e  c o r r e l a t i o n  between 

t h e  o r e p u l s e  energy and t h e  measured s c a l e  l e n g t h  i s  Door. 

To be s u r e ,  ve ry  s m a l l  (<1 m J )  ~ r e ~ u l s e s  t e n d  t o  y i e l d  

s m a l l  ( e l 0  v m )  s c a l e  l e n g t h s ,  and ve ry  l a r g e  (>500 m J )  

p r e p u l s e s  g i v e  l a r g e  (>30 u m )  s c a l e  l e n g t h s .  However, 

changing any g i v e n  p r e n u l s e  energy b y ,  s a y ,  a  f a c t o r  of 

two, cou ld  w e l l  r e s u l t  i n  a  l a r g e r  o r  a  s m a l l e r  s c a l e  

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

t h i s  v a r i a t i o n  a r e  n o t  well unders tood .  O f  c o u r s e ,  no 

two l a s e r  s h o t s  are e v e r  e x a c t l y  t h e  same. Smal l ,  

unde tec ted  changes i n  t h e  p u l s e  s h a p e ,  i n c l u d i n g  

u n i n t e n t i o n a l  p r e p u l s e s ,  may be  r e s p o n s i b l e .  



B. Time Integrated Backscatter Spectra 

Time integrated backscatter spectra were recorded 

for most of the data shots. Figures 21-24 show the 

backscattered spectra, for a variety of prepulse 

conditions. The peak at 1.064 pm is the YAG reference 

line mentioned in chapter 111. The traces in Figures 23 

and 24 are ty~ical of large backscatter shots. The 

spectra are asymmetric, with a slower decrease toward the 

longer wavelengths. Virtually all of the energy is red 

shifted, as expected for Brillouin scattering. The very 

weak pre~ulse case, Figure 21, also shows some energv 

shifted to longer wavelengths; some, however, also 

apDears to be unshifted. It is somewhat sur~rising that 

there is little indication of a ~ o ~ ~ l e i  shift to shorter 

wavelengths, due to an outward expansion of the ~lasma. 

In fact, such a blue shift was observed, but only when 

there was a pre~ulse-su~~ressing dve cell in the laser 

beam. This is shown in Figure 25. 

The true nature of the backscatter s~ectrurn is seen 

only when it is time resolved; these results are 

reported in the next section. 

C. Time Resolved Backscatter Spectra 

The ex~erimental procedure used for recording time 

resolved backscatter spectra is discussed in chapter 111. 



Figure  21 .  Time I n t e g r a t e d  Backscat ter  Spec tra  
Shot Number 1921 



Figure 22. Time Integrated Backscatter Spectra 
Shot Number 2045 



Figure 23. Time Integrated Backscatter Spectra 
Shot Number 2078 



Figure 24. Time Integrated Backscatter S ~ e c t r a  
Shot Number 1914 



0. OENSITY=2 Full Scale 

No Prepulse 

Blue. Shitt - 

Figure 25. Backscatter Spectra With No Prepulse 



F o u r t e e n  t ime  r e s o l v e d  s ~ e c t r a  ( h a l f  on P o l a r o i d ,  h a l f  

on 35 mm f i l m )  were o b t a i n e d .  The f o c u s i n g  was a g a i n  on 

t h e  c e n t e r  o f  t h e  t a r g e t s .  The s i z e  o f  t h e  p r e ~ u l s e ,  

which was i n t r o d u c e d  1 n s e c  i n  advance  o f  t h e  main b u l s e ,  

was v a r i e d  between 0 . 1 %  and 1% of  t h e  t o t a l  e n e r g y .  

A t y p i c a l  s t r e a k  D h o t o g r a ~ h  i s  shown i n  F i g u r e  26. 

Y i c r o d e n s i t o m e t e r  t r a c e s  f o r  t h i s  s h o t ,  and two o t h e r s ,  

a r e  shown i n  F i g u r e s  27 ,  28 ,  and 29.  The z e r o  o f  t h e  

t i m e  s c a l e  was s i m p l y  a s s i g n e d  t o  t h e  ea r l i e s t  t r a c e ,  i n  

e a c h  c a s e ;  t h e  r e l a t i o n s h i p  between t h e  times shown and 

t h e  i n c i d e n t  p u l s e  was n o t  measured.  The d e n s i t o m e t e r  

s l i t s  were s e t  t o  a v e r a g e  o v e r  a 'window' o f  d imens ions  

a p p r o x i m a t e l y  e q u i v a l e n t  t o  t h e  s y s t e m  r e s o l u t i o n :  

1 3  p s e c  by 3 . 1  8 .  

The t i m e  r e s o l v e d  r e s u l t s  show t h a t  t h e  b a c k s c a t t e r  

s ~ e c t r u m  i s  n o t  s p e c t r a l l y  c o n t i n u o u s ,  b u t  r a t h e r ,  

c o n s i s t s  o f  a number o f  d i s c r e t e  modes. I n  F i g u r e  27 ,  

t h e  most i n t e n s e  b e a k s  a r e  r e d  s h i f t e d  f rom t h e  i n c i d e n t  

wave l eng th  by 1 2 . 2  ( + 2 ) ,  25 .8  ('21, and 36.2  ( + 3 )  a n g s t r o m s .  

While  t h e s e  modes a m e a r  t o  b e  h a r m o n i c a l l y  r e l a t e d ,  i t  

i s  n o t  o b v i o u s  t h a t  t h i s  i s  s o  i n  F i g u r e  28 o r  29.  F o r  

t h e s e  s h o t s ,  t h e r e  a r e  modes ~ r e s e n t  a t  a v a r i e t y  o f  

w a v e l e n g t h s .  A f e a t u r e  common t o  most  o f  t h i s  d a t a  i s  

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

o f  t h e  b a c k s c a t t e r  i n t e n s i t y ,  b u t  n o t  e a r l i e r  i n  time. 

These  r e s u l t s  w i l l -  b e  d i s c u s s e d  f u r t h e r  i n  c h a p t e r  V I .  
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VI. DISCUSSION 

A .  Density Scale Length Dependence 

In chapter 11, we discussed several possible non- 

linear mechanisms for limiting Brillouin backscatter, 

and made some simole estimates of the fractional back- 

scatter oredicted by them. We will now comoare the 

density scale length and fractional backscatter data 

with the predictions of these models. It should be kept 

in mind that any quantitative agreement is somewhat 

fortuitous, for several reasons. First of all, the 

models are all strictly one dimensional, and planar, 

while the experiment is on spherical targets, and 

measures backscatter within a small but finite (0.19 str) 

solid angle. Secondly, several parameters (the electron 

and ion temperatures, and the density at which the 

scattering is occurring) are not nrecisely known, and 

must be estimated. Finallv, the wave vector mismatch 

caused by the density gradient makes it unlikely that 

the scattering region is an entire exponential scale 

length long. We will compare the measured scale length 

with these models, which use a finite length homogenous 

plasma, in order to ascertain whether or not they scale 

properly. 



We a.;sume t h a t  t h e  s c a t t e r i n g  i s  o c c u r r i n g  i n  t h e  

d e n s i t y  r e g i o n  0 . 1 e ( n / n c ) < 0 . 5  . A t  h i g h e r  d e n s i t i e s ,  

t h e  wavenumber o f  t h e  e l e c t r o m a g n e t i c  waves becomes s m a l l ,  

go ing  t o  z e r o  a t  t h e  c r i t i c a l  d e n s i t y .  The l i n e a r  growth 

r a t e  o f  t h e  i n s t a b i l i t ~  a l s o  v a n i s h e s  t h e r e .  P h y s i c a l l y ,  

t h e  i n c r e a s e  i n  t h e  s i z e  of t h e  wavelength a s  one 

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

t h e  f i e l d  a m ~ l i t u d e  t o  d e c r e a s e .  T h i s  r educes  t h e  s i z e  

o f  t h e  wondermotive f o r c e  d r i v i n g  t h e  i o n - a c o u s t i c  wave. 

B r i l l o u i n  s c a t t e r i n g  can occur  a t  d e n s i t i e s  of  l e s s  

t h a n  0 . 1  nc ;  however, we b e l i e v e  t h a t  h i g h e r  d e n s i t i e s  

a r e  s t r o n g l y  favored .  The l i n e a r  growth r a t e  ( e q u a t i o n  

( 2 6 ) )  i s  l a r g e r  f o r  h i g h e r  d e n s i t i e s .  For waves which 

a r e  n o n - l i n e a r l y  l i m i t e d  t o  some f i x e d  f r a c t i o n  6n/N , 
e q u a t i o n s  ( 4 7 )  and ( 4 4 )  show c o n s i d e r a b l y  h i g h e r  

r e f l e c t e d  energy f o r  h i g h e r  d e n s i t i e s .  The non- l inea r  

model o f  Kruer ( 1 , 2 )  , e q u a t i o n s  (55)and (561,  a l s o  show 

a  s t r o n g  i n c r e a s e  i n  r e f l e c t i v i t y  w i t h  i n c r e a s i n g  

d e n s i t y .  I n  Kruer ' s  model, t h e r e  i s  a  s i m p l e  p h y s i c a l  

e x p l a n a t i o n .  The r e f l e c t i v i t y  i s  l i m i t e d  by Landau 

damping due t o  t h e  h o t  i o n s .  The t e m p e r a t u r e  of  t h e  i o n s  

w i l l ,  i f  o t h e r  Darameters a r e  h e l d  c o n s t a n t ,  be i n v e r s e l y  

p r o p o r t i o n a l  t o  t h e  d e n s i t y  ( s e e  e q u a t i o n  ( 5 7 ) ) .  The 

lower t h e  i o n  d e n s i t y ,  t h e  s m a l l e r  t h e  h e a t  c a p a c i t y  i s .  

Thus, a t  low d e n s i t i e s ,  t h e  i o n  t e m p e r a t u r e  i s  h i g h ,  and 

- Landau damping i s  s t r o n g ,  p r e v e n t i n g  s i g n i f i c a n t  



b a c k s c a t t e r  from o c c u r r i n g .  For our  e s t i m a t e s ,  we 

w i l l  u se  n  = 0.2nc . 
F i g u r e  30 shows a  b l o t  of t h e  b a c k s c a t t e r e d  energv 

and d e n s i t y  s c a l e  l e n g t h  d a t a .  Suberimposed i s  t h e  

r e f l e c t i v i t y  e s t i m a t e  o b t a i n e d  i n  c h a p t e r  I1 f o r  an  ion-  

a c o u s t i c  wave which i s  n o n - l i n e a r l y  l i m i t e d  by harmonic 

g e n e r a t i o n  t o  bn/N = 0.06 . It i s  c l e a r  t h a t  t h e  

p r e d i c t e d  reflectivity i s  t o o  l a r g e  f o r  t h e  l o n g e r  s c a l e  

l e n g t h s .  A s  mentioned i n  c h a p t e r  11, t h i s  i s  because  

t h e  f i n i t e  amount of i o n  h e a t i n g ,  which i s  impor tan t  i n  

l i m i t i n g  t h e  r e f l e c t i v i t y ,  has  been n e g l e c t e d .  

F i g u r e  31 shows a  p l o t  o f  t h e  d a t a ,  and t h e  

(1) p r e d i c t i o n  of t h e  i o n  h e a t i n g  model , a g a i n  u s i n g  t h e  

same pa ramete r s  a s  were used i n  c h a p t e r  I1 ( n  = 0.2nc, 

Te= 6 KeV, I,= 3x1015 w/cm2). Th i s  model f i t s  t h e  d a t a  

w e l l ;  I n  p a r t i c u l a r ,  t h e  b a c k s c a t t e r e d  energy i n c r e a s e s  

w i t h  i n c r e a s i n g  s c a l e  l e n g t h  a t  approx imate ly  t h e  same 

r a t e  a s  t h e  model p r e d i c t s .  We conc lude ,  t h e r e f o r e ,  

t h a t  i o n  h e a t l n g  Is a n  i m p o r t a n t  e f f e c t  i n  l i m i t i n g  

B r i l l o u i n  b a c k s c a t t e r ,  even f o r  o u r  r e l a t i v e l y  s h o r t  

p u l s e  exper iments .  

It should  be no ted  t h a t  t h e  model p r e d i c t i o n s  ( 2 )  a r e  

e s s e n t i a l l y  unchanged f o r  h i g h e r  i n t e n s i t i e s ,  or  lower  

e l e c t r o n  t e m b e r a t u r e s .  T h i s  Is because ,  f o r  ( v , / v ~ ) ~ > o  .2 ,  

t h e  Landau damping ( v )  i n c r e a s e s  w i t h  i n c r e a s i n g  ( v , / v , ) ~ ,  
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Figure 30.  Comparison o f  Sca le  Length Data With A 
Simple Non-Linear Theory (bn/N = 0 . 0 6 )  
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Figure 31. Comparison of Scale Length Data With 
The Ion-Heating Theory of Kruer 



s o  t h a t  t h e  f a c t o r  q  i n  e q u a t i o n  ( 5 6 )  remains approximate ly  

unchanged. T h i s ,  of c o u r s e ,  i s  t h e  n e g a t i v e  feedback 

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

The d a t a  s u p p o r t s  t h i s  a s p e c t  of t h e  model. A l l  o f  t h e  
2 s h o t s  t a k e n  had (vo/ve)  > 0.2,  and no c o r r e l a t i o n  e x i s t s  

between b a c k s c a t t e r  and i n c i d e n t  i n t e n s i t y .  However, it 

must be p o i n t e d  o u t  t h a t  t h e  experiment  was no t  des igned 

t o  t e s t  t h i s  a s p e c t  of t h e  model; t h e  i n t e n s i t y  v a r i a t i o n s  

range  over  l e s s  t h a n  one o r d e r  of magnitude,  a s  an  

i n s p e c t i o n  of  Table I11 shows. 

F i g u r e  32 shows t h e  s c a l e  l e n g t h  d a t a ,  and t h e  i o n  

h e a t i n g  model ' s  p r e d i c t i o n s  ( 2 )  f o r  d i f f e r e n t  assumed plasma 

d e n s i t i e s .  The i n t e n s i t y  was t a k e n  t o  be 3 x 1 0 ' ~  w/cm2, and 
2 t h e  e l e c t r o n  t empera tu re  used was 3  KeV ( o r  (vo /ve )  = 0 . 4 ) .  

A s  mentioned p r e v i o u s l y ,  t h e r e  i s  v i r t u a l l y  no change i n  

t h e  p r e d i c t i o n s  f o r  h i g h e r  i n t e n s i t i e s  and/or  lower 

e l e c t r o n  t e m o e r a t u r e s .  The upper  cu rve  i n  F i g u r e  32 i s  f o r  

a n  e l e c t r o n  d e n s i t y  o f  0.33nc, whi le  t h e  lower  one i s  f o r  a  

d e n s i t y  of 0.15nc. One s e e s  t h a t  a h i g h e r  s c a t t e r i n g  

d e n s i t y  a l l o w s  f o r  s u b s t a n t i a l l y  more b a c k s c a t t e r .  I n  t h e  

c o n t e x t  of t h e  model, t h i s  i s  because  t h e  l a r g e r  h e a t  

c a p a c i t y  c a u s e s  a lower i o n  t e m p e r a t u r e ,  and t h e r e f o r e  

less Landau damping. It shou ld  be  mentioned t h a t  t h e s e  

c u r v e s  have been c a l c u l a t e d  u s i n g  a s l i g h t l y  more 

( 2 )  s o p h i s t i c a t e d  v e r s i o n  of t h e  model . I n  t h i s  improved 

model, t h e  i o n  Landau damping c r e a t e s  a h o t  v t a i l v - i n  t h e  



DENSITY SCALE LENGTH (microns) 

Figure 32. Ion Heating Model Predictions For (N/Nc)  
Equal To 0 . 3 3  (Upper Curve) and 0.15 (Lower Curve) 



ion distribution function, around v cs. However, the 

results are found to be essentially the same as those 

predicted by the bulk heating version of the model. 

One should be cautioned against attempting to attach 

quantitative significance to the curves shown in Figure 32. 

As mentioned in the beginning of this section, the problem 

of calculating Brillouin scattering at high intensities 

for an inhomogeneous plasma is extremely difficult, and 

the one dimensional homogeneous model used must be 

regarded as a great simplification. 

The question of the size of the total stimulated 

scattering into all solid angles has not been addressed 

here. Others have presented evidence for stimulated side 

scattering in high power laser pellet irradiation 

 experiment^(^). In addition, it is known (4) that a 

considerable amount of light energy is scattered into 

the region just outside the solid angle subtended by the 

focusing lens. A spectral investigation is currently 

under way (5) to determine if this light originates from 

a stimulated process. Thus, while it appears that the 

directly backscattered light is limited to a reasonably 

small value, the total amount of stimulated scattering 

may be unacceptably large in a shaped pulse experiment. 

This is especially true if large targets and focal spots 

are used, since this would increase the effective length 

for stimulated side scattering. - 



B. Spectral Results 

The backscatter spectra show, as anticipated, a 

red shift, characteristic of Brillouin scattering. They 

also show, for large backscatter cases, some energy 

shifted as much as 80 8 from the initial wavelength. It 

is difficult to reconcile this fact with a simnle model 

of Brillouin scattering, where A 1  = 2cs1,/c , so that 
an 80 1 shift would imply ion-asoustic velocities of 

tl 
over 10 cm/sec, or electron temperatures of over 24 KeV. 

The time resolved backscatter spectra show quite clearly 

that the scattering taking place at these high intensities 

is definitly not a simple, one Brillouin mode event. 

Rather, at anv one instant in time, there are a number 

of well defined wavelengths at which the scattering is 

occurring. There are several possible ex~lanations. 

In the development of the equations in chanter 11, 

only the resonant terms were kept in the driving 

(pondermot ive ) force. However, when the waves have grown 

large, the non-resonant terms may become impo-tant. 

Thus, the component of the product of the pumb wave and 

the acoustic wave which has a frequency of uo+u2 can 

drive an anti-Stokes, or blue shifted, backscattered 

wave. Similarly, the product of the backscattered wave 

and the ion-acoustic wave can drive another backscattered 

wave at frequency ul-u2 , or u , - 2 ~ ~  . Since these 



waves are not resonantly driven, they depend on the 

initial, resonant interaction to keep the ion-acoustic 

wave driven to a large value. 

Another possible explanation, which was mentioned 

in chapter I1 in connection with limiting the amount of 

Brillouin backscatter, is the generation of harmonics by 

(6) the ion-acoustic wave . When the acoustic wave is 

rapidly driven to large values, it becomes non-sinusoidal; 

a Fourier analysis shows the presence of higher harmonics. 

These could beat directly with the electomagnetic pump 

wave to Droduce backscatter at different (harmonically 

related) wavelengths. 

Still another possibility is multiple Brillouin 

scatterings(7). That is, the backscattered wave could 

ltself undergo stimulated scattering, with the scattered 

wave now heading back into the ~lasrna. This wave could 

now scatter, and the process would re~eat again. At 

each Brillouin scattering, the wave becomes further red 

shifted, thus giving rise to a cascade of modes. 

None of these explanations is entirely satisfactory. 

The theories involving higher order mode interactions 

and ion-acoustic wave harmonic generation would oredict 

that the modes should all be harmonically related. The 

multi~le scattering model does not require this, if one 

is willing to assume that the different scatterings 

- 



occur  a t  d i f f e r e n t  p l a c e s  w i t h i n  t h e  plasma ( a  d i f f i c u l t  

t o  j u s t i f y  a ssumpt ion) ,  s o  t h a t  each a d d i t i o n a l  wavelength 

s h i f t  would be governed by d i f f e r e n t  parameters .  I f  t h e  

m u l t i p l e  s c a t t e r i n g s  a r e  t a k i n g  p l a c e  i n  t h e  same r e g i o n ,  

t h e n  t h e  b a c k s c a t t e r  shou ld  be r e d  s h i f t e d  by l w 2 ,  3u2, 

5u2, e t c .  The even harmonics a r e ,  o f  c o u r s e ,  forward 

s c a t t e r e d ;  if t h e y  a r e  r e f l e c t e d  from t h e  c r i t i c a l  

s u r f a c e ,  however, t h e y  might be mis taken f o r  b a c k s c a t t e r .  

The b a c k s c a t t e r  d a t a  does  not  show on ly  odd harmonics,  

znd s o  does n o t  appear  t o  s u p p o r t  t h e  m u l t i p l e  s c a t t e r i n g  

model. As f o r  t h e  o t h e r  models mentioned,  t h e  d a t a  shows 

some modes t o  be ha rmonica l ly  r e l a t e d ,  whi le  o t h e r s  do 

no t  aDpear t o  be .  An a d d i t i o n a l  s e r i o u s  problem f o r  a l l  

of t h e s e  t h e o r i e s  i s  t h e  o b s e r v a t i o n  t h a t ,  a t  c e r t a i n  

 articular t i m e s ,  ( f o r  example, t -60  psec  i n  F i g u r e  2 9 ) ,  

a  mode wi th  a  l a r g e  r e d  s h i f t  i s  more i n t e n s e  t h a n  t h o s e  

wi th  s m a l l e r  r e d  s h i f t s .  It i s  d i f f i c u l t  t o  conceive  of 

a s i t u a t i o n  where a  non-resonant  mode shou ld  be l a r g e r  

t h a n  a  r e s o n a n t  one ,  o r  where a h i g h  harmonic should  be 

l a r g e r  t h a n  t h e  fundamenta l .  For  t h e  m u l t i p l e  s c a t t e r i n g  

model t o  account  f o r  t h i s  d a t a ,  i t  i s  n e c e s s a r y  t o  make 

t h e  assumpt ion  t h a t  t h e  first s e v e r a l  s c a t t e r i n g s  o c c u r  

w i t h  ve ry  h igh  e f f i c i e n c y ,  each  r e f l e c t i n g  o v e r  60% o f  t h e  

l i g h t ,  and t o  f u r t h e r  assume t h a t  t h e  even harmonics  a r e  

e f f i c i e n t l y  r e f l e c t e d  from t h e  c r i t i c a l  s u r f a c e .  



Kruer h a s  sugges ted  (') t ha t  t h e  complex s p e c t r a l  

r e s u l t s  may be due ,  i n  p a r t ,  t o  t h e  format ion  of  h o t  i o n  

t a i l s  ( i . e . ,  an  i o n  v e l o c i t y  d i s t r i b u t i o n  which i s  

modeled by two Maxwellians,  one of which ( t h e  l t a i l l )  i s  

a t  a  h igh  t e m p e r a t u r e ) ,  which have been formed by e i t h e r  

i o n  t r a p p i n g  o r  Landau damping o f  t h e  a c o u s t i c  wave. I f  

t h e  t e m p e r a t u r e  of t h e  i o n s  i n  t h i s  t a i l  i s  comparable t o  

Z times t h e  e l e c t r o n  t e m p e r a t u r e ,  t h e n  t h e  i o n - a c o u s t i c  

v e l o c i t y  can be  i n c r e a s e d ,  s i n c e  

= (ZTe+ 3TI)/MI . Cs ( 1 4 )  

The sugges ted  ( 2 )  s c e n a r i o  i s  t ha t  an  i o n - a c o u s t i c  wave 

forms; i t  i s  damped, forming an  i o n  t a i l  w i t h  t empera tu re  

2 
T1 (T1=MIcs); t h i s  now s u p ~ o r t s  a new a c o u s t i c  mode, a t  a  

h i g h e r  phase  v e l o c i t y ;  i t  i s  damped, forming a new t a i l  

a t  t e m p e r a t u r e  T 2 ,  where T2>T1; t h e  p r o c e s s  c o n t i n u e s .  

Thus t h i s  I t a i l  on a t a i l  on a t a i l . . . '  i o n  d i s t r i b u t i o n  

g i v e s  r i s e  t o  a complex s p e c t r a l  mode p a t t e r n ,  The 

d e t a i l s  o f  t h i s  model have n o t  y e t  been worked o u t .  The 

c a l c u l a t i o n  i s  d i f f i c u l t ,  s i n c e  i t  depends on t h e  e x a c t  

shape o f  t h e  i o n  d i s t r i b u t i o n  f u n c t i o n ,  which i s  o n l y  

c r u d e l y  known. 

These d a t a  s u g g e s t  o t h e r  exper iments  which may 

p rov ide  a d d i t i o n a l  u s e f u l  i n f o r m a t i o n  r e g a r d i n g  t h e  

n a t u r e  o f  B r i l l o u i n  s c a t t e r i n g .  I n  p a r t i c u l a r ,  t ime  

r e s o l v e d  b a c k s c a t t e r  s p e c t r a l  measurements performed a t  



lower intensities may show the mode development more 

clearly. This is suggested by the time integrated 

spectra, which show less energy at large red shifts 

(fewer modes) when the backscatter (and, presumably, 

the non-linear effects) are smaller. 

In conclusion, we have presented clear experimental 

evidence of multiple modes in Brillouin scattering. While 

several simplified theoretical explanations exist, none 

are completely satisfactory for explaining the data in 

detail. We expect that these observations of multiple 

modes will eventually lead to an increased understanding 

of the complex nature of Brillouin scattering from high 

power laser produced plasmas. 
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