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ABSTRACT 

Harmonic l i g h t  emiss ion f rom l a s e r  produced plasmas a t  t h e  

second and three-ha lves harmonics o f  t h e  i n c i d e n t  l a s e r  l i g h t  f r e -  

quency were s p a t i a l  l y  and temporal l y  reso l ved  t o  d i r e c t l y  p rov i de  

c r i t i c a l  and q u a r t e r - c r i  t i c a l  e l e c t r o n  d e n s i t y  t r a j e c t o r i e s  (ne ,,= 

l oz1  cmm3 and ne =2.5x10 20 cm-3 f o r  kASER=1  . 0 6 p ) .  The harmonic 
&c r  

emissions were viewed from a  d i r e c t i o n  perpend icu la r  t o  t h e  i r r a d i a -  

t i o n  p lane  o f  a  f o u r  beam l a s e r .  

The neodymium:glass l a s e r ,  used t o  i r r a d i a t e  s p h e r i c a l - s h e l l  

l a s e r - f u s i o n  t a rge t s ,  p rov ided  focused 1 . 0 6 ~  wavelength l i g h t  o f  

i n t e n s i t y  ILASER 1015 Watt i n  pulses o f  du ra t i ons  ~ ~ ~ ~ ~ = 1 0 0 - 6 0 0  
cm2 

psec and r i s e  t ime  TRISE(10%-ma~)=40-230 psec. 

The exper imenta l  data  was a p p l i e d  t o  t h e  s tudy  o f  l a s e r  l i g h t  

absorp t ion  and plasma energy t r a n s p o r t .  Absorp t ion  was found t o  

va ry  by a  f a c t o r  o f  two f o r  a  f a c t o r  o f  f o u r  inc rease  i n  t h e  mea- 

sured d i s t ance  between t h e  c r i t i c a l  and q u a r t e r - c r i  t i c a l  d e n s i t i e s .  

C a l c u l a t i o n  o f  c o l l i s i o n a l  p l us  resonant  absorp t ion  gave a  good 

fit. Moderate p r o f i  1  e  m o d i f i c a t i o n  (njumPlncr - 7 )  was p r e d i c t e d  

t o  n o t  s u b s t a n t i a l l y  a l t e r  t h e  sca le l eng th  dependence o f  absorp t ion .  

The r a t e  and na tu re  o f  plasma energy t r a n s p o r t  was shown t o  a f f e c t  

t h e  a b l a t i o n  r e g i o n  dens i t y  p r o f i l e ,  i n c l u d i n g  t h e  c r i t i c a l  and 

q u a r t e r - c r i t i c a l  d e n s i t y  l o c a t i o n s .  Theory and exper iment agreed 

i n  t h e  p r e d i c t i o n  o f  a  unique peak excurs ion  r e l a t i o n s h i p .  Resul ts  

suggested a l a s e r  pu l se  r i s e  t ime  dependence t o  t h e  energy t r ans -  



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

l a r g e r  va lues f o r  t h e  t r a n s p o r t .  

To o b t a i n  r e s u l t s  w i t h  an accuracy necessary f o r  t h e  s tudy  o f  

laser -p lasma i n t e r a c t i o n  phys ics ,  i t  was found t h a t  accuracy en- 

hancement beyond t h e  r e s o l u t i o n  o f  t h e  o p t i c a l  system was needed. 

A  s imp le  image techn ique was dev ised t o  s i g n i f i c a n t l y  enhance t h e  

accuracy o f  edge l o c a t i o n  measurements. A p p l i c a t i o n  o f  t h e  image 

a n a l y s i s  techn ique r e q u i r e d  t h e  d e t e r m i n a t i o n  o f  t h e  o p t i c a l  system 

s p a t i a l  r e s o l u t i o n .  The s t r e a k  camera s p a t i a l  r e s o l u t i o n  was 

s t u d i e d  and i t s  p o i n t  spread response was measured as a  f u n c t i o n  

o f  i n p u t  i n t e n s i t y .  
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1. REPORT STRUCTURE 

This report deals with the development and application of a new 

diagnostic technique that has provided new information for  the study 

of laser-plasma interactions. Spatially and temporally resolved ob- 

servation of l igh t  emissions from a plasma a t  the second and three- 

halves harmonics of the incident laser  l igh t  frequency has directly 

yielded plasma density profile information. These results are applied 

t o  the study of fundamental plasma processes: laser  l igh t  absorption, 

energy transport, and hydrodynamics. 

Chapter 2 provides an introduction t o  the topic of laser  produced 

plasmas and t o  the i r  study th rough  the observation of harmonic l ight  

emissions. Chapter 3 deals with the procedures for  data acquisition. 

Data accuracy requirements are p u t  forth.  The experimental setup for  

spat ia l ly  and temporally resolved microscopy of 1 aser produced plasmas 

i s  described. System resolution i s  determined and  an image analysis 

procedure i s  p u t  forth for  the enhancement of the accuracy of 

the resul t s  . (Resolution determination procedures and formulation 

of the image analysis technique are detailed in Appendix A . )  The 

final accuracy of the results i s  tabulated. 

In Chapter 4 typical d a t a  i s  taken and reduced according t o  standard 

procedures. In Chapter 5 the experimental results are presented. 

Chapter 6 deals with the topics t o  which the experimental results are 

applied. Chapter 7 gives a discussion of the results.  

Appendix B indicates the source of the harmonic emission spatial  

i nhomogenei ty. 



Equations a re  i n  cgs u n i t s  w i t h  e lec t ro -magnet i c  q u a n t i t i e s  i n  

Gaussian u n i t s .  Except ions t o  t h i s  r u l e  a re  found when a u n i t  of 

l e n g t h  may be expressed i n  microns ( 1  um = 10 -~cm) ,  a u n i t  o f  t ime  

may be expressed i n  picoseconds ( 1  psec = 10 - l 2  sec.) ,  a u n i t  o f  

power may be expressed i n  wa t t s  ( 1  w a t t  = 10 El ),  and a u n i t  o f  

temperature may be expressed i n  k i l o - e l e c t r o n  v o l t s  o r  e l e c t r o n  v o l t s  

3 (1 keV = 10 eV = 1.16 x l o 7  Ok). 



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

The i n t e r a c t i o n  o f  l a s e r  l i g h t  w i t h  m a t t e r  produces plasma t h a t  

i s  i n h e r e n t l y  s p a t i a l l y  inhomogeneous. Plasma generated a t  t h e  s u r -  

f a c e  o f  a  s o l i d  t a r g e t  expands, and decreases i n  d e n s i t y .  The d e n s i t y  

o f  t a r g e t  m a t e r i a l  i nc reases  due t o  shock wave compression. Induced 

t a r g e t  mo t ion  may cause d e n s i t y  v a r i a t i o n  e f f e c t s .  

T y p i c a l  computer p r e d i c t e d  e l e c t r o n  d e n s i t y  and temperature  p ro -  

f i l e s  a r e  shown i n  f i g u r e  2-1. The plasma has been generated f rom a  

t h i n  s p h e r i c a l  g l a s s  s h e l l  t a r g e t  i r r a d i a t e d  w i t h  1.06 um wavelength 

l a s e r  1  i g h t .  The l a s e r  l i g h t  (w,), p ropaga t ing  p a r a l l e l  t o  t h e  d e n s i t y  

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

r e f l e c t e d .  Energy i s  absorbed by  t h e  plasma i n  t h e  zone o f  l i g h t  pene- 

t r a t i o n .  Energy depos i ted  by  t h e  l a s e r  heats  t h e  plasma i n  t h e  sub- 

c r i t i c a l  d e n s i t y  r e g i o n ,  t h e  corona, t o  about  l o 7  Ok. Energy t r a n s -  

p o r t e d  inwards th rough  t h e  c r i t i c a l  sur face generates  h o t  plasma from 

t h e  she1 1  n l a t e r i a l  . Monlentunl t r a n s f e r r e d  f r o ~ n  t h e  outward a b l a t i n g  

plasma d r i v e s  t h e  s h e l l  inwards.  D i v i d i n g  t h e  inward  and outward mov- 

i n g  m a t e r i a l  i s  a  p o i n t  of ze ro  v e l o c i t y  known as t h e  a b l a t i o n  su r face .  

O f  impor tance i n  t h e  s t u d y  o f  l a s e r  produced plasmas i s  t h e  char -  

a c t e r i z a t i o n  o f  t h e  e l e c t r o n  d e n s i t y  p r o f i l e  i n  t h e  r e g i o n  o f  t h e  c r i t i -  

c a l  d e n s i t y .  Processes such as l a s e r  l i g h t  a b s o r p t i o n  and plasma en- 

e r g y  t r a n s p o r t  depend on and a f f e c t  t h e  c r i t i c a l  d e n s i t y  r e g i o n  p ro -  

f i l e .  P r o f i l e  m o d i f i c a t i o n  may occur  th rough  t h e  d e p o s i t i o n  i n t o  t h e  

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

The in lpo r tan t  p o s s i b l e  l i g h t  a b s o r p t i o n  mechanisms a r e  c o l l i s i o n a l ,  
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resonant,  and plasma i n s t a b i l i t y  absorpt ion.  I n  c o l l i s i o n a l  absorp- 

t i o n ,  e l ec t rons  d r i v e n  by t h e  l a s e r  l i g h t  e l e c t r i c  f i e l d  c o l l i d e  w i t h  

ions  w i t h i n  t h e  range o f  e i t h e r  a  Debye s h i e l d i n g  l eng th  ( i nve rse  

bremsstrahlung a b ~ o r ~ t i o n ) ( ~ - ~ ' ~ ' ~ )  o r  a  t u r b u l e n t  i o n  s t r u c t u r e  

(absorp t ion  o f f  o f  i o n  tu rbu lence) .  (2-4 '5 '6 '7)  Col 1  i s i o n a l  absorp- 

t i o n  i s  s t r onges t  where t h e  frequency o f  c o l l i s i o n s  i s  l a r g e s t .  This 

occurs i n  t h e  h i ghes t  d e n s i t y  r e g i o n  o f  1  i g h t  propagat ion,  i .e., i n  

t he  c r i t i c a l  d e n s i t y  reg ion .  Resonant absorp t ion  occurs when a  com- 

ponent o f  t h e  l a s e r  l i g h t  e l e c t r i c  f i e l d  i s  conver ted d i r e c t l y  i n t o  

e l e c t r o n  plasma waves. 2 8 9 y 1 0 1 1 y 1 2  The p o i n t  where t h e  plasma 

waves b u i l d  up i s  a t  t h e  c r i t i c a l  dens i t y .  Plasma i n s t a b i l i t i e s  ab- 

sorb energy by coup1 i n g  1  i g h t  i n t o  plasma o s c i l l a t i o n s .  (2-13-22) These 

i n s t a b i l i t i e s  a r e  resonant  a t  va r ious  d e n s i t i e s  and, t he re fo re ,  depend 

on t h e  shape o f  t he  sub-c r i  t i c a l  d e n s i t y  p r o f i l e .  

C o l l i s i o n a l  and resonant absorp t ion  have s i g n i f i c a n t  and r e l a -  

t i v e l y  s t r a i gh t f o rwa rd  d e n s i t y  sca l  e l  ength dependences. Measurement 

o f  sca le l eng th  and abso rp t i on  can, and does, a1 low theory  and expe r i -  

ment t o  be compared. The d e n s i t y  p r o f i l e  dependence of plasma i n s t a -  

b i l i t i e s  i s  compl icated by t he  requirement o f  knowing n o t  o n l y  thresh-  

holds and growth-rates b u t  a1 so s a t u r a t i o n  and energy d i s s i p a t i o n  mech- 

anisms. Al though t he  ex is tence  of  f i n i t e  ampl i tude plasma waves i s  

supported by some of t h i s  t h e s i s '  exper imental  observat ions,  (2-22) the 

energy absorbed i n t o  them i s  n o t  s t ud ied  here. 

The p r i n c i p a l  modes o f  energy t r a n s p o r t  through the  plasma a re  

thermal e l e c t r o n  heat  c o n d u ~ t i o n ( ~ - ~ ' ~ ~ ' ~ ~ )  and supra-thermal e l e c t r o n  

t r anspo r t .  ( 2 -25y26 )  The two mechanisms a re  d i s t i n g u i s h e d  f rom one 



ano the r  by t h e  r e l a t i v e  magni tudes o f  t h e  e l e c t r o n  c o l l i s i o n  l e n g t h  

and t h e  plasma t h i c k n e s s .  When t h e  d i s t a n c e  between e l e c t r o n  c o l l i -  

s i o n s  i s  smal l  compared t o  t h e  d e n s i t y  s c a l e l e n g t h s ,  t h e  e l e c t r o n s  

q u i c k l y  become thermal  and t h e  t r a n s p o r t  i s  " d i f f u s i v e " .  Supra- 

thermal  e l e c t r o n  c o l l  i s i o n  1  engths  a r e  1  ong corr~pared t o  d e n s i t y  s c a l e -  

l e n g t h s  and t h e  energy t r a n s p o r t  i s  " f ree -s t reaming" .  The magni tude 

and n a t u r e  o f  energy t r a n s p o r t  m a n i f e s t s  i t s e l f  i n  t h e  d e n s i t y  p ro -  

f i l e  shape and can be s t u d i e d  v i a  a n a l y s i s  o f  e x p e r i m e n t a l l y  determined 

p r o f  i 1  es. 

Laser  l i g h t  momentum d e p o s i t i o n  e f f e c t s  may m a n i f e s t  themselves 

i n  t h e  d e n s i t y  p r o f i l e  shape. These e f f e c t s  a r e  g e n e r a l l y  l o c a l i z e d  

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

t i o n  and a r e  p r e d i c t e d  t o  occur  as l o c a l i z e d  s teepening o f  t h e  d e n s i t y  

gradients!2-6'20'21 y 2 7 )  as t u r b u l e n c e  and r i p p l i n g  o f  t h e  c r i t i c a l  

d e n s i t y  sur face (2-28), o r  as r a d i a l  plasma f i l a m e n t s  and l a s e r  beam 

s e l f - f o c u s i n g .  (2-29) P r o f i l e  m o d i f i c a t i o n  e f f e c t s  may need t o  be 

cons ide red  when t h e  r a t i o  o f  t h e  r a d i a t i o n  p ressure  'pradl t o  t h e  

e l e c t r o n  p ressure  p  i s  o f  o r d e r  .1 o r  g r e a t e r .  (2-27) Fo r  normal 

i n c i d e n c e  l i g h t  r e f l e c t e d  from a  sur face 

where ' I '  i s  t h e  l a s e r  i n t e n s i t y ,  ' n e t  i s  t h e  e l e c t r o n  d e n s i t y ,  IT,' 

i s  t h e  e l e c t r o n  temperature ,  ' c t  i s  t h e  speed o f  l i g h t ,  and "k' i s  

Bo l tzmann 's  c o n s t a n t .  Fo r  1.06 pm l i g h t  r e f l e c t e d  froni t h e  c r i t i c a l  



s u r f a c e  o f  a  1 x 1 0 ~  Ok plasma, prad/pe = .1 a t  a  l a s e r  i n t e n s i t y  o f  

21 e r  
I = 2x10 &. C u r r e n t  exper iments  a r e  conducted a t  l a s e r  i n -  

22 e r  
t e n s i t i e s  o f  10 & o r  g r e a t e r  so t h a t  p r o f i l e  m o d i f i c a t i o n  

22 e r  e f f e c t s  a r e  p r e d i c t e d .  A t  10 & r e f e r e n c e  2-27 p r e d i c t s  a  

d e n s i t y  jump o f  ne=3x1020 cmm3 t o  1 . 3 5 ~ 1 0 ~ ~  cm-3 and r e f e r e n c e  2-28 

p red i  c t s  t h e  e x i s t e n c e  o f  c r i t i c a l  s u r f a c e  t u r b u l e n c e .  

O f  p a r t i c u l a r  i n t e r e s t  f o r  t h e  exper imen ta l  d e t e r m i n a t i o n  o f  

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

g e n e r a t i o n  i n  t h e  plasma of l i g h t  a t  harmonics o f  t h e  l a s e r  l i g h t  

f requency.  The emiss ion  o f  these  harmonics i s  s t r o n g l y  d e n s i t y  de- 

pendent so t h a t  w i t h i n  an inhomogeneous plasma t h e  harmonic l i g h t  

emiss ions a r e  l o c a l  i z e d  t o  nar row i n t e r v a l s  o f  d e n s i t y  and space. By 

f o l l o w i n g  t h e  sources o f  harmonic l i g h t  emiss ions,  p a r t i c u l a r  dens i -  

t i e s  can be f o l l o w e d  i n  space and t i m e .  

S p a t i a l l y  r e s o l v e d  o b s e r v a t i o n  o f  harmonic l i g h t  emiss ions i s  

t h e  techn ique  developed i n  t h i s  t h e s i s .  The harmonics viewed a r e  t h e  

3  
second (20,) and t h r e e  ha lves  harmonics o f  t h e  i n c i d e n t  l a s e r  

1  i g h t  (wo). For  l a s e r  l i g h t  a t  a  wavelength o f  1.064 pm, t h e  2w0 

occurs  a t  .5320 pm (green)  and t h e  (312) wo occurs  a t  .7093 pm (near  

(2-30,31,32) i n f r a - r e d ) .  The 2w, l i g h t  i s  e m i t t e d  a t  t h e  c r i t i c a l  d e n s i t y ,  

21  -3 
n  = 1x10 cm , and t h e  (312) wo i s  e m i t t e d  a t  t h e  q u a r t e r - c r i t i c a l  e  

d e n s i t y  (2-17,33,34,35) 20 -3 
ne 

= 2 . 5 ~ 1 0  cm ( f i g .  2-11. (See Appendix B) 

As t h e  plasma evo lves ,  t h e  c r i t i c a l  and q u a r t e r - c r i t i c a l  dens i -  

t i e s  move i n  space and t ime .  S p a t i a l l y  and t e m p o r a l l y  r e s o l v e d  2w0 

and (312) wo images p r o v i d e  c r i t i c a l  and q u a r t e r - c r i t i c a l  s u r f a c e  



t r a j e c t o r i e s  ( rcr ,  r%cr ) Time reso lved  plasma d e n s i t y  sca le1 engths 

a re  ob ta ined  as t h e  d i f f e rence  between t he  q u a r t e r - c r i t i c a l  and 

c r i t i c a l  su r face  l oca t i ons ,  i .e . ,  

Time i n t e g r a t e d  2w0 and ( 3 1 2 ) ~ ~  images p rov ide  c r i t i c a l  and qua r te r -  

c r i t i c a l  surface peak excurs ions and a  " c h a r a c t e r i s t i c "  plasma den- 

s i t y  sca le l eng th  g iven  by 

L E rb 4cr  max - r c r  max (2-3 

I n  t he  exper imental  arrangement, f i g u r e  2-2, t h e  f o u r  beam 

ou tpu t  o f  a  Nd:glass l a s e r  i s  focused w i t h i n  a  p lane on to  g lass 

m i c r o b a l l  oon t a rge t s .  (2-36) The 2w and ( 3 1 2 ) ~ ~  plasma emissions 
0 

a re  viewed from a  d i r e c t i o n  perpend icu la r  t o  t h e  p lane o f  i r r a d i a t i o n .  

The t ime reso lved  images obta ined w i t h  a  s t r e a k  camera ( s e c t i o n  3.1) 

record  plasma emissions a long  an a x i s  through two opposing beams. 

For any shot,  c r i t i c a l  and q u a r t e r - c r i t i c a l  su r face  t r a j e c t o r i e s  a re  

obta ined on opposing s ides  o f  t h e  plasma. The t ime i n t e g r a t e d  photo- 

graphs reco rd  t h e  plasma emissions from each o f  t h e  f o u r  l a s e r  beams 

so t h a t  peak excurs ion  data i s  ob ta ined  w i t h i n  each o f  t he  f o c a l  

spots.  
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3. Data A c q u i s i t i o n  and Accuracy 

3 .1  Exper imental  Setup 

A  schematic o f  t h e  o p t i c a l  system i s  shown i n  f i g u r e  3-1. The 

system was designed t o  serve as an achromat ic  microscope f o r  spa- 

t i a l  l y  and t empo ra l l y  r eso l ved  harmonic emiss ion s tud ies .  Time i n t e -  

g ra ted  data w i t h  two dimensional  s p a t i a l  r e s o l u t i o n  was obta ined by 

fo rm ing  magn i f ied  images o f  the  harmonic emissions on f i l m .  Tempor- 

a l  r e s o l u t i o n  was achieved by  r e l a y i n g  t h e  magn i f i ed  imagesthrwugh a  

s t r eak  camera. The s t r eak  camera operated by d i s p l a c i n g  as a  f unc t i on  

o f  t ime  t he  image o f  a  s l i t  l o c a t e d  a t  t h e  camera's ent rance.  Only 

t h e  emiss ion images f a l l i n g  on t h e  en t rance  s l i t  were r e l a y e d  so t h a t  

o n l y  one a x i s  of t h e  plasma was t empo ra l l y  and s p a t i a l l y  reso lved .  

Streaked data f o r  t h e  two harmonics was s imu l taneous ly  ob ta ined  by 

p l a c i n g  t h e  Zw, and (3 /2 )  wo images s ide-by -s ide  on t he  s t r eak  camera 

ent rance s l i t .  The harmonic da ta  was t empo ra l l y  m u l t i p l e x e d  w i t h  t h e  

i n c i d e n t  l a s e r  pu lse  v i a  c o n t r o l  o f  o p t i c a l  path  leng ths .  The wo 

l i g h t  en te red  t h e  s t r eak  camera e a r l i e r  than t h e  harmonic images so 

t h a t  t h e  data was d isp laced  i n  t he  ou tpu t .  (See f i g u r e  4-1.) 

The h o s t i l e  environment near t h e  plasma necess i t a t ed  t h e  use o f  

a  l ong  foca l  l e n g t h  l ens  t o  c o l l e c t  t h e  l i g h t  f rom t h e  plasma. The 

necess i t y  of imaging through a  1.3 cm t h i c k  vacuum chamber window r e -  

qu i r ed  t h e  placement of t he  f i r s t  l e n s  w i t h i n  t h e  vacuum. To m i n i -  

mize sphe r i ca l  a b e r r a t i o n  caused by  t he  window, (3-1) t h e  f i r s t  l ens  

was p laced one foca l  l e n g t h  f rom t h e  t a r g e t  so t h a t  t he  l i g h t  coming 

o u t  was " co l l ima ted " .  The image produced by t h i s  l ens  was focused a t  
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i n f i n i t y .  The c o l l i m a t i n g  l ens  had a  f o c a l  l e n g t h  o f  Fc = 20 cm 

and an f-number ( f  = l / f u l l  acceptance angle  o f  l e n s )  o f  fc = 3.5. 

The c o l l i m a t e d  l i g h t  was r e a d i l y  r e l ayed  w i t h  XI10 aluminum 

coated m i r r o r s  t o  a  re imaging l ens .  An.lastronomica1 te lescope ob- 

j e c t i v e ,  designed t o  image t h e  c o l l i m a t e d  l i g h t  f rom i n f i n i t e l y  

d i s t a n t  ob jec t s ,  was w e l l  s u i t e d  f o r  re imaging t he  plasma emissions. 

A U n i t r o n  te lescope o b j e c t i v e  was used having a  foca l  l e n g t h  o f  

Fo = 150 cm and an f-number = 15. 

The m a g n i f i c a t i o n  o f  a  two l ens  system o f  t h e  t ype  used can 

be c a l c u l a t e d  w i t h  re ference t o  f i g u r e  3-2. Consider two rays  l eav i ng  

an o b j e c t  a t  h e i g h t  xo. The f i r s t  r ay ,  ' a ' ,  i s  chosen so t h a t  i t  

passes through t he  cen te r  o f  l ens  1. I n  t h e  approx imat ion o f  a  t h i n  

l ens  i t s  pa th  i s  undeviated and i t  passes i n  a  s t r a i g h t  l i n e  f rom 

t h e  o b j e c t  p o i n t  t o  t he  second lens .  A t  t h e  second l ens  t h e  r a y  i s  

r e f r a c t e d  and i t  then passes on t o  t h e  image plane. For t h e  second 

ray ,  ' b ' ,  a  r a y  i s  chosen such t h a t  a f t e r  r e f r a c t i o n  by l ens  1 i t  

passes through t h e  cen te r  o f  l ens  2. Ray ' b '  passes f rom l e n s  1 t o  

t h e  image p o i n t  i n  a  s t r a i g h t  l i n e .  Since bo th  r ays  leave  t h e  same 

p o i n t  on an o b j e c t  one f o c a l  l e n g t h  f rom l e n s  1, bo th  rays  a re  

p a r a l l e l  i n  t he  i n t e r v a l  between t h e  two lenses.  

The angle  'a1' t h a t  r a y  ' a '  makes w i t h  t h e  o p t i c a l  a x i s  be fo re  

h i t t i n g  l e n s  2 i s  g iven  by 

X - 0 t a n  a1 - - ( 3 - l a )  
1 

The ang le  'a2 '  t h a t  r a y  ' b '  makes w i t h  t h e  o p t i c a l  a x i s  a f t e r  pas- 
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sing through l e n s  1 i s  g i v e n  by  

t a n  c12 = - - 
2  

Since t h e  two r a y s  a r e  p a r a l l e l  i n  t h e  r e g i o n  between t h e  lenses  

- 
- c12 

The m a g n i f i c a t i o n  ' m '  i s  d e f i n e d  as t h e  image h e i g h t  d i v i d e d  by  t h e  

o b j e c t  h e i g h t  and f o r  t h e  two l e n s  system i s  g i v e n  by  

A t  t h e  t e l e s c o p e  o b j e c t i v e  image p lane  t h e  image was m a g n i f i e d  by  

-7.5. 

A d d i t i o n a l  m a g n i f i c a t i o n  f o r  t h e  t i m e  i n t e g r a t e d  photographs 

was ob ta ined  w i t h  a second two l e n s  system o f  t h e  t y p e  j u s t  

desc r ibed .  The two lenses  were a  t e l e s c o p e  eye-p iece w i t h  a  foca l  

l e n g t h  o f  Fe = 2.5 cm and a  35 mm camera l e n s  w i t h  a  f o c a l  l e n g t h  o f  

F1 = 5.5 cm. The t o t a l  m a g n i f i c a t i o n  o f  t h e  system f o r  t h e  t i m e  

i n t e g r a t e d  exposures was 

m 'O = 16.5 -- TIME INTEGRATED I0 = -  Fc X F ,  



An advantage o f  t h e  two l e n s  arrangement was t h e  m a g n i f i c a -  

t i o n ' s  independence t o  t h e  d i s t a n c e  between t h e  lenses.  The p l a c e -  

ment o f  t h e  te lescope  o b j e c t i v e  and t h e  camera l e n s  was n o t  c r i t i -  

c a l .  Another  p r a c t i c a l  advantage was t h a t  t h e  c o r r e c t  focus  of t h e  

eye-p iece i n  t h e  two l e n s  combinat ion was a l s o  t h e  p r o p e r  f o c u s  f o r  

v i s u a l  o b s e r v a t i o n s  o f  t h e  t a r g e t  th rough  t h e  eye-piece.  The system 

c o u l d  be v i s u a l l y  a l i g n e d  and focused, and a  p re focused  camera c o u l d  

then be p u t  i n t o  p lace .  

Space and a l i gnment  problems p r o h i b i t e d  t h e  use o f  a  two l e n s  

system t o  r e l a y  a  magn i f i ed  image t o  t h e  s t r e a k  camera. A  s i n g l e  

Fs = 30 cm f o c a l  l e n g t h  Wray London L u s t a r  process l e n s  was used. The 

system m a g n i f i c a t i o n  t o  t h e  s t r e a k  camera was 

- (L2 - 4 ~ ~ ~ 1 %  
m 

S 0 I = 19.5 -- ONTO STREAK 
+ (L2 - 4 ~ ~ ~ 1 %  

CAMERA SLITS (3-4)  

where L  = 160 cm was t h e  d i s t a n c e  from t h e  t e l e s c o p e  o b j e c t i v e  f o -  

cus t o  t h e  s t r e a k  camera s l i t s  and Fs = 30 cm. S ince  t h e  magni- 

f i c a t i o n  i n  e q u a t i o n  (3-4)  was s e n s i t i v e  t o  changes i n  L  i t  was 

checked by  photograph ing a  t e s t  o b j e c t  o f  known s i z e  th rough  t h e  

v i e w i n g  o p t i c s - s t r e a k  camera system. 

A  r u l e  o f  thumb i n  o p t i c s  i s  t h a t  t h e  i n t r o d u c t i o n  o f  e lements 

i n t o  an o p t i c a l  system, g e n e r a l l y ,  o n l y  degrades t h e  f i n a l  image q u a l -  

i t y .  If elements must be i n t r o d u c e d  i n t o  a  microscope system then 

t h e y  s h o l ~ l d  be p laced  a f t e r  as much m a g n i f i c a t i o n  as p o s s i b l e  has 



been done so as n o t  t o  magni fy  t h e  a b e r r a t i o n s  i n t r o d u c e d  by t h e  

elements.  Wi th  t h e  excep t ion  of a  1.06 pm b l o c k i n g  f i l t e r  t h i s  

r u l e  was f o l l o w e d  f o r  a l l  beam s p l i t t e r s  and f i l t e r s .  The e f f e c t  o f  

t h e  1.06 pm b l o c k i n g  f i l t e r  was checked and found t o  be m in ima l .  

The 1.06 pm b l o c k i n g  f i l t e r  was a  .2 cm t h i c k  S c h o t t  KG3 grade A 

f i l t e r .  It had a  t r a n s m i s s i o n  o f  a t  1.06 pm, .45 a t  .71 pm, and 

.88 a t  .53 pm. The i n t e r f e r e n c e  f i 1 t e r s  were a  Di  t r i c  . O 1  pm band- 

w i d t h  .53 pm bandpass f i l t e r  and a  Bausch & Lomb . O 1  pm bandwidth 

.71 pm bandpass f i l t e r .  Both f i l t e r s  had quoted r e j e c t i o n  r a t i o s  o f  

4  10 and were measured t o  have r e j e c t i o n  r a t i o s  o f  g r e a t e r  than  t h e  

2  
10 s e n s i t i b i t y  o f  t h e  Cary 14 spect rometer  on which t h e y  were t e s t e d  

The two remain ing o p t i c a l  components were a  v a r i a b l e  a p e r t u r e  

s i z e  i r i s  and a  dove pr ism.  The i r i s  was used t o  c o n t r o l  ! a b e r r a t i o n s  

through ad justment  o f  t h e  system f-number. (See s e c t i o n  3.3) The 

dove pr ism,  a  dev ice  used t o  r o t a t e  an image about  t h e  o p t i c a l  a x i s ,  

was used t o  c o n t r o l  t h e  plasma a x i s  be ing  imaged through t h e  s t r e a k  

camera. 

F i l m s  used were chosen t o  have h i g h  s e n s i t i v i t y  a t  t h e  2w0 and 

(312) wo f requenc ies .  Kodak T r i - X  Parchromatic and Kodak High Speed 

In f ra -Red  f i l n ~ ( ~ - ~ )  were chosen r e s p e c t i v e l y  f o r  t h e  2w0 and (312) wo 

t i m e  i n t e g r a t e d  observa t ions .  Both f i l m s  were developed i n  D-19 

deve loper  a t  20 '~ .  The tri-X was developed f o r  4  minutes and t h e  

HSIR was developed f o r  9  minutes.  

The s t r e a k  camera was a  model 512 E lec t ro -Pho ton ics  e l e c t r o -  

o p t i c  s t r e a k  camera. A schemat ic i s  shown i n  f i g u r e  3-3.  I t s  use 
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prov ided t ime reso lved  data w i t h  s p a t i a l  r e s o l u t i o n  i n  one dimension. 

To b r i e f l y  descr ibe  i t s  opera t ion ;  an ent rance s l i t  was o p t i c a l l y  i m -  

aged on to  a  photocathode w i t h i n  t he  s t r eak  tube. E lec t rons  were 

em i t t ed  from the  photocathode accord ing t o  t he  i n t e n s i t y  d i s t r i -  

b u t i o n  o f  t he  l i g h t  on i t s  sur face.  The e lec t rons  were re l ayed  

through t he  s t r eak  tube and on to  a  phosphor ou tpu t  w i t h  e l e c t r o n  op- 

t i c s .  The ou tpu t  image was d i sp laced  i n  space ( t h e  i n p u t  image i n  

t ime)  by app ly ing  a  t ime va ry i ng  e l e c t r i c  f i e l d  across t he  e l e c t r o n  

beam. A t  d i f f e r e n t  t imes t he  s l i t  image f e l l  a t  d i f f e r e n t  p o s i t i o n s  

a long t he  phosphor and a  t ime reso l ved  image o f  t h e  i n p u t  s l i t  was 

obtained. The phosphor conver ted t he  e l e c t r o n  image i n t o  a  photon 

image. Th is  image was o p t i c a l l y  coupled t o  a  4 stage magne t i ca l l y  

6 focused image i n t e n s i f i e r  w i t h  a ga in  of 10 . The ou tpu t  was p laced 

onto photographic f i l m  t o  form a  permanent record .  D e t a i l s  on s t reak  

camera c h a r a c t e r i s t i c s  can be found i n  re fe rences  (3-3)  t o  (3-5) .  

3.2 Resolut ion Requirements 

A p r imary  cons ide ra t i on  i n  t he  design o f  t he  exper imental  equip- 

ment was t he  requ i red  r e s o l u t i o n  . The r e s o l u t i o n  requirements were 

based on a  cons ide ra t i on  o f  t he  accuracy necessary t o  s tudy t h e  

phys ics o f  l i g h t  absorp t ion  and a b l a t i o n  reg ion  hydrodynamics, and 

o f  t h e  accuracy o f  t he  o ther  d i agnos t i cs  t o  which t h e  exper imental  

r e s u l t s  were compared. Reso lu t ion  breaks down i n t o  two ca tegor ies :  

s p a t i a l  r eso l  u t i  on and temporal r e s o l u t i o n .  

3.2.1 Spa t i a l  Reso lu t ion  

There a re  two s p a t i a l  l eng th  sca les o f  i n t e r e s t .  They a r e  t h e  



r a d i u s  o f  t h e  c r i t i c a l  s u r f a c e  and t h e  d i s t a n c e  between t h e  c r i t i c a l  

and q u a r t e r - c r i  t i c a l  su r faces .  

To compare t h e  exper imenta l  r e s u l t s  t o  hydrodynamic codes and 

a n a l y t i c  models o f  plasma expansion i t  i s  s u f f i c i e n t  t o  know t h e  

c r i t i c a l  su r face  l o c a t i o n  t o  + 5%. The c r i t i c a l  s u r f a c e  p o s i t i o n  

v a r i e s  f rom t h e  i n i t i a l  t a r g e t  r a d i u s  (- 50 um) t o  a  maximum excur-  

s i o n  o f  about  80 pm so t h a t  t h e  accuracy requ i rement  on t h e  c r i t i c a l  

s u r f a c e  p o s i t i o n  i s  approx imate ly  f 3  pm. 

An i m p o r t a n t  use o f  s c a l e l e n g t h  i n f o r m a t i o n  i s  t o  examine t h e  

mechanisms f o r  l i g h t  a b s o r p t i o n  by a  plasma. T h i s  i s  done by t a k i n g  

t h e  measured s c a l e l e n g t h s  and c a l c u l a t i n g  w i t h  t h e  p o s s i b l e  absorp- 

t i o n  mechanism t h e o r i e s ,  t h e  energy f r a c t i o n  absorbed. T h i s  q u a n t i t y  

i s  compared t o  t h e  e x p e r i m e n t a l l y  measured v a l u e  o f  t h e  f r a c t i o n a l  

a b s o r p t i o n  (energy absorbed/energy on t a r g e t ) .  To accompl i s h  t h i s  

comparison, the  accuracy o f  t h e  sca l  e l  ength measurement shoul d  be 

such t h a t  t h e  c a l c u l a t e d  f r a c t i o n a l  a b s o r p t i o n  i s  a t  l e a s t  as accura te  

as t h e  measured f r a c t i o n a l  absorp t ion .  

T y p i c a l  exper imenta l  va lues  f o r  t h e  f r a c t i o n a l  a b s o r p t i o n  of 

1.06 pm l a s e r  l i g h t ,  measured u s i n g  a  v a r i e t y  of techniques, i s  about 

.40 w i t h  measuremental accuracy o f  2 .08. ( 3 - 6 9 7 9 8 y 9 )  F i g u r e  3-4 shows 

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

p l u s  resonan t  a b s o r p t i o n  f o r  t h e  c o n d i t i o n s  o f  t h i s  exper iment (see 

Chapter 6 ) .  To s tudy  t h e  a b s o r p t i o n ' s  s c a l e l e n g t h  dependence w i t h  t h e  

accuracy of t h e  a b s o r p t i o n  measurement, f i g u r e  3-4 shows t h a t  i t  i s  

necessary t o  have a  s c a l e l e n g t h  accuracy o f  approx imate ly  f 4  pm. 
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3.2.2 Temporal R e s o l u t i o n  

For  t h e  t ime-resol  ved r e s u l t s  t h e  d e s i r e d  temporaq r e s o l u t i o n  

i s  f i x e d  by t h e  s p a t i a l  r e s o l u t i o n  and t h e  maximum observed c r i t i c a l  

and q u a r t e r - c r i t i c a l  s u r f a c e  expans ion v e l o c i t i e s .  

The r e l a t i o n s h i p  between s p a t i a l  and temporal  r e s o l u t i o n  r e -  

qu i rements  can be seen by  n o t i n g  t h a t  i f  a  p o s i t i o n  ' z '  i s  measured 

a t  t i m e  It ' t h e n  t h e  n e x t  measurement shou ld  be made by t h e  t i m e  t h e  

p o s i t i o n  has changed by  one r e s o l u t i o n  e lement  'h'. A t  a  v e l o c i t y  

' v ' ,  t h e  p o s i t i o n  w i l l  have changed b y  'h' i n  a  t i m e  ' 6 t '  g i v e n  by:  

The most s t r i n g e n t  requ i rement  on t e ~ i i p o r a l  r e s o l u t i o n  occurs  when v  

i s  a  maximum. The maximum v e l o c i t y  observed i s  on t h e  o r d e r  o f  

7 5x10 cmlsec. T h i s  l e a d s  t o  a  temporal  r e s o l u t i o n  requ i rement  o f  

b t  = * 6 psec. 

3.3 Sources o f  S p a t i a l  E r r o r  

P r i n c i p a l  sources o f  e r r o r  i n  niak-ing s p a t i a l  measurements a r e  

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

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

o p t i c s  and s t r e a k  camera, and d i s t o r t i o n  produced b y  r e f r a c t i o n  o f  

1  i g h t  as i t  passes o u t  o f  t h e  plasma. E r r o r  due t o  t h e  f i r s t  t h r e e  

sources r e s u l t s  f rom t h e  n e c e s s i t y  o f  a n a l y z i n g  photographs t h a t  con- 

t a i n  b l u r r e d  images. The e f f e c t  of t h e  l a s t  source o f  e r r o r ,  



r e f r a c t i o n ,  i s  t h e  p r o d u c t i o n  of an e m i t t i n g  s u r f a c e  image t h a t  i s  

p o s s i b l y  d i s t o r t e d  f rom t h e  a c t u a l  e m i t t i n g  s u r f a c e  shape l y i n g  

w i t h i n  t h e  plasma. 

F i n i t e  o b j e c t  t h i c k n e s s  and d i f f r a c t i o n  l i m i t e d  r e s o l u t i o n  p r o -  

duce an upper l i m i t  on t h e  t h e o r e t i c a l  r e s o l u t i o n  o f  t h e  o p t i c a l  sys-  

tem. Real l e n s  and s t r e a k  camera a b e r r a t i o n s  degrade t h e  a c t u a l  

r e s o l u t i o n  f r o m  t h e  t h e o r e t i c a l  va lue .  

I n  t h i s  s e c t i o n  t h e  e f f e c t  o f  each source o f  e r r o r  on t h e  system 

r e s o l u t i o n  i s  c h a r a c t e r i z e d .  T h e o r e t i c a l  and a c t u a l  r e s o l u t i o n s  a r e  

compared. Bounds a r e  p laced on t h e  p o s s i b l e  e r r o r  due t o  l i g h t  r e -  

f r a c t i o n  by  t h e  plasma. The s e c t i o n  concludes w i t h  a  d e s c r i p t i o n  o f  

a  s imp le  image a n a l y s i s  techn ique  t h a t  accounts f o r  and e l i m i n a t e s  

most o f  t h e  s y s t e m a t i c  e r r o r  i n t r o d u c e d  by  t h e  f i n i t e  system r e s o l u t i o n .  

Only r e s u l t s  as t h e y  p e r t a i n  t o  t h e  accuracy o f  t h e  2wo-(312) wo 

measurements a r e  d e s c r i b e d  i n  t h i s  s e c t i o n .  D e t a i l e d  d e r i v a t i o n s  and 

genera l  aspects  o f  s p a t i a l  r e s o l  u t i o n  measurements a r e  desc r ibed  i n  

t h e  appendix.  I n c l u d e d  i n  t h e  appendix a r e  new r e s u l t s  on t h e  i n t e n -  

s i t y  dependence o f  t h e  s t r e a k  camera s p a t i a l  r e s o l u t i o n .  

3.3.1 T h e o r e t i c a l  S p a t i a l  R e s o l u t i o n  

L i m i t a t i o n s  on t h e  u l t i m a t e  r e s o l u t i o n  of any o p t i c a l  system 

a r e  imposed by t h e  f i n i t e  t h i c k n e s s  o f  t h e  o b j e c t  b e i n g  v iewed and by 

t h e  d i f f r a c t i o n  l i m i t e d  performance o f  t h e  o p t i c s  used t o  c o l l e c t  

and reimage t h e  l i g h t .  

F i n i t e  o b j e c t  t h i c k n e s s  e f f e c t s  a r i s e  from t h e  f a c t  t h a t  a  w e l l  

c o r r e c t e d  o p t i c a l  system images a  p lane o b j e c t  i n t o  a  p lane  image. 



The image o f  a  three-d imens iona l  o b j e c t  can have o n l y  a  s i n g l e  p lane  

i n  sharp focus .  The r e s t  o f  t h e  o b j e c t  appears b l u r r e d  t o  some ex- 

t e n t .  Even i f  o n l y  a  s i n g l e  p lane  i s  be ing  s tud ied ,  t h e  e f f e c t  o f  

t h e  e n t i r e  o b j e c t  must be cons idered s ince ,  i n  genera l ,  l i g h t  f rom 

ou t -o f - focus  p o i n t s  o v e r l a p s  t h e  in - focus  p o i n t s .  

The amount of b l u r r i n g  due t o  t h e  f i n i t e  o b j e c t  t h i c k n e s s  i s  a  

f u n c t i o n  of t h e  o b j e c t  t h i c k n e s s  p a r a l l e l  t o  t h e  o p t i c a l  a x i s ,  t h e  

o b j e c t  shape, and t h e  angu la r  spread i n  t h e  rays  l e a v i n g  t h e  o b j e c t  

and c o l l e c t e d  by t h e  o p t i c s .  The e f f e c t  can be expressed i n  terms of 

a  p o i n t  o r  edge r e s o l u t i o n .  P o i n t  r e s o l u t i o n  g i v e s  t h e  b l u r  i n  i n d i -  

v i d u a l  o u t - o f - f o c u s  p o i n t s  and can be q u a n t i f i e d  as t h e  b l u r  c i r c l e  

r a d i u s .  Edge r e s o l u t i o n  g i v e s  t h e  b l u r  observed a t  t h e  o u t e r  edge of 

a  three-d imens iona l  o b j e c t  and can be expressed as t h e  d i f f e r e n c e  be- 

tween t h e  a c t u a l  edge l o c a t i o n  and t h e  l o c a t i o n  i n  t h e  image of t h e  

outermost b l u r r e d  1  i g h t .  

D i f f r a c t i o n  1 i m i  t e d  performance i s  a  consequence of t h e  l i m i t e d  

c o l l e c t i o n  ang le  of t h e  o p t i c s .  To form a  p e r f e c t  image of a  p o i n t ,  

a l l  of t h e  e m i t t e d  l i g h t  must be c o l l e c t e d  and reimaged. The i n a b i l -  

i t y  t o  do so r e s u l t s  i n  an e m i t t i n g  p o i n t  image c o n s i s t i n g  o f  an 

" A i r y  d i f f r a c t i o n  p a t t e r n " .  (3-10) The image s p o t  s i z e ,  q u a n t i f i e d  as 

t h e  d i f f r a c t i o n  p a t t e r n  r a d i u s  a t  t h e  f i r s t  i n t e n s i t y  minimum, i s  a  

f u n c t i o n  of t h e  angu la r  spread i n  t h e  l i g h t  c o l l e c t e d  and of t h e  l i g h t  

wavelength. 

The r e s o l u t i o n  of a  d i f f r a c t i o n  l i m i t e d  system v iew ing  a  s p h e r i ~  

c a l  o b j e c t  i s  g i ven  by equa t ion  (3-6) f o r  t h e  p o i n t  r e s o l u t i o n  'k ' 
P  



and equa t ion  (3-7)  f o r  t h e  edge r e s o l u t i o n  'hE1. 

' A '  i s  t h e  l i g h t  wavelength,  I fc '  i s  t h e  d imens ion less  f-number of 

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

a x i s  from t h e  o b j e c t  p o i n t  t o  t h e  p lane  of b e s t  focus, and ' r '  i s  t h e  

r a d i u s  of t h e  e m i t t i n g  sur face.  The f i r s t  t e rm i n  equa t ions  (3-6)  

and (3-7)  g i v e s  t h e  c o n t r i b u t i o n  due t o  t h e  f i n i t e  o b j e c t  t h i c k n e s s  

and t h e  second te rm g i v e s  t h e  c o n t r i b u t i o n  due t o  d i f f r a c t i o n  l i m i t e d  

performance . 
F i g u r e s  3-5 and 3-6 show p l o t s  of equa t ions  (3-6)  and (3-7)  

f o r  c o n d i t i o n s  o f  exper imen ta l  i n t e r e s t .  A t  1  ow f-numbers ( 1  a rge  

c o l l e c t i o n  ang les )  f i n i t e  o b j e c t  t h i c k n e s s  e f f e c t s  dominate w h i l e  a t  

h i g h  f-numbers d i f f r a c t i o n  l i m i t a t i o n  e f f e c t s  dominate.  Optimum r e s -  

o l u t i o n  can be ach ieved v i a  ad jus tment  o f  fc a l t h o u g h  t h e  optimum 

p o i n t  and edge r e s o l u t i o n s  do n o t  c o i n c i d e .  The p o i n t  r e s o l u t i o n  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 h e  source l o c a t i o n  ( x )  f o r  f c  2 12 w h i l e  

edge r e s o l u t i o n  i s  independent o f  t h e  e m i t t i n g  o b j e c t  r a d i u s  ( r )  f o r  

fc > - 5. (The independence of h on o b j e c t  parameters s h a l l  p rove t o  

be o f  impor tance when image a n a l y s i s  i s  cons ide red  . )  

3.3.2 Ac tua l  S p a t i a l  R e s o l u t i o n  

The a c t u a l  o p t i c a l  system was r u n  a t  an f-number of fc=13. T h i s  



FIGURE 3-5 

RESOLUTION OF A POINT AT A HEIGHT x 
ABOVE THE PLANE OF BEST FOCUS 



FIGURE 3-6 

RESOLUTION OF AN EDGE FOR EMITTING 
SURFACES WITH RADIUS r. 



was t h e  l o w e s t  c o l l i m a t i n g  l e n s  f-number f o r  wh ich t h e  non-symme- 

t r i c a l  a b e r r a t i o n  o f  coma was e l i m i n a t e d ,  (3-11) and f o r  wh ich  t h e  

symmetr ica l  a b e r r a t i o n s  o f  s p h e r i c a l  and a x i a l  c h r o m a t i c  aber-  

r a t i ~ n ( ~ - l l )  were reduced t o  t h e  p o i n t  where a  p o i n t  source A i r y  

d i f f r a c t i o n  p a t t e r n  c o u l d  be c l e a r l y  observed. (3-12) The r e s o l u t i o n ,  

e x c l u s i v e  o f  t h e  s t r e a k  camera, was determined by  photograph ing reso -  

l u t i o n  c h a r t s  and t e s t  o b j e c t s  and was found t o  be 8 t o  9  pm w i t h  green 

l i g h t  (A = .53 pm) i l l u m i n a t i o n .  T h i s  i s  i n  good agreement w i t h  t h e  

8 pm p r e d i c t i o n  o f  near  d i f f r a c t i o n  l i m i t e d  performance. Whi te  l i g h t  

i l l u m i n a t i o n  r e v e a l e d  no s i g n i f i c a n t  a x i a l  o r  l a t e r a l  ch romat i c  aber -  

r a t i o n .  

Us ing e q u a t i o n  (3-6) ,  t h e  f l a t  o b j e c t  r e s o l u t i o n  f o r  t h e  two 

wavelengths o f  i n t e r e s t  a re :  8 pm a t  A = .5320 pm and 11 pm a t  

A = .7093 pm. 

Re lay ing  t h e  images th rough  t h e  s t r e a k  camera degraded t h e  reso -  

l u t i o n  f rom t h a t  o f  t h e  p a s s i v e  o p t i c a l  system. R e s o l u t i o n  measure- 

ments were made i n  s t a t i c  and s t r e a k e d  modes and t h e  p r i n c i p a l  r e s u l t s  

a re :  t h e  i n t e n s i t y  d i s t r i b u t i o n  o f  t h e  p o i n t  response shows o n l y  a  

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

response a t  t h e  n o i s e  l e v e l  i nc reases  b u t  t h a t  t h i s  broadening i s  due 

t o  a  minimum d e t e c t i o n  l e v e l  so t h a t  more o f  t h e  p o i n t  response i s  

seen f o r  more i n t e n s e  i n p u t s ,  and t h e  s t r e a k  camera s p a t i a l  r e s o l u t i o n  

degrades by 25% i n  g o i n g  f r o m  s t a t i c  t o  s t r e a k e d  mode. 

The w i d t h  o f  t h e  p o i n t  response a t  t h e  n o i s e  l e v e l  i s  t h e  im- 

p o r t a n t  measure o f  r e s o l u t i o n  f o r  t h e  exper imen ta l  r e s u l t s .  A p l o t  

o f  t h e  s t r e a k e d  d a t a  r e s o l u t i o n  as measured by t h e  p o i n t  response 

h a l f  w i d t h  a t  base d e n s i t y ,  as a  f u n c t i o n  o f  t h e  peak f i l m  exposure 

i s  shown i n  f i g u r e  3-7. The r e s o l u t i o n  i s  r e f e r e n c e d  back t o  t h e  plasma. 
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3.3.3 D i s t o r t i o n  Due t o  R e f r a c t i o n  

An inhomogeneous plasma has a  v a r i a b l e  index  o f  r e f r a c t i o n  and 

causes l i g h t  pass ing th rough  i t  t o  bend. If t h e  goal  of an obser-  

v a t i o n  i s  t o  l o c a t e  a  source o f  emiss ions w i t h i n  t h e  plasma, then 

t h e  e f f e c t  o f  l i g h t  r e f r a c t i o n  must be cons idered.  

R e f r a c t i o n  through a  smooth s p h e r i c a l  plasma i s  s t u d i e d  i n  

appendix A.6 v i a  a  r a y  t r a c e  computer code and an a n a l y t i c  model. The 

r e s u l t s  a r e  t h a t  t h e  apparent e m i t t i n g  s u r f a c e  s i z e  i s  s m a l l e r  than 

t h a t  o f  t h e  a c t u a l  e m i t t i n g  s u r f a c e  and t h a t  t h e  apparent  c r i t i c a l  

and q u a r t e r - c r i t i c a l  s u r f a c e  r a d i i ,  and t h e  apparent  s c a l e l e n g t h  a r e  

i n  p o s s i b l e  e r r o r  by  amounts: 

- r -  REF ' 'cr c r  APP - .I5 rcr APP (3-  8 )  

- - - - 
A r k c r - ~ ~ ~  - 'gcr - ' ~ c r  APP App (3 -  9 )  

- 
beREF ' b tApp - .06 "pP - .09 rcr APP (3-10 ) 

When co~iipared t o  exper imenta l  r e s u l t s  equa t ions  ( 3 -  8 )  - (3-10) 

appear t o  over -es t ima te  t h e  e r r o r  due t o  r e f r a c t i o n .  A  p l a u s i b l e  ex- 

p l a n a t i o n  i s  t h a t  t h e  plasma does n o t  have smooth i s o d e n s i t y  su r faces  

b u t  t h a t  t h e r e  e x i s t  l o c a l  s t r u c t u r e s  o r  tu rbu lence .  

The r e s u l t s  o f  t h e  preceediog s e c t i o n s  show t h a t  t h e  system reso-  

l u t i o n  i s  s u b s t a n t i a l l y  l a r g e r  than t h e  maximum t o l e r a b l e  e r r o r  r e -  

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

duced by f i n i t e  system r e s o l u t i o n  t u r n s  o u t  t o  be sys temat i c  and i s  



c o r r e c t a b l e  by a  s imp le  image a n a l y s i s  techn ique .  

I n  t h e  exper iment ,  t h e  system m a g n i f i c a t i o n  i s  determined by  

measur ing t h e  d iamete r  o f  a  t e s t  o b j e c t  and d i v i d i n g  by t h e  known 

o b j e c t  d iamete r .  The measured m a g n i f i c a t i o n  c o n t a i n s  t h e  f i n i t e  

r e s o l u t i o n  e f f e c t s  and d i f f e r s  f r o m  t h e  t h e o r e t i c a l  i d e a l  system mag- 

n i f i c a t i o n .  Never the less ,  i f  a  subsequent measurement i s  made w i t h  

t h e  system o f  an o b j e c t  t h e  same s i z e  as t h a t  o f  t h e  t e s t  o b j e c t ,  

then t h e  image s i z e s  w i l l  be t h e  same. Use o f  t h e  measured m a g n i f i -  

c a t i o n  a c c u r a t e l y  g i v e s  t h e  o b j e c t  s i z e  and t h e  measurement c o n t a i n s  

no sys temat i c  e r r o r .  Fo r  o b j e c t s  w i t h  s i z e s  d i f f e r e n t  f r o m  t h e  t e s t  

o b j e c t ,  use o f  t h e  measured m a g n i f i c a t i o n  leaves  a  r e s i d u a l  sys temat i c  

e r r o r .  T h i s  e r r o r  can be much l e s s  than t h e  system r e s o l u t i o n .  I f  

an e s t i m a t e  o f  t h e  r e s o l u t i o n  i s  a v a i l a b l e ,  t h e n  most o f  t h e  r e s i d u a l  

e r r o r  can be e l i m i n a t e d .  

It i s  shown i n  appendix A.7 t h a t  t h e  a c t u a l  s i z e  o f  any o b j e c t  

4 i s  r e l a t e d  t o  t h e  measured s i z e  o f  any o b j e c t  a '  by  t h e  r e l a t i o n  

a '  i s  c a l c u l a t e d  u s i n g  t h e  measured system m a g n i f i c a t i o n  m' ob- 

t a i n e d  by d i v i d i n g  t h e  measured image dimension o f  a  t e s t  o b j e c t  H '  

b y  t h e  t e s t  o b j e c t  s i z e  h , i .e . ,  m1=H' /h .  h i s  t h e  system reso-  

l u t i o n .  

The v a l i d i t y  o f  t h e  image a n a l y s i s  techn ique  has been experimen- 

t a l l y  con f i rmed .  The accuracy of t h e  f i n a l  r e s u l t s  i s  l i m i t e d  by  t h e  



accuracy and constancy o f  t h e  measured r e s o l u t i o n  t o  about  + 2 pm, 

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

3.3.5 P r e c i s i o n  and Accuracy of t h e  S p a t i a l  Measurements 

Once t h e  d a t a  has been c o r r e c t e d  f o r  sys temat i c  e r r o r s  t h e  r e -  

main ing measuremental e r r o r  i s  random and i s  a  measure of t h e  p re -  

c i s i o n  of t h e  measurement techn ique.  The ma jo r  c o n t r i b u t i o n  t o  ran -  

dom e r r o r  i n  t h e  s t reaked  r e s u l t s  comes f rom a  low s i g n a l  t o  n o i s e  

r a t i o  and f r o m  a  v a r i a t i o n  i n  t h e  n o i s e  l e v e l  from p o i n t  t o  p o i n t  

on t h e  s t r e a k  photographs.  S e l e c t i n g  t h e  s tandard  d e v i a t i o n  of t h e  

rcr and r, da ta  p o i n t s  f rom t h e  po lynomia l  l e a s t  square cu rve  f i t s  
4c r 

(Chapter  4 )  as t h e  measure o f  t h e  s t a t i s t i c a l  f l u c t u a t i o n s ,  a  p re -  

c i s i o n  o f  + - 4  pm i s  o b t a i n e d .  T h i s  v a l u e  i s  c o n s e r v a t i v e  s i n c e  p a r t  

o f  t h e  s tandard  d e v i a t i o n  i s  due t o  s h o r t  t i m e  s c a l e  v a r i a t i o n s  ave r -  

aged o u t  by t h e  c u r v e  f i t t i n g  procedure.  

The s p a t i a l  accuracy o f  t h e  measurements, e x c l u s i v e  of r e f r a c t i o n  

c o n s i d e r a t i o n s ,  i s  equal  t o  t h e  c o n ~ b i n a t i o n  of r e s i d u a l  s y s t e m a t i c  

e r r o r  and s t a t i s t i c a l  e r r o r .  Fo r  t h e  s t r e a k e d  r e s u l t s ,  t h e  t o t a l  

s p a t i a l  e r r o r  i s  + 4  pm and f o r  t h e  t i m e  i n t e g r a t e d  r e s u l t s ,  i t  i s  

f 3  pm. If t h e  bounds on t h e  r e f r a c t i o n  e r r o r ,  as o b t a i n e d  i n  s e c t i o n  

3.3.6, a r e  used t h e n  t h e  niax-inium e r r o r  ba rs  f o r  t h e  s p a t i a l  d a t a  a r e  

ob ta ined .  The r e s u l t s  a r e  t a b u l a t e d  i n  t a b l e  3-1. R e f r a c t i o n  e f fec ts  

a r e  c a l c u l a t e d  f o r  a  c r i t i c a l  s u r f a c e  a t  70 pm and a  10 pm s c a l e l e n g t h .  

3.4 Temporal Resol u  t i on 

The two f a c t o r s  l i m i t i n g  t h e  temporal  r e s o l u t i o n  a r e  t h e  t i m e  

r e s o l u t i o n  of t h e  s t r e a k  camera and t h e  l o w  s i g n a l  t o  n o i s e  r a t i o  o f  
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t h e  s t reaked  2w0 and (3 /2 )  wo images. The temporal  r e s o l u t i o n  of 

t h e  s t r e a k  caliiera -in t h e  mode i t  was r u n  d u r i n g  t h e  exper iment  i s  

approx' in iate ly 10 psec. 

Low s i g n a l  t o  n o i s e  r a t i o s  a f f e c t  t h e  r e s u l t s  i n  t h a t  t o  o b t a i n  

an adequate s i g n a l  f o r  t h e  t r a j e c t o r y  and s c a l e l e n g t h  data,  t h e  

r e g i o n  scanned on t h e  photograph has t o  have a  c e r t a i n  area.  To 

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

inc reased  o n l y  a t  t h e  expense o f  tempora l  r e s o l u t i o n .  Adequate s i g -  

n a l  t o  n o i s e  r a t i o s  a r e  ach ieved a t  t h e  e q u i v a l e n t  o f  15  psec tem- 

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

and s c a l e l e n g t h  nieasure~iients i s  18 psec so t h a t  t h e  e r r o r  b a r s  on 

t h e  measurement a r e  + 9 psec. 

S ince  t h e  2w0 and ( 3 / 2 )  wo s i g n a l s  a r e  focused  o n t o  t h e  s t r e a k  

camera a l o n g  d i f f e r e n t  o p t i c a l  paths  i t  i s  necessary  t o  check t h e  

t i m i n g  d i f f e r e n c e .  T h i s  i s  done b y  r e p l a c i n g  t h e  ( 3 / 2 )  wo f i l t e r  w i t h  

a  2wo f i l t e r  so t h a t  f o r  a  t e s t  s h o t  two 2w0 s t r e a k s  a r e  ob ta ined .  

The t i m i n g  d i f f e r e n c e  can t h e n  be measured t o  w i t h i n  approx ima te ly  

f 3  psec. 

When t h e  d a t a  was f i r s t  ana lyzed i t  was found  t h a t  t h e  c r i t i c a l  

s u r f a c e  always s t a r t e d  a t  t h e  i n i t i a l  t a r g e t  r a d i u s .  From t h i s  i t  

was assumed t h a t  t h e  s t a r t  o f  t h e  plasma emiss ions c o i n c i d e d  w i t h  t h e  

s t a r t  o f  t h e  l a s e r  p u l s e .  L a t e r  on, when t h e  i n t e n s i t y  h i s t o r i e s  o f  

t h e  plasma emiss ions were compared t o  t h e  i n c i d e n t  p u l s e  i t  was found 

t h a t  t h e  b e s t  c o r r e l a t i o n  d i d  n o t  a lways occur  when t h e  s t a r t  o f  

plasma emiss ions was made t o  c o i n c i d e  w i t h  t h e  s t a r t  o f  t h e  l a s e r  



pulse. A maximum discrepancy of 40 psec delay for the start of the 

plasma emission was observed when the data was positioned for opti- 

mum intensity correlation. 



4. Exper imenta l  Procedure 

I n  t h i s  c h a p t e r  a  p a r t i c u l a r  sho t ,  #11534, i s  taken  and reduced 

accord ing  t o  t h e  procedure a p p l i e d  t o  a l l  o f  t h e  exper imen ta l  2wo 

and (3 /2 )  oo da ta .  

P r i o r  t o  a  s e r i e s  o f  sho ts  t h e  f o u r  l a s e r  beams a r e  focused on to  

a  CD2 t e s t  t a r g e t .  Once t h e  l a s e r  system i s  a l i g n e d ,  t h e  CD2 sphere 

i s  i l l u m i n a t e d  w i t h  a  h i e h  p ressure  mercury  a r c  lamp. The t a r g e t  

appears as a  b r i g h t  sphere and i t  i s  on t h i s  t h a t  t h e  2w0 - (3 /2 )  wo 

o p t i c a l  system i s  a1 i g n e d  and focused. 

An a b s o l u t e  s p a t i a l  r e f e r e n c e  i s  p r o v i d e d  f o r  i n  t h e  20, and 

(3 /2 )  wo t i m e  i n t e g r a t e d  photographs w i t h  a  g r a t i c u l e  i n  t h e  eye- 

p i e c e  p r i o r  t o  t h e  2w, - ( 3 / 2 )  wo b e a m - s p l i t t e r  ( f i g .  3 -1) .  For  t h e  

t ime  r e s o l v e d  data ,  t h e  plasma a x i s  t o  be s p a t i a l l y  r e s o l v e d  i s  cen- 

t e r e d  on t h e  s t r e a k  camera s l i t s  and a  p i c t u r e  of t h e  two CD2 t a r g e t  

images i s  taken  w i t h  t h e  s t r e a k  camera i n  focused mode. It i s  a l s o  

found t h a t  t h e  2w0 s t reaked  image, and t h e  ( 3 / 2 ) u 0  s t r e a k e d  image 

when t h e  emiss ions  s t a r t  w i t h i n  25 psec o f  one another ,  has an i n i t i a l  

d iameter  equal  t o  t h a t  o f  t h e  t a r g e t .  I n d i v i d u a l  c r i t i c a l  and quar-  

t e r - c r i t i c a l  s u r f a c e  t r a j e c t o r i e s  can, t h e r e f o r e ,  be ob ta ined .  

F i g u r e  4 -1  shows t h e  plasma emiss ion d a t a  o b t a i n e d  f o r  t h e  sho t .  

The t i m e  i n t e g r a t e d  photograph shows t h e  2w0 plasma emiss ion  gener- 

a t e d  f rom each o f  t h e  f o u r  l a s e r  beams. The s t r e a k  photograph shows 

t h e  i n c i d e n t  p u l s e  (oo )  f o l  lowed by  t h e  2w0 and ( 3 / 2 )  oo images. The 

s t reaked  plasma emiss ion  images cor respond t o  a  5  urn wide s t r i p  o f  

plasma a long  t h e  sou th -no r th  l a s e r  beam a x i s .  
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The d a t a  i s  reduced u s i n g  a  one-dimensional  " f l y i n g  s p o t "  

m ic rodens i tomete r .  F i g u r e  4-2 i s  a  m ic rodens i tomete r  scan o f  t h e  

2w t i m e  i n t e g r a t e d  photograph a l o n g  t h e  sou th -no r th  a x i s .  The 
0 

m ic rodens i tomete r  s l i t  d imensions cor respond a t  t h e  plasma t o  2  pm 

by  4  pm p a r a l l e l  and p e r p e n d i c u l a r  t o  t h e  scan d i r e c t i o n .  To w i t h i n  

t h e  accuracy o f  t h e  measurement (i 3  pm) each p o i n t  a long  t h e  scan 

corresponds t o  a  p o i n t  a t  t h e  plasma. The o u t e r  edges of t h e  2w0 

emiss ion p a t t e r n  a r e  t h e  peak c r i t i c a l  s u r f a c e  e x c u r s i o n s .  The s teep  

d e n s i t y  f a l l - o f f  near  t h e  o u t e r  edges i s  l i m i t e d  by t h e  system spa- 

t i a l  r e s o l u t i o n .  I n  t h i s  scan, t h e  s teep  f a l l - o f f  occurs  ove r  a  9 pm 

d i s t a n c e  and i s  a lmos t  equal  t o  t h e  8 pm s p a t i a l  r e s o l u t i o n  o f  t h e  

system ( s e c t i o n  3.3.2) .  Peak e x c u r s i o n  measurements a r e  c a l c u l a t e d  

a c c o r d i n g  t o  t h e  image a n a l y s i s  procedure of s e c t i o n  3.3.4. 

The t i m e  r e s o l v e d  t r a j e c t o r i e s  a r e  o b t a i n e d  b y  making m u l t i p l e  

scans (-100 pe r  s h o t )  a long  t h e  s p a t i a l  a x i s  o f  t h e  s t r e a k  photo-  

graph. The scans a r e  separated by  6 psec. The m ic rodens i tomete r  

s l  i t  dimensions corresponded t o  5  prn b y  15 psec. 

F i g u r e  4-3 shows a  t y p i c a l  scan and t h e  procedure f o r  d a t a  

r e d u c t i o n .  Wi th  t h e  scans a1 ong t h e  s p a t i a l  d imension,  an a r b i t r a r y  

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

t h e  t r a c e s  w i t h  t h e  m ic rodens i tomete r .  T h i s  r e f e r e n c e  a x i s  c o r r e -  

sponds, i n  f i g u r e  4-3, t o  t h e  l e f t  hand edge o f  t h e  t r a c e .  A l l  

s p a t i a l  measurements a re  made w i t h  r e s p e c t  t o  t h i s  a x i s .  Wi th  t h e  

t a r g e t  c e n t e r  l o c a t i o n s  on t h e  2w0 and (3 /2 )  wo s t r e a k e d  image known, 

t h e  c r i t i c a l  and q u a r t e r - c r i t i c a l  s u r f a c e  l o c a t i o n s  a re  computed 

( f i g u r e  4-4) .  
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It s h o u l d  be no ted  t h a t  a  s i g n i f i c a n t  amount o f  n o i s e  and base 

d e n s i t y  s h i f t  i s  p r e s e n t  i n  t h e  s t r e a k  photographs.  These a r e  t h e  

s i g n i f i c a n t  sources o f  e r r o r  t h a t  remain  i n  t h e  r e s u l t s  a f t e r  image 

a n a l y s i s  has been performed. 

Time a long  t h e  s t r e a k s  a t  each m i c r o d e n s i t o m e t e r  scan i s  d i f f e r -  

e n t  f o r  t h e  2w0 and ( 3 / 2 )  % images. T h i s  i s  because o f  a  p a t h  l e n g t h  

d i f f e r e n c e  i n  t h e  2w0 and ( 3 / 2 )  wo arms ( f i g u r e  3-1 ) .  The t i m e  d i f -  

f e r e n c e  i s  determined d u r i n g  a  t e s t  s h o t  when t h e  ( 3 /2 )  wo f i l t e r  i s  

r e p l a c e d  by  a  2w0 f i l t e r  and two i d e n t i c a l  images a r e  photographed 

th rough  t h e  s t r e a k  camera. 

Data f r o m  t h e  scans i s  c o l l a t e d  and reduced a c c o r d i n g  t o  t h e  

image a n a l y s i s  procedure  o f  s e c t i o n  3.3.4. A po l ynomia l  l e a s t  squares 

c u r v e  f i t  t o  t h e  d a t a  i s  t h e n  made. F o u r t h  o r d e r  f i t s  appear t o  g i v e  

good r e s u l t s  ( f i g u r e s  4-5,6) .  On ly  a  sma l l  decrease i n  t h e  c u r v e  

f i t  s tandard  d e v i a t i o n  occu rs  f o r  f i t s  between f o u r t h  and t e n t h  o r -  

ders .  The s t a n d a r d  d e v i a t i o n  i s  t y p i c a l l y  a round f 4  pm. Sca le-  

l e n g t h s  a r e  computed as  t h e  d i f f e r e n c e  between t h e  c r i t i c a l  and 

q u a r t e r - c r i t i c a l  s u r f a c e  t r a j e c t o r y  c u r v e  f i t s .  
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5. Exper imenta l  R e s u l t s  

Data o b t a i n e d  i n  t h e  exper iment  i s  presented i n  t h i s  chap te r .  

The 20, - ( 3 / 2 )  wo d a t a  i s  o f  two k i n d s :  t i m e  i n t e g r a t e d  w i t h  two- 

d imens iona l  s p a t i a l  r e s o l u t i o n  f r o m  which peak e x c u r s i o n  i n f o r m a t i o n  

i s  obta ined,  and t i m e  r e s o l v e d  w i t h  s p a t i a l  r e s o l u t i o n  a long  one 

plasma dimension f rom which c r i t i c a l  and q u a r t e r - c r i t i c a l  s u r f a c e  

t r a j e c t o r i e s  a r e  determined.  The d a t a  i s  presented i n  s e c t i o n  5.1. 

I n  s e c t i o n  5.2 a r e  shown t h e  c o r r e l a t i o n s  between exper imen ta l  para- 

meters  used i n  chap te r  6 .  

5.1 Exper-imental Data 

Tab le  5.1 surr~marizes t h e  da ta  o b t a i n e d  i n  t h e  exper iment .  I n -  

c luded  a r e  t h e  2w0 - ( 3 / 2 )  wo r e s u l t s  and t h e  r e s u l t s  o f  o t h e r  d i a g -  

n o s t i c s .  A l l  o f  t h e  sho ts  show, f rom t h e  2w0 data,  w e l l  focused 

beams on t a r g e t .  The da ta  i s  s p l i t  up i n t o  f o u r  groups:  A, €3, C ,  

and D. 

Group A  c o n s i s t s  o f  sho ts  i n  wh ich 2wo - (3 /2 )  wo t i m e  i n t e -  

g r a t e d  da ta  was ob ta ined  and f o r  wh ich t h e  l a s e r  was n o t  s e v e r e l y  

o v e r d r i v e n  (PLaser 5 .2 - .25 t w )  . A t  these  power 1  eve1 s  t h e  l a s e r  

beam was n o t  s u b j e c t  t o  s i g n i f i c a n t  breakup. (5-1) The energy on 

t a r g e t  was a p p r o x i m a t e l y  a  c o n s t a n t  f r a c t i o n  o f  t h e  l a s e r  ou tpu t ,  

- 
'e. ' E ~ a r g e t  - ' E ~ a s e r '  

( 5 - 2 )  Energy absorbed by t h e  pllasma was 

measured and t h e  f r a c t i o n a l  a b s o r p t i o n  was c a l c u l a t e d .  T h i s  group 

p rov ided  exper imen ta l  data  f o r  a b s o r p t i o n  s t u d i e s .  

Group €3 c o n s i s t s  of sho ts  where 2w0 - (3 /2 )  wo t i m e  i n t e g r a t e d  

da ta  was o b t a i n e d  b u t  f o r  wh ich t h e  l a s e r  was o v e r d r i v e n  and t h e  un- 





c e r t a i n t y  i n  t h e  energy on t a r g e t  was l a r g e .  Time i n t e g r a t e d  

2wo - (3 /2 )  wo data  f r o m  groups A and B was used t o  o b t a i n  a  c o r r e -  

l a t i o n  between t h e  peak c r i t i c a l  and q u a r t e r - c r i t i c a l  s u r f a c e  

excurs ions .  

Group C c o n s i s t s  o f  sho ts  i n  wh ich a c c u r a t e  l a s e r  p u l s e  r i s e  

t i m e  and peak c r i t i c a l  s u r f a c e  e x c u r s i o n  da ta  was ob ta ined .  A 

c o r r e l a t i o n  between these two q u a n t i t i e s  was observed. St reaked 

2wo - (3 /2 )  wo da ta  was a l s o  o b t a i n e d  f o r  sho ts  w i t h i n  group C. 

The sho ts  where complete t r a j e c t o r i e s  were determined a r e  11534, 

11570,11709, and 11710. 

Group D c o n s i s t s  of a  s i n g l e  s h o t  i n  which a  2w0 t r a j e c t o r y  

was determined b u t  f o r  wh ich a c c u r a t e  r i s e  t i m e  da ta  was n o t  ob ta ined .  

It i s  i n c l u d e d  becauses " f l a r e s "  occur red  d u r i n g  t h i s  s h o t .  (See 

f i g u r e  5-1.) 

F l a r e s  i n  t h e  2w0 and (3 /2 )  wo emiss ions were observed d u r i n g  

two shots :  11099 (group D) and 11709 ( i n  group C). These were s h o r t  

d u r a t i o n  ex tens ions  o f  t h e  l i g h t  p a t t e r n s  beyond t h e  r e l a t i v e l y  

smooth o u t e r  edges o f  t h e  e m i t t i n g  s u r f a c e  t r a j e c t o r i e s .  The f l a r e s  

l a s t e d  f o r  l e s s  than  50 psec and had l e n g t h s  of up t o  50 pm. F l a r e s  

d i d  n o t  occu r  s i ~ i i u l t a n e o u s l y  .in t h e  plasma emiss ions recorded f rom 

opposing beams n o r  were t h e y  observed t o  s i m u l t a n e o u s l y  occur  a t  

t h e  two harmonic f requenc ies .  

To b r i e f l y  e x p l a i n  t h e  column headings o f  t a b l e  5-1: ' S h o t '  

g i v e s  t h e  s tandard  l a s e r  s h o t  r e f e r e n c e  nurr~ber f o r  da ta  f r o m  t h e  

L a b o r a t o r y  f o r  Laser E n e r g e t i c s  f o u r  beam l a s e r  system. ITFWHM' 

i s  t h e  l a s e r  p u l s e  d u r a t i o n  g i v e n  by  t h e  p u l s e  f u l l - w i d t h  a t  t h e  
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ha1 f-maximum i n t e n s i t y  1  eve1 . ITRise i s  t h e  t i m e  i t  takes 

f o r  t h e  l a s e r  p u l s e  i n t e n s i t y  t o  i n c r e a s e  f rom t h e  10% o f  maximum 

I i n t e n s i t y  l e v e l  t o  t h e  peak i n t e n s i t y  p o i n t .  S i n g l e  Pu lse '  i n d i c a t e s  

whether o n l y  a  s i n g l e  p u l s e  was sw i t ched  o u t  o f  t h e  l a s e r  o s c i l l a t o r .  

Shots w i t h  o t h e r  than  f o u r  beams on t a r g e t  a r e  so i n d i c a t e d  i n  t h i s  

c o l  umn. IPLaser i s  t h e  l a s e r  power c a l c u l a t e d  by PLaser=ELaser /T  FWHM 

E~~~ i s  t h e  energy absorbed by t h e  plasma as determined f rom Faraday 

cup i o n  c o l l e c t o r s  (5 -3 )  b u t  normal i z e d  t o  charge c a l o r i m e t e r s  . (5-4) 

InABS' i s  t h e  f r a c t i o n a l  a b s o r p t i o n  c a l  c u l  a t e d  by nABS = EABS/(. 7ELaser). 

ITe '  i s  t h e  corona plasma temperature  o b t a i n e d  f r o m  x- ray measure- 

ments. (5-5) I 

r ~ a r g e t  i s  t h e  she1 1  r a d i u s  and 'ArTarget I i s  t h e  

t h i c k n e s s  o f  t h e  she l  1  w a l l  . '<per>' and ' <P&c r > '  a r e  t h e  c r i t i c a l  

and q u a r t e r - c r i t i c a l  s u r f a c e  peak excurs ions  ob ta ined  f o r  each s h o t  

by  averag ing t h e  peak excurs ions  a long  t h e  f o u r  l a s e r  beam a x i s .  

'<L>'  i s  t h e  c h a r a c t e r i s t i c  plasma d e n s i t y  s c a l e l e n g t h  d e f i n e d  as 

L - p  - 
% c r  P c r '  

F i g u r e s  5-2 t o  5-17 show t h e  s t reaked  data  f o r  shots  11099, 

11534, 11570, 11709, and 11710. Where data  was obta ined,  s t reaked  

c r i t i c a l  and q u a r t e r - c r i t i c a l  s u r f a c e  t r a j e c t o r i e s ,  sca le leng ths ,  

and l a s e r  p u l s e  h i s t o r i e s  a r e  shown. I n  examiniug t h e  t r a j e c t o r i e s  

and s c a l e l e n g t h s  t h e  accuracy o f  t h e  measurement should  be k e p t  i n  

mind. I n  p a r t i c u l a r ,  smal l  s c a l e l e n g t h  ( p o s i t i v e  o r  " n e g a t i v e " )  

o f  severa l  microns a r e  ze ro  s c a l e l e n g t h  t o  w i t h i n  t h e  accuracy of 

t h e  measurement (AR = + 6 um). 

5.2 Exper imental  C o r r e l a t i o n s  

F igu res  5-18,19,20 show c o r r e l a t i o n s  between exper-imental paranie- 
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FIGURE 5-3 
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FIGLIRE 5-4 
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FIGURE 5-7 
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FIGURE 5-9 
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FIGURE 5-10 
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FIGURE 5-11 
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FIGURE 5-12 
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FIGURE 5-13 
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FIGURE 5-14 
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FIGURE 5-15 
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FIGURE 5-16 
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FIGURE 5-1 7 

INCIDENT PULSE 
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LASER POWER ON TARGET PER BEAM - 10'' WATT 



t e r s  t h a t  a r e  o f  i n ~ p o r t a n c e  t o  t h e  i n t e r p r e t a t i o n  o f  t h e  e x p e r i -  

mental  r e s u l t s .  F i g u r e  5-18 r e v e a l s  a  s c a l e l e n g t h  dependence t o  

t h e  f r a c t i o n a l  a b s o r p t i o n .  T h i s  i s  d iscussed i n  s e c t i o n  6.1. F i g u r e  

5-19 shows a  c o r r e l a t i o n  between t h e  peak c r i t i c a l  and q u a r t e r - c r i t i -  

c a l  s u r f a c e  peak e x c u r s i o n s .  F i g u r e  5-20 i n d i c a t e s  a  r i s e  t i m e  de- 

pendence t o  t h e  peak e x c u r s i o n s .  F i g u r e s  5-19,20 a r e  used i n  s e c t i o n  

6.3 t o  s t u d y  t h e  hydrodynamics o f  m i c r o b a l l o o n s  and energy t r a n s p o r t  

i n  1  ase r  produced p l  asma. 
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FIGURE 5-19 

PEAK CRITICAL - QUARTER-CRITICAL SURFACE 
EXCURSION CORRELATION 
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PEAK CRITICAL SURFACE EXCURSION p cr - /Lm 
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6. T h e o r e t i c a l  Cons ide ra t ions  

T h i s  c h a p t e r  t r e a t s  t o p i c s  f o r  which phys ics  can be l e a r n e d  f rom 

a  knowledge o f  t h e  c r i t i c a l  and q u a r t e r - c r i  t i c a l  s u r f a c e  mot ion .  

The areas s t u d i e d  a re :  l a s e r  l i g h t  absorp t ion ,  plasma energy t r a n s -  

p o r t ,  and hydrodynamics of t h i n  s p h e r i c a l  s h e l l s .  A l s o  s t u d i e d ,  

because o f  i t s  impor tance t o  a b s o r p t i o n  and t o  plasma emiss ion obser-  

v a t i o n s ,  i s  t h e  r e f r a c t i o n  o f  l i g h t  by a  plasma. 

6.1 L i g h t  Absorp t ion  By Spher i ca l  Plasmas 

A  s i g n i f i c a n t  use o f  t h e  s c a l e l e n g t h  and t r a j e c t o r y  measurements 

i s  found i n  t h e  s t u d y  o f  l i g h t  a b s o r p t i o n  by t h e  plasma. It i s  im- 

p o r t a n t  t o  know n o t  o n l y  how much o f  t h e  l a s e r  l i g h t  was absorbed, 

b u t  a l s o  when i t  was absorbed and i n  what r e g i o n s  o f  t h e  plasma. 

I n  t h i s  s e c t i o n  t h e  t h e o r i e s  o f  " c o l l i s i o n a l "  and " resonant"  

a b s o r p t i o n  a r e  rev iewed and a p p l i e d  t o  s p h e r i c a l  plasmas. Absorp- 

t i o n ,  which i s  dependent upon t h e  l a s e r  beam foca l  s p o t  geometry, i s  

analyzed f o r  two s i t u a t i o n s :  normal i n c i d e n c e  o f  s p h e r i c a l  waves con- 

c e n t r i c  w i t h  t h e  s p h e r i c a l  plasma, and o b l i q u e  i n c i d e n c e  o f  p lane  

waves o n t o  t h e  s p h e r i c a l  plasma. 

6.1.1 C o l l i s i o n a l  Absorp t ion  

C o l l i s i o n a l  a b s o r p t i o n  desc r ibes  t h e  process by which energy 

i n  t h e  l a s e r  l i g h t  e l e c t r i c  f i e l d  i s  t r a n s f e r r e d  t o  t h e  plasma through 

i o n - e l e c t r o n  c o l l i s i o n s .  I n  t h e  absence of i o n - e l e c t r o n  c o l l i s i o n s ,  

e l e c t r o n s  o s c i l l a t e  i n  t h e  e l e c t r i c  f i e l d  o f  t h e  l a s e r  and except  f o r  

t h e  energy expended i n  s e t t i n g  up t h e  o s c i l l a t i o n s ,  no energy i s  

t r a n s f e r r e d  t o  t h e  plasma. When e l e c t r o n s  randomly c o l l  i de w i t h  i o n s  



t h e  o rde red  e l e c t r o n  mot ion,  d e r i v e d  from t h e  a p p l i e d  f i e l d s ,  i s  

randomized. The l a s e r  energy,  thus ,  goes i n t o  h e a t i n g  o f  t h e  plasma 

c o n s t i t u e n t s .  

Because t h e  Coulomb f o r c e s  a c t i n g  between t h e  charged p a r t i c l e s  

a r e  long-range, t h e  amount o f  s c a t t e r i n g  p e r  encounter  tends t o  be 

smal l  and t h e  number o f  p a r t i c l e s  p a r t i c i p a t i n g  i n  t h e  s c a t t e r i n g  

process tends t o  be l a r g e .  The e f f e c t  of c o l l  i s i o n s  can, then,  be 

lumped i n t o  a  s i n g l e  f a c t o r  t h a t  expresses t h e  r a t e  o f  e l e c t r o n  

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

c a l l e d  t h e  i o n - e l e c t r o n  c o l l  i s i o n  t i m e  o r  t h e  i o n - e l e c t r o n  c o l  li- 

s i o n  f requency 'vei ' , where vei = l / T c .  

To o b t a i n  an exp ress ion  f o r  t h e  absorbed energy, t h e  e q u a t i o n  

o f  mo t ion  f o r  a  s i n g l e  e l e c t r o n  i s  used. (6-1)  

- - 
' m i  i s  t h e  e l e c t r o n  mass, ' V '  i s  t h e  e l e c t r o n  v e l o c i t y ,  ' E l  "is t h e  

e l e c t r i c  f i e l d  f e l t  by  t h e  e l e c t r o n ,  and i s  t h e  i o n - e l e c t r o n  

c o l l i s i o n  t ime .  I n  t h e  absence o f  a  d r i v e r  f i e l d  ' T i - ' ,  t h e  e l e c t r o n  

v e l o c i t y  would  decay by .368 i n  a  t i m e  rc. 

Equa t ion  (6-1)  t o g e t h e r  w i t h  Maxwell ' s  equa t ions  forms a  com- 

p l e t e  s e t .  To o b t a i n  a  s o l u t i o n ,  a  t r a n s v e r s e  e l e c t r o m a g n e t i c  wave 

i s  irr~posed on t h e  plasma o f  t h e  form: 



A l i n e a r i z e d  a n a l y s i s  i s  conducted w i t h  a plasma response assumed t o  
- - 

be p r o p o r t i o n a l  t o  e  i (  k-r-clrt) . A d i s p e r s i o n  r e l a t i o n  i s  then ob- 

t a i n e d .  

4 4 
w i s  known as t h e  plasma f requency.  

P  
To determine t h e  absorp t ion ,  t h e  imag inary  p a r t  o f  k  needs t o  

be computed where: 

The r e a l  and imag inary  p a r t s  o f  ' k '  t u r n  o u t  t o  be ( f o r  ~ ~ w > > l ) :  

The l i g h t  i n t e n s i t y  a t  any p o i n t  w i t h i n  t h e  p las~ i ia  i s  g i v e n  by 

t h e  t in ie averaged '<  > ' magni tude  ' 1 1 ' o f  Poynt ing ' s  v e c t o r  '$I . 

'Re r' and 'Re 81 denote t h e  r e a l  p a r t s  o f  and B , ' I~  i s  t h e  l i g h t  
A 

i n t e n s i t y  a t  r=O, and ' k '  i s  a  u n i t  v e c t o r  p o i n t i n g  i n  t h e  d i r e c t i o n  



o f  l i g h t  propagat ion.  

Equat ion (6-7) i s  s t r i c t l y  c o r r e c t  o n l y  f o r  a homogeneous 

plasma. I f  t h e  plasma parameters v a r y  s l o w l y  compared t o  t h e  wave- 

l e n g t h  o f  t h e  1 i g h t  then  a WKB a n a l y s i s  can be performed and (6-7)  

becomes : 

1 = I. exp [-.i(kI &] 
where t h e  i n t e g r a l  i s  taken a long t h e  t r a j e c t o r y  o f  each r a y  o f  l i g h t .  

A t  t h i s  p o i n t  i t  i s  necessary t o  determine ' rc'  t h a t  appears 

i n  equa t ion  (6 -6 ) .  i s  ob ta ined  through use o f  t h e  k i n e t i c  

equa t ion  and t h e  problem has been so lved  by S i l i n  f o r  t h e  case o f  o n l y  

thermal i o n - e l e c t r o n  d e n s i t y  f l u c t u a t i o n s  f rom charge n e u t r a l i t y .  (6-2)  

Absorp t ion  i n  such a s i t u a t i o n  i s  known as " i n v e r s e  bremsst rah lung"  

a b s o r p t i o n .  Only t h e  r e s u l t s  a r e  presented here.  The c o l l i s i o n  

t i m e  can be w r i t t e n  as 

2 912 
1 16n emc Z n e  
- - - v  = 
T 

C 
e i h 3  [ c 3 1 2  2 m e ]  

b max - A = - -  3 

bmin 2n'e3zne' + ar:~] "' 
'9 ' and CL1 ' a re  m o d i f i e d  Bessel f u n c t i o n s .  'bmin ' 

0 
and 'bmaX1 a r e  



t h e  minimum and maximum impact  parameters f o r  i o n - e l e c t r o n  c o l l i -  

s ions  taken r e s p e c t i v e l y  t o  be t h e  impact parameter f o r  90' s c a t t e r -  

i n g  and t h e  e l e c t r o n  Debye r a d i u s ,  a t  which t h e  f o r c e  on an e l e c t r o n  

due t o  t h e  e l e c t r i c  f i e l d  o f  an i s o l a t e d  charge w i t h i n  t h e  plasma 

equals  t h e  f o r c e  due t o  t h e  e l e c t r o n  pressure.  The p ressure  i s  taken 

as due t o  t h e  e l e c t r o n ' s  random thermal  v e l o c i t y  and t h e  e l e c t r o n ' s  

q u i v e r  v e l o c i t y  i n  t h e  l i g h t ' s  e l e c t r i c  f i e l d .  

I t has been shown by C a t t o  and Spez ia le  (6-3)  t h a t  Q(5 )  can be 

expressed by t h e  s e r i e s :  

I n s e r t i n g  equa t ion  (6-10) i n t o  equa t ion  (6-9a) and r e t a i n i n g  o n l y  t h e  

f i r s t  t h r e e  terms i n  t h e  s e r i e s  

Note t h a t  

en I' v 
5  = 

- 1 osc - -- 

~ ~ / ~ ( 2 m n h ~  e  )' ? 

where voSc i s  t h e  o s c i l l a t o r y  v e l o c i t y  o f  t h e  e l e c t r o n s  i n  t h e  e l e c -  

t r i c  f i e l d  and vT i s  t h e  e l e c t r o n  thermal  v e l o c i t y .  Fo r  t h e  cond i -  

2  t i o n s  o f  exper imenta l  i n t e r e s t  I = 1015 watt/cm and Te= 1 keV so 

t h a t  5  - .3. I t s u f f i c e s  t o  r e t a i n  o n l y  t h e  f i r s t  two terms i n  t h e  



expansion. The c o l l i s i o n  f requency can, t he re fo re ,  be w r i t t e n  as 

I n s e r t i n g  numerical  va lues f o r  t h e  cons tan ts  i n  (6-13) and (6-9c) 

- - 
e  i 

"I 1 Lnh - v = 3.626 3 ( 1  - (9.7'23 x  10 ) - 
T 

c Te3I2 e  

3  The app rop r i a t e  u n i t s  a re  ' ' i n  p a r t i c l e / c m  , ' A '  i n  cm, 
ne 

2 'I1 i n  erg/(sec-cm ) ,  and ITe '  i n  OK. 

Using equa t ion  (6-8)  t oge the r  w i t h  equat ions (6-6)  and (6-13), 

t he  abso rp t i on  can be computed f o r  va r i ous  plasma d e n s i t y  p r o f i l e s  

and f o c a l  spo t  geometr ies.  There i s ,  i n  genera l ,  no a n a l y t i c  

s o l u t i o n  f o r  t h e  problem o f  o b l i q u e l y  i n c i d e n t  l i g h t .  Answers can 

be ob ta ined  numer i ca l l y  us ing  equa t ion  (6 -6 ) ,  b u t  c a l c u l a t i o n  of t h e  

r a y  t r a j e c t o r i e s  must f i r s t  be obta ined.  I n  a d d i t i o n ,  equa t ion  (6-6)  

i s  s i n g u l a r  (an i n t e g r a b l e  s i n g u l a r i t y )  a t  n  I n  = 1 so t h a t  t h e  
e  c r  

numerical  accuracy o f  t h e  r e s u l t s  i s  a f fec ted f o r  near-normal i n c i -  

dence rays .  Both these problems can be so lved  w i t h  f u r t h e r  ana l ys i s .  

Le t  t h e  absorp t ion  be c a l c u l a t e d  f o r  a  plasma t h a t  i s  i so therma l  

i n  t h e  s u b c r i t i c a l  r e g i o n  of t h e  plasma. Such a  s i t u a t i o n  has been 

p r e d i c t e d  t o  develop w i t h i n  50 psec of t h e  s t a r t  of t h e  l a s e r  



p u l  se . (6-4) L e t  i t  a l s o  be assumed t h a t  t h e  plasma p r o f i l e  i s  

smooth and t h a t  i t  i s  l i n e a r  i n  t h e  s u b c r i t i c a l  r e g i o n  of t h e  plasma. 

F o l l o w i n g  t h e  r a y  t r a j e c t o r y  i n t o  t h e  plasma, t h e  i n t e n s i t y  o f  

l i g h t  a t  a  p o i n t  i s  g i v e n  b y  

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

t h e  f i e l d  c o r r e c t i o n  terms be assumed c o n s t a n t  and equal  t o  t h e  

vacuum l a s e r  beam i n t e n s i t y  a t  some r e p r e s e n t a t i v e  v a l u e  w i t h i n  t h e  

f o c a l  spo t .  L e t  t h e  s l o w l y  v a r y i n g  LnA be assumed c o n s t a n t  and 

equal t o  i t s  v a l u e  a t  t h e  c r i t i c a l  su r face .  Equa t ion  (6-16) then  

becomes : 

where ' T  ' i s  t h e  i o n - e l e c t r o n  c o l l i s i o n  t i m e  a t  t h e  c r i t i c a l  s u r -  
c r 

face. 

To i n c o r p o r a t e  t h e  r a y  t r a c i n g ,  Bouguer 's f o r m u l a  ( s e c t i o n  6.2) 

i s  used. F i g u r e  6 -1  shows t h e  geometry of t h e  problem. I t  can be 

seen t h a t  
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Using Bouguer 's f o r m u l a  ( p r  s i n e  = K) d e r i v e d  i n  S e c t i o n  6.2: 

r 2  % 
cos e = t 1 - &] 

L p r  

For  r a y s  t r a v e l l i n g  inwards 5 5 0 i n so t h a t  t h e  minus s i g n  i s  

a p p r o p r i a t e .  S ince  p = ( 1  - ne/nCr)' t h e  inc rementa l  pa th  l e n g t h  

a long  t h e  r a y  can be w r i t t e n  as 

Equa t ion  (6-17) becomes : 

Equa t ion  (6-19)  i n c o r p o r a t e s  t h e  r a y  t r a c i n g  and f o l l o w s  t h e  r a y  

th rough  t h e  plasma t o  i t s  t u r n i n g  p o i n t  ( r T p )  It i s  v a l i d  f o r  any 

d e n s i t y  p r o f i l e  o f  t h e  f o r m  ne=ne(r )  b u t  does c o n t a i n  a  s i n g u l a r i t y  

( i n t e g r a b l e )  a t  what t u r n s  o u t  be t h e  r a y  t u r n i n g  p o i n t .  

To e l i m i n a t e  t h e  s i n g u l a r i t y  we proceed w i t h  t h e  p a r t i c u l a r  case 

o f  a  1  i n e a r  d e n s i t y  p r o f i l e  o f  t h e  f o r m  



3 
ne'ncr = 1 - ( r - r  c r  ) 

For t h i s  d e n s i t y  p r o f i l e  equa t ion  (6-19) becomes 

If Bouguer 's fo rmu la  i s  used t o  determine where t h e  t u r n i n g  

p o i n t  occurs ,  then  an equa t ion  i d e n t i c a l  t o  t h e  c u b i c e q u a t i o n  

appear ing i n  t h e  denominator o f  equa t ion  (6-21) i s  obta ined.  One 

r o o t  o f  t h e  c u b i c  equa t ion  i s  r e a l  and g i v e s  t h e  r a d i u s  o f  t h e  t u r n -  

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

r o o t  f r o m  t h e  square- root ,  and changing v a r i a b l e s  by w ( r - rTp) '  

a  wel l -behaved i n t e g r a l  i s  obta ined.  The r e s u l t  i s :  



Use o f  equa t ion  (6-22) i n  equa t ion  (6-15) g i ves  t h e  energy reaching 

t h e  t u r n i n g  p o i n t .  The i n t e n s i t y  a f t e r  t h e  r a y  l e a v e s t h e  plasma 

i s  g i ven  by 

The f r a c t i o n a l  absorp t ion  due t o  i nve rse  bremsstrahlung i s  then 

I 
ou t  - 1 - - - I oe-20 
I 0  

Equat ion (6-22) can e a s i l y  be i n t e g r a t e d  numer i ca l l y .  A1 1 t h a t  

i s  needed a re  t h e  plasma parameters 'rCr1 and ' a ' ,  and t h e  i n i t i a l  

r a y  t r a j e c t o r y  parameter ' K '  . For normal inc idence  an a n a l y t i c  

s o l u t i o n  e x i s t s .  To o b t a i n  i t  no te  t h a t  a t  normal inc idence  K=O. 

1 A=B=- r 
3 c r  and rTp=rcr.  o can then be i n t e g r a t e d  a n a l y t i c a l l y  w i t h  

t h e  r e s u l t  t h a t  

o = 
64R 

45crcr - NORIYAL INCIDENCE (6-27) 

F igure  6-2 shows a p l o t  of t h e  f r a c t i o n a l  i n ve rse  bremsstrahlung 



FIGURE 6-2 

FRACTIONAL ABSORPTION DUE TO 
INVERESE BREMSSTRAHLUNG 



absorp t ion  as a  f u n c t i o n  o f  s ca le l eng th  f o r  t h e  range of e l e c t r o n  

temperatures encountered. The c a l c u l a t i o n s  a re  done i n  t h e  weak 

f i e l d  l i m i t ,  f o r  which t h e  f i n i t e  l i g h t  i n t e n s i t y e f f e c t s  have n o t  

2 been inc luded.  A t  1015 watt/cm t h e  f r a c t i o n a l  abso rp t i on  i s  

reduced by about 5% f rom t h e  f r a c t i o n a l  abso rp t i on  c a l c u l a t e d  i n  

t h e  weak f i e l d  l i m i t .  

The inc rease  o f  abso rp t i on  w i t h  sca le l eng th  inc rease  i s  due t o  

t h e  i nc reas ing  number o f  p a r t i c l e s  a v a i l a b l e  t o  c o l l i s i o n a l l y  absorb 

energy. The abso rp t i on  decrease w i t h  i nc reas ing  e l e c t r o n  temperatures 

i s  due t o  a  f r a c t i o n a l l y  sma l l e r  v e l o c i t y  change per  c o l l i s i o n  as 

t he  i n i t i a l  v e l o c i t y  increases.  

To i n v e s t i g a t e  o b l i q u e  inc idence  absorp t ion  i t  i s  necessary t o  

s p e c i f y  t h e  f o c a l  spo t  geometry; n o t  o n l y  t h e  i n t e n s i t y  d i s t r i b u t i o n ,  

b u t  a l s o  t h e  r a y  t r a j e c t o r i e s  o r  a  phase f r o n t  w i t h i n  it. The i n f o r -  

mat ion expe r imen ta l l y  a v a i l a b l e  i s  t h e  f o c a l  spo t  i n t e n s i t y  d i s t r i -  

b u t i o n  and t h e  f a c t  t h a t  i t doesn ' t  change s u b s t a n t i a l l y  a long  an 

a x i a l  d i s t ance  o f  100 pm i n  t h e  f o c a l  r e g i o n  ( f o c a l  spo t  w a i s t ) .  

The t ransverse  dimension o f  t h e  beam i s  cha rac te r i zed  by a  r a d i u s  o f  

70-80 pm w i t h i n  which l i e s  80% o f  t h e  focused energy. The i n t e n s i t y  

d i s t r i b u t i o n  i s  approx imate ly  Gaussian. (6-5)  

Since t h e  f o c a l  spo t  i s  much l a r g e r  than t h e  d i f f r a c t i o n  l i m i t e d  

( - 3  pm) and s ince  t h e  f o c a l  spo t  w a i s t  i s  long, i t  i s  assumed "D 

t h a t  t he  r ays  a re  para1 l e l  t o  t h e  o p t i c a l  a x i s  as t hey  e n t e r  t h e  plasma. 

The i n t e n s i t y  d i s t r i b u t i o n  across t h e  foca l  spo t  i s  assumed t o  be 

Gaussian w i t h  80% of t h e  energy w i t h i n  a  40 pm r a d i u s  (F i gu re  6-3) .  
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F i g u r e  6-4 shows t h e  f r a c t i o n a l  i n v e r s e  b remss t rah l  ung absorp- 

t i o n  (absorbed power11 aser  power - P ~ ~ ~ / P L ~ ~ ~ ~  ) f o r  t h e  case o f  a  

2 l a s e r  w i t h  power 7.8x1014 wa t t l cm (50 j o u l e s  i n  500 psec) i n c i d e n t  

2 on a  Te = 1 keV, S i  0  :<Z >/<Z> = 10.8 plasma. For  t h e  o b l i q u e  i n c i -  2 

dence f o c a l  s p o t  p r e v i o u s l y  descr ibed,  normal i n c i d e n c e  i s  t r e a t e d  

as t h e  l i m i t i n g  case o f  l a r g e  r a d i u s  o f  c u r v a t u r e  where rCr>>g and 

r c r > > r ~ ~ ~ ~ ~  SPOT ' 

O b l i q u e l y  i n c i d e n t  l i g h t  pene t ra tes  l e s s  deeply  i n t o  t h e  plasma 

and i s  absorbed l e s s  e f f i c i e n t l y .  Fo r  a  f i x e d  o b l i q u e  i n c i d e n c e  

f o c a l  spot ,  s m a l l e r  plasmas absorb l e s s  e f f i c i e n t l y .  T h i s  i s  t h e  

t r e n d  seen i n  F i g u r e  6-4 and a l s o  i n  F i g u r e  6-5. 

F i g u r e  6-5 shows t h e  l o c a l  i n v e r s e  bremsst rah l  ung f r a c t i o n a l  

a b s o r p t i o n  (absorbed i n t e n s i t y l l a s e r  i n t e n s i t y  - IABS/ILASER ) p l o t t e d  

as a  f u n c t i o n  o f  t h e  i n i t i a l  r a y  h e i g h t .  The e f f e c t  o f  t h e  Gaussian 

i n t e n s i t y  p r o f i l e  appears o n l y  i n  t h e  moderate f i e l d  c o r r e c t i o n  terms. 

The f i e l d  c o r r e c t i o n  i s  revea led  i n  t h e  normal i n c i d e n c e  curves where 

t h e  f r a c t i o n a l  a b s o r p t i o n  i s  l o w e s t  on a x i s  where t h e  l a s e r  beam 

i n t e n s i t y  i s  h i g h e s t .  The consequence o f  o b l i q u e  i n c i d e n c e  i s  read- 

i l y  e v i d e n t  by t h e  d r o p  i n  a b s o r p t i o n  e f f i c i e n c y  as t h e  i n i t i a l  r a y  

h e i g h t  i nc reases .  

I f  non-charge-neut ra l  s t r u c t u r e s  e x i s t  w i t h i n  t h e  plasma, e l e c -  

t r o n s  can c o l l i d e  w i t h  t h e  i o n s  o f  a  s t r u c t u r e  and n o t  j u s t  those i o n s  

w i t h i n  aDebye sphere.  S i l i n ' s  r e s u l t s  then  inadequa te ly  e x p l a i n  

t h e  absorp t ion .  Such a  s i t u a t i o n  was i n v e s t i g a t e d  by Faehl and Kruer  

i n  a  s t u d y  o f  l i g h t  a b s o r p t i o n  by s h o r t  wavelength i o n  tu rbu lence .  6 - 6 1  

Using an e s t i m a t i o n  of i o n  t u r b u l e n c e  s t r e n g t h  ( 8 n l n )  and wavenumber 



FIGURE 6-4 

FRACTIONAL ABSORPTION DUE TO INVERSE 
BREMSSTRAHLUNG ABSORPTION 

1 
- rcr = 70 m 

.***. rcr-m(N0RMAL INCIDENCE) 

T, = 1 KeV 
SiOs 

watt 
I, = 7.8 x 1014 - - cm2 

- 

- 

- 

- 

I I I I I I 



FI
G

U
R

E 
6-

5 

S
P

A
T

IA
L

 D
E

P
E

N
D

E
N

C
E

 O
F

 O
B

L
IQ

U
E

 IN
C

ID
E

N
C

E
 

IN
V

E
R

S
E

 B
R

E
M

S
S

T
R

A
H

L
U

N
G

 A
B

S
O

R
P

T
IO

N
 

--
- r

 c
r=

5
0

 p
m

 

-
 rcr =

 7
0 

p
m

 
m......... 

rc
r =

 1
0

4
p

m
 (N

O
R

M
A

L
 I
N

C
ID

E
N

C
E

) 



(kT)  obta ined f rom p a r t i c l e - i n - c e l l  code s imu la t ions ,  an e f f e c t i v e  

c o l l i s i o n  t ime  (-7) as a  f u n c t i o n  o f  d e n s i t y  was c a l c u l a t e d .  The 

r e s u l t  was t h a t  f o r  modest d e n s i t y  f l u c t u a t i o n s  (6n/n - .I, 
1 2  

kT = ( 4ne  ne/ ) , t h e  c o l l i s i o n  t ime  was found t o  be approx i -  

mate ly  equal t o  

Comparing T t o  t h e  i nve rse  bremsst rah l  ung c o l l  i s i o n  t ime *' g iven  T c 

by eq. (6-17) f o r  I keV g l ass  y i e l d s :  

Th i s  r a t i o  i s  g r e a t e r  than one b u t  o f  o rder  one i n  t h e  r e g i o n  o f  

s t r ong  absorp t ion .  Absorp t ion  w i t h i n  t u r b u l e n t  s t r u c t u r e s  i s  

c l e a r l y  impor tan t .  It should  be noted t h a t  when tu rbu lence  e x i s t s  

t h e  abso rp t i on  due t o  i t  does n o t  n e c e s s a r i l y  supplement i n v e r s e  

bremsstrahlung abso rp t i on  b u t  r a t h e r  supplants  i t .  Inve rse  brem- 

ss t rah lung  abso rp t i on  i s  ob ta ined  as t h e  l i m i t  o f  weak tu rbu lence  

when t h e  d e n s i t y  fl uc tua t i ons  approach t h e  thermal f l u c t u a t i o n  1  eve1 . 
I n  1 keV g lass ,  t u r b u l e n t  and i nve rse  bremsstrahlung absorp- 

t i o n  a re  approx imate ly  equal and have a  s i m i l a r  s ca le l eng th  depen- 

dence. To see t h i s ,  equa t ion  (6-28) i s  used t o  o b t a i n  an absorp t ion  



c o e f f i c i e n t .  Equat ions (6-6) and (6-8) a re  used a long w i t h  t he  

assumption o f  normal inc idence  t o  t r a c e  a  r a y  through t h e  plasma. 

The f r a c t i o n a l  absorp t ion  i s  then g iven  by 

Th is  can be compared t o  equat ions (6-26,27). The impor tan t  

d i s t i n c t i o n  i s  t h a t  (6-30) con ta ins  no e x p l i c i t  i o n i z a t i o n  s t a t e  

(Z )  o r  e l e c t r o n  temperature (Te) dependence. These appear o n l y  

i n d i r e c t l y  through t h e i r  e f f e c t  on 6n/n and kT i n  t h e  poss ib l e  t u r -  

bulence genera t ion  mechanisms. The Z  and Te dependences o f  c o l l  i - 
s i o n a l  absorp t ion  may n o t  be as apparent and impor tan t  as t he  i nve rse  

bremsstrahlung t heo ry  i n d i c a t e s .  

6.1.2 Resonant Absorpt ion 

When l i g h t  i s  p o l a r i z e d  i n  t h e  p lane o f  inc idence,  t h e  e l e c t r i c  

f i e l d  vec to r  becomes p a r a l l e l  t o  t h e  plasma d e n s i t y  g rad ien ts  a t  

t he  r a y  t u r n i n g  p o i n t .  The l o n g i t u d i n a l  e l e c t r i c  f i e l d  generates 

an e l e c t r o n  d e n s i t y  p e r t u r b a t i o n  which propagates as a  l o n g i t u d i n a l  

e l e c t r o s t a t i c  e l e c t r o n  wave of f requency w. (The e l e c t r i c  f i e l d  o f  

t he  wave i s  p a r a l l e l  t o  t he  d i r e c t i o n  of propagat ion. )  

The e l e c t r o n  wave can t r a v e l  i n  t h e  d i r e c t i o n  o f  h i ghe r  dens i -  

t i e s .  A t  t h e  c r i t i c a l  d e n s i t y  a  resonance e x i s t s  and t h e  wave ener- 

gy i s  deposi ted. Large e l e c t r o n  d e n s i t y  f l u c t u a t i o n s  and e l e c t r i c  

f i e l d s  a re  produced which, through non l i nea r  i n t e r a c t i o n ,  t r a n s p o r t  

energy i n t o  t he  plasma. 

Th i s  process o f  l a s e r  l i g h t  absorp t ion  i s  r e f e r r e d  t o  as res -  



onant absorp t ion .  It i s  l i n e a r  i n  t h e  sense t h a t  t he  abso rp t i on  

c o e f f i c i e n t  i s  n o t  a  f u n c t i o n  o f  i n t e n s i t y .  The process does n o t  

have an i n t e n s i t y  th resho ld .  It should be d i s t i n g u i s h e d  f rom t h e  

parametr ic  processes which i n v o l v e  t h ree  wave i n t e r a c t i o n s .  

Resonant abso rp t i on  f o r  t h e  case o f  p lane waves i n c i d e n t  upon 

a  plane one-dimensional plasma w i t h  a  l i n e a r  dens i t y  p r o f i l e  has 

been s tud ied  i n  t h e  pas t  through a n a l y t i c a l  models and computer 

s imu la t i ons .  (6-7'8'9'10) A computer s tudy f o r  t h e  case o f  spher i  - 

ca l  plasmas and d i f f r a c t i o n  l i m i t e d  f o c a l  spots has a l s o  been per-  

formed . (6-11) 

The r e s u l t  o f  i n t e r e s t  f rom t h e  plane plasma s o l u t i o n s  i s  t he  

de te rmina t ion  o f  the  absorp t ion  c o e f f i c i e n t  as a  f u n c t i o n  o f  

t he  parameter ' q '  

where ' R '  i s  t he  d is tance  betwen t he  c r i t i c a l  and q u a r t e r - c r i t i c a l  

dens i t i es ,  A i s  t he  vacuumlaser l i a h t  wavelength, and !a i s  t he  
0 

i n i t i a l  angle o f  inc idence  i n  t he  plane geometry. F igure  6-6 

shows IvRES as a  f u n c t i o n  o f  ' q ' .  The p l o t  i s  taken from reference 

8Tr a (6 -9 ) .  It i s  v a l i d  f o r  >>1 and i s  i n s e n s i t i v e  t o  changes i n  

e l e c t r o n  temperature. 

Al though f i g u r e  6-6 was ob ta ined  f o r  a  plane plasma i t  i s  here 

a p p l i e d  t o  sphe r i ca l  plasmas. The procedure used g i ves  r e s u l t s  i n  

agreement w i t h  reference (6-11) .  



FI
G

U
R

E 
6-

6 

F
R

A
C

T
IO

N
A

L
 R

E
S

O
N

A
N

T
 A

B
S

O
R

P
T

IO
N

 



To obtain resul ts  applicable t o  spherical plasmas note that a l -  

t h o u g h  ' q '  i s  expressed as a function of the in i t i a l  angle of inci- 

dence, i t  can equally well be expressed as a function of the l i g h t ' s  

point of deepest penetration into the plasma; i . e . ,  the ray turning 

point. This l a t t e r  representation emphasizes the importance of the 

distance travelled by the longitudinal e lectrostat ic  wave to  reach 

the resonance point. 

The ray i s  determined which in the plane plasma penetrates as 

deeply as the ray passing through the spherical plasma. With the 

distances travelled by the longitudinal e lectrostat ic  waves equal, 

the resonant absorptions should be approximately equal. 

The two geometries are depicted in figure 6-7. In the plane 

plasma geometry Snel l ' s  law s ta tes  that between a l l  points on a ray 

p sin a = const. (6-32) 

Before the ray enters the plasma p = l  and a=ao. A t  the turning 

point p=pTp and a = ~ / 2 .  The in i t i a l  angle of incidence in the plane 

geo~iietry i s ,  therefore related to  the index of refraction a t  the 

turning point (and to  rTp since uTp = p ( r T P ) )  by: 

pTp = sin a, 

In the spherical geometry Bouguer ' s  law s ta tes  that along a ray 

(See figure 6-7) 

p(s  cos @ - z sin q )  = pr s ine  = const. 



FI
G

U
R

E 
6-

7 

G
E

O
M

E
T

R
IE

S
 F

O
R

 O
B

L
IQ

U
E

 I
N

C
ID

E
N

C
E

 L
IG

H
T

 O
N

 
S

P
H

E
R

IC
A

L
 A

N
D

 P
L

A
N

E
 P

L
A

S
M

A
S

 

S
P

H
E

R
IC

A
L

 P
L

A
S

M
A

 
P

L
A

N
E

 P
L

A
S

M
A

 



Before t h e  r a y  e n t e r s  t h e  plasma p= l ,@ =0, and s=so, A t  t h e  t u r n -  

i n g  p o i n t p  =p- r= rTp ,  ando = d 2 .  The r e s u l t  i s  t h a t  rp ' 

For  t h e  1  i n e a r  d e n s i t y  p r o f i l e ,  equa t ion  (6-20), one has t h a t  

S o l v i n g  f o r  rmrp and p u t t i n g  t h e  r e s u l t  i n t o  equa t ion  (6-35):  

Equat ing IJ i n  bo th  t h e  p lane  and s p h e r i c a l  geonietr ies a1 lows q u a -  TP 

t i o n s  (6-33) and (6-36) t o  be combined. The r e s u l t  i s  a  c u b i c  equa- 

t i o n  i n  s i n  cloy t h e  s o l u t i o n  t o  which g i v e s  t h e  r e l a t i o n s h i p  between 

t h e  i n i t i a l  c o n d i t i o n s  i n  p lane  and s p h e r i c a l  plasmas f o r  e q u i v a l e n t  

r a y  p e n e t r a t i o n s  i n t o  t h e  plasmas. 

3  r 3  s o - ~  
cr s i n  a. - T a - s i n  a + -- 

0 4 R  

- 1 ;) [[+ + 7 1 1% [( 2~r 1113 s i n  a. - - 14 
So 

0 

' q '  f o r  s p h e r i c a l  plasmas can then  be expressed by: 



Equat ion (6-39) used i n  c o n j u n c t i o n  w i t h  f j . g u r e  6-6 forms t h e  b a s i s  

f o r  resonant  a b s o r p t i o n  s t u d i e s  i n  s p h e r i c a l  plasmas. 

With s p e c i f i e d ,  i t  remains t o  do a  c o n v o l u t i o n  across t h e  

l a s e r  bean1 p r o f i l e .  Not o n l y  must t h e  l a s e r  l i g h t  s p a t i a l  i n t e n s i t y  

v a r i a t i o n  be considered, b u t  t h e  resonant  a b s o r p t i o n  dependence on 

p o l a r i z a t i o n  must a l s o  be i n c l u d e d .  

The l a s e r  beam i n . t h e  exper iment i s  l i n e a r l y  p o l a r i z e d  so t h a t  

t h e  e l e c t r i c  f i e l d  v e c t o r  l i e s  i n  a  s i n g l e  plane. Only t h e  e l e c t r i c  

f i e l d  corr~ponent i n  t h e  p lane o f  i n c i d e n c e  ( p - p o l a r i z a t i o n )  can be 

absorbed r e s o n a n t l y .  

With r e f e r e n c e  t o  f i g u r e  6-8 i t  i s  seen t h a t  t h e  p-component i s  

g i v e n  by: 

E = E cos I) 
P  

(6-40) 

The l o c a l  i n t e n s i t y  component t h a t  i s  r e s o n a n t l y  absorbed i s :  

Z Ip = I cos I) (6-41) 

A t  any p o i n t  w i t h i n  t h e  l a s e r  beam f o c a l  spot  t h e  power of t h e  p- 

component i s  

2 dP = I cos I) dI) s  ds 
P  

For a  Gaussian i n t e n s i t y  p r o f i l e  

' P ( t ) '  i s  t h e  power i n  t h e  l a s e r  beam and ' S '  i s  t h e  f o c a l  spot  

r a d i u s  w i t h i n  which 63% o f  t h e  l a s e r  power i s  conta ined.  



GEOMETRY OF LINEARLY POLARIZED LIGHT 
INCIDENT ON A SPHERICAL PLASMA 
(VECTORS SHOWN PRIOR TO REFRACTION) 

FIGLIRE 6-8 



The power absorbed i s  g i ven  by 

'RES =I ~ R E S  dPp 

FOCAL SPOT 

I n t e g r a t i n g  over  I) r e s u l t s  i n  t h e  f i n a l  equa t ion  

0 

For computat iona l  purposes ' Snlax i s  taken as t h e  v a l u e  of ' S '  l a r g e  

enough so t h a t  t h e  i n t e g r a n d  e f f e c t i v e l y  equals  zero.  

F i g u r e  6-9 shows a  p l o t  o f  t h e  f r a c t i o n a l  resonant  a b s o r p t i o n  

(absorbed power / laser  power) as a  f u n c t i o n  o f  s c a l e  l e n g t h .  Each 

curve i s  f o r  a  d i f f e r e n t  c r i t i c a l  s u r f a c e  l o c a t i o n .  The range o f  

parameters covers  those encountered i n  t h e  exper iment .  The curves 

a r e  c u t  o f f  a t  R=lpm where t h e  v a l i d i t y  o f  t h e  t h e o r y  becomes ques- 

t i o n a b l e .  F igu re  6-10 shows t h e  f r a c t i o n a l  resonant  a b s o r p t i o n  as 

a  f u n c t i o n  o f  c r i t i c a l  s u r f a c e  l o c a t i o n  f o r  severa l  d i f f e r e n t  sca le -  

l e n g t h s .  Both f i g u r e s  a r e  f o r  a  f o c a l  spo t  w i t h  a  gaussian i n t e n s i t y  

d i s t r i b u t i o n  w i t h  80% o f  t h e  energy w i t h i n  a  40pm r a d i u s .  A l l  t h e  

r a y s  e n t e r  t h e  plasma p a r a l l e l  t o  t h e  o p t i c a l  a x i s .  

F i g u r e  6-10 shows t h e  e x i s t e n c e  o f  a  maximum i n  t h e  p o s s i b l e  

resonant  absorp t ion .  T h i s  va lue  i s  about .16. For a  g i v e n  l a s e r  

f o c a l  s p o t  t h e  maximum occurs  w i t h  t h e  proper  combinat ion o f  s c a l e -  

l e n g t h  and c r i t i c a l  s u r f a c e  r a d i u s .  The s o l u t i o n s  from re fe rences  

( 6 - l l ) ,  done f o r  a  d i f f r a c t i o n  l i m i t e d  foca l  spot ,  r e v e a l  a  q u i t e  

s i m i l a r  behav io r  w i t h  a  maximum p o s s i b l e  resonant  a b s o r p t i o n  o f  about 

.15 t o  .20. The maximum p o s s i b l e  resonant  absorp t ion ,  thus,  appears 
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t o  be r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  f o c a l  spo t  geometry. The plasma 

c o n d i t i o n s  a t  peak a b s o r p t i o n  do, o f  course,  v a r y .  

Comparison of f i g u r e s  6-4 and 6-9 r e v e a l s  an o p p o s i t e  s c a l e l e n g t h  

dependence between i n v e r s e  bremsst rah lung and resonan t  a b s o r p t i o n .  

I n v e r s e  bremsst rah lung inc reases  and resonan t  a b s o r p t i o n  decreases as 

t h e  s c a l e l e n g t h  inc reases .  They a r e  about equa l ,  f o r  T  = .8-1.2, a t  e  

R-3pm. (The combined a b s o r p t i o n  w i l l  be computed i n  t h e  n e x t  s e c t i o n ; )  

Examinat ion o f  t h e  s p a t i a l  a b s o r p t i o n  p r o f i l e  i s  war ran ted  by  t h e  

concern f o r  a b s o r p t i o n  symmetry i n  l a s e r - f u s i o n  exper iments .  The f i r s t  

2  source of non-un i fo rm i t y  i s  t h e  cos $ p o l a r i z a t i o n  dependence o f  r e s -  

onant a b s o r p t i o n  f o r  those  r a y s  e n t e r i n g  t h e  plasma w i t h  equal  h e i g h t  

(equa t ion  6-41).  

The o t h e r  source o f  s p a t i a l  v a r i a t i o n  i s  t h e  resonan t  a b s o r p t i o n  

dependence on i n i t i a l  r a y  h e i g h t .  F i g u r e  6-11 shows t h e  t y p i c a l  l o c a l  

resonan t  a b s o r p t i o n  dependence on i n i t i a l  r a y  h e i g h t .  A t  normal i n c i -  

dence t h e r e  i s  no resonan t  a b s o r p t i o n  so t h a t  IRES/ILASER = 0 on a x i s .  

Z 
The curves peak o f f  a x i s  a t  (IRES/ILASER),max = .5 cos $. The peak 

occurs  f a r t h e r  o f f  a x i s  f o r  s m a l l e r  s c a l e l e n g t h s  and l a r g e r  c r i t i c a l  

s u r f a c e  r a d i i .  The areas under t h e  curves IRES/ILASER and 27s 

( 'RES/'LASER ) a r e  l a r g e r  f o r  s m a l l e r  ' R '  and l a r g e r  'r ' ,  w i t h  ' R '  
c r 

and 'rcrl i n  t h e  range o f  exper imen ta l  i n t e r e s t .  I n  d e t e r m i n i n g  

t o t a l  a b s o r p t i o n ,  t h e  area under t h e  'I RES/ILASER ' resonan t  a b s o r p t i o n  

cu rve  weighs more h e a v i l y  than  t h e  l o c a t i o n  of t h e  peak resonan t  ab- 

s o r p t i o n .  T h i s  can be seen by  r e f e r r i n g  t o  f i g u r e  6-11 then back t o  

f i g u r e s  6-9 and 6-10. 
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6.1.3 Combined Inverse  Bremsstrahlung and Resonant Absorp t ion  

Wi th  t h e  r e s u l t s  o f  s e c t i o n s  6.1.1 and 6.1.2, t h e  t o t a l  i n v e r s e  

bremsst rah lung and resonan t  a b s o r p t i o n  can be c a l c u l a t e d .  T h i s  i s  

done by c a l c u l a t i n g  t h e  i n v e r s e  bremsst rah lung f o r  t h e  r a y  up t o  t h e  

t u r n i n g  p o i n t ,  t h e  resonant  a b s o r p t i o n  a t  t h e  t u r n i n g  p o i n t ,  and t h e  

i n v e r s e  bremsst rah lung as t h e  r a y  leaves  t h e  plasma. 

F i g u r e  6-12 shows t y p i c a l  absorpt ion-  behav io r  as a  f u n c t i o n  o f  

s c a l e l e n g t h .  Only a t  s h o r t  s c a l e l e n g t h s  i s  t h e r e  a  s i g n i f i c a n t  depar- 

t u r e  f rom t h e  o b l i q u e  i n c i d e n c e  i n v e r s e  bremsst rah lung r e s u l t s .  The 

comparison i s  shown i n  f i g u r e  6-13. It shou ld  be aga in  no ted  t h a t  even 

a t  t h e  optimum plasma c o n d i t i o n s  t h e  peak resonant  a b s o r p t i o n  i s  o n l y  

16%. 

The a b s o r p t i o n  s p a t i a l  p r o f i l e s  a r e  aga in  o f  i n t e r e s t .  Examples 

a r e  shown i n  f i g u r e s  6-14 and 6-15. The p l o t s  show t h e  l o c a l  absorp- 

t i o n  i n t e n s i t y  normal ized t o  t h e  on a x i s  l a s e r  i n t e n s i t y .  The gaussian 

l a s e r  beam p r o f i l e  has been convolved w i t h  t h e  l o c a l  f r a c t i o n a l  ab- 

s o r p t i o n .  Curves 3 and 4 show t h e  a b s o r p t i o n  p e r p e n d i c u l a r  and para- 

l l e l  t o  t h e  p lane o f  p o l a r i z a t i o n .  Curves 1 and 2  show t h e  resonant  

a b s o r p t i o n  and i n v e r s e  bremsst rah lung con~ponents of t h e  a b s o r p t i o n  i n  

t h e  p lane o f  p o l a r i z a t i o n .  Resonant a b s o r p t i o n  produces an o f f - a x i s  

a b s o r p t i o n  peak which i s  c l e a r l y  v i s i b l e  w i t h i n  t h e  t o t a l  a b s o r p t i o n  

p r o f i l e .  The p o l a r i z a t i o n  dependence and s p a t i a l  n o n - u n i f o r m i t y  o f  

resonant  a b s o r p t i o n  can be used t o  e x p e r i m e n t a l l y  conf i rm t h e  presence 

o f  t h i s  a b s o r p t i o n  mechanism. 



FIGURE 6-12 

TOTAL FRACTIONAL ABSORPTION DUE TO 
INVERSE BREMSSTRAHLUNG AND RESONANT 

ABSORPTION 
1.0 1 

--ref = 50pm 
I , ,  = 70pm 
*****r,,+ao(NORMAL INCIDENCE) 

T, = 1 KeV 



FIGURE 6-13 

COMPARISON OF ABSORPTION WITH AND 
WITHOUT RESONANT ABSORPTION 

1 
T,=l KeV 

SiO, 
watt I, = 7.8 x 1014 - 
cm2 
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6.1.4 E f f e c t  o f  P r o f i l e  M o d i f i c a t i o n  on A b s o r ~ t i o n  

The r e s u l t s  o f  t h e  p rev ious  a b s o r p t i o n  a n a l y s i s  were d e r i v e d  w i t h  

t h e  assumpt ion o f  a  smooth ( l i n e a r )  d e n s i t y  p r o f i l e .  M o d i f i c a t i o n  of 

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

th rough  t h e  a c t i o n  o f  ponderomot ive f o r c e s .  The l o n g  te rm e f f e c t  o f  

such p r o f i l e  m o d i f i c a t i o n  may be a  s teepening o f  t h e  d e n s i t y  p r o f i l e .  

Such a  s teepening would a f f e c t  t h e  a b s o r p t i o n .  

The 2wo-(3/2)wo o b s e r v a t i o n s  g i v e  t h e  c r i t i c a l  and q u a r t e r - c r i t -  

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

t h e  a b s o r p t i o n  c a l c u l a t i o n s  i f  t h e  s teepening does n o t  ex tend  t o  t h e  

q u a r t e r - c r i t i c a l  d e n s i t y  and i s  n o t  de tec ted .  

To s t u d y  t h e  consequences o f  t h i s  s o r t  o f  l o c a l  s teepening a  p ro -  

f i l e  o f  t h e  form shown i n  f i g u r e  6-16 i s  s t u d i e d .  The c r i t i c a l  and 

q u a r t e r - c r i  t i c a l  d e n s i t y  l o c a t i o n s  a r e  f i x e d .  A t  t h e  c r i t i c a l  d e n s i t y ,  

a  s t e e p  g r a d i e n t  i s  assumed so t h a t  t h e  d e n s i t y  drops f rom ' n  ' t o  
c r  

I n  ' i n  a  d i s t a n c e  't ' From ' n  ' t h e  d e n s i t y  drops l i n e a r l y  t o  ' f incr ' .  
j j '  j 

The s lope  o f  t h e  p r o f i l e  below '%incr' i s  assumed equal  t o  t h a t  o f  t h e  

unmod i f i ed  p r o f i l e .  

Wi th  such a  d e n s i t y  p r o f i l e  t h e  a b s o r p t i o n  can be c a l c u l a t e d  ac- 

c o r d i n g  t o  t h e  techn iques o f  s e c t i o n s  6.2.1 and 6.2.2. I n v e r s e  brems- 

s t r a h l u n g  i s  c a l c u l a t e d  u s i n g  equa t ions  (6-15), (6-22) - (6-25) w i t h  

t h e  i n t e g r a l  e v a l u a t e d  w i t h i n  each r e g i o n  o f  c o n t i n u i t y  
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The l i m i t s  of i n t e g r a t i o n  a r e  determined u s i n g  t h e  d e f i n i t i o n  o f  w, 

t h e  bounding va lues  o f  ' r '  f o r  each r e g i o n ,  and t h e  r a y  t u r n i n g  p o i n t  

r a d i u s  i n  each r e g i o n .  Unless t h e  t u r n i n g  p o i n t  e x i s t s  w i t h i n  t h e  

bounds o f  a  p a r t i c u l a r  r e g i o n  t h e  t u r n i n g  p o i n t  i s  " v i r t u a l "  and i s  

never  reached. A  " r e a l "  t u r n i n g  p o i n t  must e x i s t  f o r  each r a y  w i t h i n  

one o f  t h e  t h r e e  r e g i o n s ,  and t h i s  p o i n t  demarks t h e  l o w e r  l i m i t  o f  

i n t e g r a t i o n .  

Resonant a b s o r p t i o n  s o l u t i o n s  a r e  a v a i l a b l e  o n l y  f o r  l i n e a r  den- 

s i t y  p r o f i l e s .  Reasonable agreement can be expected f o r  those  r a y s  

which have t h e i r  t u r n i n g  p o i n t  i n  r e g i o n  1. There t h e  p r o f i l e  be- 

tween t h e  t u r n i n g  p o i n t  and t h e  c r i t i c a l  su r face  i s  l i n e a r .  Fo r  r a y s  

w i t h  t u r n i n g  p o i n t s  i n  r e g i o n s  2 and 3  t h e r e  i s  no d i r e c t  ana logy t o  

t h e  l i n e a r  p r o f i l e  s o l u t i o n s .  To o b t a i n  an e s t i m a t e  o f  resonan t  ab- 

s o r p t i o n  f o r  t h e  r a y s  w i t h  t u r n i n g  p o i n t s  i n  r e g i o n s  2 and 3  a n ~ e q u i v -  

a l e n t  l i n e a r  d e n s i t y  p r o f i l e  i s  determined such t h a t  t h e  r a y  t u r n i n g  

p o i n t  and c r i t i c a l  su r face  l o c a t i o n s  a r e  equa l .  The resonan t  absorp- 

t i o n  i s  then  c a l c u l a t e d  u s i n g  equa t ions  (6-38, 39, 45) and F i g u r e  6-6. 

The r e s u l t s  a r e  shown i n  f i g u r e s  6-17 and 6-18. F i g u r e  6-17 

shows t h e  e f f e c t  o f  a  d e n s i t y  jump on a b s o r p t i o n  i n  t h e  normal i n c i -  

dence geometry. A b s o r p t i o n  i s  due o n l y  t o  i n v e r s e  bremsst rah lung.  

The d e n s i t y  jump magni tude i s  g i v e n  by  t h e  r a t i o  o f  t h e  d e n s i t y  a t  t h e  

jump t o  t h e  c r i t i c a l  d e n s i t y  (6 .zn . I n  . 6. = 1 cor responds t o  an 
J J C r  J 

unmodi f ied  d e n s i t y  p r o f i l e .  ' R  ' has been assumed equal  t o  ze ro  i n  
j 

t h i s  example. 



FIGURE 6-17 

EFFECT OF A DENSITY JUMP ON FRACTIONAL 
ABSORPTION-NORMAL INCIDENCE 

1.01 T, = 1 keV 

.- I nln,, DENSITY PROFILE 



FIGURE 6-18 

FRACTIONAL ABSORPTION FOR OBLIQUELY INCIDENT 
LIGHT IN THE PRESENCE OF A DENSITY JUMP 



The s teep s lope  o f  t h e  ' q I B 1  curves f o r  l a r g e  '5 ' shows t h e  i m -  
j 

por tance  t o  i n v e r s e  bremsst rah lung a b s o r p t i o n  of t h e  plasma a t  dens i -  

t i e s  near  c r i t i c a l .  A d e n s i t y  jump of 5 -.8-.9 reduces t h e  a b s o r p t i o n  
j - 

by  a  f a c t o r  o f  two. Large d e n s i t y  jumps ( s m a l l e r  5.) would reduce t h e  
J 

a b s o r p t i o n  t o  l ow  va lues .  

F i g u r e  6-18 shows t h e  a b s o r p t i o n  i n  t h e  o b l i q u e  i n c i d e n c e  geome- 

t ry.  The resonan t  a b s o r p t i o n  t h e o r y  used he re  r e q u i r e s  t h a t  f o r  mean- 

i n g f u l  a n a l y s i s  t h e  d e n s i t y  jump s c a l e l e n g t h  i s  f i n i t e .  For  t h e  ex- 

ample shown t h e  s lope  i n  t h e  steepened r e g i o n  was assumed c o n s t a n t  

and of a  v a l u e  such t h a t  t h e  d e n s i t y  dropped f r o m  n=ncr t o  n=O i n  lpm. 

'5.' was v a r i e d .  
J 

As t h e  d e n s i t y  jump inc reases  t h e  a b s o r p t i o n  decreases b u t  n o t  as 

r a p i d l y  as i n  t h e  normal i n c i d e n c e  geometry. I n  t h e  o b l i q u e  i n c i d e n c e  

geometry t h e  i n t e r p r e t a t i o n  o f  t h e  exper imen ta l  r e s u l t s  would  n o t  be 

s u b s t a n t i a l l y  m o d i f i e d  un less  a  l a r g e  undetected d e n s i t y  jump were 

p resen t .  The a b s o r p t i o n  dependence on '5 ' i s  determined by t h e  coun te r -  
j 

b a l a n c i n g  i n v e r s e  bren iss t rah lung decrease and resonan t  a b s o r p t i o n  i n -  

c rease w i t h  decreas ing '5 ' Note  t h a t  t h e  minimum p o s s i b l e  a b s o r p t i o n  
j '  

i s  a lways g r e a t e r  than o r  equal t o  t h e  a b s o r p t i o n  o f  a  plasma w i t h  a  

s l o p e  equal  t o  t h a t  o f  t h e  steepened r e g i o n .  

6.1.5 - A p p l i c a t i o n  o f  A b s o r p t i o n  Theory t o  t h e  Exper imenta l  Data 

The a b s o r p t i o n  t h e o r y  developed i n  t h e  p rev ious  s e c t i o n s  o f  t h i s  

chap te r  can be a p p l i e d  t o  t h e  exper imen ta l  d a t a  o b t a i n e d  i n  t h e  e x p e r i -  

ment. I n  t h i s  s e c t i o n  a b s o r p t i o n  h i s t o r i e s  a r e  o b t a i n e d  by c o n v o l v i n g  

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

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



w i t h  l i n e a r  d e n s i t y  g r a d i e n t s .  A f t e r  t h e  a b s o r p t i o n  h i s t o r i e s  a r e  

presented and t h e  genera l  f e a t u r e s  p o i n t e d  o u t ,  t h e  t o t a l  f r a c t i o n a l  

absorp t ions  ob ta ined  f rom t h e  s t reaked  data  a r e  computed and compared 

t o  t h e  f r a c t i o n a l  absorp t ions  ob ta ined  f rom t i m e  i n t e g r a t e d  peak 

excurs ion  data .  The c a l c u l a t e d  f r a c t i o n a l  absorp t ions  a r e  t h e n  com- 

pared w i t h  va lues  ob ta ined  s imu l taneous ly  by independenk measurements. 

F igu res  6-19, 20, 21, 22, 23 show t h e  t ime  r e s o l v e d  a b s o r p t i o n  

h i s t o r i e s  pe r  beam f o r  t h e  shots  i n  which complete c r i t i c a l  and 

q u a r t e r - c r i t i c a l  t r a j e c t o r i e s  were ob ta ined .  Shown a r e  t h e  i n c i -  

den t  pu lse,  t h e  t o t a l  absorbed power, and t h e  components of t h e  ab- 

s o r p t i o n  due t o  i n v e r s e  bremsstrahlung and resonant  a b s o r p t i o n .  

The f i r s t  t h i n g  t o  n o t i c e  i s  t h a t  f o r  about t h e  f i r s t  100 psec, 

t h e  absorbed power per  f o u r  beams i s  r e l a t i v e l y  l ow a t  about . O 1  - .02 tw. 

A  s i g n i f i c a n t  f r a c t i o n  o f  t h e  a b s o r p t i o n  d u r i n g  t h i s  p e r i o d  i s  due t o  

resonant  a b s o r p t i o n .  A f t e r  about  one l a s e r  p u l s e  r i s e  t ime  t h e  plasma 

s c a l e l e n g t h  develops (Chapter 5 ) .  Absorp t ion  due t o  i n v e r s e  brems- 

s t r a h l u n g  inc reases  and dominates over t h e  resonant  a b s o r p t i o n  con- 

t r i b u t i o n .  

Tab le  6-1  shows t h e  absorbed energ ies  per  beam corr~puted f o r  t h e  

d u r a t i o n  o f  t h e  t i m e  r e s o l v e d  s c a l e l e n g t h  data .  A l s o  shown a re  t h e  

f r a c t i o n a l  absorp t ions .  For  these shots  t h e  a b s o r p t i o n  can be char-  

a c t e r i z e d  as be ing  t y p i c a l l y  f rom 20% t o  40%. 

S ince t i m e  i n t e g r a t e d  da ta  i s  e a s i e r  t o  o b t a i n ,  i t  i s  o f  i n -  

t e r e s t  t o  determine t h e  accuracy o f  a b s o r p t i o n  f r a c t i o n s  c a l c u l a t e d  

from peak excurs ion  data.  Comparing niBS f rom t a b l e  6-1 t o  t h e  
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FIGURE 6-21 
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FIGURE 6-23 
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f r a c t i o n a l  absorp t ions  computed from the  peak excurs ions i t  i s  

found t h a t  t he  t ime i n t e g r a t e d  data can overes t imate  t he  ca l cu la ted  

absorp t ion  by 40% f20%.  The s i z e  o f  t h i s  f a c t o r  i n d i c a t e s  t h a t ,  

a l though a  d e t a i l e d  c a l c u l a t i o n  us ing  t ime  i n t e g r a t e d  data migh t  

n o t  be j u s t i f i e d ,  many aspects o f  abso rp t i on  phys ics can be s tud ied  

j u s t  w i t h  peak excurs ion  data.  

One ques t ion  t h a t  can be answered through use o f  t h e  peak ex- 

cu rs i on  data i s  whether t he  t h e o r e t i c a l  sca le l eng th  dependence o f  

abso rp t i on  ( f i g u r e  6-13) agrees w i t h  t h e  exper imental  observat ion.  

F igure 6-24 shows t h e  r e s u l t .  The f r a c t i o n a l  absorp t ion  has been 

p l o t t e d  as a  f u n c t i o n  o f  sca le leng th .  The p o i n t s  a r e  t h e  expe r i -  

mental data o f  GROUP A (Chapter 5) and t h e  s o l i d  l i n e s  correspond 

t o  t he  t h e o r e t i c a l  bounds w i t h i n  which t he  data i s  expected t o  l i e .  

The f r a c t i o n a l  absorp t ion  i s  observed t o  vary  by a  f a c t o r  o f  two f o r  

a  f a c t o r  o f  f o u r  v a r i a t i o n  i n  t h e  sca le leng th .  The good agreement 

shows a  sca le l eng th  dependence o f  abso rp t i on  as p red i c ted  by t he  

theory  o f  i nve rse  bremsstrahl  ung p lus  resonant  absorpt ion.  I n  

terms o f  t o t a l  energy absorbed, i nve rse  bremsstrahlung dominates 

f o r  t h e  l a s e r  pulses o f  t h i s  experiment. 

, 1015 w a t t  
( ITARGET - 2 T~~~~ = 200 - 500 psec. ) 

cm 
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6.2 Re f rac t i on  o f  L i g h t  Through a  Plasma 

L i g h t  r e f r a c t i o n  i n  a  plasma i s  a  fundamental process i n  t h i s  

study. I n  t h e  prev ious s e c t i o n  r e f r a c t i o n  was shown t o  s t r o n g l y  

i n f l u e n c e  t h e  l a s e r  l i g h t  absorp t ion  of t h e  plasma. I n  Chapter 3, 

r e f r a c t i o n  was shown t o  p o s s i b l y  d i s t o r t  t h e  images o f  t he  c r i t i c a l  

and q u a r t e r - c r i t i c a l  d e n s i t y  sur faces produced by t h e  2% and ( 3 1 2 ) ~ ~  

emissions. 

I n  t h i s  sec t i on  l i g h t  r e f r a c t i o n  i s  s t u d i e d  through t h e  use o f  

r a y  t r a c i n g  techniques. The methods developed here f o l l o w  those 

used by Born and Wolf i n  t he  s tudy  of r a y  propagat ion through d i e l e c -  

t r i c  media. (6-12) Th is  procedure obv ia tes  t he  need f o r  s o l v i n g  t h e  

complete wave equat ion by making t h e  assumption t h a t  over  t he  p e r i o d  

o f  one f r e e  space o p t i c a l  wavelength h O 1  the  plasma parameter va r -  

i a t i o n ,  cha rac te r i zed  by ' L ' ,  i s  smal l  i .e . ,  h0/,c<<l. Taking t he  

l i m i t  o f  h o / L 4  t h e  wave equat ion i s  g r e a t l y  s i m p l i f i e d .  S o l u t i o n  

o f  t h e  r e s u l t i n g  equat ion,  " t he  e ikona l  equat ion" ,  y i e l d s  t he  t r a -  

j e c t o r i e s  o f  t ransverse  e lect romagnet ic  waves i n  inhomogeneous media. 

6.2.1 Eikonal Equat ion 

The e i kona l  equat ion i s  de r i ved  by us ing  t h e  e l e c t r o n  equat ion 

of  mot ion and Maxwel l 's  equat ions. Ins tead  of  l ook ing  f o r  p lane 

wave s o l u t i o n s  as was done i n  Sec t ion  6.1, s o l u t i o n s  a re  souqht f o r  

t he  prouaqat ion of waves o f  t he  more qeneral  form: 



where ko - w/c. L e t  t h e  plasma response be assumed t o  be: 

= and n =Zni + rile ( k ~  (i)-wt) f o r  t h e  e l ec -  e 

t r o n  v e l o c i t y  and d e n s i t y .  S u b s t i t u t i n g  these wave and p a r t i c l e  

response forms i n t o  equa t ion  (6-1) and Maxwel l 's  equat ion,  and s o l -  

v i ng  f o r  a s i n g l e  equa t ion  i n  Eo r e s u l t s  i n  t h e  wave equat ion:  

The plasma parameter v a r i a t i o n  appears i n  )  , ' L  (F) ' ,  t h e i r  

s p a t i a l  d e r i v a t i v e s ,  and i n  t h e  p o s i t i o n  dependence o f  n and 

Assuming t h a t  t he  c h a r a c t e r i s t i c  sca le l eng th  o f  these v a r i -  
C .  

a t i o n s  i s  o f  o rde r  ' R '  and t h a t  t h i s  l e n g t h  i s  l ong  compared t o  t he  

ho vacuum wavelength, then koR = m < l .  For t h i s  s i t u a t i o n ,  t h e  

terms i n  t h e  f i r s t  b racke t  predominate. Equat ion (6-47) reduces t o  

I n  t h e  l i m i t  o f  weak c o l l i s i o n s ,  t h e  l i m i t  o f  exper imenta l  i n t e r e s t ,  

1 I f  L = LR + i LI t h i s  l i m i t  i m p l i e s  t h a t  k / ~ ~  >> 1 and t h a t  

f o r  r a y  t r a c e  purposes L = LR except  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  

surface. (Th i s  i s  t h e  same as t he  comclusion reached f rom t h e  

p lane wave a n a l y s i s  of Sec t i on  6.1.1 where kR/kI >> 1 f o r  rcw >> 1 



except near the c r i t ica l  surface.) Equation (6-48) reduces to  

the "ei konal equation" 

2 where ( v L ) ~ ~  vL- V L  and 1-1 = 1 - n / n  e c r '  
To obtain a vector form of the eikonal equation note that  a 

unit vector parallel to the direction of propagation ' 6 '  i s  also 

perpendicular to  a surface of constant phase f(F)=CONST. ' 6 '  i s  

given by 

so that 

A 

' e '  i s  commonly known as the "ray vector". 

I t  i s  convenient to express equation (6-51) in a form that  
A 

contains only '1-1' , ' e '  and the i r  derivatives. For th is  purpose 

equation (6-51) i s  differentiated with respect to  the path length 

Using equation (6-51) 

d l  1 
- dh 1-14 = - V L  V ( V  L) = v [(v 02] 1-1 

and using equation (6-49) 



T h i s  " r a y  t r a c e "  e q u a t i o n  can be used t o  t r a c e  any s o r t  o f  t r a n s -  

v e r s e  e l e c t r o m a g n e t i c  wave th rough  any s o r t  o f  plasma as l o n g  as 

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

To de te rm ine  t h e  r a y  t r a c e  v a l i d i t y  l i m i t s  o f  e q u a t i o n  (6-52),  

an order -o f -magni tude e s t i m a t e  o f  t h e  wave equa t ion ,  e q u a t i o n  (6-47),  

i s  performed. Denot ing a  s p a t i a l  d e r i v a t i v e  by ( I ) ,  t h e  wave equa- 

t i o n ,  e q u a t i o n  (6-47), becomes i n  t h i s  e s t i m a t e :  

where IvLI has been s e t  equal  t o  p. THe r a y  t r a c e  a n a l y s i s  h o l d s  

i f  t h e  f i r s t  b racke ted  te rm predominates.  T h i s  i s  t r u e  i f :  

These c o n d i t i o n s  break down near  t h e  c r i t i c a l  s u r f a c e  where p+O and 

near  t h e  t u r n i n g  p o i n t  where Eol and Eo" may be l a r g e .  Even i f  



t he  theory  breaks down a t  these p o i n t s ,  a  complete t r a j e c t o r y  can 

be obta ined s ince  t h e  r a y  can be t raced  t o  t he  v i c i n i t y  o f  t he  

breakdown and t he  p o i n t  o f  breakdown i s  a l s o  approx imate ly  known. 

What cannot be obta ined i s  t h e  s t r u c t u r e  of t he  f i e l d s .  

6.2.2 L i g h t  Refract ion Through a  Spher ica l  Plasma 

Plasmas generated i n  t h e  experiment a re  t o  a  f i r s t  approxima- 

t i o n  spher ica l .  To s tudy r e f r a c t i o n  i n  such plasmas an i n t e g r a l  

form o f  equat ion (6-52) can be ob ta ined  t h a t  g ives  a  constant  a long 

t he  r a y  path.  Th is  r e s u l t ,  known as Bouguer's formula,  i s  v a l i d  

f o r  sphe r i ca l  o r  c y l i n d r i c a l  plasmas where t he  index o f  r e f r a c t i o n  

i s  a  f unc t i on  o n l y  of t h e  r a d i a l  d is tance  f rom the  p o i n t  o r  a x i s  

of symmetry. 

To o b t a i n  Bouguer's formula t he  cross-product  of t he  r a y  t r a c e  

equat ion, equat ion (6-52), i s  taken w i t h  t he  r a d i a l  p o s i t i o n  vec to r  
- 
r. 

The r i g h t  hand s i d e  equals zero and t he  l e f t  hand s i d e  can be 

r e w r i t t e n  so t h a t  

dF A A A  

I f  a  r a y  t r a j e c t o r y  i s  fo l lowed then - x e = e  x  e  = 0. The r e -  d6 

s u l t i n g  d i f f e r e n t i a l  equat ion i s :  



d A 

,(j x e )  = 0  

I n t e g r a t i n g  a long  t he  r a y  t r a j e c t o r y  g ives  Bouguer's formula 

pF x 6 = CONST. (6-57a) 

pr s i n e  = CONST. - K (6-57b) 

' 8 '  i s  t h e  angle  between ' F '  and ' ^e l .  

Note, f rom equa t ion  (6-57a), t h a t  s i nce  t h e  v e c t o r  formed by 

' F  x  6'  p o i n t s  i n  t h e  same d i r e c t i o n  f o r  a l l  p o i n t s  a long t h e  ray ,  

' 7 '  and ' 6 '  always d e f i n e  t he  same plane. The r a y  t r a j e c t o r y  l i e s  

i n  t h e  p lane determined by t h e  i n i t i a l  o r i e n t a t i o n s  o f  ':'and ' G I .  

For numerical  r a y  t r a c i n g  t h e  form o f  Bouguer 's formula i n  

equa t ion  (6-57) i s  o f t e n  inconven ien t .  I t  can be r e w r i t t e n  as (see 

f i g u r e  6-1) :  

p ( s  cos@ - z s i n @ )  = CONST = K (6-58) 

where @ i s  t h e  ang le  between an a x i s  or thogonal  t o  t h e  symmetry 

a x i s  and t h e  l o c a l  r a y  vec to r .  So l v i ng  f o r  ' s i n @ '  

To do numerical  r a y  t r a c i n g  equa t ion  (6-59) i s  used i n  con junc t i on  

w i t h  t h e  two incrementa l  formulas:  



where 1+1 and I denote ad jacen t  g r i d  po in t s .  

An impo r tan t  p o i n t  on t h e  r a y  t r a j e c t o r y  i s  t he  p o i n t  o f  deep- 

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

cons ider  a  d e n s i t y  p r o f i l e  t h a t  increases mono ton i ca l l y  as ' r '  de- 

creases. ' v '  and ' r '  decrease mono ton i ca l l y  as t h e  r a y  pene t ra tes  

i n t o  t h e  plasma. The t u r n i n g  p o i n t  occurs where ' r '  i s  a  minimum 

a long t h e  r a y  pa th  and t h i s  p o i n t  i s  found i n  equa t ion  (6-57) where 

a - ( r )  = 0 Th i s  occurs when a e 

gTP E g ( v r  = minimum) = n /2  

6.2.3 L i g h t  R e f r a c t i o n  Through a  Plane Plasma 

Ray t r a c i n g  through a  p lane  plasma i s  necessary i n  t h i s  s tudy 

because i t  i s  by comparing r e f r a c t i o n  i n  p lane  and sphe r i ca l  p l as -  

mas t h a t  resonant  abso rp t i on  i s  ca l cu l a ted .  

A s imp le  formula,  equ i va l en t  t o  S n e l l ' s  law, i s  ob ta ined  by a  

technique analogous t o  t h a t  used i n  d e r i v i n g  Bouguer 's formula.  

The r a y  t r a c e  equat ion,  equa t ion  (6-52),  i s  c rossed w i t h  a  u n i t  

vec to r  p a r a l l e l  t o  t h e  d e n s i t y  g rad ien t .  The r e s u l t  i s  t h a t  

v s i ne  = COIVST. (6-63) 

where ' 8  ' i s  t h e  ang le  between t h e  r a y  v e c t o r  and t he  d e n s i t y  



g rad ien t  vec to r  = 

As f o r  sphe r i ca l  plasmas, t he  t u r n i n g  p o i n t  occurs a t  

8 = lT/2. 

The r a y  t r a j e c t o r y  p o s i t i o n  dependence appears o r i l y  through 

'p' i n  t he  p lane plasma s i t u a t i o n  whereas i t  i s  e x p l i c i t  i n  spher- 

i c a l  plasmas. Th is  i m p l i e s  t h a t  t o  s p e c i f y  plasma parameters f o r  

r e f r a c t i o n  i n  p lane plasmas o n l y  t he  sca le l eng th  need be known. 

With a  sphe r i ca l  plasma the  sca le l eng th  and one dens i t y  p o i n t  l o -  

c a t i o n  ( r c r )  must be s p e c i f i e d .  



6.3 A b l a t i o n  Region Dynamics 

I n  s e c t i o n  6 . 1  i t  was shown t h a t  t h e  c r i t i c a l  and q u a r t e r - c r i t i c a l  

su r face  t r a j e c t o r i e s  s t r o n g l y  a f f e c t e d  t h e  a b s o r p t i o n  o f  l a s e r  l i g h t .  

The plasma d e n s i t y  p r o f i l e  was assumed t o  be known, as f rom t h e  e x p e r i -  

ment, and t h e  a b s o r p t i o n  was then c a l c u l a t e d .  Fac to rs  t h a t  a f fec ted 

t h e  d e n s i t y  p r o f i l e  were n o t  cons idered.  

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

t h e  d e n s i t y  p r o f i l e  a r e  determined. Those aspects  o f  t h e  da ta  t h a t  can 

be most r e a d i l y  used t o  s tudy  t h e  s e l e c t e d  parameters a r e  i s o l a t e d .  

I n  p a r t i c u l a r ,  i t  i s  shown t h a t  t h e  energy t r a n s p o r t  from t h e  

l a s e r  l i g h t  a b s o r p t i o n  r e g i o n  t o  t h e  r e g i o n  o f  plasma g e n e r a t i o n  sen- 

s i t i v e l y  determines t h e  peak c r i t i c a l  and q u a r t e r - c r i t i c a l  su r face  ex- 

c u r s i o n s .  When o n l y  c l a s s i c a l  t r a n s p o r t  mechanisms a re  present ,  i . e . ,  

no supra-thermal e l e c t r o n  o r  r a d i a t i o n  t r a n s p o r t ,  t h e  peak excurs ions  

a r e  i n s e n s i t i v e  t o  t h e  amount and h i s t o r y  o f  energy a b s o r p t i o n  and t h a t  

t h e y  depend o n l y  on t h e  energy t r a n s p o r t  c o e f f i c i e n t s .  The r a t e s  a t  

which t h e  hydrodynamics evo lve  are,  however, s e n s i t i v e  f u n c t i o n s  o f  t h e  

absorp t ion  r a t e s .  It i s  a l s o  shown t h a t  t h e  hydrodynamic v a r i a b l e s  of 

a b l a t i o n  r a t e ,  a b l a t i n g  m a t e r i a l  source l o c a t i o n ,  and corona temperature  

a t  t h e  t ime  o f  peak excurs ion  u n i q u e l y  d e f i n e  t h e  e x t e n t s  of t h e  peak 

excurs ions.  

6.3.1 Steady-State A b l a t i o n  

To see t h e  d e n s i t y  p r o f i l e  dependence on a b l a t i o n  parameters i t  i s  

useful  t o  cons ide r  a  s imple  s teady-s ta te  a b l a t i o n  model. The model i s  

based on t h e  s i n g l e  f l u i d  plasma equa t ions  of mass and momentum con- 

s e r v a t i o n  f o r  s p h e r i c a l  f l o w s .  



' p '  i s  t h e  plasma mass d e n s i t y  which i s  approx imate ly  equal t o  t h e  i o n  

mass dens i t y ,  ' v '  i s  t h e  plasma v e l o c i t y ,  'T i  i s  t h e  e l e c t r o n  temperature,  

' Z '  i s  t h e  i o n i z a t i o n  s t a t e ,  and ' R '  i s  t h e  i o n  i d e a l  gas constant .  

Assumi ng s teady-s ta te  f l o w  (& = 0 )  and an i so therma l  p l  asma, (T=const)  , 

i n t e g r a t i n g  equat ions (6-64 a ,b) w i t h  r espec t  t o  ' r '  , and s o l v i n g  f o r  

t h e  constants  of i n t e g r a t i o n  i n  terms o f  t h e  mass f l o w  through a sphere 

( )  and t h e  d e n s i t y  a t  t h e  plasma source ( r S ,  pS)  y i e l d s  two equat ions 

i n  ' r ' ,  ' p ' ,  and ' v ' .  

v  2  2  m 
- + ZRT Lnp = - 2 + ZRT Lnp, 

3211 rs PS 

E l i m i n a t i n g  ' v '  and s o l v i n g  f o r  ' r '  i n  terms o f  ' p '  p rov ides  a s i n g l e  

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

The impo r tan t  t h i n g  t o  no te  i n  equa t ion  (6-66) i s  t h e  dependence 

of t h e  d e n s i t y  p o i n t  l o c a t i o n  on t h e  parameter ; /T ' /~.  Th i s  dependence 



i s  conf i rmed by computer s imu la t i ons  ( nex t  s e c t i o n ) .  

I f  the  c r i t i c a l  and q u a r t e r - c r i t i c a l  su r face  excurs ions ( p  5 
c r 

- - rCr - f ,pgcr - qCr - f ) a r e  computed us i ng  equa t ion  (6-66), then 

a  c o r r e l a t i o n  i s  ob ta ined  t h a t  i s  independent o f  I ~ I / T ~ .  (A l so  insen-  

s i t i v e  t o  energy t r a n s p o r t  s i nce  a b l a t i o n  r a t e s  depend on energy t r ans -  

p o r t  r a t es . )  

For a  source d e n s i t y  equal t o  t h a t  o f  so l  i d  g lass  pS/pCr = 750, 

equat ion (6-67)  becomes: 

Equat ion (6-68) can be compared t o  t he  expe r imen ta l l y  observed 

Pcr  - Pgcr c o r r e l a t i o n  ( f i g u r e  5-19). The s lope o f  equat ion (6-68) 

agrees we l l  w i t h  t h e  data.  The i n t e r c e p t s  d isagree.  

The impor tan t  conc lus ions  t o  be drawn from t h i s  model a r e  t h a t  

t he  d e n s i t y  p r o f i l e  shape i s  a  f unc t i on  o f  t he  outwards mass f l o w  and 

corona temperature ( m / ~ % )  and t h a t  once one d e n s i t y  p o i n t  l o c a t i o n  i s  

known, t h e  r e s t  of t h e  a b l a t i o n  r eg ion  p r o f i l e  i s  un ique l y  determined. 

These conc lus ions a r e  conf i rmed and q u a n t i f i e d  i n  t h e  n e x t  s e c t i o n  w i t h  

computer s imu la t i ons  o f  t h e  exper iment.  



6.3.2 Computer S i m u l a t i o n s  

The p r i n c i p a l  t o o l s  used i n  t h i s  computer s t u d y  a r e  t h e  codes 

SIMSUP and SUPER. (6-13 6,1 7, Both  a r e  one-dimensional  hydro- 

dynamic Lagrangian codes f o r  a  one v e l o c i t y  two temperature  plasma. 

SUPER c o n t a i n s  r e a i  e q u a t i o n  o f  s t a t e ,  r a d i a t i o n  t r a n s p o r t ,  and 

supra- thermal  e l e c t r o n  p r o d u c t i o n  and t r a n s p o r t .  SIMSllP (SIMPLI- 

FIED SUPER) c o n t a i n s  i d e a l  gas e q u a t i o n  o f  s t a t e  and energy t r a n s p o r t  

o n l y  by h e a t  conduct ion.  Except  f o r  t h e  e f f e c t  o f  supra- thermals ,  

l i t t l e  d i f f e r e n c e  i s  n o t i c e d  i n  t h e  a b l a t i o n  r e g i o n  hydrodynamics 

c a l c u l  a t e d  by t h e  two codes. 

Laser  1  i g h t  a b s o r p t i o n  i s  hand led i n  t h e  codes by normal i n -  

c idence i n v e r s e  bremsst rah lung p l u s  a  c o n s t a n t  v a l u e  dump t h a t  d e p o s i t s  

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

energy. I n  SIMSUP t h e  dump i s  s e t  a t  15% t o  s i m u l a t e  t h e  e f f e c t  o f  

peak resonan t  a b s o r p t i o n  i n  smooth s p h e r i c a l  plasmas. T h i s  energy 

i s  depos i ted  i n  t h e  thermal  e l e c t r o n  d i s t r i b u t i o n .  I n  SUPER t h e  

a b s o r p t i o n  h i s t o r y  i s  s p e c i f i e d .  100% o f  t h e  r e f l e c t e d  energy i s  

depos i ted  a t  t h e  c r i t i c a l  s u r f a c e  w i t h  90% of t h i s  energy go ing  i n t o  

a  10 KeV temperature  supra-thermal e l e c t r o n  d i s t r i b u t i o n .  

Because t h e  codes do n o t  s e l f - c o n s i s t a n t l y  t r e a t  a b s o r p t i o n ,  

parameters i n s e n s i t i v e  t o  a b s o r p t i o n  r a t e s  a r e  sought.  

Energy t r a n s p o r t  i n  SIMSUP i s  hand led by e l e c t r o n  thermal  con- 

d u c t i o n .  The h e a t  conduc t ion  i s  c a l c u l a t e d  accord ing  t o  F o u r i e r ' s  Law 

Q - KVr K-Spi t z e r  C o n d u c t i v i t y  (6-69) 



u p  t o  the point where the heat transported across an interface equals 

the net electron free-streaming energy flux. From t h a t  point on,  

the energy transport across an interface i s  given by the net electron 

free-streami ng  energy f 1 ux: 

The flux 1il:iiter 'FL' equals .65 for  classical flux limiting and i s  

less t h a n  .65 i f  an anomalous flux inhibition mechanism i s  assumed. 

For SUPER, energy transport by thermal electrons i s  the same as 

in SIirlSlIP . Additional energy transport occurs via supra-thermal el ec- 

trons and radiation. Details on these mechanisms and other aspects of 

the code can be found in the references. (6-13,14,15,16,17) 

The situation in which supra-thermals do n o t  exis t  i s  analyzed 

f i r s t .  Typical c r i t ica l  , quarter-cri t i ca l  , and ablation surface 

t rajector ies  for  a thin shell heated by a laser  are shown in figure 

6-25. As the laser pulse turns on and the shell absorbs energy, the 

heated plasma expands and the c r i t i ca l  and quarter-cri t ical  densities 

move toward increasing radius. The bulk of the she l l ,  including the 

ablation surface, i s  driven inward by the momentum imparted from the 

outward flowing material. Following a period of rapid expansion the 

density points slow down, reach a peak excursion, and remain near 
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t h a t  p o s i t i o n  f o r  most o f  t h e  l a s e r  p u l s e  d u r a t i o n .  The peak ex-  

c u r s i o n s  a re ,  thus,  c h a r a c t e r i s t i c  o f  t h e  c r i t i c a l  and q u a r t e r - c r i t i c a l  

s u r f a c e  l o c a t i o n s  f o r  most o f  t h e  l a s e r  p u l s e .  

I n p u t  parameters can be s e l e c t i v e l y  v a r i e d  t o  determine which 

ones a f f e c t  t h e  c r i t i c a l  and q u a r t e r - c r i t i c a l  s u r f a c e  t r a j e c t o r i e s .  

The f r e e  parameters can be grouped i n t o  t h r e e  c a t e g o r i e s :  l a s e r  

pu lse,  t a r g e t  c o n f i g u r a t i o n ,  and energy t r a n s p o r t .  The f i r s t  c h o i c e  

i s  t o  v a r y  l a s e r  p u l s e  parameters and f i g u r e  6-26 shows t h e  e f f e c t  o f  

peak power v a r i a t i o n  on t h e  c r i t i c a l  s u r f a c e  t r a j e c t o r y .  O f  p a r t i c u l a r  

importance i s  t h e  e q u a l i t y  o f  t h e  peak c r i t i c a l  s u r f a c e  e x c u r s i o n s .  

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

t imes  o f  peak excurs ion ,  f i g u r e  6-27, r e v e a l s  t h a t  t h e  d e n s i t y  p r o -  

f i l e s  a r e  a lmost  i d e n t i c a l  and t h a t  heat  f r o n t s  have pene t ra ted  t o  t h e  

same p o i n t !  T h i s  occurs  d e s p i t e  a  f a c t o r  o f  t e n  v a r i a t i o n  i n  t h e  

absorbed energy and a  f a c t o r  o f  f i v e  v a r i a t i o n  i n  t h e  corona e l e c t r o n  

tewpera tu re .  I t  shou ld  be noted,  f i g u r e  6-26, t h a t  t h e  hydrodynamic 

t i m e  sca les  do v a r y  w i t h  t h e  a b s o r p t i o n  r a t e s .  

Vary ing  t h e  p u l s e  shape w i t h  c o n s t a n t  peak power produces s i m i l a r  

r e s u l t s .  The codes p r e d i c t  no peak e x c u r s i o n  dependence on p u l s e  

shape. 

These c o n s i d e r a t i o n s  i n d i c a t e  t h a t  n o t  o n l y  a r e  t h e  peak excurs ions  

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

p u l s e  b u t  t h a t  t h e y  a r e  a l s o  i n s e n s i t i v e  t o  t h e  o n l y  approx ima te ly  

known r a t e  o f  energy a b s o r p t i o n .  For  these reasons s p e c i a l  a t t e n t i o n  

i s  p a i d  t o  t h e  peak excurs ions .  

When t a r g e t  parameter dependences a r e  considered, f o r  a f i xed s h e l l  
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t h i c k n e s s  i t  i s  found t h a t  t h e  d i f f e r e n c e  between t h e  maximum d e n s i t y  

p o i n t  l o c a t i o n  'rmax ' and t h e  o r i g i n a l  t a r g e t  r a d i u s  ' r t l  i s  i nsen-  

s i t i v e  t o  t h e  t a r g e t  r a d i u s .  I n t e n d i n g  t o  n o t  s t u d y  t a r g e t  r a d i u s  

v a r i a t i o n  e f f e c t s  i t  i s  convenient  t o  d e f i n e  t h e  peak e x c u r s i o n  by 

p =  r max - rt 

The e f f e c t  o f  s h e l l  t h i c k n e s s  on t h e  peak c r i t i c a l  s u r f a c e  ex- 

c u r s i o n  i s  shownin  f i g u r e  6-28. The r e l a t i o n s h i p  i s  a  consequence 

o f  v a r i a t i o n  i n  t h e  mot ion  o f  t h e  imp lod ing  s h e l l  ( t h e  source o f  ab- 

l a t i n g  m a t e r i a l )  w i t h  she1 1  t h i c k n e s s .  The dependence w i l l  be quan- 

t i f i e d  l a t e r  on i n  terms o f  an e f f e c t i v e  source l o c a t i o n  f o r  t h e  

a b l a t i n g  m a t e r i a l .  

The remain ing f r e e  parameter i s  t h e  energy t r a n s p o r t  c o e f f i c i e n t :  

t h e  f l u x  l i m i t e r .  I t s  magnitude s t r o n g l y  i n f l u e n c e s  t h e  amount o f  

energy t r a n s p o r t e d  f rom t h e  a b s o r p t i o n  r e g i o n  t o  t h e  r e g i o n  o f  h o t  

plasma genera t ion  and so c o n t r o l s  t h e  r a t e  o f  s h e l l  a b l a t i o n .  The 

e f f e c t  on t h e  d e n s i t y  p o i n t  t r a j e c t o r i e s  i s  pronounced, as seen i n  

f i g u r e  6-29, and t h e  dependence i s  c l e a r l y  revea led  i n  t h e  magnitude 

o f  t h e  peak excurs ion ,  f i g u r e  6-30. 

To see t h e  dependence o f  t h e  peak excurs ions  on t h e  energy t r a n s -  

po r ted  i n  t h e  hea t  f r o n t , ' p l  c o u l d  be p l o t t e d  as a  f u n c t i o n  o f  t h e  

maximum thermal energy i n  t h e  heat  f r o n t  'ETH HF ' ( t h e  thermal energy 

i n  t h e  heat  f r o n t  i s  a  maximum a t  t h e  t i m e  o f  peak excurs ion )  b u t  i t  

would a l s o  be a  f u n c t i o n  o f  t h e  a b s o r p t i o n  r a t e s .  The a b s o r p t i o n  de- 
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FIGURE 6-29 

EFFECT OF FLUX LIMITER VARIATION ON 
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pendence can be e l i m i n a t e d  by  d i v i d i n g  by  t h e  corona e l e c t r o n  temper- 

a t u r e  which i s  a p p r o x i m a t e l y  equal t o  t h e  c r i t i c a l  s u r f a c e  e l e c t r o n  

temperature  ITe c r ' .  The r e s u l t i n g  q u a n t i t y  'ETH HF/Te c r '  i s  a  

maximum a t  t h e  t i m e  o f  peak e x c u r s i o n  and t h e  r e l a t i o n s h i p  between 

i t  and ' p '  i s  independent of absorbed energy.  For t h e  cases shown 

i n  f i g u r e  6-26 t h e  peak excurs ions  a r e  t h e  same as a r e  t h e  va lues  o f  

IT ) ('TH HF e  c r  max' A  p l o t  of  'pCr1 as a  f u n c t i o n  of ( E ~ ~  HF IT crmax ) 
i s  shown i n  f i g u r e  6-31. 

The p h y s i c a l  s i g n i f i c a n c e  of t h e  q u a n t i t y  ETH HF /T cr can be 

seen by n o t i n g  t h a t  t h e  thermal  energy of t h e  h e a t  f r o n t  i s  g i ven  by  

(312 b T  )N where ' T e t  i s  a  c h a r a c t e r i s t i c  temparature  and ' N e t  i s  
e  e  - 

a  c h a r a c t e r i s t i c  number of p a r t i c l e s .  Tak ing Te = Te cr, then  Ne=Ne 

i s  a  c h a r a c t e r i s t i c  number o f  p a r t i c l e s  t h a t  can be heated t o  t h e  

corona temperature .  The q u a n t i t y  ETH HF/Te cr then  g i v e s  

and i s ,  thus,  c h a r a c t e r i s t i c  o f  a  peak a b l a t i o n  r a t e .  

The dependence on s h e l l  t h i c k n e s s  i s  accounted f o r  by  n o t i n g  t h a t  

t h e  t o t a l  s h e l l  mass, v i a  t h e  p r i n c i p l e  of momentum conserva t ion ,  

a f f e c t s  t h e  i m p l o d i n g  s h e l l ' s  mot ion,  and, thus,  t h e  mot ion  o f  t h e  

a b l a t i n g  m a t e r i a l ' s  source.  C h a r a c t e r i z i n g  t h e  source l o c a t i o n  f o r  t h e  

a b l a t i n g  m a t e r i a l  b y  t h e  a b l a t i o n  sur face 'rABL1, i . e . ,  t h e  p o i n t  

where t h e  p a r t i c l e  v e l o c i t y  equa ls  zero ,  i t  i s  found t h a t  t h e  d i f f e r -  

ence between t h e  source l o c a t i o n  and t h e  peak d e n s i t y  p o i n t  l o c a t i o n  , 
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FIGURE 6-32 

PEAK CRITICAL SURFACE LOCATION DEPENDENCE 
ON HEAT FRONT THERMAL ENERGY, CORONA 

TEMPERATURE, AND ABLATING MATERIAL 
SOURCE LOCATION 

- 1oD4 JOULE [';::I MAX ev 



( r  - rABL)  a t  t h e  t i m e  o f  peak excurs ion ,  i s  n o t  dependent on t h e  

s h e l l  t h i ckness .  F i g u r e  6-32 shows t h e  dependence o f  ( r  c r  - 'ABL) 

a t  t h e  peak e x c u r s i o n  t i m e  as a  f u n c t i o n  o f  ETH HF/Te cr. Note 

t h a t  t h e  p o i n t s  on t h e  t h r e e  curves of f i g u r e  6-31 a l l  1  i e  on t h e  

saliie cu rve  -in f i g u r e  6-32. The v a r i a b l e  e f f e c t  o f  s h e l l  t h i c k n e s s  

has, thus,  been accounted f o r .  It should  be noted,  however, t h a t  

( r c r  - r ) i s  n o t  an e x p e r i m e n t a l l y  measured q u a n t i t y  whereas p  AB L  c r 

and rt a r e  measured i n  t h e  exper iment .  

F igu res  6-31 and 6-32 and equa t ion  (6-71) show t h a t  g r e a t e r  

amounts of energy t r a n s p o r t  produce g r e a t e r  a b l a t i o n  r a t e s  and t h i s  

leads t o  l a r g e r  peak excurs ions .  To d i r e c t l y  see t h e  r e l a t i o n  between 

peak excurs ion  and a b l a t i o n  r a t e ,  ' p '  can be p l o t t e d  as a  f u n c t i o n  o f  

t h e  mass f l o w  r a t e  through t h e  c r i t i c a l  s u r f a c e  a t  t h e  t i m e  o f  peak 

excurs ion  ( i  ) I '  i s  a  maximum a t  t h i s  t ime .  The dependence 
c r 

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

4 m b y  t h e  corona temperature  Te cr. The r e s u l t i n g  p l o t  o f  'pCr1 as c r 

a  f u n c t i o n  of cr ' i s  shown i n  f i g u r e  6-33. Source mot ion  

v a r i a t i o n  i s  taken i n t o  account b y  p l o t t i n g - ( r c r  - rABL)  a t  t h e  t i m e  

o f  peak excurs ion .  The r e s u l t  i s  t h e  s i n g l e  l i n e  r e l a t i o n  o f  

f i g u r e  6-34. 

To see t h e  p h y s i c a l  s i g n i f i c a n c e  o f  $rr/e cr % n o t e  t h a t  an 
1/ 

a c o u s t i c  v e l o c i t y  ' c A 1  i s  p r o p o r t i o n a l  t o  Te c r 2  and t h a t  t h i s  g i v e s  

a  c h a r a c t e r i s t i c  expansion v e l o c i t y  ' v  EXP ' 

r;l m c r  c r "c r  - - - - 
4 

C~ v Te c r  EXP 
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FIGURE 6-34 

PEAK CRITICAL SURFACE LOCATION DEPENDENCE 
ON ABLATION RATE, CORONA TEMPERATURE, AND 

SOURCE LOCATION 

9 cr 10-5 m SOLID DENSITY GLASS 
'h '12 

'e cr 'e cr PS~C-ev1/2 



For  a  f i x e d  expansion v e l o c i t y ,  l a r g e r  a b l a t i o n  r a t e s  i m p l y  more 

plasma i n  t h e  corona and l a r g e r  peak e x c u r s i o n s .  F i x i n g  t h e  a b l a t i o n  

r a t e  w h i l e  i n c r e a s i n g  t h e  expans ion v e l o c i t y  i m p l i e s  s m a l l e r  r a d i u s  

2 
s i n c e  mcr = 4nr c r  p c r  v c r  . I f  T~~ i nc reases  $r w i l l  a l s o  inc rease .  

Fo r  c o n s t a n t  mcr, r must decrease as v - ~  inc reases .  
c r  

Up t o  t h i s  p o i n t  emphasis has been p laced  on q u a n t i f y i n g  t h e  

dependences of t h e  peak c r i t i c a l  s u r f a c e  e x c u r s i o n .  Any o t h e r  d e n s i t y  

p o i n t  c o u l d  have been s i m i l a r l y  ana lyzed.  I n s t e a d  o f  d u p l i c a t i n g  

t h e  a n a l y s i s ,  i t  i s  i n s t r u c t i v e  t o  c o n s i d e r  t h e  c o r r e l a t i o n  of one 

d e n s i t y  p o i n t  peak e x c u r s i o n  t o  ano the r .  As an example, t h e  c o r r e -  

l a t i o n  between t h e  c r i t i c a l  and q u a r t e r - c r i t i c a l  peak excurs ions ,  

t h e  e x p e r i m e n t a l l y  measured q u a n t i t i e s ,  i s  cons ide red .  F i g u r e  6-35 

shows t h e  r e s u l t .  The p o i n t s  f o r  a l l  t h e  computer runs  l i e  a long  

a  s i n g l e  l i n e  i n d i c a t i n g  t h a t  t h e  peak e x c u r s i o n  dependence between 

t h e  c r i t i c a l  and q u a r t e r - c r i t i c a l  su r faces ,  and a l l  o t h e r s  i n  t h e  ab- 

l a t i o n  r e g i o n ,  i s  un ique.  If t h e  peak e x c u r s i o n  f o r  one d e n s i t y  i s  

known, then  t h e  peak e x c u r s i o n  f o r  a l l  o t h e r  d e n s i t y  p o i n t s  i n  t h a t  

a b l a t i o n  r e g i o n  p r o f i l e  a r e  u n i q u e l y  determined and can be o b t a i n e d  

v i a  c o r ~ p u t e r  r e s u l t s .  

F i g u r e  6-35 has t h e  added s i g n i f i c a n c e  t h a t  s i n c e  i t  p r e d i c t s  

a  un ique c r i t i c a l  - q u a r t e r - c r i t i c a l  su r face  peak e x c u r s i o n  c o r r e -  

l a t i o n ,  an exper imen ta l  check on t h e  t h e o r y  can be had w i t h o u t  hav ing 

t o  i ndependen t l y  know t h e  energy t r a n s p o r t  c o e f f i c i e n t s  o r  r a t e s .  

F i g u r e  6-36 shows t h e  comparison. The i n d i c a t i o n  i s  of good agree- 

ment between t h e o r y  and exper iment .  The d i ve rgence  between t h e  



FIGURE 6-35 
CRITICAL - '14-CRITICAL SURFACE PEAK 

EXCURSION RELATION 
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exper imen t - theory  and t h e  dashed l i n e  p r e d i c t i o n  o f  a  pondromot ive 

f o r c e  steepened d e n s i t y  p r o f i l e  shou ld  be noted.  

A t  t h i s  p o i n t  t h e  e f f e c t  of supra-thermal e l e c t r o n s  i s  cons idered.  

Many o f  t h e  conc lus ions  d e r i v e d  f rom t h e  a n a l y s i s  o f  thermal  e l e c t r o n  

t r a n s p o r t  s t i l l  app ly .  With t h e  i n c l u s i o n  of supra-thermal e lec t rons ,  

t h e  peak e x c u r s i o n s  s t i l l  h o l d  t o  t h e  un ique c o r r e l a t i o n  of f i g u r e  

6-35. The peak excurs ions  a r e  s t i l l  a  s e n s i t i v e  f u n c t i o n  o f  t h e  en- 

e r g y  t r a n s p o r t e d  i n t o  t h e  s h e l l  and s i n c e  supra- thermal  e l e c t r o n s  a c t  

as an a d d i t i o n a l  energy t r a n s p o r t  channel t h e y  cause l a r g e r  peak ex- 

c u r s i o n s  than i n  i d e n t i c a l  cases w i t h o u t  them. T h i s  i s  seen i n  

f i g u r e  6 -37  where t h e  peak c r i t i c a l  sur face e x c u r s i o n  i s  p l o t t e d  as a  

f u n c t i o n  o f  t h e  supra- thermal  e l e c t r o n  energy depos i ted  i n t o  t h e  t h e r -  

mal plasma. The depos i ted  energy appears p r i m a r i l y  as e l e c t r o n  t h e r -  

mal energy p l u s  i o n  k i n e t i c  energy.  (The supra-thermal e l e c t r o n s  

comprise o n l y  about  1% of t h e  t o t a l  number of e l e c t r o n s  i n  t h e  plasma.) 

P l o t t i n g  'ETH HF/Te c r ' ,  where t h e  hea t  f r o n t  i s  now def ined ,as 

t h e  r e g i o n  nABL) n  > n  g i v e s  r e s u l t s  n e a r l y  equal  t o  f i g u r e  6-32 e  - c r '  

f o r  t h e  o r d i n a t e  as ( r c r  - r A B L )  o r  as pcr. The near  equ iva lence  

Of ('cr - 'ABL ) and pcr w i t h  supra- thermals  p resen t ,  i s  due t o  t h e  

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

peak e x c u r s i o n .  The diminshed mot ion  i s  a  consequence of i nward  ab- 

l a t i n g  m a t e r i a l  from t h e  s h e l l  i n n e r  sur face heated t o  a  few hundred 

eV b y  t h e  supra- thermal  e l e c t r o n s .  

The computer s i m u l a t i o n s  do p r e d i c t  a peak e x c u r s i o n  dependence 

on t h e  i n c i d e n t  p u l s e  parameters.  T h i s  i s  because t h e  amount of 

t r a n s p o r t  has been d i r e c t l y  t i e d  t o  t h e  i n c i d e n t  p u l s e  th rough  t h e  



FIGURE 6-37 

EFFECT OF SUPRA-THERMAL 
ELECTRON ENERGY TRANSPORT 
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energy dumped i n t o  t h e  supra- thermals .  For  a  g i ven  p u l s e  shape, 

pu lses w i t h  h i g h e r  peak powers d e p o s i t  more energy i n  t h e  dump and 

generate  more f a s t  e l e c t r o n s .  These t r a n s p o r t  and d e p o s i t  more 

energy i n t o  t h e  s h e l l  and produce g r e a t e r  peak excurs ions .  A  l i m i t  

i s  reached when t h e  f a s t  e l e c t r o n s  have heated t h e  s h e l l  such t h a t  

h a l f  o f  i t  goes i n  and h a l f  goes o u t .  The s i t u a t i o n  here i s  n o t  

one o f  a  u n i f o r m l y  heated s h e l l  b u t  o f  a  s h e l l  w i t h  a  temperature  

minimum r o u g h l y  a t  t h e  m idd le  o f  t h e  w a l l  ( r  = rt - L a r t ) .  The 

corona i s  h o t  because t h a t  i s  where l a s e r  energy i s  absorbed i n  a  thermal 

e l e c t r o n  d i s t r i b u t i o n .  The b u l k  of t h e  s h e l l  i s  heated t o  a  few hun- 

dred eV (300-600 eV) by t h e  supra-thermal e l e c t r o n s .  A t  t h e  i n n e r  

edge o f  t h e  s h e l l  where t h e r e  i s  an i n t e r f a c e  t o  t h e  gas f i l l  o f  t h e  

m ic roba l loon ,  t h e  warm s h e l l  expands and d r i v e s  a  shock i n t o  t h e  gas. 

Behind t h i s  shock t h e  gas heats  t o  about  1 Key and thermal conduc t ion  

causes t h e  s h e l l  near t h e  i n t e r f a c e  t o  a l s o  hea t  up. For  a  .8 pm 

t h i c k  s h e l l  t h e  maximum peak e x c u r s i o n  i s  reached when about 5 j o u l e s  

has been absorbed by t h e  t i m e  o f  peak excurs ion  f rom a 1 0  KeV supra- 

thermal d i s t r i b u t i o n .  

For t h e  pu lses  cons idered,  no c l e a r  dependence between t h e  peak 

c r i t i c a l  s u r f a c e  excurs ion  and t h e  r i s e  t i m e  was observed. 

A t  t h i s  p o i n t  i t  can be s a i d  t h a t  w i t h  o r  w i t h o u t  t h e  presence 

o f  supra-thermal e l e c t r o n s  t h e  peak excurs ions  a r e  a  f u n c t i o n  o f  t h e  

energy t r a n s p o r t e d  i n t o  t h e  s h e l l  t o  hea t  and a b l a t e  more m a t e r i a l .  

Supra-thermal e l e c t r o n s  a c t  as an a d d i t i o n a l  energy t r a n s p o r t  channel 

and so i n c r e a s e  t h e  peak excurs ions  beyond those expected f rom t h e r -  

mal e l e c t r o n  t r a n s p o r t .  



A d d i t i o n a l  i n s i g h t  may be ga ined by r e f e r r i n g  t o  an exper imenta l  

c o r r e l a t i o n  (Chapter 5) t h a t  r e l a t e s  t h e  peak c r i t i c a l  s u r f a c e  ex- 

c u r s i o n  'pcr ' t o  t h e  i n c i d e n t  l a s e r  p u l s e  r i s e  t i m e  ' TRIS; ( f i g -  

u r e  6-38). A1 though t h i s  i s  i n  apparent  c o n t r a d i c t i o n  t o  t h e  com- 

p u t e r  r e s u l t s ,  t h e  s i m u l a t i o n s  do n o t  t a k e  i n t o  account t h e  parame- 

t e r s  t h a t  a f f e c t  t h e  energy t r a n s p o r t  c o e f f i c i e n t  ' F L '  o r  t h e  a c t u a l  

p r o d u c t i o n  r a t e  and spectrum ( tempera tu re )  o f  t h e  supra-thermal e l e c -  

t r o n s .  The i m p l i c a t i o n  i s ,  however, c l e a r  t h a t  l o n g e r  r i s e  t i m e  

l a s e r  pu lses  r e s u l t  i n  more e f f i c i e n t  energy t r a n s p o r t .  

The exper imenta l  pcr - T RISE r e l a t i o n s h i p  can be c ross -co r re -  

l a t e d  t o  t h e  computer r e s u l t s  t o  q u a n t i f y  t h e  r i s e  t i m e  dependence 

o f  energy t r a n s p o r t .  Us ing t h e  r e s u l t s  d e r i v e d  w i t h o u t  supra- 

thermals ,  a  r i s e  t i m e  dependence t o  t h e  f l u x  l i m i t  can be ob ta ined  

( f i g u r e  6-39).  Wi th  o r  w i t h o u t  supra- thermals  t h e  r i s e  t i m e  depen- 

dence o f  t h e  energy t r a n s p o r t  parameter 'ETH HF /T cr ' can be had 

( f i g u r e  6- 40). 

The pr ime use fu lness  o f  f i g u r e  6-39 i s  t h a t  i t  shows t h e  energy 

t r a n s p o r t  c o n t r i b u t i n g  t o  the1  h e a t i n g  o f  outwards a b l a t i n g  plasma 

t o  be l e s s  t h a n  t h a t  p r e d i c t e d  b y  c l a s s i c a l  thermal t r a n s p o r t  whether 

o r  n o t  supra- thermals  a c t u a l  l y  e x i s t e d  i n  t h e  exper iment.  F i g u r e  

6-39 a l s o  a l l o w s  f o r  a  comparison of t h e  r e s u l t s  from t h i s  s t u d y  

w i t h  those o f  o t h e r  exper iments .  (6-18y19y20) A1 though t h e  l a s e r  

pu lse  r i s e  t imes  f o r  these exper iments  i s  n o t  known, t h e  range o f  

f l u x  l i m i t e r  va lues  i s  c o n s i s t e n t  w i t h  those  o f  t h e  2w0 - (3 /2 )  wo 

s tudy.  

F i g u r e  6-40 p r o v i d e s  t h e  p r i n c i p a l  r e s u l t  o f  t h i s  energy t r a n s -  
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FIGURE 6-39 
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p o r t  s tudy.  Since t h e  corona e l e c t r o n  temperature  d i d  n o t  v a r y  

s u b s t a n t i a l l y  f rom s h o t  t o  s h o t  ( .8  - 1.2 KeV ),  f i g u r e  6-40 g i v e s  

t h e  v a r i a t i o n  w i t h  l a s e r  p u l s e  r i s e  t i m e  o f  energy t r a n s p o r t  con- 

t r i b u t i n g  t o  outwards s h e l l  a b l a t i o n .  The i n c r e a s e  i s  l i n e a r  f o r  

pu lses  w i t h  iISE up t o  iISE = 125 psec. Energy t r a n s p o r t  appears 

t o  have s a t u r a t e d  f o r  p u l s e s  w i t h  iISE 2 200 psec. 

I t  i s  unknown, a t  t h i s  t ime,  whether t h e  f l u x  l i m i t e r  v a r i e s  as 

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

supra- thermals ,  o r  whether thermal  h e a t  conduc t ion  i s  l i m i t e d  t o  a  

smal l  amount w i t h  t h e  b u l k  o f  t h e  energy t r a n s p o r t e d  by  a  v a r i a b l e  

number o f  supra- thermal  e l e c t r o n s .  The supra- thermal  spectrum may 

be a  f u n c t i o n  of l a s e r  p u l s e  r i s e  t i m e  w i t h  t h e  spectrum becoming 

s o f t e r  (Te HOT dec reas ing )  f o r  l o n g e r  r i s e  t i m e  pu lses .  T h i s  would 

enhance t h e  l o c a l  d e p o s i t i o n  of energy i n  t h e  o u t e r  s h e l l  m a t e r i a l  

and would i n c r e a s e  t h e  outwards a b l a t i o n  o f  m a t e r i a l .  ( F o r  10KeV 

supra- thermal  e l e c t r o n s  o n l y  113 of t h e  supra- thermal  energy i s  de- 

p o s i t e d  i n t o  t h e  thermal  "hea t  f r o n t " . )  



7. D iscuss ion of Resul ts  

The development o f  a  new d i a g n o s t i c  technique was d e a l t  w i t h  

i n  t h i s  r e p o r t .  I t was shown t h a t  t h e  second and three-ha lves 

harmonic l i g h t  emissions cou ld  be observed perpend icu la r  t o  t h e  a x i s  

o f  l a s e r  beam i r r a d i a t i o n .  The harmonic emissions, as p r e d i c t e d  by 

theory ,  came f rom d i s t i n c t  and separate  zones w i t h i n  t h e  inhomo- 

geneous plasma. The 2wo and (3 /2)  wo harmonics were emi t ted ,  accord- 

i n g  t o  theory ,  from t h e  c r i t i c a l  and q u a r t e r - c r i t i c a l  d e n s i t i e s .  

By s p a t i a l l y  and t empo ra l l y  r e s o l v i n g  t h e  harmonic 1  i g h t  emissions, 

c r i t i c a l  and q u a r t e r - c r i  t i c a l  t r a j e c t o r i e s  were obta ined . 
Time i n t e g r a t e d  photographs were ob ta ined  which had two dimen- 

s i ona l  s p a t i a l  r e s o l u t i o n  and f rom which peak c r i t i c a l  and q u a r t e r -  

c r i t i c a l  su r f ace  excurs ions and c h a r a c t e r i s t i c  plasma d e n s i t y  sca le -  

l eng ths  were measured. St reak photographs w i t h  s p a t i a l  r e s o l u t i o n  

along one plasma a x i s  were used t o  determine c r i t i c a l  and aua r t e r -  

c r i t i c a l  su r face  t r a j e c t o r i e s  and t ime  r e s o l  ved sca l  e l  engths. 

I n  reduc ing the  da ta  i t  was shown t h a t  image a n a l y s i s  cou ld  be 

used t o  enhance t h e  accuracy o f  t he  s p a t i a l l y  reso lved  data.  The 

t ime i n t e g r a t e d  and t ime reso l ved  da ta  had accuracy improvements o f  

f a c t o r s  o f  t h r e e  and f i v e  r e s p e c t i v e l y .  

For t he  purpose o f  image a n a l y s i s  i t  was necessary t o  determine 

t he  p o i n t  spread f u n c t i o n  o f  t he  s t r eak  camera a long i t s  a x i s  o f  

s p a t i a l  r e s o l u t i o n .  T h i s  was done as a  f u n c t i o n  o f  l i g h t  i n t e n s i t y  

i n t o  t he  s t r eak  camera. It was found t h a t  t h e  shape o f  the  p o i n t  

spread f u n c t i o n ,  e x c l u s i v e  of f i l m  response, was r e l a t i v e l y  i n s e n s i -  



t i v e  t o  t h e  i n p u t  l i g h t  i n t e n s i t y .  The p o i n t  spread f u n c t i o n  w i d t h  

a t  t h e  base i n t e n s i t y  l e v e l  increased w i t h  i nc reas ing  i n c i d e n t  i n t e n -  

s i t y .  Th i s  e f f e c t  was due t o  t he  f i n i t e  s e n s i t i v i t y  l e v e l  o f  t h e  

s t r eak  camera so t h a t  more i n t ense  i n c i d e n t  i n t e n s i t i e s  r e s u l t e d  i n  

g r e a t e r  recorded ranges o f  t h e  p o i n t  spread response. 

The reduced da ta  was a p p l i e d  t o  t he  s tudy  of l a s e r  l i g h t  absorp- 

t i o n  and energy t r a n s p o r t .  Time i n t e g r a t e d  sca le leng ths  were found 

t o  c o r r e l a t e  t o  t h e  f r a c t i o n a l  absorp t ion .  For  l a s e r  pu lses o f  200- 

500 psec d u r a t i o n  and .1 t w  peak focused power, t h e  range o f  sca le -  

leng ths  and f r a c t i o n a l  absorp t ions  was f rom 6 um t o  24 um and f rom 

25% t o  57% r e s p e c t i v e l y .  The s c a l i n g  o f  f r a c t i o n a l  absorp t ion  t o  

sca le l eng th  was found t o  agree w i t h  abso rp t i on  dominated by c o l l i s i o n -  

a1 mechanisms. Time reso lved  t r a j e c t o r i e s  and sca le leng ths  were 

used t o  o b t a i n  absorp t ion  h i s t o r i e s .  Resonant absorp t ion  was found 

t o  be s i g n i f i c a n t  a t  15% f r a c t i o n a l  absorp t ion ,  f o r  about one l a s e r  

pu lse r i s e  t ime.  A f t e r  t h i s  pe r i od  o f  t ime,  as t he  sca le leng ths  i n -  

creased, c o l l i s i o n a l  absorp t ion  increased, and resonant  absorp t ion  

d imin ished.  

C o l l i s i o n a l  absorp t ion  t h e o r i e s  p r e d i c t e d  absorp t ion  v i a  e l e c -  

t r o n s  s c a t t e r i n g  o f f  o f  i ons  w i t h i n  t h e  range o f  a  thermal plasma 

f l u c t u a t i o n ,  i nverse  bremsstrahlung absorp t ion ,  o r  v i a  e l e c t r o n s  

s c a t t e r i n g  o f f  o f  i ons  w i t h i n  a  nonequ i l i b r i um  i o n  s t r u c t u r e ,  absorp- 

t i o n  o f f  o f  i o n  tu rbu lence .  The sca le l eng th  dependence o f  these two 

mechanisms was seen t o  be s i m i l a r .  Absorpt ion o f f  o f  i o n  tu rbu lence  

was expected t o  have an i o n  charge and e l e c t r o n  temperature depen- 

dence much d im in ished  f rom t h a t  o f  i nverse  bremsstrahlung absorp t ion .  



Resonant a b s o r p t i o n  t h e o r y  a p p l i e d  t o  l i n e a r l y  p o l a r i z e d  l i g h t  

i n c i d e n t  on s p h e r i c a l  plasmas p r e d i c t e d  peak resonant  a b s o r p t i o n  

e f f i c i e n c y  o f  15-20%. 

Energy t r a n s p o r t  was s t u d i e d  and r e l a t e d  t o  e x p e r i m e n t a l l y  ob- 

se rvab le  e f f e c t s .  Computer s i m u l a t i o n s  were used t o  determine t h e  

r e l a t i o n s h i p  between energy t r a n s p o r t  and mass a b l a t i o n  r a t e s ,  and 

t h e  d e n s i t y  p r o f i l e .  It was found t h a t  t h e  peak excurs ions  c o u l d  be 

r e l a t e d  t o  energy and mass t r a n s p o r t  parameters.  An exper imen ta l  

c o r r e l a t i o n  between t h e  peak c r i t i c a l  sur face e x c u r s i o n  and t h e  l a s e r  

p u l s e  r i s e  t i m e  was c r o s s - c o r r e l a t e d  t o  t h e  computer s i m u l a t i o n  r e -  

s u l t s  t o  show an energy t r a n s p o r t  dependence on l a s e r  p u l s e  r i s e  t ime.  

I n  terms o f  t h e  f l u x  l i m i t e r  i t  was seen t h a t  energy t r a n s p o r t  was 

reduced by a  f a c t o r  of 60 from c l a s s i c a l  a t  a  l a s e r  p u l s e  r i s e  t ime  

o f  30 psec and by a  f a c t o r  of 2.5 a t  a  l a s e r  p u l s e  r i s e  t i m e  of 

250 psec. Because of t h e  p o s s i b l e  presence of supra-thermal e l e c -  

t rons ,  t h e  r e s u l t s  were more g e n e r a l l y  expressed i n  terms of t h e  max- 

imum energy depos i ted  i n t o  t h e  thermal e l e c t r o n  h e a t i n g  f r o n t .  

Wi th  v a r y i n g  energy t r a n s p o r t  c o e f f i c i e n t s ,  t h e  codes showed 

t h a t  t h e r e  e x i s t e d  a  c r i t i c a l  - q u a r t e r - c r i t i c a l  sur face peak excur -  

s i o n  c o r r e l a t i o n .  T h i s  was seen t o  agree w i t h  t h e  exper imenta l  r e -  

s u l t .  No evidence was observed of a  nonhydrodynamical ly steepened 

d e n s i t y  p r o f i l e  w i t h  s c a l e l e n g t h  c o n s i s t e n t l y  l e s s  than  a  micron.  
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Appendix A  - S p a t i a l  R e s o l u t i o n  and S p a t i a l  Accuracy 

T h i s  appendix ana lyzes t h e  sources o f  s p a t i a l  e r r o r  encountered 

i n  s p a t i a l l y  and t e m p o r a l l y  r e s o l v e d  harmonic emiss ion  s t u d i e s  (sec-  

t i o n  3 .3) .  The r e s o l u t i o n  o f  microscope systems v i e w i n g  t h r e e -  

d imens iona l  o b j e c t s  i s  computed. The performance of t h e  o p t i c a l  

system used i n  t h e  exper iment  i s  determined. P a r t i c u l a r  a t t e n t i o n  

i s  p a i d  t o  t h e  s t r e a k  camera s p a t i a l  r e s o l u t i o n .  The p o s s i b l e  e f f e c t  

o f  r e f r a c t i o n  i s  es t ima ted .  F i n a l l y ,  a  s imp le  image a n a l y s i s  tech -  

n ique  i s  developed t h a t  accounts f o r  and e l i m i n a t e s  most o f  t h e  

sys temat i c  e r r o r  i n t r o d u c e d  by  t h e  f i n i t e  system r e s o l u t i o n .  

A . l  F i n i t e  O b j e c t  Th ickness 

A  w e l l  c o r r e c t e d  o p t i c a l  system images a  p lane  o b j e c t  i n t o  a  

p lane image. If a  th ree -d imens iona l  o b j e c t  i s  be ing  photographed 

then  o n l y  one p lane  i n  t h e  o b j e c t  can be b rough t  i n t o  sharp focus on 

t h e  pho tog raph ic  f i l m .  The r e s t  of  t h e  o b j e c t  w i l l  be b l u r r e d  t o  

some e x t e n t .  Even if o n l y  one p lane  i s  be ing  s t u d i e d ,  t h e  e f f e c t  o f  

t h e  e n t i r e  o b j e c t  must be cons idered s ince ,  i n  genera l ,  t h e  o u t  o f  

focus l i g h t  w i l l  o v e r l a y  t h e  one s h a r p l y  focused p lane.  

The amount of  b l u r  i s  a  f u n c t i o n  of t h e  t h i c k n e s s  and shape o f  

t h e  o b j e c t  and of t h e  a n g u l a r  spread i n  t h e  r a y s  t h a t  l e a v e  t h e  ob- 

j e c t  and a r e  c o l l e c t e d  by  t h e  o p t i c s .  

F i n i t e  o b j e c t  t h i c k n e s s  e f f e c t s  (FOT) can be ana lyzed by  t r e a t -  

i n g  t h e  o b j e c t ,  i .e., t h e  2w0 o r  (3 /2 )  wo e m i t t i n g  su r face ,  as a  

s p h e r i c a l  s u r f a c e .  The g o a l s  of t h e  measurement a r e  t o  determine 

t h e  p o s i t i o n  of t h e  e m i t t i n g  sur face and t o  examine t h e  s p a t i a l  

s t r u c t u r e  of t h e  emiss ions.  The r a d i u s  of t h e  sphere and t h e  l o c a -  



t i o n  o f  p o i n t s  on i t s  s u r f a c e  a r e ,  thus ,  t o  be measured. 

I t  i s  assumed t h a t  t h e  o p t i c a l  system has been focused o n t o  

t h e  m a j o r  c i r cumfe rence  o f  t h e  sphere p e r p e n d i c u l a r  t o  t h e  o p t i c a l  

a x i s  o f  t h e  v i e w i n g  system. L i g h t  i s  assumed t o  be e m i t t e d  i n  a l l  

d i r e c t i o n s  b u t  a t t e n t i o n  i s  r e s t r i c t e d  t o  those  r a y s  t h a t  a r e  e m i t t e d  

a t  an ang le  @ t o  t h e  o p t i c a l  a x i s  such t h a t  ) @ I  ' mM, t h e  maximum 

acceptance ang le  o f  t h e  o p t i c a l  system. The s i t u a t i o n  i s  i l l u s t r a t e d  

i n  f i g u r e  A - 1 .  

To proceed, n o t e  t h a t  t h e  amount o f  b l u r  i s  determined by  t h e  

p r o j e c t i o n  o n t o  t h e  z  a x i s  o f  t h e  r a y s  l e a v i n g  a  p o i n t  (x ,z )  a t  an 

ang le  mM t o  t h e  o p t i c a l  a x i s  (0.A). The edge r e s o l u t i o n  i s  d e t e r -  

mined by  t h e  maximum d i f f e r e n c e s  between t h e  z  c o o r d i n a t e  o f  t h e  r a y  

p r o j e c t i o n  and t h e  r a d i u s  o f  t h e  e m i t t i n g  su r face .  To determine t h e  

maximum d i f f e r e n c e ,  t h e  d i f f e r e n c e  due t o  each p o i n t  o f  t h e  sphere 

s u r f a c e  i s  c a l c u l a t e d  and 8/32 o f  t h e  d i f f e r e n c e  i s  found and s e t  

equal  t o  zero .  T h i s  l o c a t e s  t h e  p o i n t  p roduc ing  t h e  maximum d i f f e r -  

ence. The edge r e s o l u t i o n  i s  t h e n  computed. 

Wi th  r e f e r e n c e  t o  f i g u r e  A-1, t h e  d i f f e r e n c e  between t h e  r a y  

p r o j e c t i o n  and t h e  sphere ' s  r a d i u s  ' r '  i s  

h = x t a n  @ - s  where s  = r - z  M 

Tak ing  t h e  f i r s t  d e r i v a t i v e  w i t h  r e s p e c t  t o  z  o f  (A-1) and s e t t i n g  i t  

equal  t o  ze ro  t h e  l o c a t i o n  o f  t h e  p o i n t  caus ing  t h e  max.imum edge b l u r  



FIGURE A-1 

GEOMETRY FOR EMITTING SOURCE WITH 
FINITE THICKNESS 



i s  found. 

z  t a n  $M 
h L = O = l -  

az (r2 - z2)+ 

z = r cos $ o r  a = $M f o r  maximum h. 
M (A-2) 

The edge r e s o l u t i o n  due t o  f i n i t e  o b j e c t  th ickness  (hE - FOT) i s  

t he  va lue of 'h '  i n  equa t ion  (A-1) f o r  the  cond i t i ons  of equat ion (A-2).  

r ( l  - cos $) 
- - 

' E  - FOT cos mM (A-3) 

The f-number of t h e  ent rance p u p i l  i s  r e l a t e d  t o  mM by: 

so t h a t  (A-3) becomes 

fc i s  t y p i c a l l y  g rea te r  than 1 so t h a t  (A-5) can be approximated by 

I f  no o the r  e f f e c t s  a re  considered, then (A-6) i n d i c a t e s  t h a t  



f o r  a  g i v e n  e m i t t i n g  s u r f a c e  r a d i u s ,  hE - FOT i s  s m a l l e s t  f o r  t h e  

l a r g e s t  fc. The b l u r  i s  s m a l l e s t  when t h e  cone o f  r a y s  p roduc ing  

i t  i s  most acute .  

The p o i n t  r e s o l u t i o n  i s  determined as t h e  d i f f e r e n c e  between 

t h e  e m i t t i n g  p o i n t ' s  marg ina l  r a y  p r o j e c t i o n  a t  t h e  z - a x i s  and t h e  z  

c o o r d i n a t e  o f  t h e  e m i t t i n g  p o i n t .  The d i f f e r e n c e  i s  equal  t o  t h e  

p o i n t  r e s o l u t i o n  h P - FOT' 

h - X 
P - FOT = x  t a n  OM - - 

2f c  

The b l u r  i s  ze ro  f o r  p o i n t s  on t h e  p lane o f  b e s t  focus  and becomes 

worse as t h e  e m i t t i n g  p o i n t  moves away f r o m  t h e  f o c a l  p lane .  

A.2 D i f f r a c t i o n  L i m i t e d  R e s o l u t i o n  

D i f f r a c t i o n  l i m i t e d  performance i s  a  consequence o f  t h e  f i n i t e  

acceptance ang le  ( f -number)  o f  an o p t i c a l  system. The 1  i m i t a t i o n  

on r e s o l u t i o n  can be most e a s i l y  seen by  c o n s i d e r i n g  t h e  d i f f r a c t i o n  

o f  a  p lane  wave b y  a  c i r c u l a r  a p e r t u r e  i n  an o t h e r w i s e  opaque screen. 

A1 though t h e  1  i g h t  e n t e r i n g  t h e  a p e r t u r e  i s  c o l  1  ima ted  ( p l a n e  waves), 

t h e  l i g h t  l e a v i n g  t h e  a p e r t u r e  i s  spread o u t  o v e r  a  range of 

ang les  . (A-1) The l i g h t  p a t t e r n  i s  t h e  " A i r y  d i f f r a c t i o n  p a t t e r n "  

( f i g u r e  A-2) and t h e  range i n  ang les  i s  c h a r a c t e r i z e d  by  t h e  f i r s t  

ze ro  o f  t h e  i n t e n s i t y  d i s t r i b u t i o n .  T h i s  ang le  i s  g i v e n  by  

where ' r '  i s  t h e  r a d i u s  of t h e  a p e r t u r e  and ' A '  i s  t h e  wavelength o f  
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t h e  l i g h t .  To form a  p e r f e c t  image o f  t h e  a p e r t u r e  a l l  of t h e  

d i f f r a c t e d  l i g h t  has t o  be c o l l e c t e d  and t o  fo rm a  "good" image 

a l l  t h e  l i g h t  w i t h i n  t h e  ang le  ' m M '  needs t o  be c o l l e c t e d .  (A-1 

I f  an o p t i c a l  system i s  t o  have a  d i f f r a c t i o n  l i m i t e d  r e s o l u t i o n  

InD' then i t  shou ld  c o l l e c t  a l l  t h e  l i g h t  w i t h i n  t h e  range @ 5 mM 
where 

s o l v i o g  f o r  InD' i n  (A-9) and n o t i n g  t h a t  mM = 1 /2 fc ,  t h e  d i f f r a c t i o n  

l i m i t e d  r e s o l u t i o n  o f  t h e  o p t i c a l  system i s  ob ta ined  as a  f u n c t i o n  

o f  t h e  ent rance p u p i l  f-number and of t h e  wavelength o f  t h e  l i g h t .  

A.3 Reso lu t ion  o f  a  D i f f r a c t i o n  L i m i t e d  System f o r  Viewing a  

Three-Dimensional Ob jec t  

I f  f l a t  o b j e c t s  a r e  b e i n g  viewed then t h e  maximum t h e o r e t i c a l  

r e s o l u t i o n  i s  t h e  d i f f r a c t i o n  1  i m i t e d  r e s o l u t i o n  o f  equa t ion  (A-10). 

Since t h e  plasmas a r e  three-d imens iona l  t h e  r e s o l u t i o n  i s  determined 

by t h e  combined e f f e c t s  of f i n i t e  o b j e c t  th i ckness ,  equa t ion  (A-6) 

o r  (A-7), and t h e  d i f f r a c t i o n  l i m i t e d  o p t i c a l  system performance o f  

equa t ion  (A-10).  The n e t  r e s o l u t i o n  f o r  these e s s e n t i a l l y  i nde-  

pendent e f f e c t s  i s  g i v e n  by: 



The edge r e s o l u t i o n ,  InE', i s :  

and t h e  p o i n t  r e s o l u t i o n ,  'n I ,  i s :  
P  

P l o t s  of InE' and 'n ' as f u n c t i o n s  o f  f-number, a t  h = .53 pm f o r  
P  

severa l  source s i z e s  comparable t o  those  o f  t h e  plasma, a r e  found 

i n  f i g u r e s  A-3 and A-4. Both InE' and 'I" ' as f u n c t i o n s  o f  f -  
P  

number have minima. The f-numbers f o r  optimum r e s o l u t i o n  occur  a t  

d i f f e r e n t  p laces,  and below these  va lues  t h e  r e s o l u t i o n  r a p i d l y  

degrades. The edge r e s o l u t i o n  i s  independent o f  source s i z e ,  f o r  

t h e  r a d i i  o f  i n t e r e s t ,  a t  f c >  5. The p o i n t  r e s o l u t i o n  i s  essen- 

t i a l  l y  independent  o f  source l o c a t i o n  (Ah < 1 pm f o r  t h e  source 
P  

s i z e s  o f  i n t e r e s t )  f o r  fc > 12. 

For a  system o p t i m i z e d  f o r  edge r e s o l u t i o n  fc = 3  and nE 2  pm. 

The p o i n t  r e s o l u t i o n  of p o i n t s  on t h e  e m i t t i n g  sur face and near  t h e  

o p t i c a l  a x i s  i s  poor .  For  x = 50 pm, n - 9 pm and f o r  x  = 100 pm, 
P  

k = 17 pm. For  optimum p o i n t  r e s o l u t i o n  f = 7  + 9 and t h e  p o i n t  
P  C 

r e s o l u t i o n  i s  6 pm and 8 pm f o r  p o i n t s  50 pm and 100 pm f r o m  t h e  

p lane o f  b e s t  f o c u s .  Edge r e s o l u t i o n  a t  these f-numbers i s  nE = 5  pm. 

O v e r a l l  system performance i s  b e s t  f o r  a  system o p t i m i z e d  f o r  p o i n t  

r e s o l u t i o n .  



FIGURE A-3 

RESOLUTION OF AN EDGE FOR EMITTING 
SURFACES WITH RADIUS r. 



FIGURE A-4 

RESOLUTION OF A POINT AT A HEIGHT x 
ABOVE THE PLANE OF BEST FOCUS 



A.4 Real O p t i c a l  System Performance 

The a c t u a l  o p t i c a l  system was r u n  a t  an f-number o f  fc = 13. 

T h i s  was t h e  l o w e s t  f-number f o r  which t h e  non-symmetr ical  a b e r r a t i o n  

o f  coma was e l i m i n a t e d  (A-2)  and f o r  wh ich t h e  symmetr ica l  aber ra -  

t i o n s  o f  s p h e r i c a l  and a x i a l  ch romat i c  a b e r r a t i o n  were reduced (A-2) 

t o  t h e  p o i n t  where an A i r y  d i f f r a c t i o n  p a t t e r n  c o u l d  be c l e a r l y  

observed.  (A-3) The r e s o l u t i o n  f o r  a f l a t  o b j e c t  was n e a r l y  d i f f r a c -  

t i o n  l i m i t e d ,  f i g u r e s  A-3 and A-4, and was determined by  photograph- 

i n g  a r e s o l u t i o n  c h a r t ,  f i g u r e  A-5, and observ ing  which element was 

" j u s t "  r e s o l v e d .  The " j u s t '  r e s o l v e d  element f o r  green l i g h t  ( A  - 
.53 pm) il l u m i n a t i o n  was group 7 element 1 which gave a v a l u e  f o r  

t h e  s p a t i a l  r e s o l u t i o n  o f  8 pm. T h i s  i s  i n  good agreement w i t h  t h e  

p r e d i c t i o n s  f o r  d i f f r a c t i o n  l i m i t e d  o r  near  d i f f r a c t i o n  l i m i t e d  p e r -  

formance. The f l a t  o b j e c t  r e s o l u t i o n s  f o r  t h e  two wavelengths o f  i n -  

t e r e s t  a r e  shown i n  t a b l e  A-1. 

WAVELENGTH A - pm FLAT OBJECT POINT RESOLUTION pm 

Three d imens iona l  o b j e c t  r e s o l u t i o n s  a r e  o b t a i n e d  u s i n g  equa t ions  

(A-12) and (A-13). Wi th  t h e  o p t i c a l  system a t  fc = 13 no ch romat i c  

a b e r r a t i o n  was observed w i t h  w h i t e  l i g h t  i l l u m i n a t i o n  o f  t h e  ba r  

.5320 

1 .7093 

8. 

11. 

FLAT CIBJECT POINT RESOLUTION FOR THE 

ClPT I CAL SYSTEM 

TABLE A-1 
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c h a r t  and of 100 um d iamete r  CD2 and g l a s s  spheres used as t e s t  

o b j e c t s .  

A.5  S t reak  Camera S p a t i a l  R e s o l u t i o n  

S p a t i a l  r e s o l u t i o n  of t h e  s t r e a k e d  r e s u l t s  was determined i n  

seve ra l  ways. The f i r s t  approach was t o  image a  s p h e r i c a l  CD2 t a r -  

g e t  t h rough  t h e  o p t i c a l  system and s t r e a k  camera. W i th  t h e  s t r e a k  

camera i n  f o c u s  mode ( images n o t  s t r e a k e d )  and t h e  s l i t s  removed, an 

image o f  t h e  t a r g e t  was formed a t  t h e  s t r e a k  camera o u t p u t .  A 

photograph o f  t h e  image was taken  and a  m i c r o d e n s i t o m e t e r  t r a c e  was 

made across  i t .  The system r e s o l u t i o n  was determined b y  a n a l y z i n g  

t h e  m ic rodens i ton ie te r  t r a c e .  

The measurenients were made w i t h  t h e  equipment se tup  and a l i g n e d  

f o r  a  shot ,  t h e  o n l y  e x c e p t i o n  be ing  t h e  absence o f  t h e  i n t e r f e r e n c e  

f i l t e r s .  The t a r g e t s  were i l l u m i n a t e d  f r o m  t h e  s i d e  w i t h  t h e  focused 

broad-band l i g h t  o f  a  mercu ry -a rc  lamp and t h e  l i g h t  s c a t t e r e d  b y  

90' was c o l l e c t e d  b y  t h e  o p t i c a l  system. The t a r g e t  was t r a n s -  

l u c e n t  b u t  appeared b r i g h t e s t  where t h e  focused beam e n t e r e d  and 

e x i t e d  t h e  s u r f a c e .  

F i g u r e  A-6 shows t h e  d a t a  f o r  a  t y p i c a l  r e s o l u t i o n  measurement. 

' a '  i s  t h e  image th rough  t h e  s t r e a k  camera and ' b '  i s  a  m i c r o d i n s i -  

t omete r  t r a c e  t h r o u g h  one o f  t h e  t a r g e t  images. The t r a c e  shows t h e  

s p a t i a l  v a r i a t i o n  o f  t h e  f i l m  d e n s i t y .  Fo r  compar ison,  ' c '  shows 

a  CD2 t a r g e t  i l l u m i n a t e d  b y  two mercu ry -a rc  lamps and v iewed th rough  

t h e  t i m e  i n t e g r a t e d  o p t i c s .  I d '  i s  t h e  co r respond ing  m i c r o d e n s i -  

t omete r  t r a c e .  
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The sloped d e n s i t y  drop a t  t h e  ou te r  edge i s  due t o  t he  i n -  

strument response. The w id th  o f  t he  drop, from t h e  o u t e r  edge o f  

t h e  o b j e c t  t o  t h e  ou te r  p o i n t  o f  t h e  ins t rument  response, i s  t h e  

measure o f  edge r e s o l u t i o n .  The outermost p o i n t  i n  t h e  ins t rument  

response i s  taken as t he  e x t r a p o l a t i o n  of t he  d e n s i t y  cu rve  i n  t h e  

'50 MAX r eg ion  t o  t h e  base d e n s i t y .  The s lope  o f  t h e  edge response 

i s  a  s t r a i g h t  l-ine f o r  most o f  t h e  d e n s i t y  drop. 

The innermost p o i n t  o f  t h e  edge response, t h e  ou te r  edge of t h e  

o b j e c t ,  i s  taken as t he  p o i n t  where t h e  d e n s i t y  f i r s t  reaches a  

l o c a l  maximum o r  f i r s t  en te r s  a  r e g i o n  of s low v a r i a t i o n .  The se lec -  

t i o n  o f  t h i s  p o i n t  i s  s u b j e c t i v e  and o f t e n  unc lear .  For t h i s  reason 

the innermost edge response p o i n t  i s  used o r i l y  i n  t h e  es t ima t i on  o f  

t h e  system r e s o l u t i o n .  

The i d e a l  system m a g n i f i c a t i o n  i s  equal t o  t h e  d i s t ance  be- 

tween t h e  i n n e r  p o i n t s  o f  t h e  edge response d i v i d e d  by t h e  t a r g e t  

diameter.  The edge r e s o l u t i o n  i s  equal t o  t h e  th i ckness  o f  t he  edge 

response d i v i d e d  by t h e  i d e a l  system m a g n i f i c a t i o n .  The edge reso-  

l u t i o n  f o r  t h e  s t reak-camera-opt ics  system i s  16 pm. For an o p t i c a l  

system r e s o l u t i o n  o f  10 pm, t h e  s t r eak  camera s t a t i c  r e s o l u t i o n  i n  

t h e  o b j e c t  space i s  12 pm. A t  t h e  s t reak  camera s l i t s  t h e  r e s o l u t i o n  

LINE PAIR i n  focused @ode i s  .234 mm o r  4.3 

The f i r s t  techniques f o r  s t r eak  camera r e s o l u t i o n  de te rmina t ion  

measured t h e  r e s o l u t i o n  w i t h  t h e  camera operated i n  focused mode. 

Measurements by Brad ley  (A-4 )  i n d i c a t e  t h a t  t he  dynamic s p a t i a l  reso-  

l u t i o n  o f  t h e  s t r eak  camera may be degraded f rom i t s  s t a t i c  s p a t i a l  



r e s o l  u t i o n .  

To compare t h e  dynamic and s t a t i c  s p a t i a l  r e s o l u t i o n ,  an ex- 

per iment  was performed i n  which a  30 pm wide s l i t  was p l a c e d  pe r -  

p e n d i c u l a r  t o  t h e  s t r e a k  camera s l i t s .  A  p o i n t  o f  l i g h t  w i t h  a  

w i d t h  l e s s  than  1 /5  o f  a  r e s o l u t i o n  element was imaged th rough  t h e  

s t r e a k  camera. The r e s u l t i n g  s t r e a k e d  image gave a  dynamic p o i n t  

spread f u n c t i o n  f o r  t h e  s t r e a k  camera. The - i l l u m i n a t i o n  was a  

- 200 psec l o n g  1.06 pm p u l s e  from t h e  h i g h  power Nd-qlass l a s e r  

system. The p u l s e  was passed th rough  a " l e a k y "  Fabry-Perot  i n t e r -  

fe romete r  c o n s i s t i n g  o f  a  50% and 100% m i r r o r .  The o u t p u t  c o n s i s -  

t e d  o f  a  t r a i n  o f  pu lses,  each w i t h  an amp l i t ude  50% o f  t h e  p r e v i o u s  

one. Data w i t h  a  wide i n t e n s i t y  spread was produced so t h a t  i n t e n -  

s i t y  dependent e f f e c t s  c o u l d  be observed. The f i l m  used i n  t h i s  t e s t  

was developed as f o r  a l l  d a t a  s h o t s .  

F i g u r e  A-7 shows a  photograph o f  t h e  d a t a .  Three r e f l e c t i o n s  

c o v e r i n g  an i n t e n s i t y  range o f  f o u r  a r e  recorded.  The i n t e n s i t y  o f  

t h e  p u l s e  v a r i e s  i n  t i m e  so t h a t  severa l  p o i n t s  can be measured 

w i t h i n  each r e f l e c t i o n .  A  d e n s i t y  range o f  2  ( f a c t o r  o f  100 i n  

i n t e n s i t y )  i s  covered i n  a  s i n g l e  s h o t .  ' b '  i s  a  schemat ic o f  t h e  

exper imen ta l  arrangement and ' c '  i s  a  m ic rodens i tomete r  scan i n  t h e  

s p a t i a l  d i r e c t i o n  th rough  t h e  c e n t e r  o f  t h e  second r e f l e c t i o n .  

F i g u r e  A-8 shows t h e  r e s u l t s  w i t h  t h e  r e s o l u t i o n ,  r e f e r e n c e d  

t o  t h e  s t r e a k  camera s l i t s ,  p l o t t e d  as a  f u n c t i o n  of t h e  peak s i g -  

n a l  d e n s i t y  IDMAX I ( d e n s i t y  above f o g )  f o r  each m ic rodens i tomete r  

scan. ( R e s o l u t i o n  i s  s t u d i e d  as a  f u n c t i o n  o f  d e n s i t y  because t h e  
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2wo - (312) wo da ta  i s  reduced f rom d e n s i t y  p l o t s .  ) The h a l f -  

w id ths  o f  the  s t r eak  camera p o i n t  response a re  p l o t t e d  f o r  severa l  

va lues of D = DMAX - DS = CONST, and f o r  t h e  h a l f - w i d t h  a t  t h e  base 

dens i t y ,  i .e., f o r  DS = 0. Ds i s  t h e  l o c a l  s i g n a l  dens i t y .  

To understand t he  r e s u l t s  i t  i s  f i r s t  necessary t o  cons ider  

t h e  r e l a t i o n s h i p  between t h e  measured f i l m  d e n s i t y  a t  a p o i n t  and t h e  

amount o f  energy a t  t he  p o i n t  ' E '  (exposure) t h a t  generated t h e  s i g -  

n a l .  I n  a l i n e a r  photographic  system t h e  s i gna l  d e n s i t y  i s  r e l a t e d  

t o  t h e  exposure by t h e  r e l a t i o n  

DS = y l o g  E 

where y = COIVST. 

A t  low exposure l e v e l s y  i s  a v a r i a b l e  and decreases w i t h  de- 

c reas ing  exposure. I n  f i g u r e  A-9, a D - l o g  E curve i s  sketched. 

For cons tan t  y, DMAX - Ds = CONST. corresponds t o  a cons tan t  

r a t i o  o f  l o c a l  s i gna l  exposure t o  peak response f u n c t i o n  exposure, 

i . e . ,  E /E = CONST. Comparison o f  p o i n t  response w id ths  a t  
MAX 

- D = CONST. o r  Es/EMAX = CONST. f o r  d i f f e r e n t  va lues o f  DMAX D~~~ s 

o r  EMAX g i ves  t he  i n t e n s i t y  dependence o f  t h e  p o i n t  response shape. 

A t  low exposures, however, a cons tan t  drop i n  d e n s i t y  r e s u l t s  i n  a 

l a r g e r  drop i n  exposure than expected f o r  cons tan t  . The e f f e c t  i s  

t h a t  low d e n s i t y  p o i n t  response h a l f - w i d t h s  a re  measured a t  lower  

i n t e n s i t i e s  than expected f o r  c o n s t a n t y  and t he  w id ths  a r e  l a r g e r  

than expected f o r  cons tan t  y. 
(r 
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Even i f  t h e  p o i n t  response o f  t h e  s t r e a k  camera were cons tan t ,  

n o n - l i n e a r  y would cause t h e  h a l f - w i d t h  o f  t h e  DMAX - AD p o i n t  r e -  

sponse curves t o  v a r y  a t  l o w  d e n s i t i e s .  Tha t  t h i s  i s  t h e  observed 

e f f e c t  i s  suggested b y  n o t i n g  t h a t  t h e  h a l f - w i d t h  curves measured a t  

D l ~ ~ ~  
- AD f o r  h i g h  s i g n a l  d e n s i t i e s  (DS > .5)  a r e  approx ima te ly  s t r a i g h t  

l i n e s .  y i s  c o n s t a n t  i n  t h i s  r e g i o n .  The broadening of t h e  p o i n t  

response a t  c o n s t a n t  ES/EMAX appears s m a l l .  The h a l f - w i d t h  measured 

a t  t h e  base d e n s i t y  (Ds = 0 )  i nc reases ,  b u t  t h i s  i n c r e a s e  i s  due t o  

t h e  f a c t  t h a t  t h e  s t r e a k  camera has a  minimum i n t e n s i t y  d e t e c t a b i l i t y  

l e v e l .  For  s t r o n g e r  s i g n a l s ,  more o f  t h e  p o i n t  response i s  de tec ted .  

The h a l f - w i d t h  a t  base d e n s i t y  i n c r e a s e s  l i n e a r l y  above DMAX = 1 .2 .  

(Fo r  t r a c e s  w i t h  l a r g e  DMAX t h e  e f f e c t  o f  v a r i a b l e  y i s  r e s t r i c t e d  

t o  a  r e l a t i v e l y  smal l  d e n s i t y  range around t h e  base. The e f f e c t  i s  

m in im ized  by  e x t r a p o l a t i n g  t h e  response cu rves  f r o m  t h e  c o n s t a n t  

r e g i o n  down t o  t h e  base.) The HW (BASE) and HW (DMAX - AD) curves 

must i n t e r s e c t  when DMAX - AD = 0. I f  t h e  exper imen ta l  HW (DMAX - AD) 

cu rves  a r e  l i n e a r l y  e x t r a p o l a t e d  f rom t h e  h i g h  Ds r e g i o n s  t o  DMAX=AD, 

then  p o i n t s  f o r  t h e  HW (BASE) a r e  o b t a i n e d  c o n s i s t e n t  w i t h  t h e  assump- 

t i o n  o f  c o n s t a n t  y. These a d d i t i o n a l  p o i n t s  l i e  on a  s t r a i g h t  l i n e  

which i s  a lmos t  an e x a c t  e x t r a p o l a t i o n  o f  t h e  c u r v e  f i t  f o r  t h e  ex- 

pe r imen ta l  HW (BASE) p o i n t s  i n  t h e  h i g h  peak d e n s i t y  r e g i o n .  The 

o r d i n a t e  of t h i s  l i n e  a t  DMAX = 0  i s  a p p r o x i m a t e l y  equal  t o  t h e  

combined w i d t h s  of t h e  crossed s l i t  and t h e  s l i t  on t h e  m i c r o d e n s i -  

t omete r .  

Severa l  c o n c l u s i o n s  can be made about t h e  s t r e a k  camera reso -  

l u t i o n .  The f i r s t  i s  t h a t  t h e  DMAX - Ds = c o n s t a n t  cu rves  show t h e  
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i n t e n s i t y  d i s t r i b u t i o n  o f  t h e  p o i n t  response t o  o n l y  weakly 

broaden w i t h  i n c r e a s i n g  i n p u t  i n t e n s i t y .  The second i s  t h a t  s i n c e  

t h e  shape o f  t h e  response f u n c t i o n  i s  n e a r l y  cons tan t ,  t h e  broad- 

en ing  a t  t h e  base i s  due o n l y  t o  t h e  presence of a  minimum d e t e c t a -  

b i l i t y  l e v e l .  More o f  t h e  p o i n t  response f u n c t i o n  i s  seen f o r  

h i g h e r  peak i n t e n s i t i e s .  The s p a t i a l  r e s o l u t i o n  degrades when an 

image i s  s t reaked .  The d e g r a d a t i o n  g i v e n  by  1 - (RSTATIC/RDyNAMIC ) 

i s  ~pprox ima te1 .y  25%. 

I n  o r d e r  t o  see t h e  e f f e c t  o f  s t r e a k  camera r e s o l u t i o n  on t h e  

2wo - (312) wo r e s u l t s ,  t h e  HW (BASE) c u r v e  of f i g u r e  A-8 i s  r e -  

p l o t t e d  as t h e  s o l i d  l i n e  i n  f i g u r e  A-10. Here t h e  r e s o l u t i o n  i s  

r e f e r e n c e d  t o  t h e  o b j e c t  space o f  t h e  system. The dashed l i n e s  a r e  

t h e  system r e s o l u t i o n s  o f  t h e  s t r e a k  camera and t h e  o p t i c a l  system a t  

fc = 13 f o r  t h e  2w0 and (312) wo f r e q u e n c i e s .  

The s t reaked  20, - (312) wo da ta  u s u a l l y  l i e s  w i t h i n  t h e  peak 

d e n s i t y  range o f  .3 t o  1.0. W i t h i n  t h i s  range t h e  system r e s o l u t i o n  

v a r i e s  f rom 16 pm t o  21 pm a t  2wo and f r o m  17 pm t o  22 pm a t  (312) wo. 

The average system r e s o l u t i o n s  and t h e i r  bounds a r e  18 + 2  pm a t  

2w0 and 20 pm i 2  a t  (312)  wo. 

A.6 D i s t o r t i o n  Due t o  R e f r a c t i o n  

An inhomogeneous plasma has a  v a r i a b l e  i n d e x  o f  r e f r a c t i o n  and 

causes l i g h t  pass ing o b l i q u e l y  th rough  i t  t o  bend. I f  t h e  goa l  o f  

an o b s e r v a t i o n  i s  t o  l o c a t e  a  source o f  emiss ions w i t h i n  t h e  plasma 

then t h e  e f f e c t  o f  l i g h t  r e f r a c t i o n  must be cons ide red .  

Cons ider  t h e  case o f  r e f r a c t i o n  th rough  a  s p h e r i c a l  plasma. The 

e m i t t i n g  sur face i s  a  sphere and, as i n  t h e  exper iment ,  t h e  goa l  i s  





t o  determine t h e  sphere ' s  r a d i u s .  The plasma emiss ions a r e  viewed 

f rom a  s i n g l e  d i r e c t i o n  and s i n c e  t h e  acceptance ang le  o f  t h e  o p t i -  

c a l  system i s  sma l l ,  $M = 2' f o r  fc = 13, i t  i s  s u f f i c i e n t  t o  

t r e a t  o n l y  those r a y s  which a f t e r  r e f r a c t i o n  propagate  p a r a l l e l  t o  

t h e  o p t i c a l  a x i s  o f  t h e  v i e w i n g  system. 

The s i t u a t i o n  i s  d e p i c t e d  i n  f i g u r e  A - l l w h i c h  shows t h e  r e s u l t s  

o f  a  t y p i c a l  r a y  t r a c e  computat ion.  The e r r o r  i n t r o d u c e d  by  r e f r a c -  

t i o n  occurs  because a f t e r  a  r a y  has passed o u t  o f  t h e  plasma i t s  

h e i g h t  f rom t h e  o p t i c a l  a x i s  i s  l e s s  than  t h e  h e i g h t  o f  t h e  e m i t t i n g  

p o i n t .  The image formed by  t h e  o p t i c a l  system i s  e q u i v a l e n t  t o  t h e  

s t r a i g h t  l i n e  p r o j e c t i o n ,  i n t o  t h e  p lane  o f  b e s t  focus,  o f  t h e  r a y  

t r a j e c t o r i e s  a f t e r  r e f r a c t i o n .  R e f r a c t i o n ,  thus,  causes t h e  e m i t t i n g  

p o i n t  t o  be s h o r t e r  than  t h e  a c t u a l  e m i t t i n g  p o i n t  h e i g h t .  

To determine t h e  magni tude o f  t h e  e r r o r ,  t h e  r a y  i s  found  which 

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

t h e  o u t e r  edge o f  t h e  image. The e r r o r  due t o  r e f r a c t i o n  i s  then  

g i v e n  b y  t h e  d i f f e r e n c e  between t h e  a c t u a l  r a d i u s  ' r '  and t h e  appar-  

e n t  r a d i u s  'rAppl, i .e . ,  

R e f r a c t i o n  was s t u d i e d  w i t h  t h e  use o f  a  computer code t h a t  

n u m e r i c a l l y  c a l c u l a t e d  t h e  r a y  t r a j e c t o r i e s  and w i t h  an a n a l y t i c  

model. The r e f r a c t i o n  t h e o r y  i s  developed i n  c h a p t e r  6. Only  t h e  

r e s u l t s  a r e  presented here. 

The code was r u n  f o r  an e x p o n e n t i a l  plasma d e n s i t y  p r o f i l e  o f  
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the form 

where I n '  i s  t he  e l e c t r o n  d e n s i t y  a t  r ad ius  ' r '  = l 0 2 1  cm-3 
n c r  

i s  t he  c r i t i c a l  d e n s i t y  o f  1.06 pm l i g h t ,  'rc; i s  t h e  l o c a t i o n  o f  

t he  c r i t i c a l  dens i t y ,  and ' R '  i s  t he  d is tance  between the  c r i t i c a l  

and q u a r t e r - c r i t i c a l  d e n s i t i e s .  A  parameter map f o r  r was formed 

f o r  t he  2w0 and (3/2) wo emissions by va ry i ng  rcr and R. 

Plasmas w i t h  ve ry  sho r t  sca le leng ths  were modelled by t r e a t i n g  

t he  plasma grad ien ts  as s u f f i c i e n t l y  steep so t h a t  the  r e f r a c t i o n  

was across a  sharp boundary froni  an index o f  r e f r a c t i o n  equal t o  

t h a t  a t  t he  e m i t t i n g  sur face t o  an index o f  r e f r a c t i o n  of a  vacuum. 

Rays were examined which a f t e r  r e f r a c t i o n  propagated para1 l e l  t o  t he  

o p t i c a l  a x i s  and t he  outermost r a y  was determined. 

The r e s u l t s  o f  t he  s tudy are:  The ra,y t h a t  appears a t  the ou te r  

edge of the  image i s  t he  r a y  t h a t  was generated tangent  t o  t he  emi t -  

t i n g  surface. The r e f r a c t i o n  c o r r e c t i o n  a t  each frequency i s  g iven  

by a  s i n g l e  equat ion 

r APP r = -  

where p i s  the  index o f  r e f r a c t i o n  o f  t he  emi t ted  l i g h t  a t  t he  source 

d e n s i t y  and i s  g iven  by 

Note t h a t  t h e  r e f r a c t i o n  c o r r e c t i o n  i s  independent o f  sca le leng th .  



The p o s s i b l e  e r r o r s  i n  t h e  measurements due t o  r e f r a c t i o n  a r e  g i v e n  

by 

- r - 
Arcr - REF ' 'cr c r  APP - '15rcr APP 

- - - r 
"%cr - REF - '&cr & c r  APP = .065 

<cr  APP 

It should  be noted t h a t  equa t ions  (A-19) - (A-21) appear t o  over -  

e s t i m a t e  t h e  r e f r a c t i o n  c o r r e c t i o n s .  T h i s  i s  seen from t h e  e x p e r i -  

mental  r e s u l t s  (Chapter  5)  by  f i r s t  n o t i n g  t h a t  t h e  s t r e a k  r e s u l t s  

show an i n i t i a l  c r i t i c a l  s u r f a c e  r a d i u s  equal  t o ,  w i t h i n  t h e  f 4 pm 

accuracy of t h e  f i n a l  r e s u l t s ,  t h e  i n i t i a l  t a r g e t  r a d i u s .  Equat ion 

(A-17) would have p r e d i c t e d  an apparent  r a d i u s  o f  .87rT. Secondly, 

a  minimum apparen t  s c a l e l e n g t h  o f  about  4 pm t o  7  pm i s  p r e d i c t e d  

f rom (A-21).  0 pm + 6 p m  s c a l e l e n g t h s  have o f t e n  been seen. 

A  p l a u s i b l e  e x p l a n a t i o n  i s  t h a t  t h e  plasma does n o t  have smooth 

i s o d e n s i t y  sur faces b u t  t h a t  t h e r e  e x i s t s  l o c a l  s t r u c t u r e s  o r  t u r -  

bulence.  Such s t r u c t u r e s ,  as d i scussed  i n  Chapter 2, a r e  expected.  

For  a  plasma w i t h  s teep  d e n s i t y  g r a d i e n t s ,  r e f r a c t i o n  o f  t h e  emis- 

s i o n s  i s  dominated by  t h e  plasma p r o f i l e  near  t h e  source.  Under 

such c i rcumstances t h e  l i g h t  e m i t t e d  from w i t h i n  each s t r u c t u r e  

su f fe rs  r e f r a c t i o n ,  as p e r  e q u a t i o n  (A-17) w i t h  rcr APP and rcr r e -  

p l a c e d  by  t h e  l o c a l  r a d i i  of  c u r v a t u r e ,  b u t  t h e r e  i s  a lways some 

l i g h t  from each s t r u c t u r e d  r e g i o n  t h a t  i s  r e f r a c t e d  towards t h e  op- 

t i c a l  a x i s .  Thus t h e  e n t i r e  e m i t t i n g  sphere i s  seen. 



Because o f  t h e  d i sc repancy  between t h e o r y  and exper iment  

equa t ions  (A-19) t o  (A-21) can be used o n l y  as an upper  bound on 

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

A.7 Image A n a l y s i s  

The r e s u l t s  o f  t h e  preceeding s e c t i o n s  show t h a t  t h e  system r e s -  

o l u t i o n  i s  s u b s t a n t i a l l y  l a r g e r  than  t h e  maximum t o l e r a b l e  e r r o r  r e -  

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

duced by  f i n i t e  system r e s o l u t i o n  t u r n s  o u t  t o  be sys temat i c  and i s  

c o r r e c t a b l e  b y  a  s imp le  image a n a l y s i s  techn ique .  

I n  t h e  exper iment,  t h e  system m a g n i f i c a t i o n  i s  de te rm ined  by 

measur ing t h e  d iamete r  of a  t e s t  o b j e c t  and d i v i d i n g  by  t h e  known 

o b j e c t  d iameter .  The measured m a g n i f i c a t i o n  c o n t a i n s  t h e  f i n i t e  r e s -  

o l u t i o n  e f f e c t s  and d i f f e r s  f rom t h e  t h e o r e t i c a l  i d e a l  system magni- 

f i c a t i o n .  Never the less ,  i f  a  subsequent measurement i s  made w i t h  t h e  

system o f  an o b j e c t  t h e  same s i z e  as t h a t  o f  t h e  t e s t  o b j e c t ,  then 

t h e  image s i z e s  w i l l  be t h e  same. Use o f  t h e  measured m a g n i f i c a t i o n  

a c c u r a t e l y  g i v e s  t h e  o b j e c t  s i z e  and t h e  measurement c o n t a i n s  no sys- 

t e m a t i c  e r r o r .  Fo r  o b j e c t  s i z e s  d i f f e r e n t  f rom t h e  t e s t  o b j e c t ,  use 

o f  t h e  measured m a g n i f i c a t i o n  leaves  a  r e s i d u a l  s y s t e m a t i c  e r r o r .  

T h i s  e r r o r  can be much l e s s  than t h e  system r e s o l u t i o n .  I f  an e s t i -  

mate o f  t h e  r e s o l u t i o n  i s  a v a i l a b l e ,  t h e n  most o f  t h e  r e s i d u a l  e r r o r  

can be e l i m i n a t e d .  

The s i t u a t i o n  i s  d e p i c t e d  i n  f i g u r e  A-12. I h e  o b j e c t s  shown 

are ,  f o r  convenience, assumed t o  have f l a t - t o p  i n t e n s i t y  d i s t r i -  

b u t i o n s .  The images have a  more complex i n t e n s i t y  d i s t r i b u t i o n  due 

t o  t h e  f i n i t e  system r e s o l u t i o n .  The t e s t  o b j e c t  and i t s  image a r e  





shown i n  s o l i d  l i n e s ,  w h i l e  t h e  o b j e c t  be ing measured and i t s  image 

a re  shown i n  dashed 1  ines .  Cap i t a l  l e t t e r s  r e f e r  t o  image dimen- 

s ions  w h i l e  smal l  1  e t t e r s  r e f e r  t o  o b j e c t  dimensions. Unprinied 1  e t t e r s  

r e f e r  t o  ac tua l  dimensions w h i l e  primed l e t t e r s  r e f e r  t o  measured 

dimensions. 

Dimensions, ac tua l  and measured, a re  taken t o  be f rom t h e  o r i -  

g i n  t o  t h e  p o i n t  where t h e  s i gna l  i n t e n s i t y  f i r s t  equals zero. For  

an i d e a l  system w i t h  p e r f e c t  r e s o l u t i o n  n = 0  and t h e  m a g n i f i c a t i o n  

o f  such a  system i s  

For a  r e a l  system, t h e  r e s o l u t i o n  i s  f i n i t e  and t he  measured 

m a g n i f i c a t i o n  i s  

S ince H' = H  + R and R = nvr 

Using equa t ion  (A-23) 

For h = 20 pm and h=  60 pm, ml/m = 1.33. The d i f f e r e n c e  between 



t he  ac tua l  and t h e o r e t i c a l  i d e a l  magn i f i ca t i ons  i s  l a rge .  Th is  

l a r g e  d i f f e r e n c e  does no t ,  however, l e a d  t o  l a r g e  e r r o r s  i n  t he  

measurement. 

I f  a  measurement S1 i s  made and i f  t h e  measured m a g n i f i c a t i o n  

m' i s  used, then an o b j e c t  dimension n 1  i s  obta ined.  

Since S '  = S+R = m(n + rt)  

Usi ng equat i  on (A-24) : 

I 

To compare t he  measured and ac tua l  o b j e c t  dimensions t he  r a t i o  4- 
A 

i s  formed 

I f  equat ion  (A-25) i s  used t o  o b t a i n  an express ion f o r  n  i n  terms 

of n.' then a  c o r r e c t i o n  formula i s  obta ined f o r  t he  measured r e s u l t s .  

For t he  measured s t reaked image r e s o l u t i o n  o f  rr. - 20 pm and a  

t e s t  o b j e c t  s i z e  o f  h = 60 pm, n l / n  can be p l o t t e d  t o  determine what 
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e r r o r s  e x i s t  i n  t he  measurements. I n  f i g u r e  (A-13) t h e  s o l i d  curves 

show the  r a t i o s  o f  measured o b j e c t  s i z e  t o  ac tua l  o b j e c t  s i z e  (&) 
a  

f o r  r e s o l u t i o n s  o f  tr=O and 20 pn. For t h e  i d e a l  system t h e  measured 

s i z e  always equals t h e  ac tua l  s i ze .  For t he  r e a l  system, t he  mea- 

surement i s  w i t h o u t  e r r o r  o n l y  a t  t he  c a l i b r a t i o n  p o i n t .  The maxi- 

mum e r r o r  appears f o r  t h e  minimum and maximum o b j e c t  s i zes .  The 

plasma dimensions t y p i c a l l y  range between r a d i i  o f  40 pin and 100 pm. 

A t  these p o i n t s  t he  e r r o r s  i s  +20% (+8 pn) and -12% (-12 pin). 

The dashed l i n e  i n  f i g u r e  (A-13) shows t he  r e s u l t  o f  us i ng  t he  

i d e a l  system m a g n i f i c a t i o n  t o  reduce data w i t h  20 run r e s o l u t i o n .  

THe e r r o r  i s  s i g n i f i c a n t l y  worse than i t  i s  us ing  t he  measured mag- 

n i f i c a t i o n .  

To o b t a i n  23 um r e s o l u t i o n  t h e  measurements a '  must be improved 

through use o f  equat ion (A-27). 

To determine how e f f e c t i v e l y  equat ion (A-27) can be used t o  i m -  

prove t h e  measurements' accuracy, an exper iment was performed i n  which 

a  r e s o l u t i o n  c h a r t  was placed i n  t he  microdensi tometer,  the  image 

was defocused, and a  scan o f  t h e  b l u r r e d  image was made. Several 

elements were scanned t o  g i v e  a  spread i n  o b j e c t  s i zes  and one e l e -  

ment was chosen t o  serve as t h e  t e s t  o b j e c t  f o r  t h e  m a g n i f i c a t i o n  

c a l i b r a t i o n .  

F igure  (A-14) shows a  sample scan. Each element cons is ted  o f  

t h ree  t ransparen t  bars so t h a t  s i x  measurements cou ld  be made: one 

w i d t h  f o r  each o f  t h e  t h r e e  i n d i v i d u a l  bars, one w i d t h  f o r  each qroun 

o f  two bars, and one w i d t h  f o r  t he  e n t i r e  group of t h r e e  bars .  Where 

severa l  th icknesses were measured t h e  average was taken. The reso lu -  
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t i o n  f o r  t h e  r e s u l t s  shown was measured as 19 um. Ob,ject s i z e s  v a r i e d  

f rom 35 um t o  280 um ($ t h e  t o t a l  w i d t h ) .  

The r e s u l t s  a r e  p resen ted  i n  t h e  fo rm o f  c o r r e l a t i o n s  between 

t h e  measured and a c t u a l  o b j e c t  d imensions.  C o r r e l a t i o n s  p l o t t e d  

are d < 6 ~ ~ ~ ~ ~ ~ ~ ~ ~  > t o  rr/a. For  p e r f e c t  c o r r e l a t i o n  a l l  t h e  p o i n t s  

shou ld  l i e  on a  45' s t r a i g h t  l i n e .  Systemat ic  e r r o r s  show up as a  

d e p a r t u r e  f rom t h e  l i n e  o f  p e r f e c t  c o r r e l a t i o n .  Random e r r o r s  show 

up as a  s c a t t e r  i n  t h e  p o i n t s .  

F i g u r e  (A-15) shows t h e  e r r o r  i n h e r e n t  i n  uncor rec ted  da ta .  

Data p o i n t s  o b t a i n e d  u s i n g  t h e  i d e a l  and a c t u a l  system m a g n i f i c a t i o n s  

have been p l o t t e d  a l o n g  w i t h  t h e  p r e d i c t e d  curves.  F i g u r e  (A-16) 

shows t h e  c o r r e c t e d  data .  A l l  o f  t h e  s y s t e m a t i c  e r r o r  due t o  f i n i t e  

r e s o l u t i o n  has been e l i m i n a t e d .  The s c a t t e r  i s  due t o  t h e  f 2 pn 

p r e c i s i o n  o f  t h e  measurement techn ique.  

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

t h e  measurements, i .e. ,  t h e  focused and s t r e a k e d  mode r e s o l u t i o n s  

d i f f e r ,  t h e n  equa t ion  (A-27) w i l l  n o t  c o m p l e t e l y  c o r r e c t  t h e  sys- 

t e m a t i c  e r r o r .  The measured m a g n i f i c a t i o n  o b t a i n e d  f rom a  focused 

mode image shou ld  have i n c l u d e d  a l l  o f  t h e  s t r e a k e d  image aber ra -  

t i o n s  and i f  i t  d i d n ' t ,  t h e n  t h e  d i f f e r e n c e  shou ld  be inc luded .  

T h i s  d i f f e r e n c e ,  th rough  a  r e c a l c u l a t i o n  o f  mi, can be taken  i n t o  

account  i n  t h e  c o r r e c t i o n  fo rmu la .  The r e s u l t  i s  

where kFOC and dsTR a r e  t h e  focused and s t r e a k e d  mode r e s o l u t i o n s  



FIGURE A-15 

CORRELATION OF MEASURED EDGE POSITIONS 
TO THE ACTUAL EDGE POSITION 

LINE OF PERFECT 



FIGURE A-16 

CORRELATION FOR CORRECTED DATA 
19pm RESOLUTION 



and n '  i s  computed using the measured magnification m' obtained 

from the focused mode t e s t  object image. 

The image resolution i s  only known to a certain accuracy. To 

determine the sensi t ivi ty  of the results to errors in the resolu- 
6n tion estimation 66 = 6x i s  found using equation (A-27) or (A-28). 

The resul t i s  

n ' ,., 6n = - 6 x  h FOC - 6xsTR- (c- 1)6x  (A-29) 

In section A.5 the streaked data resolution was found to vary by 

+ 4 pm. A t  the minimum and maximum values of n ' (40 pm, 100 u m )  and 

for a t e s t  object radius of h = 60 pm. 6x equals -1 pm and +3 pm. 

The error due to uncertainties in the streaked data spatial  reso- 

lutions i s  approximately f 2 pm in the final results.  
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Appendix B  - D e n s i t y  Dependence o f  t h e  Harmonic Emissions 

To see t h e  d e n s i t y  dependence o f  t h e  harmonic emissions,  t h e  

problem o f  d e t e r m i n i n g  t h e  second o r d e r  c u r r e n t s  t h a t  genera te  t h e  

emiss ions i s  cons idered.  The c u r r e n t  a t  any p o i n t  i n  t h e  plasma i s  

- 
where ni and ne a r e  t h e  i o n  and e l e c t r o n  number d e n s i t i e s ,  vi and 
- 
ve a r e  t h e  i o n  and e l e c t r o n  v e l o c i t i e s ,  and Z  i s  t h e  i o n  charge 

s t a t e .  

I f  h i g h  f requency e l e c t r o n  o s c i l l a t i o n s  a r e  cons ide red  t h e n  
- 

n  = Zn. + n  and; = vi + v ' .  The t o t a l  c u r r e n t  i s  e  1 1 e  

The l a s t  te rm i n  e q u a t i o n  (8-2)  i s  a  second o r d e r  c u r r e n t .  I f  nl 

i w  t and Yl have temporal  dependences o f  nl - e  1 and 7 1 - e ~ ~ ' ~  t h e n  

t h e  temporal  dependence of  t h e  second o r d e r  c u r r e n t  J2 i s  J2- e  i (ul+ul ) t  

The f requency of t h e  second o r d e r  c u r r e n t  (up)  i s  

E l e c t r o n s  d r i v e n  by  t h e  l a s e r  1  i g h t  e l e c t r i c  f i e 1  d  o s c i l l a t e  every-  

where a t  a  f requency w '  = u0. On ly  i n  l o c a l  r e g i o n s  o f  t h e  plasma 



i s  n l  f i n i t e .  A t  the c r i t ica l  surface, the resonant f ie lds  cause 

a density fluctuation that  osci l la tes  a t  a frequency w l  = wo. 

The second order current osci l la tes  a t  a frequency w2 = 2 w 0  and 

this  current generates the 20, l ight .  A t  the quarter-crit ical  surface, 

the process of Two-Plasmon Decay generates an w l  = w o / 2  density fluctua- 

tion. The resulting second order current has a frequency w2 = ( 3 1 2 ) ~ ~  

and i s  the source of (3/2)w0 light.  


