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ABSTRACT 

A group of non-thermal ions ( z  1 0  Kev/z) has been studied 

us ing a "'rhomson Parabola" i o n  spectrometer. '  The ions are 

emi t ted  from a l a s e r  produced plasma t h a t  i s  generated by 

i g n i t i n g  a glass microbal loon t a r g e t  w i t h  a 50 psec, 1.06 pm 

Nd: g lass l a s e r  pulse. The e f f e c t  o f  prepulse r a d i a t i o n  has been 

inves t iga ted ,  f o r  var ious prepulse-main pulse t im ing  delays and 

r e l a t i v e  ampl i tudes. From our  measurements o f  the  i o n  dens i ty  

d i s t r i b u t i o n  i t  seems reasonable t o  assume an isothermal expansion 

o f  t h e  plasma. The ho t  e l e c t r o n  temperature t h a t  can then be deduced 

va r ies  as ( I A ~ ) ~ . ~ ~ ,  however x-ray measurements done simultaneously 

show 1 ower temperatures. " I on  f r o n t "  (sheath) v e l o c i t y  i s  found 

t o  vary as ( 1 ~ ~ ) ~ ' ~ ~ .  Large amp1 i tude,  h igh  frequency modula- 

t i o n s  have been observed i n  t he  i o n  dens i ty  d i s t r i b u t i o n .  Th is  

f e a t u r e  has been expla ined us ing  a model based on a two-stream 

ion - ion  i n s t a b i l i t y .  Non-thermal ions  o f  energy up t o  50 KTe 

have been detected. The r e s u l t s  have been compared w i t h  e x i s t i n g  

t h e o r e t i c a l  model s . 
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I. INTRODUCTION 

The pr imary goal of the Laser Fusion F e a s i b i l i t y  Program i s  . 
t o  produce n e t  energy y i e l d  from t k e  thermonuclear reac t ions  t h a t  

a re  i n i t i a t e d  i n  small pel  l e t s  o f  thermonuclear f ue l  i r r a d i a t e d  

w i t h  in tense l a s e r  beams. The i n t e r a c t i o n  between. t he  l a s e r  pulse 

and the t a r g e t  p e l l e t  has been described elsewhere (1-3) and may 

be summarized as fo l lows.  A f r a c t i o n  of t he  l a s e r  l i g h t  i n c i d e n t  

upon the  p e l l e t  i s  absorbed i n  the  tenuous, hot ,  ou te r  reg ion  o f  

the plasma, c a l l e d  i t s  "corona", through some combination o f  

absorp t ion  mechanisms. This absorbed energy i s  then conducted inwards 

t o  the coo le r  dense "core" of the p e l l e t  v i a  h o t  e lec t rons  from the 

corona. The heat ing  o f  the core sur face causes i t s  o u t e r  l aye rs  t o  

be blown o f f  i n  the manner of a rocke t  exhaust, and t h e  r e s u l t i n g  

r e a c t i o n  fo rce  d r i ves  the unablated p o r t i o n  of  the core inwards and 

thereby compresses i t  t o  h igh  dens i t y  and temperature l ead ing  t o  

the the rmnuc l  ea r  burn. 

For an e f f i c i e n t  a b l a t i o n  d r i ven  compression of  t he  fuel,  

one would i d e a l l y  des i re  t h a t  the t o t a l  absorbed energy be 

shared by the  b u l k  of the  ab la ted  mass, c a l l e d  the  "thermal ions" .  

This c o n d i t i o n  gives the maximum r e c o i l  momentm, thereby producing t h e  

maximum t a r g e t  compression. I n  p rac t i ce ,  w i t h  1.06 um r a d i a t i o n  

the s i t u a t i o n  i s  f a r  f rom t h i s .  Copious product ion of ions  having 

supra-thermal v e l o c i t i e s  has been observed i n  a v a r i e t y  of l a s e r -  

t a r g e t  i n t e r a c t i o n  experiments. These non-thermal i ons  (a1 so cal  l e d  

energet ic  ions, f a s t  ions e tc . )  u s u a l l y  comprise less  than one percent 

o f  the t o t a l  t a r g e t  mass, b u t  can account f o r  about h a l f  the  t o t a l  



absorbed energy.' For the  present work we define non-thermal ions 

as those which have energies > I 0  Kev/z. 

I t  i s  n o t  very d i f f i c u l t  t o  u ~ d e r s t a n d  why the  r o l e  played 

by non-thermal ions i n  l a s e r  fusion experiments i s  an undesirable 

one. For example, i n  these experiments most o f  the  absorbed 

energy i s  converted i n t o  the i o n  k i n e t i c  energy (Ei) o f  expansion, 

w i t h  the  associated momentum t rans fer  t o  the  p e l l e t  being given by 

2Ei/v. For a f i x e d  amount of  l a s e r  energy and, there fore  f i x e d  Ei, 

the momentum t rans fer  i s  increased as the  v e l o c i t y  i s  lowered and 

the ablated mass increased. On the  o the r  hand, h igher v e l o c i t y  

associated w i t h  small ab la ted mass s i g n i f i c a n t l y  reduces the  

r e c o i l  momentum a v a i l a b l e  fo r  an e f f i c i e n t  p e l l e t  impolsion. 

Since there i s  no known e f fec t i ve  use f o r  these h igh  energy ions, 

the cu r ren t  i n t e r e s t  i n  the  i n e r t i a l  f us ion  community i s  t o  m in i -  

mize t h e i r  product ion. I d e a l l y ,  one would l i k e  them t o  be t o t a l l y  

absent. This demands an extensive knowledge o f  the  mechanism o f  

t h e i r  generat ion. Fast ions are produced by h o t  e lec t rons .  These 

e lectrons have energies much higher than the  i o n  thermal energy and 

have temperatures o f  tens o f  Kev. Therefore, the product ion of 

energet ic  ions i s  c l o s e l y  r e l a t e d  t o  the  absorpt ion and t ranspor t  

o f  t he  l a s e r  energy. 

Many competi t i  ve absorpt ion mechani sms have been suggested 

(Chapter 11), b u t  resonant absorpt ion i s  be1 ieved t o  be the  p r i n c i p a l  

absorpt ion mechanism i n  s h o r t  pulse (Q 50 psec), h igh i n t e n s i t y  

2 ( >  l 0 I 4  w/cm ) experiments. The l a s e r  l i g h t  can s t imu la te  the  growth 

o f  plasma waves a t  the c r i t i c a l  sur face (where plasma frequency equals 



l a s e r  frequency); the  energy i n  the  p l a s m  wave i s  then coupled t o  

the  e lec t rons  through Landau damping,5 and h igh  energy e lec t rons  

are  generated . These e l  ec t rons acce'fera t e  ions i n  the  e l e c t r i c  

f i e 1  d  generated by the  charge separat ion. A -  d e t a i l e d  desc r ip t i on  

o f  t h i s  process i s  g iven i n  Chapter 11. 

Most previous experimental study o f  non-thermal ions  has con- 

cent ra ted  on s i n g l e  beam i r r a d i a t i o n  o f  p lanar  t a rge ts .  The physics 

o f  the i n t e r a c t i o n  of h igh  power l a s e r  1  i g h t  w i t h  s o l i d  mat te r  i s  

i n t e r e s t i n g  i n  i t s  own r i g h t ,  b u t  the  bas ic  mot iva t ion  of the  

research e f f o r t  i n  t h i s  f i e l d  i s  the  p o s s i b i l i t y  o f  i n i t i a t i n g  a  

con t ro l  l e d  thermonuclear fus ion r e a c t i o n  on a  1  aboratory scale.  

Recently, experiments on spher ica l  t a rge ts  have used re1 a t i  ve ly  

shor t ,  f a s t  r i s i n g  pulses of 30 t o  100 psec dura t ion .  The t h i n  

she1 1  o f  the  t a r g e t  i s  r a p i d l y  heated and explodes, producing 

mu1 t i - k i l o v o l  t temperatures i n  the  core. This type of  t a r g e t  

implos ion i s  described as an "Explos ive pusher" implosion. There 

i s  1  i t t l e  underdense plasma present  dur ing  the  l a s e r  pulse. Only 

3  low core  dens i t i es  of 0.2 gm/cm (1 i q u i d  D-T) o r  l e s s  are a t ta ined .  

Moreover, l a r g e  numbers of very energet ic  ions  are generated. 

Therefore, t he re  has been growing i n t e r e s t  i n  us ing  l ong  

pulses, o f  1  nsec o r  longer  i n  duration,and s t r u c t u r e d  o r  shaped 

pulses t h a t  r i s e  gradua l ly  from a  low i n t e n s i t y  t o  a  very h igh  

i n t e n s i t y .  The purpose of  these techniques, which might  be used 

concur ren t ly ,  i s  t o  a b l a t e  away the  ou ts ide  o f  the  t a r g e t  w i t h o u t  

shock hea t i ng  the  fuel core. The fuel i s  compressed by the  

r e a c t i o n  f o r c e  o f  the  a b l a t i n g  plasma. Th is  process i s  described 



as an " A b l a t i v e  pusher" implos ion.  These l o n g  and s t r u c t u r e d  

pu lses may produce l a r g e  amounts o f  underdense plasma. 

The h i g h  energy i o n  p roduc t i on  can be cons idered as an impor- 

t a n t  l o s s  mechanism f o r  t h e  absorbed l a s e r  energy because t h e  

energy expended i n  t h e i r  p roduc t i on  i s  n o t  t ranspor ted  t o  t h e  

a b l a t i o n  sur face .  However, i t  shou ld  be no ted  t h a t  a l though h i g h  

energy ions  rep resen t  an impo r tan t  energy l o s s  when s h o r t  dura t ion ,  

h i g h  i r r a d i a n c e  l a s e r  pu lses a r e  used, t h e  phys ics i s  l i k e l y  t o  

be d i f f e r e n t  when l onge r  du ra t i on ,  s t r u c t u r e d  pu lses t h a t  have 

lower  i n t e n s i t i e s  a re  used. A t  p resen t  t he re  i s  no g e n e r a l l y  agreed 

upon t h e o r e t i c a l  o r  numerical  model t o  e x p l a i n  t he  behav io r  o f  non- 

thermal i ons  under t he  v a r i e t y  o f  plasma d e n s i t y  p r o f i l e s  t h a t  

a re  produced i n  exper iments.  They a re  i n s t e a d  l i m i t e d  t o  q u a l i t a -  

t i v e  p r e d i c t i o n  o f  h i g h  energy i o n  behav io r  because o f .  unce r ta i n -  

i t i e s  i n  exper imenta l  data and t h e  d i f f i c u l t i e s  i n  model ing t h e  i o n  

expans i o n .  We have chosen t o  i n v e s t i g a t e  t h e i r  behav io r  expe r i  - 
mental l y  . 

The most impo r tan t  r e s u l t  o f  t h i s  work i s  o u r  measurement o f  

t he  e f f e c t  o f  a  v a r i e t y  o f  plasma d e n s i t y  p r o f i l e s  on t h e  behav io r  

o f  non-thermal i ons  ( >  10 Kev lz )  and on h o t  e l e c t r o n  temperatures. 

To produce t he  d i f f e r e n t  plasma d e n s i t y  p r o f i l e s  we have used 

prepul  ses, pu lses t h a t  a r r i v e  ahead o f  t h e  main pulse, and have 

v a r i e d  t he  prepul  se-main pu l  se re1  a t i  ve amp1 i tude and temporal 

separa t ion .  

U n t i  1  r e c e n t l y ,  most exper imenta l  observa t ions  o f  non- 

thermal i ons  were o f  an i n d i r e c t  nature,  w i t h  i o n  v e l o c i t y  



r a t h e r  than i o n  energy being the  quan t i t y  measured. The diagnost ics 

most commonly used were charge c o l l e c t o r s  and e l e c t r o s t a t i c  mass 

spectrometers. As we w i l l  see i n  Chapter I V ,  inherent  problems 

associated w i t h  these devices a l low on ly  a low l e v e l  o f  confidence 

i n  the q u a n t i t a t i v e  eva luat ion  of the  data they generate. Both 

d iagnost ics measure the  i o n  cu r ren t  i n t e r c e p t i n g  t h e  sur face o f  

a conductor placed a t  a d is tance f a r  enough from the t a r g e t  so t h a t  

the  i o n  t i m e  of f l i g h t  i s  much longer than the i n i t i a l  i o n  acce lera t ion  

t ime. Both measure the  asymptotic i o n  v e l o c i t y  d i s t r i b u t i o n ;  the  

1 a t t e r ,  however, a1 so reso l  ves the  d i f f e r e n t  i o n  species present i n  

the plasma. The usefulness o f  these devices i s  l i m i t e d  a t  h igh  i o n  

energies ( >  10 Kev/z) because the  low i o n  f l u x  then reduces the  

s e n s i t i v i t y  o f  the measurements. We chose the  "Thomson Parabol a" 

method o f  i on  spectroscopy because of i t s  h igh  dynamic range 

( >  l o o ) ,  and i t s  a b i l  i t y  t o  analyze simultaneously the  energy 

d i s t r i b u t i o n  o f  h igh  energy ( >  10 Kev/z) i o n  species having a 

wide range o f  charge t o  mass r a t i o s .  Although d i f f e r e n t  detec- 

t i o n  mediums can be employed w i t h  t h i s  device (see Chapter IV) ,  we 

used a so l  i d  s t a t e  t rack  detec tor  (CR-39) because o f  i t s  a b i l i t y  t o  

r e g i s t e r  i n d i v i d u a l  i ons  i n  form of separate t racks,  and because o f  

i t s  h igh  s e n s i t i v i t y .  The data generated by t h e  device i s  very 

re1 i ab le ,  b u t  the q u a n t i t a t i v e  data reduct ion  i s  very tedious, 

because i t  requ i res  count ing o f  t he  l i t e r a l l y  m i l l i o n s  o f  t racks  t h a t  

a re  r e g i s t e r e d  on the  de tec to r  i n  a t y p i c a l  experiment. Others 

have attempted t o  o b t a i n  the q u a n t i t a t i v e  in format ion  from the  

measurement us ing l e s s  d i r e c t  methods, b u t  have had 1 i t t l e  o r  no 



success (see Chapter IV ) .  

Our r e s u l t s  support the  theory t h a t  a t t r i b u t e s  t h e  product ion 

o f  f a s t  ions  t o  resonant ly  heated e lec t rons .  Our observat ions 

i n d i c a t e  an isothermal expansion of t h e  plasma. I n  the  case o f  

s h o r t  s i n g l e  pulses, t he  ho t  e l e c t r o n  temperature var ies  as 

( 1 ~ ~ ) ~ ' ~ ~ .  The " i o n  f r o n t "  v e l o c i t y  va r i es  as ( I A ~ ) ~ ' ~ ~ ,  b u t  t h e  

number o f  non-thermal ions  ( >  10 Kevlz) generated remains constant 

i n  a l l  cases. The energy contained i n  t he  non-thermal ions  var ies  

between 2.5% and 25% of the  energy i n c i d e n t  on t h e  ta rge t ,  and 

increases as the  i n c i d e n t  energy i s  increased. With t h e  i n t r o d u c t i o n  

of prepul se on the  o the r  hand, t h e  ho t  e l e c t r o n  temperature, the  

energy contained i n  t h e  non-thermal ions  and the  " i o n  f r o n t "  

v e l o c i t y  go down. The i n t e n s i t y  power laws g iven above a r e  no 

longer  val i d .  I n t e r e s t i n g l y ,  a t  t h e  h igh  prepul se-main pul se ampl i- 

tude r a t i o  of  1 0'2 t h e  h o t  e l e c t r o n  temperature, t h e  energy contained 

i n  t he  f a s t  ions, and the  " i o n  f r o n t "  v e l o c i t y  become independent o f  

t h e  main pulse i n t e n s i t y .  Our observat ions a r e  cons is ten t  w i t h  the  

numerical f l u i d  simul a t i ons  o f  Colombant and Manheimer (Ref. 4 ) .  

Non-thermal ions  of energies up t o  50 KTe have been detected. 

We have observed h igh  fequency, l a r g e  ampl i t u d e  modulations i n  

the  asymptot ic i o n  dens i t y  d i s t r i b u t i o n .  We have proposed a model 

based on a two stream i o n - i o n  i n s t a b i l i t y  t o  exp la in  t h i s  behavior.  

The model i s  reviewed i n  Chapter 111. 

I n  Chapter X I ,  we d iscuss t h e  impor tan t  physical  processes 

invo lved i n  t h e  generat ion o f  non-thermal ions .  I n  Chapter I V ,  

we descr ibe  our experimental system and t h e  inst ruments used. 



We present and discuss our r e s u l t s  i n  Chapter V ,  and compare them 

w i t h  t h e  t h e o r e t i c a l  models developed i n  Chapter 11. We comment 

on our r e s u l t s  and s u m r i z e  them jn Chapter V I  and conclude t h a t  

chapter w i t h  suggestions f o r  future work. 



11. THEORY OF HOT ELECTRONS AND ENERGETIC IONS 

Product ion o f  energet ic  ions i s  c lose ly  r e l a t e d  t o  the  absorpt ion . 
and t h e  t ranspor t  of l a s e r  energy. 1; lase r  plasma in te rac t i ons  

many compet i t ive absorpt ion mechanisms have been proposed. They 

inc lude c l a s s i c a l  inverse bremsstrahlung ( c o l l  i s i o n a l  ) absorpt ion, 1 

resonance absorption,' parametr ic i n s t a b i l i t i e s  both near the  c r i t i c a l  

6 and near one four th  the  c r i t i c a l  densi ty ,  and quasi- 

resonant coup1 i ng on ion-densi t y  f l  uctuat ionsl '7 d r i ven  by subsid iary 

process such as two stream o s c i l l a t o r y  i n s t a b i l i t i e s  i n  the  plasma 

expansion. On the  o ther  hand, there  i s  i n  general a l s o  st imulated 

sca t te r i ng  of t h e  i n c i d e n t  l i g h t  i n  the  plasma w i t h  dens i ty  less  than 

c r i t i c a l  v i a  the  Raman and B r i l  l o u i n  i n s t a b i l i t i e s .  8 

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

e f f e c t s .  I n  the  h igh  o r  moderate i n t e n s i t y  regime o f  i n t e r e s t ,  

we be1 ieve l a s e r  1 i g h t  i s  absorbed by c o l l  i s i o n l  ess (resonant) 

absorpt ion near c r i t i c a l  surface (where plasma frequency equal s  the  

l a s e r  frequency), i n t o  so c a l l e d  ho t  e lectrons.  These e lec t rons  have 

v e l o c i t i e s  much higher than t h e  i o n  thermal v e l o c i t i e s  and have temper- 

atures i n  tens o f  Kev. We assume these e lec t rons  t o  be isothermal 

dur ing the  l ase r  pulse, isothermal i t y  i s  maintained by t h e  h igh  

thermal conduc t i v i t y  o f  t h e  ho t  e lec t rons  coupled w i t h  a heat r e s e r v o i r  

suppl ied by t h e  laser .  These e lec t rons  produce two e f f e c t s ;  they 

t ranspor t  energy i n t o  t h e  ta rget ,  and they generate f a s t  i o n  expansion 

v i a  the  ambipolar p o t e n t i a l  t h a t  i s  setup t o  keep t h e  e lec t rons  from 

leav ing the  ta rge t .  Therefore, t h e  product ion of h o t  e lec t rons  by 

l ase r  plasma i n t e r a c t i o n  and t h e  r e s u l t i n g  emission o f  energet ic  ions 



by coronal acce le ra t i on  are  re1  ated phenomena. 

I n  t h i s  chapter we w i l l  f i r s t  d i s c ~ s s  t h e  generat ion mechanisms 
.* 

o f  ho t  e lec t rons .  The mechanisms which enable these e lec t rons  t o  

accelerate t h e  ions w i l l  then be reviewed. Fol lowing sect ions 

w i l l  d iscuss the  isothermal expansion o f  t he  plasma. We w i l l  end t h i s  

chapter w i t h  an es t imat ion  of t h e  t o t a l  t a r g e t  mass and t h e  f r a c t i o n  o f  

i n c i d e n t  energy c a r r i e d  away by these f a s t  ions.  

A .  Generation Mechanism of Hot Elect rons 

The p r i n c i p a l  mechanisms suggested f o r  the  generat ion o f  ho t  

e lec t rons  are  (a )  pondermotive force,' (b )  thermal f l u x  i n h i b i t i o n  t o  

l e s s  than c l a s s i c a l  value1' and ( c )  resonant absorpt ion, n o t  neces- 

s a r i l y  i n  t he  same order  of importance. 

Pondermoti ve f o r c e  ( r a d i a t i o n  pressure) i s  t h e  s lowly  vary ing  (dc)  

p a r t  of t h e  electromagnetic f i e l d  t h a t  tunnels through t o  the  c r i t i c a l  

surface. I n  o ther  words i t  i s  .a t ime averaged Lorentz f o r c e  on a  

s i n g l e  e l e c t r o n  i n  t h e  electromagnetic f i e l d  o f  t he  i n c i d e n t  l a s e r  

11 2  2  2  l i g h t  and i s  g iven by IFpe = (-2ne )/(mewo ) ( l E o l  )/8n]. It i s  

t ransmi t ted  t o  the  ions by the  c o n d i t i o n  o f  charge n e u t r a l i t y .  

However, because of t he  u n c e r t a i n t i e s  i n  t he  s p a t i a l  and temporal 

d i s t r i b u t i o n  of t he  acce le ra t i ng  force f i e l d  and t h e  smal l  number o f  

p a r t i c l e s  involved,  i t  i s  no t  c l e a r  whether o r  n o t  t he  ponder- 

mot ive f o r c e  can s i g n i f i c a n t l y  c o n t r i b u t e  t o  t h e  product ion  o f  

12 energet ic  ions.  

Recent ly t h e  experimental evidence has been accumulating t h a t  t he  



thermal conduction by the  e lec t rons  from the  c r i t i c a l  surface t o  the 

core o f  t he  t a r g e t  i s  less  than the  c l a s s i c a l  value, i .e., f ree . 
streaming. This i s  c a l l e d  f l u x  i n h i b i t i o n .  Ion  accoust ic turbulence 

has been suggested t o  be responsible f o r  t h e  e lec t ron  thermal f l u x  

i n h i b i t i o n .  The basic idea i s  very simple. As t h e  ho t  e lec t rons  

from t h e  l a s e r  depos i t ion  reg ion f l o w  i n t o  the  cool i n t e r i o r  o f  the  

p e l l e t ,  c o l d  e lec t rons  from t h e  i n t e r i o r  of t he  p e l l e t  counter- 

stream t o  provide r e t u r n  cu r ren t  f o r  mainta in ing the  charge n e u t r a l i t y .  

When heat f l o w  increases t o  the  p o i n t  where the  e lec t ron  d r i f t  speed 

i s  comparable t o  t h e  ion-acoust ic  speed, the  growth o f  ion-acoust ic  

i n s t a b i l i t y  can be t r i gge red .  Th is  i n h i b i t s  t h e  f u r t h e r  increase o f  

e l e c t r o n  d r i f t .  The energy conduction speed t o  t h e  core reduces t o  

t h e  c h a r a c t e r i s t i c  hydrodynamic speed (CS = h m )  from e lec t ron  

thermal speed (vT Q m). Calcu la t ions  show t h a t  about two t h i r d s  

o f  t h e  e lec t ron  energy can be l o s t  t o  t h e  fas t  ions. A1 though 

W. Manheimer (Ref. 13) has shown t h a t  by t h i s  process f l u x  can be 

1  im i ted  t o  as much as o f  i t s  f r e e  streaming value, the re  has been 

considerable controversy over whether ion-acoust ic  turbulence can be 

t h i s  e f f e c t i v e ,  p a r t i c u l a r l y  f o r  e lec t rons  o f  very h igh  energy. 

Computer  simulation^'^ have suggested t h a t  i o n  turbulence does n o t  

s t rong ly  l i m i t  t he  heat f l u x ,  b u t  t he  issue i s  no t  we l l  resolved. 

Perhaps t h e  most important  e f fec t  o f  t h i s  turbulence i s  t o  impede the  

c o l d  e lec t ron  cu r ren t  and b o t t l e  up the  ho t  e lec t rons  i n d i r e c t l y  

v i a  se l f - cons is ten t  e l e c t r i c  f i e l d .  Because these processes do no t  

t r a n s f e r  s i g n i f i c a n t  amount o f  energy t o  e lectrons,  we be l i eve  t h a t  

resonant absorpt ion i s  t h e  main process responsib le f o r  t h e  generat ion 



of hot electrons. 

When an electromagnetic wave i s  obliquely incident on a n  inhomo- 

genous plasma and polarized i n  the pline of incidence, i t  can be 
I 

absorbed resonantly by l inear mode conversion into an electron plasma 

wave. This process known as resonant absorption i s  a collisionless 

process. The obl iquely incident radiation ( w i t h  respect t o  density 

gradient) will penetrate the plasma to  the point where i t  will be 

refracted back out of the plasma. From th is  point, the so-called 

I "turning point" (density less than c r i t i c a l ) ,  a n  inward component of 

the radiation w i  11 be evanescent (exponential ly damped) and tunnels 

through to the cr i t ica l  layer ( n  = n c r ) .  The projection of the 

radiation electr ic  f ie ld  in the direction of the density gradient n can 

linearly excite electron plasma waves near the cr i t ica l  density 

(where plasma frequency equals the laser frequency). The subsequent 

damping of these large amplitude plasma waves as they propogate towards 

lower density constitutes an important electron heating mechanism. I t  

I i s  important to  note here t h a t  the resonant absorption i s  expected 

I even for  target illuminations i n  which the target surface i s  normal 

I to the laser beam axis.  This i s  a consequence of the fact  that ,  in 

focusing the radiation on the target surface w i t h  f a s t  optics, 

some of the rays will be a t  oblique incidence. In addition, induced 

scattering,8 f i l  amentation ,' and the rippl i n g  of the cr i t ica l  

surface,16 a l l  can resul t  i n  obliquely incident radiation near the 

cr i t ica l  surface. 

The power converted into the plasma oscil lations i s  determined 

by the "driver" electr ic  f ie ld  Ex = IB x - nl  a t  the resonance point. 



Here B i s  the  component o f  the  r a d i a t i o n  magnetic f i e l d  d i rec ted  out  

o f  t h e  plane o f  incidence. The r a t i o  o f  t he  e l e c t r i c  f i e l d  leaked . 
E x  t o  the  f r e e  space value o f  t h e  t a d i a t i o n  e l e c t r i c  f i e l d  (Eo) 

depends on angle o f  incidence and on the  dens i ty  g rad ient  scale length, 17 

L = ( d k n ~ / d x ) - l .  

An exce l l en t  coverage of t h i s  theory has been g iven i n  publ ished 

l i t e r a t u r e .  2 y 1 8 y 1 7 s 1 9  We w i l l  n o t  go through the  complete mathematical 

treatment, however we w i l l  quote the  important equations, assumptions 

and f i n a l  so lu t i ons  re levan t  t o  our purpose. 

We consider the  case o f  a s lab  plasma w i t h  no = n ( x )  , w i t h  the  
0 

electromagnetic wave ob l i que ly  i nc iden t .  The e l e c t r i c  f i e l d  i s  

po lar ized i n  the  plane of incidence, t h e  x-y plane (F ig .  1 ) .  The 

i n c i d e n t  wave vector  k i s  a t  an angle 8 w i t h  respect t o  the  unperturbed 

dens i ty  g rad ient .  To describe the  resonant absorpt ion i n  plasma, we 
19 

combine a 1 inear ized e l  ectron-momentum equation w i t h  Maxwell ' s  equations. 

I on  motion i s  neglected and f i e l d s  are assumed t o  vary as e i (kx-wt ) 

Basic f l u i d  and Maxwell ' s  equations are: 

4rr 1 a!? V x E t - J  - - -  
C -  c a t  





'ef f  = e f f e c t i v e  e lec t ron- ion  c o l l  i s i o n  frequency, n = background elec-  e  
t r o n  density,  Te, me and e  are  e lec t ron ' s  temperature, mass and charge 

respect ive ly ,  c  = v e l o c i t y  o f  1  i gh t ,  and K = Bol tzmann's constant. 

Employing - B = - ~ B ( x )  Expi- iwt  + i k  Y l  and E = [2Ex(x) + iEY(x ) ]  
Y 

Exp(- iwt + i k Y )  , tak ing  the  unperturbed e lec t ron  densi ty  ne(x) t o  be 
Y 

independent o f  time, the  above mentioned equations can be 1  inear ized and 

combined t o  g i ve  

where ko = $/c i s  the  f r e e  space wave number, w i t h  k  = ko sine. ~ ( x )  
Y  

i s  the  d i e l e c t r i c  constant of t he  plasma w i t h  c o l l i s i o n  frequency v  

2  where w = (4nnee i s  the  e lec t ron  plasma frequency. 
Pe 

I n  the  c o l l i s i o n l e s s  l i m i t ,  v/wo+ 0, a  resonant s i n g u l a r i t y  appears 

i n  the  second term i n  equation (2)  a t  the  p o i n t  on the  dens i ty  p r o f i l e  

where w ( x )  = wo and, there fore ,  ~ ( x )  + 0. (By con t ras t  no such 
Pe 

resonant s i n g u l a r i t y  appears i n  t h e  corresponding equation f o r  t he  l i g h t  

po lar ized normal t o  the  plane o f  inc idence).  I n  t h i s  l i m i t  a  f i n i t e  

absorpt ion occurs a t  the  s i n g u l a r i t y .  The absorpt ion i s  caused by the  

non-zero wave f i e l d  Ex which tunnels through t o  the  c r i t i c a l  p o i n t  xc. 

The equation (2) has been solved i n  Ref. 20 f o r  v  > 0, v / ~ b +  0 and the  

l i n e a r  dens i ty  g rad ient  such t h a t  t h e  dens i ty  r i s e s  l i n e a r l y  from 



o ( x )  = 0 a t  x  = 0 t o  o = oo a t  x  = L. The normal component o f  the  
pe pe 

e l e c t r i c  f i e l d  vector  near the  c r i t i c a l  surface i s  represented i n  the  

form 

where L i s  the  c h a r a c t e r i s t i c  d is tance over which the plasma densi ty  

changes (n = no[ l  - (x-xc/L) ] ) ,  v i s  the  e f f e c t i v e  e l e c t r o n - c o l l i s i o n  

frequency, Eo i s  the  amp1 i t u d e  of t h e  e l e c t r i c  f i e l d  i n  the  1 i g h t  beam, 

and $(T) i s  c a l l e d  the  resonant absorpt ion func t i on  and i s  def ined by 

( k o ~ ) ' l 3  sin20 (which i s  angle dependent). 

B. Accelerat ion of Ions by Hot Electrons 

Plasmas are  made of charged p a r t i c l e s  t h a t  move i n  response t o  the  

electromagnetic f i e l d s  generated e i t h e r  by plasma p a r t i c l e s  themselves o r  

from ex terna l  sources. I n  the  case we are  going t o  deal w i t h  here, one 

species o f  the  plasma responds t o  the  e l e c t r i c  f i e l d  produced by another 

species. The e lec t rons  have v e l o c i t i e s  much higher than i o n  thermal 

v e l o c i t i e s  and tend t o  separate from cold,  s ta t i ona ry  ions. 

The r e s u l t  i s  an un-neutra l ized space charge and an e l e c t r i c  f i e l d ,  

which re ta rds  e lec t rons  and accelerates ions. Clear ly ,  f o r  t he  same 

e l e c t r i c  f i e l d ,  ions w i t h  e i t h e r  d i f f e r e n t  charge s ta tes  o r  masses 

w i  11 experience d i f f e r e n t  acce le ra t i ng  fo rces .  Plasma then expands 

under the  in f luence o f  pressure and e l e c t r i c a l  forces.  The acce lera t ion  

i s  most e f f e c t i v e  a t  t he  per iphery of the  exganding plasma, where the  



plasma density i s  so low that  the ions can be accelerated in the electr ic  

f ield essentially without losing the acquired energy i n  coll isions. . 
An important mechanism which can 'produce strong electr ic  fields 

a t  high irradiance i s  the plasma pressure. I n  the presence of density 

and/or temperature gradients hot electrons t ry  to separate from ions. 

The electron expansion, however, i s  1 imi ted by the self -consi s tent  

e lec t r ic  f ie ld  created by ion electron separation. To i l lus t ra te  

t h i s ,  we will assume a two f l u i d  plasma, made of hot electrons and 

and relatively cold ions. The basic fluid equations are: 

d v  
m n  Z C =  
e e d t  

-ene(E+v xB) - Vp + m n ( v . - v  )v 
- - e -  e e e - i - e  ei  

d v i  

d t 
- - Zieni(F+xixB) - Ppi - m n ( v . - v  ) v  Mini - - - e e - i - e  ei  

here v i s  the electron-ion collision frequency, pe and pi the electron e i 
and ion pressures respectively. All other nomenclatures have standard 

meaning. We will t ry  to simp1 ify equations ( 4 )  and ( 5 ) .  We are 

looking for long time (longer than electron plasma period) solutions, 

so electron inertia i s  neglected. In the absence of the - B f i e ld ,  the terms 

v xB) and (v .xB)  drop out. Ions are cold, so their  slow density 
(-e - -1 

variation enables us to  drop the ion pressure term. The collision fre-  

quency'' i s  

For h i g h  electron temperatures ( =  10 Kev) the plasma i s  essentially coll isionless, 



I 
eneE = - 'Pe 

dv 
- Z.en.E = - and, M.n - - 

1 i d t  1 1- 'Pe 

- - 

where, pe = neKTe. Now equat ion (5A) can be w r i t t e n  as 

dv 
Mini - - - 

d t 
- n K T e  - TeKVne e  (11-7) 

7 

From the  assumption of i so thermal i ty ,  t he  f i r s t  term on the  r i g h t  hand 

s ide  o f  equat ion ( 7 )  drops ou t .  Equation (7 )  suggests t h a t  plasma pres- 

sure due t o  the  presence of a  steep e lec t ron  dens i ty  g rad ien t  bears 

t h e  respons ib i l  i t y  o f  impar t ing  acce le ra t i ng  fo rces  on the  ions .  For the  

sho r t  pulse l eng th  ( -  50 psec) l a s e r  comnonly used a t  h igh  i r rad iance,  

- 

16 

so c o l l i s i o n  terms can be neglected. We assume quasineutral  i t y  

"e = Zini. I nco rpo ra t i ng  these s imp l i f i ca t i ons ,  we t ransform . 
equations (4 )  and (5)  t o  

t h e  dens i ty  p r o f i l e  i s  expected t o  remain r e l a t i v e l y  steep ( l e s s  than a  

few tens of l a s e r  wavelengths) dur ing  t h e  l a s e r  i r r a d i a t i o n ,  due t o  

f i n i t e  i o n  expansion v e l o c i t y  . In te r fe romet r i c  measurements 22.23 of 

t he  dens i t y  p r o f i l e  conf irm t h i s  no t ion .  A t  h igher  l a s e r  i n t e n s i t i e s  

2  ( 1014 watts/cm ) ,  however, the  energy dens i t y  o f  t he  i n c i d e n t  

r a d i a t i o n  can become comparable t o  the  thermal energy o f  the  plasma, 

so t h a t  t he  r a d i a t i o n  pressure can modi fy  and steepen the  dens i ty  

p r o f i l e .  I t  i s  noteworthy t h a t  r a d i a t i o n  pressure a f f e c t s  most ly  the  

c r i t i c a l  dens i t y  reg ion  so t h a t  t he  dens i ty  sca le  l eng th  above 



critical and below critical can be longer than at critical. 

At densities below critical, where plasma expansion can be approxi- . 
mated as freely expanding into vacuum; analytical self similar 

 solution^^^'^^ have been found for the case of an isothermal single 
specie plasma. In the next section we will briefly review the theory 

of the isothermal expansion of plasma. 

C. Isothermal Expansion of Plasma 

In many cases the self-similar isothermal motion of a rarefied 

plasma gives a good description of plasma expansion. In their pioneering 

work, Gurevich et a1 .24 generalised the self-similar solution of an 

ideal fluid for a plasma expansion. In past years, the model has been 

extensively studied and was used as a basic model in various works. 25 326-29 

Moreover, self similar solutions are attractive because they do 

not contain any characteristic dimensions in the initial and final 

conditions. The time t and the coordinate x can appear in the solution 

of such a problem only in the combination x/t. This enables one to 

simplify the equation considerably and in one dimensional case to 

obtain analytical solutions. 

Plasma is described here by a two fluid model made of hot electrons and 

relatively cold ions. Later on we will consider the modifications 

needed to incorporate the more real istic case of a laser plasma, which 

contains more than one species of electrons (different temperatures) and 

of ions (different charges and masses). For simplicity, planar 

geometry and one dimensional expansion is considered; it has been 



suggested t h a t  the  r e s u l t s  a re  no t  changed g r e a t l y  i n  the  case o f  

c y l  i n d r i c a l  o r  spher ica l  expansion. 30 

We assume t h a t  the  plasma a t  the  i i i t i a l  t ime occupies the  h a l f  

space x < 0, and a t  t ime t = 0 begins t o  expand ' in to  vacuum. The 

plasma before  expansion i s  i l l u s t r a t e d  i n  f i g u r e  2. Our assumptions 

and equations desc r ib ing  the  expanding plasma are e s s e n t i a l l y  those o f  

Refs. 25 and 26. E lec t rons  are  i n  thermal e q u i l i b r i u m  before  the expan- 

s i o n  begins. Since t h e  subsequent expansion takes p lace on a  t ime 

.. scale long compared w i t h  an e l e c t r o n  plasma per iod  [ r ,  = l/o, = 
r r 

2 1/2, (me/4nnee ) , we assume t h a t  the e lec t rons  a re  always i n  e q u i l i b r i u m  

w i t h  the  e l e c t r o s t a t i c  p o t e n t i a l ,  i .e., a  Bol tzmann r e l a t i o n  i s  employed. 

Each f l u i d  s a t i s f i e s  the  c o n t i n u i t y  and momentum equations. E lec t ron  

temperature i s  assumed constant;  the  v a l i d i t y  o f  t h i s  assumption stems 

from the h igh  e l e c t r o n  c o n d u c t i v i t y  coupled t o  a  heat r e s e r v o i r  suppl ied 

by the  l a s e r .  The e l e c t r o n  temperature i s  assumed h igh  enough 

(Q tens o f  Kev) t o  neg lec t  e lec t ron - ion  c o l l i s i o n s .  The i o n  temper- 

a t u r e  i s  assumed h igh  enough t o  neg lec t  v i s c o s i t y ,  b u t  much l e s s  than the 

e l e c t r o n  temperature, so t h a t  t h e  i o n  pressure i s  ignored.  The e l e c t r o s t a t i c  

p o t e n t i a l  i s  described by Poisson's Equation. Thus ( f o r  plane 

geometry) the  complete s e t  o f  equat ions i s  

an a - + - ( n . . )  = 0 
a t  ax 1 I ( A )  

av avi z .e  - - 1 
a t  + v i ~ -  - E  

Mi 
( B )  
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ne = no exp [ iq  - 

Here, vi = i o n  v e l o c i t y ,  E t he  e l e c t r i c  f i e l d ,  @ the  po ten t ia l ;  and Te 

the  e lec t ron  temperature. 

Quasineutra l  approximation 

F i r s t  we consider plasma t o  be quasineutra l ,  i .e. ,  n  = Zni. e  

I n  fac t  t he  plasma i s  exac t l y  neu t ra l ,  except a t  t he  plasma f r o n t  where 

d i v  E # 0, and a  plasma sheath i s  formed. 

E l im ina t ing  E and @ from equations (8B) and (8C); using E = 

-(&$/ax),  we have 

Now we w i l l  t ry  t o  develop a  s i m i l a r i t y  so lu t i on ,  i n  which a l l  

dependent var iables '  a re  funct ions o f  5 = x / t  on ly .  Thus, 

a - 1  d  - -  -- a -  Ld 
ax t dg 

and, - - - 
a t  t dE 

I and s u b s t i t u t i o n  i n  (8A) and (9)  g ives 



Choosing cS2 = (ZiKTe/Mi) and e l i m i n a t i n g  (ani/ag) and (avi/ag) g ives 

2 2 
(c-vi) = C s  or ,  

Here, t h e  negat ive  r o o t  has been chosen ( t h i s  descr ibes outward 

expansion).  We now want t o  develop expressions f o r  i o n  v e l o c i t y  and 

dens i t y .  For  t h i s ,  s u b s t i t u t i n g  (11)  back i n  (10) we have 

which can be i n t e g r a t e d  t o  g i v e  

I m p l i c i t  i n  here i s  t h a t  a t  unperturbed dens i t y ,  i o n  v e l o c i t y  i s  zero, 

i .e. ,  vi = 0 when ni = 'io. Equat ion (8C) i s  used t o  g i v e  

t he re fo re ,  

X 
A l so  from equat ion  ( l l ) ,  vi = + CS 

1 x 
so, , = + Cs) 

s 



Now, equation (8C) can be used t o  g i ve  

The equations formal ly  correspond t o  the  s i t u a t i o n  i n  which the ions 

and the  e lec t rons  are  r e s t r i c t e d  t o  the  reg ion x < 0 and t = 0. The 

i n f i n i t e l y  1 arge e l  e c t r i c  f i e l d  a t  the  boundary accelerates the  boundary 

ions t o  i n f i n i t y  as soon as t > 0. There i s  a l s o  an e l e c t r i c  f i e l d  a t  

the  i n f i n i t y ,  s ince we d i d  not  impose any divergence on the e l e c t r i c  

f i e l d ,  i n  o ther  words, Poisson's Equation (8D) was n o t  used. 

R e a l i s t i c a l l y ,  we should have allowed f o r  the  space charge by 

employing the  Poisson's Equation (80). The ions which are o r i g i n a l l y  

a t  x  = 0, w i l l  fo'rrn a we l l  defined " i o n  f r o n t " ,  t h a t  moves t o  the  r i g h t .  

Ahead o f  t h i s  f r o n t  we w i l l  always have a pure e lec t ron  cloud, as shown 

i n  f i g u r e  3. 

Poisson 's Equation added 

A t  t = 0, Poisson's Equation takes the  form 

h= noe [exp (*) - I] fo r  x < o 
E0 dx2 KTe 

2 
and E~ = n e exp 

dx 2 0 

and 1 s t  i n t e g r a t i o n  g ives 
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1 - r E2 = noKTe exp 2 0 

where E = -a$/ax. The boundary conditions employed are a$/ax = 0, 

$ = 0 at x = -a and a$/ax = 0, $ = -= at x = *. The undisturbed plasma 

is neutral, i.e., the potential is zero. 

Unfortunately equations (16) and (17) can not again be integrated 

analytical lyq 6  and therefore are intearated numerically . The process 

is as follows. 

Initially, Poisson's Equation is solved, relaxing the potential and 

the electron density about the fixed ion background. The initial response 

is a region of electron space charge in the vacuum half space, con- 

centrated near the ion density discontinuity. The resulting electric 

field exerts a force on the ions directed towards the vacuum half space. 

Given this electric field, the equation of motion advances the ion 

velocity in time which is then used in the equation of continuity to 

advance the ion density in time. Using the new ion density, Poisson's 

equation is again solved and the process iterated,advancing the 

quantities in time as far as desired. 

The computationsz6 give an ion velocity that increases indefinitely 

with time. The computed density and ion velocity from Ref. 26 have 

been reproduced in figures 4 and 5. 

Naturally, it is hard to imagine an infinite velocity plasma 

expansion. Then what 1 imits the velocity o f  the ion front? Well, it may 

be that some point one or more of the approximations of the similarity 
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by t h i s  ana l ys i s .  . 
I n  t h e  n e x t  s e c t i o n  we w i l l  irrlpos'e l i m i t a t i o n s  on t h i s  a n a l y s i s  t h a t  

w i l l  l e a d  t o  a f i n i t e  v e l o c i t y  plasma expansion. L a t e r  on we w i l l  

examine i t s  v a l  i d i  ty w i t h  ou r  exper iments.  

D. Maximum Expansion V e l o c i t y  

The isothermal  s e l  f - s i m i l  a r  model o f  plasma expansion ( rev iewed 

e a r l  i e r )  suggests t h a t  i o n s  can be acce le ra ted  e s s e n t i a l  l y  t o  i n f i n i t e  

v e l o c i t i e s ,  by c o n t r a s t ,  a Thomson Parabola ana lyzer  ( t h a t  w i  11 be descr ibed 

i n  t h e  exper imenta l  s e c t i o n )  shows a c l e a r l y  de f i ned  i o n  v e l o c i t y  

maximum on each shot .  

Remember t h a t  i n  d e r i v i n g  t h e  isothermal  expansion model we assumed 

q u a s i n e u t r a l i t y ,  i .e., 

and a Boltzmann d i s t r i b u t i o n  of e l e c t r o n s  i n  equa t ion  (8C); ne = noe $J 

-* where J, - (11-1 9) 

It has been suggested i n  Ref.  31 , t h a t  m o d i f i c a t i o n  can be made 

i n  t h e  i so therma l  expansion model t o  accomnodate f o r  t h e  f i n i t e  

expansion v e l o c i t y .  Here we w i l l  mere ly  quote t h e i r  r e s u l t s  as they  

seem t o  f i t  we1 1 w i t h  exper iments.  



Two mechanisms could modify the  isothermal behavior i n  a  way t h a t  

would 1  i m i t  i o n  v e l o c i t i e s  t o  t h e  observed maxima: (a )  breakdown o f  equation . 
(18), i .e., no q u a s i n e u t r a l i t y  a t  low 'densi t ies and; (b) absence o f  t he  

h igh  temperature Maxwell ian t a i l s  o f  t he  e lec t ron  v e l o c i t y  d i s t r i b u -  

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

o f  e lectrons,  equation (8C), a t  low dens i t i es .  

I n  mechanism (a), the  exponential  dens i ty  p r o f i l e  i s  t runcated 

by a  non-neutral e l e c t r o s t a t i c  sheath, which i s  for,ed by charge 

separat ion effects. That 1  i m i t s  the  i o n  v e l o c i t y .  This happens 

2 1/2, a t  a  p o i n t  where the  Debye length,  A D [ = ( ~ ~ e / 4 n n  e  ) , equals t h e  
e  

dens i ty  scale length .  A t  t h i s  and lower density,  charge n e u t r a l i t y  

and, therefore,  coup1 i n g  of e l e c t r o n  pressure t o  ions should be 

expected t o  f a i l .  Numerical s imulat ionsf2 have been done w i t h  t h i s  

mod i f i ca t i on  as w e l l  as the  a n a l y t i c a l  cor rec t ion f1  and i t  has been 

found t h a t  t he  maximum sheath v e l o c i t y  i s  g iven by 

where upi0 = (4nnioZi 2  - e2)1/2 " i o  = i n i t i a l  i o n  density,  and (11-21) 
Mi 

A t  i s  t h e  f u l l  w id th  ha l f  maximum o f  t h e  l a s e r  pulse. 

I n  mechanism (b), e s s e n t i a l l y  the  same e f f e c t  o f  exponential  

dens i t y  p r o f i l e  t runca t ion  i s  caused by t h e  absence o f  t he  Maxwell i a n  

t a i l s  o f  t he  e lec t ron  v e l o c i t y  d i s t r i b u t i o n .  The e lec t ron  pressure 

equation o f  s t a t e  i s  e f f e c t i v e l y  modi f ied.  Under these q u a s i s t a t i  c  



cond i t ions  the  e lec t ron  v e l o c i t y  d i s t r i b u t i o n  can be w r i t t e n  as fe(Ee) , 

where Ee = 1/2 m e v t  - em i s  the  e lec t ron  energy. If the  t a i l s  o f  the  

otherwise Maxwell i a n  fe s exp(-Ee/KTe)- +or t h i s  almost c o l l  i s i on less  

plasma are  c u t  off a t  Ved: 

'eth i s  thermal v e l o c i t y  

wherever Eed >> e ,  fe  i s  e s s e n t i a l l y  Maxwell ian w i t h  temperature Te. 
- 

However, when E = -eg near some p o i n t  E, = Ed where the  dens i ty  i s  a ed 

truncated, Ved/Veth + 0, which i s  equ iva lent  t o  having the  e f f e c t i v e  

temperature, i .en,  mean thermal energy, decrease t o  zero. Thus the  

e lec t ron  pressure i s  decreased. 

A genera l i za t i on  of the  procedure t h a t  l e d  t o  the  equations (13A) 

and (15) g ives 

Remember here t h a t  [ni (d$/dni ) ]  'I2 = 1 from ni = exp($). Equations (24) and 

(25) are  solved together  w i t h  equat ion (14). Charge neut ra l  i t y  ne = Zjni 

i s  assumed, because when mechanism (b)  i s  operat ive,  i t  w i l l  occur a t  

h igher dens i t i es  than those invo lved i n  mechanism (a) .  The r e s u l t i n g  



modif ied dens i t y  and f i e l d  p ro f i l es ,  "(5) and E(E), go t o  zero a t  some 

f i n i t e  E =  Ed, and vi(E) i s  a l s o  modified. For C + Ed, equations (24), 

(25) and (14) g i v e  (Vmd - V), E, and rri: Vmd i s  t h e  maximum i o n  v e l o c i t y  

V m x  and i s  determined by the  d i s t r i b u t i o n  cutoff  a t  E e d  These modi f ied 

isothermal expansions r e t a i n  se l  f - s i m i l a r i  ty . Consequently, Vmax i s  inde- 

pendent of pu lse  length,  A t .  The dens i t y  a t  which t h e  t runca t i on  o f  the  

expanding plasma occurs, i.e., t h e  dens i t y  t h a t  would be found a t  Ed if 

the  t runca t i on  d i d  no t  occur, can now be obtained from equation (18), 

charge n e u t r a l i t y  and equat ion (26)  

From an experimental p o i n t  of view mechanism (b )  seems t o  be more 

a t t r a c t i v e .  I n  t he  case of mechanism (a )  t h e  logar i thm i n  equat ion (20) 

makes Vmax too  insens i  t i v e  t o  experimental parameters. Since V,, 

has been observed t o  vary under experimental condi t ions,  mechanism 

(a)  does n o t  seem t o  be a l i k e l y  candidate. 

E. Hot E lec t ron  Temperature 

From t h e  s e l f - s i m i l a r ,  isothermal model o f  plasma expansion, h o t  

e l e c t r o n  temperature can be r e a d i l y  obtained w i t h  t h e  knowledge o f  i o n  

dens i t y  d i s t r i b u t i o n  funct ion.  Recal l  equat ion (12) 



n J"T,Zr ' 
a = - 3 = constant, CS = - = i o n  sound speed. 

s  Mi 

Equation (27) can be transformed t o  g i ve  

If en(dni/dvi) i s  p l o t t e d  aga ins t  vi, fo r  isothermal expansion t o  be 

val  i d  one would expect the  p l o t  t o  be a  s t r a i g h t  1  ine, the slope being 

propor t iona l  t o  q. We have employed t h i s  technique t o  f i n d  hot 

e l e c t r o n  temperatures from our experimental resu l  t s  f o r  i o n  d i s t r i b u t i o n s  

as we w i l l  see l a t e r .  

The v a r i a t i o n  of ho t  e lec t ron  temperature w i t h  i n t e n s i t y  and 

wavelength has been t h e o r e t i c a l l y  inves t iga ted.  The numerical 

d e s c r i p t i o n  33s34 o f  e l e c t r o n  heat ing by resonant absorpt ion 

p red ic t s  Te 2. ( I X ~ ) ~ ,  0.3 < n  < 0.4. I n  add i t ion ,  f l u x  l i m i t  arguments 

i n  which the  bu lk  of the  e lec t rons  are  s t o c h a s t i c a l l y  heated i n  a  

reg ion  around the  c r i t i c a l  dent i t y  pred ic t33 t h a t  the  e lec t ron  

2  2/3 
temperature scales as ( I x  ) , 

F. Mul t ispecies Plasma Expansion 

So f a r  we have described the  plasma by a  two f l u i d  model i n v o l v i n g  ho t  

e lec t rons  and r e l a t i v e l y  c o l d  ions. I n  p rac t i ce ,  f o r  a  l a s e r  produced 

plasma t h i s  i s  n o t  t rue .  I n  general , i o n  groups w i t h  d i f f e ren t  charge 



t o  mass r a t i o s  (having e i t h e r  d i f f e r e n t  charges o r  d i f f e r e n t  masses) 

a re  formed. This, however, does not  change the  p r e s c r i p t i o n  o f  i s o -  

thermal s i m i l a r i t y  model . Now, a1 1  ion' groups a re  t rea ted  as separate 

f l u i d s  and they s a t i s f y  t h e i r  own equations o f  momentum and c o n t i n u i t y .  

The s e t  o f  equations (10) f o r  m u l t i p l e  i o n  species changes t o  

where, j = 1,2 . . . f o r  d i f f e r e n t  i o n  species. E lec t ron  dens i ty  i s  found 

by 

-em/ KTe 
n  = L Z.n and "($1 = nWe 

e  
j J i,j 

Therefore, 

Now, we take a  p a r t i c u l a r  case (which i s  re levan t  t o  us), i n  which 

+ 7 
protons (Z/M = 1 )  a r e  accompanied by heavy ions, e.g., o + ~ ,  0  e t c .  

( w i t h  Z/M = 0.5, 0.43 e tc . ) ,  and we est imate the r e l a t i v e  acce le ra t i on  

o f  d i f f e r e n t  species i n  mul t i spec ies  p l a s m  expansion. 

Ne ass ign  j = 1  t o  protons and j = 2,3 . . . t o  heavy i o n  species 

( o + ~ ,  0" . etc.) ; then f o r  nisi Z  >> ni,2Z2 5 niS3 Z  the p o t e n t i a l  

w i l l  be e s s e n t i a l l y  determined by the pro ton  component and 

S u b s t i t u t i n g  t h i s  i n  (291% the  acce le ra t i on  o f  the  protons i s  



2 ZIKTe where Cs = - 
M1 

S i m i l a r l y  t h e  a c c e l e r a t i o n  of 0+8 i s  g i ven  by 

We n o t i c e  here t h a t  t h e  a c c e l e r a t i o n  o f  each species i s  p r o p o r t i o n a l  t o  

i t s  charge t o  mass r a t i o  and i s  ve ry  s e n s i t i v e  t o  t h e  dens i t y  s c a l e  

l e n g t h  [ ( l  /ni i,l ) (dni ,l /dg) ] - '  of protons.  Because 1  > [(Z2/M2)/(Zl /MI ) 2 

(Z3/M3)/(Zl /MI ) I .  when protons a r e  p resen t  they w i l l  acqu i re  h i ghe r  

a c c e l e r a t i o n  than t h e  r e s t  o f  t h e  spec ies.  Moreover, heavy i ons  

w i l l  have comparable acce le ra t i ons  because of t h e i r  c l o s e  charge t o  

mass r a t i o s .  As we w i l l  show l a t e r  o u r  observat ions a r e  c o n s i s t e n t  

w i t h  t h i s .  For  d e t a i l e d  ana l ys i s ,  t h e  a n a l y t i c a l  s o l u t i o n  i s  n o t  

p o s s i b l e  and one needs t o  r e s o r t  t o  numerical  a n a l y s i s .  27,28,29 

G. T o t a l  Number o f  Energe t i c  Ions  

I n  o rde r  t o  es t ima te  t h e  t o t a l  energy c a r r i e d  away by f a s t  

ions  one would l i k e  t o  know t h e  t o t a l  number o f  these ene rge t i c  ions .  

Moreover, as we w i l l  e x p l a i n  i n  t h e  exper imenta l  sec t ion ,  we were a b l e  



t o  measure the  number of ions w i t h  v e l o c i t i e s  o f  i o n  sound o r  h igher  

( t h i s  i s  t h e  range we have defined as energet ic  o r  f as t  ions) ,  therefore,  

we would l i k e  t o  make a t h e o r e t i c a l  est imate t o  compare w i t h  our 

experiments. A p rec ise  est imate demands a knowledge o f  t he  regime 

where the  ions a r e  generated. Therefore, on l y  a crude order  o f  

magnitude type of es t imate  i s  possib le.  We w i l l  f o l l o w  the  es t imat ion  

as prescr ibed by Ref. 35. 

The energy gained by ions from t h e  ho t  e lec t rons  produced by 

resonant absorpt ion o f  r a d i a t i o n  can be expressed by 

where E i s  t he  e l e c t r i c  f i e l d  i n t e n s i t y ,  ni i s  the  number dens i t y  o f  

ions a t  the  c r i t i c a l  po in t ,  M i s  the  mass and the  summation i s  over t h e  

species o f  ions.  

I f  we r e c a l l  equat ion (3) ,  we f i n d  t h a t  e l e c t r i c  f i e l d  i n t e n s i t y  

decreases w i t h  increas ing  d is tance from the  c r i t i c a l  dens i t y  p o i n t  xc. 

I t  seems t h a t  t h e  v e l o c i t y  o f  t h i s  motion depends on t h e  coordinate. 

When the  e l e c t r i c  f i e l d  decreases s u f f i c i e n t l y  t o  make t h e  v e l o c i t y  V(x) 

comparable w i t h  the  sound speed CS, t he  i o n  acce le ra t i on  e f f i c i e n c y  

decreases. I t  can there fore  be s ta ted  t h a t  accelerated ions  are  

produced w i t h  v e l o c i t i e s  ranging f rom t h a t  o f  sound t o  a value of 

"ma, determined by the  maximum f i e l d  value. Now, we can est imate 

t h e  t o t a l  number o f  ions  t h a t  t ake  p a r t  i n  acce lera t ion ,  if we 

est imate t h a t  s p a t i a l  reg ion  i n  which t h e  v e l o c i t y  o f  electromagnetic 



A t  the  p o i n t  where v = CS ( i o n  sound speed), t he  thermal pressure o f  

the  plasma 4n(neKTe+niKTi) approximates the r a d i a t i o n  pressure 

or, (Ext12 = 4n(neKTe + niKTi) 

@(r)Eo& L 
But ( E x t l  = J2nLwo 

neg lec t ing  c o l l i s i o n s ,  as v -+ 0. 

The s p a t i a l  w id th  where energet ic  ions are  produced 

Subs t i t u t i ng  equation (33) i n  (35), we have 

Since Te/Ti >> 1 , i o n  pressure has been neglected. 

I f  nc i s  the  dens i ty  o f  ions near t h e  c r i t i c a l  sur face xc, then the  

t o t a l  number o f  ions  i n  the  spher ica l  s h e l l  o f  plasma near the  c r i t i c a l  



surface i s  given by 

Here the quant i ty  

can be assumed constant f o r  the pa r t i cu l a r  plasma condit ions. Then 

the t o t a l  ion number i s  

0.32 For laser  i n t ens i t y  I, Eo 2. J j y  experimental resu l t s  show Te 2. I 

and the numerical  simulation^^^ have shown t h a t  the  density scale length 

L 2, Incorporat ing these dependences i n  (37) we have, 

This indicates t ha t  t o t a l  number o f  energetic ions i s  very insens i t i ve  

t o  laser in tens i t y ,  but  t h a t  t h e i r  energy i s  no t  as seen from equation (31). 



H. Prepulse o r  Double Pulse E f f e c t  

I n  case of t h e  prepulse i r r a d i a t i o n  of t h e  ta rget ,  i t  i s  bel ieved . 
t h a t  an underdense plasma a b l a t i o n  halb, i s  formed away from the ta rge t ,  

before the  a r r i v a l  of t he  main pulse. To our knowledge no complete 

t h e o r e t i c a l  o r  numerical ana lys is  o f  t he  prepul se i r r a d i a t i o n  e f f e c t s  

ex i s t s ,  however we suggest here some o f  t h e  genera l ly  agreed upon 

i n t e r a c t i o n  physics. For s i m i l a r  i n t e n s i t i e s  o f  main pulse, the  

dens i ty  sca le  length  may remain unef fected a t  and near the c r i t i c a l  

surface, i n  cases o f  sho r t  s i n g l e  pulses and small prepulse i r r a d i a t i o n .  

There i s  no doubt from the experimental  observation^,^^ however, t h a t  

a  longer scale l eng th  p l a s m  i s  formed i n  the  underdense reg ion ( n  s nc) 

by the prepulse. The s i z e  o f  t h e  scale l eng th  may depend upon the  

r e l a t i v e  i n t e n s i t y  and the  delay o f  main pulse t o  prepulse. 

Long underdense (below c r i t i c a l )  plasma scale lengths can e f f e c t  

the  absorpt ion physics. I n  p a r t i c u l a r ,  they are  very conducive t o  

l a r g e  s t imu la ted B r i l  l o u i n  s c a t t e r  of 1  i g h t  .36'37'38 When inc iden t  

electromagnetic wave decouples i n t o  an i o n  acoust ic  wave and a  

scat tered electromagnetic wave which has a  frequency very s i m i l a r  t o  

i nc iden t  wave, d i f f e r i n g  on ly  by i o n  acoust ic  frequency, the  

process i s  c a l l e d  B r i l l o u i n  sca t te r i ng .  An exce l l en t  review of t h i s  

mechanism i s  g iven i n  Ref. 36. B r i l l o u i n  s c a t t e r i n g  can r e f l e c t  a  

l a rge  f r a c t i o n  o f  i n c i d e n t  l i g h t .  

Measurements 36'33 have shown g r e a t l y  enhanced B r i l l o u i n  s c a t t e r  (by 

up t o  a  f a c t o r  o f  3) and s i g n i f i c a n t l y  reduced absorpt ion o f  t he  

second (main) pulse ( i n  some cases by up t o  a  f a c t o r  o f  2) i n  the  presence 

o f  a  prepulse formed plasma. We w i l l  t r y  t o  exp la in  the  changes t h a t  



take  p lace i n  absorp t ion  mechanisms and thus i n  t o t a l  absorpt ion. 

I n  sho r t  s i n g l e  pulse experiments w i t h  h igh  i n t e n s i t i e s  (> 10 14 

2 . 
watts/cm ), t he  resonant absorpt ion if the  dominant process. Because 

o f  t he  steeper dens i t y  gradients,  l e s s  back s c a t t e r  i s  expected and t h i s  i s  

observed exper imenta l ly ,  i .e., s t imu la ted  B r i l l o u i n  s c a t t e r i n g  plays an 

i n s i g n i f i c a n t  r o l e .  The computer  simulation^^^ have pred ic ted  t h a t  i n  

16 2 t h e  i n t e n s i t y  range of - 10 watts/cm t o t a l  absorpt ion i s  

about 42% w i t h  resonant absorpt ion accounting f o r  about 30%. The 

t o t a l  absorp t ion  percentage remains almost constant i n  t h i s  i n t e n s i t y  

range. The increase i n  t o t a l  absorpt ion fo l l ows  c l o s e l y  an increase 

i n  resonant absorp t ion  w h i l e  B r i l l o u i n  s c a t t e r i n g  remains unchanged. 

Th is  w i l l  increase t h e  energy coupled t o  ho t  e lect rons,  r e s u l t i n g  i n  

h igher  ho t  e l e c t r o n  temperature. The energy coupled t o  ions w i l l  

increase, and a fas te r  i o n  spectrum should be expected. On t h e  o the r  

hand, f o r  the  double pulse case, t h e  low dens i t y  plasma r e s u l t i n g  

from t h e  prepulse case and i t s  longer  sca le  l eng th  g r e a t l y  enhances 

B r i l l o u i n  back s c a t t e r .  The t o t a l  absorp t ion  i s  s i g n i f i c a n t l y  reduced. 

The absorp t ion  physics i s  then dominated by the  compl i c a t e d  i n t e r p l a y ,  

i n  t he  underdense region,  between c l a s s i c a l  and/or anamolous absorpt ion, 

and back s c a t t e r .  I n  computer sir nu la ti on^^^ o f  t h e  double pulse case, 

2 2 t h e  t o t a l  absorpt ion va r ies  f rom 38% a t  w/cm t o  30% a t  5 x 1 0 ' ~  w/cm , 

t h e  resonant absorp t ion  from 14% t o  9%, whereas the  back s c a t t e r  f r a c t i o n  i s  

increased from 40% t o  60%. Because o f  t h e  reduced absorp t ion  and the  manner i n  

which t h e  absorp t ion  takes place, l e s s  l i g h t  a c t u a l l y  gets t o  the  

c r i t i c a l  reg ion  and t h e  f r a c t i o n  o f  resonant absorp t ion  i s  reduced. 

This  r e s u l t s  i n  decreased energy coup l ing  t o  h o t  e lec t rons .  For  t he  



same i n t e n s i t y  of main pulse one would expect lower e l e c t r o n  temperature 

and a l ess  energet ic  spectrum of ions f o r  t he  prepulse case compared t o  

s ing le  main pulse case. Moreover, t h e  experimental observat ions by 

B. H. Rip in,  e t  a l .  (Ref. 38) i n d i c a t e  t h a t  t he 'abso rp t i on  f r a c t i o n  goes 

down (as much as by fac to r  of 2) and the  back scatter2'  goes' up (by a 

f a c t o r  o f  more than 2) when t h e  i n t e n s i t y  o f  t he  prepulse i s  changed from 

1/10 of a percent t o  10% of t he  f i xed  i n t e n s i t y  main pulse. No 

s i g n i f i c a n t  change was observed f o r  d i f f e r e n t  delays between prepulse 

and main pulse. Furthermore, f o r  t he  f i x e d  r a t i o  of prepulse t o  main 

pulse i n t e n s i t y ,  t h e  back s c a t t e r  percentage increased w i t h  the  i n t e n s i t y  

o f  t he  main pulse. Once t h e  back s c a t t e r  becomes important,  l ess  l i g h t  

gets t o  t h e  c r i t i c a l  sur face and the  e lec t ron  temperature does n o t  

increase any more. One would expect, i n  t h i s  case, t h a t  no t  on l y  w i l l  

e l e c t r o n  temperature have a weak dependence on main pulse i n t e n s i t y ,  bu t  

a l s o  f o r  a f i x e d  main pulse i n t e n s i t y  t he  h o t  e l e c t r o n  temperature, t h e  

energy contained i n  ions  w i l l  go down as the  i n t e n s i t y  r a t i o  o f  prepulse 

t o  main pulse i s  increased. The t ime  delay between the  main pulse and the  

prepulse w i l l  n o t  have much impact; t h e   simulation^^^ a l s o  back up 

t h i s  no t ion .  

I n  sec t ions  t o  fo l low,  we w i l l  present  our  experimental r e s u l t s ,  

and discuss t h e i r  agreement o r  l ack  of it, t o  the  reasoning o u t l i n e d  

here. 



THEORY OF TWO STREAM ION-ION INSTABILITY I N  PLASMA 

I n  a  mul t i spec ies  plasma expansipn, the  ions w i t h  d i f f e r e n t  

charge t o  mass r a t i o s  (ZIM) may acqui re r e l a t i v e  v e l o c i t i e s  due t o  

t h e i r  d i f f e r e n t  acce lera t ions  i n  the e l e c t r i c  f i e l d  i f  the  ion-  

1  i o n  c o l l i s i o n  t ime ( z  1 . 5 ~ 1 0  l8 Mi 'I2 Ti 1 1 2 / ~ 4 ~ i )  i s  l ong  compared t o  

8  the  t y p i c a l  acce le ra t i on  t ime ( z  10 x L/Cs, L  = dens i ty  sca le  length, 

s  = i o n  sound speed). This  e f f e c t  has been discussed i n  the  

previous chapter.  These co l  d  streaming ions i n  t he  h o t  e l e c t r o n  

background cou ld  be sub jec t  t o  a  two-stream ion - ion  i n s t a b i l i t y .  2,3 

Two stream i n s t a b i l i t y  can be explained as fo l l ows .  Suppose t h a t  the  

i o n  component o f  a  plasma cons is ts  of two o r  more beams o f  d i f f e r e n t  

species moving r e l a t i v e  t o  each o ther .  A very small pe r tu rba t i on  

away from zero f i e l d  a t  a  given p o i n t  causes a  v e l o c i t y  modulat ion 

o f  each beam. I n  time, t h i s  produces a  bunching o f  space charge i n  

the  d i r e c t i o n  o f  motion o f  each beam, which creates a  much l a r g e r  

p o t e n t i a l  than t h a t  due t o  the  o r i g i n a l  per tu rba t ion .  The f i e 1  ds 

due t o  any one beam modulate the o ther  beam, which then feed the 

disturbance back t o  the  source i n  a  h i g h l y  amp1 i f i e d  form. Thus a  

pe r tu rba t i on  b u i l d s  up cumula t ive ly  and an i n s t a b i l  i t y  r e s u l t s .  

The p o s s i b i l i t y  o f  such an i n s t a b i l i t y  had been suggested e a r l i e r .  4,5,6 

One o b j e c t i v e  o f  t h i s  study i s  t o  determine the  cond i t i ons  f o r  

t h i s  i n s t a b i l  i ty, and the dependence o f  i t s  growth r a t e  on t h e  (Z/M) 

r a t i o s  and the  dens i t y  po r t i ons  o f  t h e  i o n  mixture.  I t  w i l l  be 

shown t h a t  a  1  i nea r  ana lys is  leads t o  a  subs tan t i a l  growth o f  

the per tu rba t ion .  This may l e a d  t o  a  short-wavelength i o n  dens i t y  

f l  uctuat ions.  The s a t u r a t i o n  mechanism may be Landau damping, due 



t o  t r a p p i n g  and subsequent hea t i ng  o f  ions .  Th is  w i l l  be exp la ined  

l a t e r .  The model i s  then used t o  e x p l a i n  the  l a r g e  ampl i tude, h i g h  

frequency modulat ions observed i n  theb asymptot ic  non-thermal i o n  

d i s t r i b u t i o n .  

A.  D ispers ion  R e l a t i o n  

The one dimensional  system t h a t  we cons ider  here i s  t h a t  o f  a 

f l u i d  m ix tu re  of  two spec ies o f  p o s i t i v e l y  charged ions,  o f  

charges Z, and ZZ, masses MI and Me, i m e r s e d  i n  a background o f  

e l e c t r o n s  . If Te >> Ti, the  thermal spread o f  i o n  v e l o c i t i e s  i s  

then o f  l i t t l e  importance and hydrodynamic equat ions can be used 

f o r  t he  t rans1  a t i o n a l  v e l o c i  t i e s .  The equat ions o f  momentum and 

c o n t i n u i t y  f o r  t he  c o l d  i o n s  are,  

Neg lec t i ng  e l e c t r o n  i n e r t i a  f o r  low frequency (<< w ) phenomena, the 
P 

e l  ec t r o n  momen tum equat ion  f o r  i so therma l  e l  ec t r o n s  g i ves  

Poisson 's  Equat ion 



. 
These equat ions a r e  per tu rbed  dbout a  homogenous e q u i l i b r i u m  

where the  two i o n  species have a r e l a t i v e  v e l o c i t y .  We take  

pe r tu rba t i ons  o f  the  form e kx-iwt; subsequent 1  i n e a r i  r a t i o n  o f  

these equat ions y i e l d  a  d i s p e r s i o n  re1  a t i o n ,  8 

where aD = (KTe/4~ne 2)1/2 Debye l eng th ,  5 = ylCSl 2 , ~i = y2CS, 2 , 

x = Vp - Vr/2, B = Vr/2 Vp = phase v e l o c i t y  (w/k) and Vr = 
9 

r e l a t i v e  v e l o c i t y  o f  two f l u i d s .  

B. Growth Rates i n  Homogeneous Expanding Plasma 

The d i s p e r s i o n  r e l a t i o n  (111-2) can be w r i t t e n  i n  t h e  fo rm 

I n  general, t h e  q u a r t i c  equa t i on  (111-3) has four  r o o t s .  Because we 

a r e  i n t e r e s t e d  i n  t he  c o n d i t i o n  f o r  t h e  i n s t a b i l i t y ,  we impose 

paramet r i c  c o n d i t i o n s  so t h a t  t h e  equat ion  (111-3) has two r e a l  and 



two complex conjugate roo ts ,  one o f  which corresponds t o  i nstab i  1  i ty .  

This  i s  a l s o  c a l l e d  the c o n d i t i o n  f o r  which equat ion (111-3) has 

unstabl e  (doubl e )  roo ts .  11 . 
If 6 = q and the  i o n  species are d i f ferent ,  the  cond i t i on  t h a t  

equat ion (111-3) w i l l  have unstable r o o t s  ( cond i t i on  f o r  ion-  

i o n  i n s t a b i l i t y  i n  t h i s  case) i s  

For the case when (5-q) << (5+q) the  i n s t a b i l  i t y  c r i t e r i o n  becomes 

Because (5-q)/  (5+q) has been assumed <<I, on l y  the  terms 

0 [ [ ( c -q ) / (5+d12 ]  have been kept .  

I n  the  general case the  q u a r t i c  equat ion (111-3) can be 

so l  ved numer ica l ly  t o  y i e l d  growth r a t e s  ( y = Irrw) f o r  d i f f e ren t  

values o f  yl, y2, Z1/M1 and Z2/M2. A p l o t  o f  the  th resho ld  v e l o c i t y  as 

a  f u n c t i o n  of t h e  stream dens i t i es  and the  sound speed i s  shown i n  f i gu re  

III .I. Values o f  t h e  imaginary p a r t  o f  t h e  phase v e l o c i t y  V ( =  y/K) 
P 

have been ca l cu la ted  as a  func t i on  o f  r e l a t i v e  stream v e l o c i t i i e s  

f o r  d i f f e r e n t  5/q r a t i o s  as shown i n  f i g u r e  111.2. 

C .  Appl i c a t i o n  to Experimental Observations 

Now we at tempt to exp la in  the  experimental observat ion.  F igure 111.3 
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ION SPECIES DENSITY DISTRIBUTION AS 
A FUNCTION OF VELOCltV 

Figure 111.3 



shows the  asymptot ic  i o n  d i s t r i b u t i o n  f unc t i on  as measured by t h e  

"Thomson Parabola" i n  an a r b i t r a r y  energy band. Experimental  

15  2 c o n d i t i o n s  are:  Nd: Glass Laser, I s =  10 watts/cm , g lass  micro-  

b a l l o o n  80 um-diam., 0.8 um th ick ,  and surface' focussed. The d e n s i t y  

modulat ions as seen a re  c h a r a c t e r i s t i c s  o f  severa l  sho ts  under 

d i f f e r e n t  exper imenta l  c o n d i t i o n s  . We i n v e s t i g a t e  two groups o f  

ions  f o r  t h i s  i n s t a b i l i t y ,  hav ing  a s i m i l a r  and a d i s s i m i l a r  Z/M. 

Usua l l y  i n  a l a s e r  produced plasma t h e  protons are f o l l owed  by a group 

o f  heavy i ons .  We take  the  cases where Z1/M1 = 1 (p ro tons)  and 

Z2/M2 = 0.5 a r e  i n  one group (H/L), and 21/111 = 0.5 and ZZ/M2 = 0 .4  a re  i n  

o t h e r  group (H/H) .  Except  f o r  t he  p ro ton  case, t he  d i s t r i b u t i o n  

shows about  4-5 peaks. 

Given t he  growth r a t e  of  t h e  i n s t a b i l i t y  f o r  an i n f i n i t e  homo- 

geneous plasma, we woul d now 1 i ke t o  es t imate  t he  t o t a l  growth of an 

i n i  ti a1 wave packe t  as i t  propogates through t he  r a r e f y i n g  p l  asma, 

c h a r a c t e r i s t i c  o f  a l a s e r  f u s i o n  t a r g e t  corona. To analyze t h e  

cha rac te r  o f  these f ea tu res  and t h e i r  dependence on t he  parameters i t  

i s  n a t u r a l  t o  use, as before,  hydrodynamic equat ions.  As a model of  

such a plasma we w i l l  use t he  s e l f - s i m i l a r ,  two i o n  species, i s o -  

thermal r a r e f a c t i o n  model o f  ~ u r e v i c h  .' The equat ions have t he  f o l  low- 

i n g  form, 



-1 /2 Here N1 and N2 are  i o n  concentrat ions and ul = v1(2TeZ1/M1) , 
-1/2 = v (2T Z /M )- ' I2, T = ( x / t )  (2TeZ1/M1) , Te = e lec t ron  "2 2 e 2  2 

temperature, v, and v2 are  the  mean v e l o c i t i e s  o f  t he  f l u i d s .  

These equations are  der ived i n  the  same manner as the  equation 10 

(Chapter 11). I m p l i c i t  i n  the  d e r i v a t i o n  o f  these equations i s  

quasineutra l  i t y ,  ne = ZZini = n e 
0 

eg/KTe where ne = e lec t ron  densi ty ,  
i 

n = unperturbed e l e c t r o n  dens i ty  and g = p o t e n t i a l .  
0 

For the  s e t  of l i n e a r  equations (111-6) t o  possess a so lu t ion ,  

t he  determinant o f  the  c o e f f i c i e n t s  should be zero, i.e., 

S t a r t i n g  w i t h  ul = 0, up = 0 and i n i t i a l  T obtained from the  

equation (111-7) we mapped ou t  numer ical ly  the  dens i ty  p r o f i l e  o f  

the  i o n  mix ture  as a funct ion of T. The dens i ty  p r o f i l e s  f o r  heavy 

ions (N1 = 0.5, Z1/M1 = 0.5, N2 = 0.5, Z2/M2 = 0.4) and, heavy and 

l i g h t  ions  (N1 = 0.25, Z1/M1 = 1, N2 = 0.75, Z2/M2 = 0.5) have 

been shown i n  f igures 111.4 and 111.5. The r a t i o s  o f  t he  dens i t i es  

were chosen according t o  t h e  experimental observat ions. 

We compute the  t o t a l  growth o f  a packet, G, by i n t e g r a t i n g  the  



DENSITY DISTRIBUTION AS A FUNCTION 
OF 7 FOR HEAVY ION SPECIES 

Figure 111.4 



DENSITY DISTRIBUTION AS A FUNCTION 
OF 7 FOR PROTONS (LIGHT IONS) 

AND OXYGEN (HEAVY IONS) 
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Figure 111.5 



l o c a l  growth r a t e  along t h e  t r a j e c t o r y  of t he  packet x ( t )  g iven by 

- -  dX - v(x , t )  + R ( V  1; from x  = xo, t = to 
d  t e  P 

The i n t e g r a t i o n  i s  continued u n t i l  t he  growth,G, saturates.  

Tht  t o t a l  growth of t h e  wave packet f o r  both i o n  groups has been 

shown i n  f i g u r e  (111.6). To maximize 6, one c l e a r l y  chooses xo, to 

t o  be as small as poss ib le  t o  maximize the  growth t ime and k  t o  be 

as l a r g e  as poss ib le  t o  maximize t h e  growth r a t e .  One's choice, 

however, i s  l i m i t e d  by the  assumptions o f  these simple ca lcu la t ions .  

The i n i t i a l  t ime to has t o  be s u f f i c i e n t l y  l a r g e  t h a t  t h e  grad ient  

scale length  o f  t h e  r a r e f a c t i o n  L ( t o )  , exceeds t h e  wavelength o f  

t he  pe r tu rba t ion  e l s e  inhomogenei ty ef fects would k i  11 t h e  growth 

ra te ,  t h a t  i s  we r e q u i r e  kL ( to )  >> 1. We a r b i t r a r i l y  choose 

kL ( to )  = 107. Secondly, Landau damping and d ispers ion  of the  wave 

packet l i m i t  kAD s 1. We i n i t i a l l y  assume kAD = 0.6 and then monitor 

kAD through t h e  growth per iod.  For t h e  one species r a r e f a c t i o n  

k ~ ~  i s  an exact constant, f o r  two species ra re fac t i on  we f i n d  i t  t o  

be approximately so, as shown i n  f i gu re  111.9. We have a l s o  estimated t h e  

Landau damping r a t e  as a  f u n c t i o n  o f  k+, f o r  d i f f e r e n t  e lec t ron  t o  i o n  



TOTAL GROWTH OF THE WAVE PACKET 
WITH INCREASING 7 

7 

Figure 111.6 





temperature r a t i o s .  

Landau damping i s  caused by the  p a r t i c l e s  i n  t h e  d i s t r i b u t i o n  

t h a t  have a v e l o c i t y  nea r l y  equal m ' t h e  phase v e l o c i t y  o f  t h e  

wave " the  resonant p a r t i c l e s " .  These p a r t i c l e s  t r a v e l  along w i t h  

t h e  wave and do n o t  see a r a p i d l y  f l u c t u a t i n g  e l e c t r i c  f i e l d ;  they, 

there fore ,  can exchange energy w i t h  t h e  wave e f f e c t i v e l y .  A 

Maxwell i a n  d i s t r i b u t i o n ,  however, has more slow p a r t i c l e s  than f a s t  

ones. Consequently t he re  may be more p a r t i c l e s  ga in ing  energy from the  

wave than t h e  v i c e  versa, and t h e  wave may be damped. We used t h e  

expression f o r  Landau damping from Ref. (10) 

Th i s  damping r a t e  has been der ived from t h e  f l u i d  theory. 

The n e t  growth ( a f t e r  t h e  adjustment f o r  Landau damping r a t e )  

i s  p l o t t e d  i n  f i g u r e  111.10, f o r  Te/Ti as a parameter. It i s  

ev ident  f rom the  p l o t s  t h a t  f o r  t h i s  i n s t a b i l i t y  t o  grow e f f e c t i v e l y ,  

a lower bound o f  Te/Ti i s  approximately 10. For known e l e c t r o n  

temperature, t h i s  suggests an upper bound i n  i o n  temperature. We 

a l s o  va r ied  t h e  i n i t i a l  p o s i t i o n  o f  t he  wave packet on t h e  dens i t y  

p r o f i l e ,  namely xo, and monitored t h e  t o t a l  growth as shown i n  

f i g u r e  111.8. 

As the  f i g u r e  111.7 shows, i n i t i a l l y ,  t h e  growth r a t e  i s  h igher  

f o r  (HIL) group o f  ions b u t  i t drops down sharp ly  w i t h  increas ing  T. 

On t h e  o the r  hand, f o r  (HIH) group o f  i ons  t h e  growth r a t e  s t a r t s  w i t h  

low value and f o r  l a r g e  T, a t t a i n s  sa tu ra t i on .  I n  n e i t h e r  case does 



NET GROWTH RATE (AFTER LANDAU 
DAMPING) VERSUS K X n 

K A D  

Figure 111.10 



TOTAL GROWTH OF WAVE PACKET 
ORIGINATING AT DIFFERENT POSITIONS 

( 7 INITIAL) ON STREAM DENSITY PROFILE 

7 INITIAL 

Figure 111.8 
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the  r e l a t i v e  v e l o c i t y  of two species exceed the  va lue  requ i red  t o  

quench t h e  i n s t a b i l i t y  ( f i g u r e  111.2). The growth r a t e  i n  case o f  

(H/L) group i s ,  however, 1 im i ted  b y  ;he r a p i d  fa1 1 o f f  o f  t h e  

dens i t y  o f  t h e  heavy species w i t h  inc reas ing  T. 

If we compare the  r e s u l t s  of H/H and H/L ions  groups, growth 

of (H/H) group i s  much h igher  than t h a t  o f  (H/L) group (even though 

both 1 i e  w i t h i n  v e l o c i t y  th resho ld  cond i t i ons  o f  i n s t a b i l i t y )  . We 

see t h i s  behavior  i n  experimental  observat ions i n  t h a t  t h e  proton 

spectrum i s  smooth, w h i l e  t he  heavy i o n  species spectra have l a r g e  

f l u c t u a t i o n s  t h a t  we asc r i be  t o  t he  growth o f  t he  (H/H) i o n - i o n  

i n s t a b i l  i t y .  We, however, cannot r u l e  ou t  t h e  p o s s i b i l i t y  o f  protons 

being generated from the  contaminants on the  sur face  o f  the  t a r g e t  

and accelerated outward. I n  t h i s  case t h e  dens i t y  coupl i n g  w i t h  t h e  

heavy ions  w i l l  n o t  e x i s t  t o  begin w i th ,  and a smoother d i s t r i b u -  

t i o n  of t he  protons (as seen) w i l l  be expected. 

We have shown t h a t  the  streaming plasma cou ld  be s h o r t  wave- 

l e n g t h  (= AD) i on - i on  two stream unstable.  The coupl i n g  mode of t he  

i n s t a b i l i t y  i s  dominated by the  dens i t y  r a t i o s .  Th is  may a c t  as a 

source t o  a long  wavelength i o n  acous t ic  turbulence.  Also t h i s  model 

f i t s  very we1 1 t o  our  experimental  observat ions.  



I V .  EXPERIMENTAL SYSTEMS AND INSTRUMENTS 

A. I n t r o d u c t i o n  . 
The experiments were c a r r i e d  o u t  a t  t h e  Co l lege  o f  Engineer ing 

and Appl i e d  Science's Labora to ry  f o r  Laser Energet ics .  The exper i  - 
mental se tup  used here f o r  h i g h  energy i o n  ( >  10 KevIZ) s tud ies  

cons is ted  o f  a h i gh  power Nd: Glass, 50 psec, 1.06 pm wavelength 

1 aser  ( c a l l  ed G l  ass Development Laser:  GDL) , a two beam t a r g e t  

i r r a d i a t i o n  f a c i l i t y  ( c a l l e d  Beta t a r g e t  chamber) and t h e  i o n  

spect rograph ( c a l l  ed "Thomson Parabol a " ) .  I n  a d d i t i o n ,  x-ray 

1 measurements i n  10 Kev-500 Kev range were made. The l a s e r  and 

t a r g e t  performances were moni tored on each shot .  

As descr ibed  i n  t h e  I n t r o d u c t i o n  Chapter (Chapter I ) ,  i t  i s  

easy t o  understand t h e  nega t i ve  r o l e  played by f a s t  i ons  i n  l a s e r  

f u s i o n  exper iments.  S ince i t  i s  d i f f i c u l t  t o  make use o f  these 

ions ,  which a r e  cop ious l y  produced i n  many 1 a s e r - t a r g e t  i n t e r a c t i o n s ,  

i t  i s  o f  p resen t  i n t e r e s t  t o  f i n d  t h e  a p p r o p r i a t e  c o n d i t i o n s  under 

which t h e i r  p roduc t i on  can be minimized w i t h o u t  s i g n i f i c a n t l y  

a f f e c t i n g  t h e  imp los ion  dynamics. N a t u r a l l y ,  t h i s  demands a 

know1 edge o f  t h e i r  genera t ion  and propagat ion mechanisms. 

The main purpose o f  t h i s  t h e s i s  i s  t o  conduct sys temat ic  

parametr ic  s t u d i e s  o f  t h e  genera t ion  and propagat ion of  energe t i c  

( >  10  KevIZ) i ons .  There has been a growing i n t e r e s t  i n  t h e  use 

o f  s t r u c t u r e d  o r  shaped o r  l o n g  t i m e  s c a l e  ( >  1 nsec) pu lses f o r  l a s e r  

f u s i o n  t a r g e t  experiments. We at tempted t o  generate these p l  asma 

condi  t i o n s  by  p r o v i d i n g  a de l  i bera te  prepul  se o f  va ry i ng  amp1 i tude 



and t i m i n g  w i t h  r espec t  t o  t h e  main pu lse.  We s tud ied  t h e  behavior  o f  

ene rge t i c  i o n s  under these cond i t i ons .  The s p e c i f i c  o b j e c t i v e s  

i n  t h i s  t h e s i s  can be  i t em ized  as f o l l o w s :  

a. To examine if t h e r e  i s  any l a s e r  energy o r  i n t e n s i t y  t h resho ld  - 

f o r  t h e  p roduc t i on  o f  ene rge t i c  ( >  10 Kev/Z) ions  i n  a  l a s e r -  

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

b.  To measure t h e  asymptot ic  i o n  d i s t r i b u t i o n  f o r  a  v a r i e t y  o f  - 

charge t o  mass r a t i o s .  

c .  To see i f  h o t  e l e c t r o n  temperature can be deduced f rom t h e  - 

i o n  d i s t r i b u t i o n  f u n c t i o n .  

d. To es t ima te  t h e  f r a c t i o n  o f  t h e  t a r g e t  mass c a r r i e d  away by these - 

ions  and t o t a l  energy con ta ined  i n  them. 

e. To measure t h e  maxirr~urn expansion v e l o c i t y  o f  these ions,  i .e., t o  - 

how many t imes t h e  i o n  sound v e l o c i t y  ( c a l c u l a t e d  f rom t h e  h o t  

e l  e c t r o n  temperature) these i ons  a r e  accel  e ra ted  . 
f. To observe t h e  v a r i a t i o n  o f  t h e  i tems (a t o  e)  w i t h  a  l a s e r  - 

prepu lse  ahead o f  t h e  main pu lse.  Two k i nds  o f  prepulses were 

used, one preceded t h e  main pu lse  by 300 psec and t h e  o t h e r  by 

1100 psec, bo th  were v a r i e d  i n  i n t e n s i t y  w i t h  respec t  t o  main 

pu l se  f r om 1% t o  

Other  sec t i ons  o f  t h i s  chap te r  w i l l  b r i e f l y  i l l u s t r a t e  t h e  

exper imental  f a c i l  i ty. The main i o n  d i a g n o s t i c  ins t rument  

(Thornson Parabola) w i l l  be descr ibed i n  some d e t a i l .  



B. GDL and Beta Targe t  C h a h e r  

2  The Glass Development Laser (GDL) System a t  t h e  Labora to ry  

f o r  Laser Energe t i cs  i s  a  one beam, Phosphate g lass system capable 

o f  de l  i v e r i  ng peak powers i n  excess o f  0.5 Ter rawat ts  i n  nominal 

50 psec pu lses.  F i g u r e  IV1 shows a  schematic diagram o f  t h e  l a s e r  

system. The system was mod i f i ed  t o  i n s e r t  a  c o n t r o l  1  ed prepulse 

ahead o f  t h e  main pulse. The m o d i f i c a t i o n  i s  shown i n  f i g u r e  IV2. 

The t i m i n g  o f  t h e  prepulse, from 300 psec t o  1100 psec ahead 

o f  t h e  main pulse, was ad jus ted  w i t h  t h e  use o f  a  r e t r o r e f l e c t i n g  

p r i sm mounted on  a  t r a n s l a t i o n a l  s tage  as shown i n  f i g u r e  IV2. 

The i n t e n s i t y  o f  t h e  main pu lse  and p repu lse  was ad jus ted  

independent ly  w i t h  t h e  he1 p  o f  two ha1 f wave p l a t e s  i n  c o n j u n c t i o n  

w i t h  t h e  pol a r i z e r  P. A more d e t a i l e d  d e s c r i p t i o n  o f  t h e  system 

i s  g iven  elsewhere. 3  

A vacuum photodiode and a  Tek t ron i cs  7401 o s c i l l o s c o p e  ( w i t h  

b u i l t  i n  image i n t e n s i f i e r  and 1  GHz bandwidth) were used t o  

mon i t o r  r e l a t i v e  t i m i n g  between t h e  p repu lse  and main pu lse.  

A l ow  power shot,  i . e .  f i r i n g  o n l y  t h e  f i r s t  f o u r  r o d  a m p l i f i e r s ,  

was used and t h e  ha1 f wave p l a t e s  were ad jus ted  so t h a t  t h e  pre-  

pu l se  and t h e  main pu l se  beams were o f  approx imate ly  equal i n t e n s i t i e s .  

The r e s b l  t i n g  o s c i l  loscope t r a c e  f rom t h e  photodiode s i g n a l  i n d i c a t e d  

t h e  p repu lse  t o  main p u l s e  t ime  d i f f e r e n c e  t o  be 1100 psec. A 

r e p r e s e n t a t i v e  p i c t u r e  i s  shown i n  f i g u r e  IV3. The accuracy of  t h e  

measurement was l i m i t e d  by t h e  r i s e t i m e  o f  t h e  scope and about 

10  ft o f  t h e  RG-58 cab le .  I t  i s  es t imated  t o  be about  100 psec. 

With t h i s  p o s i t i o n  of  t h e  t r a n s l a t i o n  s tage  marked, t h e  subsequent 
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prepulse t imes were ca l cu la ted  from t = 1.1 (nsec) - 2d/c, where 2d 

i s  t h e  d is tance by which the  path l eng th  was increased and c  the  

v e l o c i t y  of  1  i g h t .  Since the  measur'ements o f  stage t r a n s l a t i o n  can 

be made t o  m i l  1  imeter  accuracy, the  r e p r o d u c i b i l i t y  o f  any prepulse 

s e t t i n g  i s  accurate t o  w i t h i n  a  few picoseconds. 

To make sure t h a t  there  were no unintended prepulses propagating 

through t h e  system, we monitored the  prepul se c o n t r a s t  f o r  no 

prepulse shots w i t h  a  charged coupled diode and a  7401 Tektronics 

osc i  11 oscope. The osc i  11 oscope was s e t  a t  prepul se 1  eve1 . 'The 

o v e r d r i v i n g  of  the  scope and des t ruc t i on  of t h e  diode was prevented by 

i n s e r t i n g  a  water c e l l  i n  f r o n t  o f  t h e  diode. The breakdown o f  the  water 

c e l l  due t o  the  h igh  i n t e n s i t y  f o l l o w i n g  t h e  prepulse, made i t  opaque 

t o  the  incoming main pulse, thus p r o t e c t i n g  equipment from destruc- 

t i o n  as we l l  as making c o n t r a s t  mon i to r ing  eas ie r .  

Now a  b r i e f  d e s c r i p t i o n  o f  the t a r g e t  i r r a d i a t i o n  f a c i l i t y ,  

a1 so c a l l e d  Beta t a r g e t  i n t e r a c t i o n  f a c i l i t y ,  w i l l  conclude t h i s  

sect ion.  A schematic diagram i s  shown i n  f i g u r e  IV4 w i t h  the  

d iagnost ics  used i n  p o s i t i o n .  

As can be seen i n  the diagram, t h e  incoming beam i s  s p l i t  i n t o  two 

beams o f  equal s t reng th  by a  50% r e f l e c t i n g  m i r r o r .  These beams a re  

f e d  i n t o  the  t a r g e t  charrber f rom opposing d i r e c t i o n s ,  eas t  and west. 

F/2 aspheric lenses were used t o  focus these beams on t h e  t a r g e t .  

On most o f  t h e  shots, the  p i n  ho le  x-ray camera was used t o  measure the  

f o c a l  spot  diameters on t h e  t a r g e t  t o  a l l o w  c a l c u l a t i o n  o f  t h e  i n c i d e n t  

i n t e n s i t y .  A s t reak  camera w i t h  appropr ia te  e t a l o n  was employed t o  measure 

f u l l  w id th  h a l f  maximum o f  t h e  l a s e r  pu lse  on each shot .  The representa t ive  
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t r aces  a r e  shown i n  f i g u r e  IV5  and IV6. Typ ica l  exper imental  

cond i t i ons  were as f o l l o w s :  Target;  empty g lass  microbal  l o o n  o f  

approx imate ly  80 vm d iameter  and 0.8 vm w a l l  th ickness,  su r f ace  focus 

w i t h  f o c a l  spo t  d iameter  about 30 urn and i n t e n s i t i e s  between 1015 t o  

16 2 10 Watts/cm . As shown i n  t h e  diagram IV4, l a s e r  ca lo r ime te rs  

a r e  p laced  a t  a p p r o p r i a t e  p o s i t i o n s  t o  measure t he  i n c i d e n t  energy 

on t h e  t a r g e t .  The a l ignment  and t he  p roper  focus ing  on t h e  t a r g e t  

i s  done w i t h  a  CW ND: YAG l a s e r .  A 50 vm c o r r e c t i o n  i s  a p p l i e d  

t o  t h e  f ocus ing  lenses t o  compensate f o r  t he  chromat ic  s h i f t  due 

t o  100 8, d i f f e r e n c e  between YAG and phosphate g lass  l a s i n g  wave- 

1  engths. 

C.  Thomson Parabola 

a. I n t r o d u c t i o n  - 

There a r e  a v a r i e t y  o f  plasma i o n  de tec to r s  a v a i l a b l e ;  t he  

w i d e l y  used ones a r e  Faraday cup charge c o l  l e c t o r s ,  e l  e c t r o s t a t i c  

mass spectrometer,  magnet ic  i o n  spectrometer and Thomson Parabola.  

They vary  w i d e l y  i n  t h e  method of  opera t ion ,  dynamic range, energy 

range and re1 i a b i l i t y .  The cho i ce  o f  a  p a r t i c u l a r  i ns t rumen t  i s  

u s u a l l y  d i c t a t e d  by t h e  i o n  energy band o f  i n t e r e s t ,  r e s o l u t i o n ,  

dynamic range and re1  i a b i  1  i ty o f  measurement. 

Charge c o l l e c t o r s  y i e l d  qua1 i t a t i v e  i n f o r m a t i o n  about t h e  

asympto t i c  i o n  v e l o c i t y  d i s t r i b u t i o n  when p laced f a r  from t h e  

t a r g e t  a t  a  measured d is tance .  The i o n  c u r r e n t  i s  measured 

w i t h  a  s imp le  conductor  i n t e r c e p t i n g  t h e  plasma. The 
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e l e c t r o n s  a r e  separated from t h e  plasma by  e l e c t r i c a l  b i as i ng .  

The s i gna l  can be d i sp layed  on  an osc i l l oscope .  The d is tance  

o f  t h e  charge c o l l e c t o r  from t h e  tar 'get  ( i o n  f l i g h t  d i s t ance )  

d i v i d e d  by t h e  t ime o f  f l i g h t  g ives t h e  i o n  v e l o c i t y  f o r  t he  c u r r e n t  

d i s t r i b u t i o n .  'The t ime of f l i g h t  assumption i s  v a l i d  as l o n g  as 

t he  i o n  t i m e - o f - f l i g h t  and f l i g h t  d i s t ance  between t h e  t a r g e t  and 

t h e  charge c o l l e c t i o n  p o i n t  remain r e s p e c t i v e l y  much l a r g e r  than 

t he  c h a r a c t e r i s t i c  emiss ion t imes and dimensions of t he  i o n  source. 

I n  o rde r  t o  g e t  t he  energy d i s t r i b u t i o n ,  one needs t o  

know the  charge t o  mass (Z/H) r a t i o  o f  the  species i n  t h e  mu1 t i s p e c i e s  

plasma. Because of  t h e  i n a b i l i t y  of  charge c o l l e c t o r s  t o  d i f f e r e n -  

t i a t e  between i o n  species,  t hey  have t o  be used i n  con junc t i on  

w i t h  an i o n  mass spectrometer (which measures (Z/M)).  Furthermore, 

because o f  t he  e l e c t r i c a l  measurement o f  i o n  c u r r e n t ,  t h e r e  i s  a  

minimum i o n  f l u x  t h a t  can be measured above t h e  s t r a y  e l e c t r i c a l  

no ise  o f  t h e  system. Th i s  poses a  problem f o r  non-thermal i o n  

measurement where t h e  f l u x  i s  q u i t e  low. For thermal ions,  however, 

t he re  i s  no problem. I n  a d d i t i o n ,  t h e  t ime r e s o l u t i o n  i s  l i m i t e d  

by t h e  R-C t ime o f  t he  dev ice  and osc i l l oscope .  The problem 

o f  secondary emiss ion o f  e l e c t r o n s  f o r  i ons  s t r i k i n g  t h e  

conductor  and t he  ques t ionab le  a b i l i t y  o f  t h e  b i a s  t o  separate h i gh  

energy e l e c t r o n s  f rom t h e  incoming plasma, has made t h i s  dev i ce  

v e r y  c o n t r o v e r s i a l  . However, because o f  t h e i r  simp1 i c i  ty  and 

smal l  s i z e  t hey  remain t h e  convent ional  dev ice  used by most 

l a b o r a t o r i e s  f o r  measuring thermal (< 10 Kev/Z) i ons  f rom l a s e r  

produced plasmas. 



An e l e c t r o s t a t i c  mass spectrometer ,4'5 on the  o the r  hand, 

measures (ZIM) r a t i o s  of t h e  species and v e l o c i t y  d i s t r i b u t i o n s  simul- 

taneously. Th is  i s  a  p a r a l l e l  p l a t e  type device i n  which the  

e n t e r i n g  ions a r e  de f lec ted  i n  the  same plane by an e l e c t r i c  f i e l d .  

The method re1 i e s  on t ime of fl i g h t  separa t ion  of  the  i o n  v e l o c i t y  

classes. Dur ing the  expansion, the  t ime o f  f l i g h t  t o  the  f i xed  

p o s i t i o n  ( o f  analyzer)  L  i s  re1 ated t o  the v e l o c i t y  v  simply by 

t = L l v ,  provided t h a t  the  i o n  generat ion t ime i s  n e g l i g i b l y  small 

compared t o  L l v .  By passage through the  e l e c t r o s t a t i c  analyzer, 

2  the  ions  a re  a d d i t i o n a l l y  se lec ted  on the bas is  o f  v  /(Z/M) . The 

112 t ime of a r r i v a l  a t  the  i o n  de tec tor  i s  p ropor t iona l  t o  (M/Z) , 

the (Z/M) species a re  then i d e n t i f i e d  by measuring the a r r i v a l  

t ime on a  de tec tor .  Hence a  de tec tor  l oca ted  a t  a  g iven p o i n t  x  on 

the  d e t e c t i o n  plane w i l l  measure a  s e t  o f  po in t s  (n,v,Z/M) where 

n  i s  the  number ions  w i t h  v e l o c i t y  v  and charge t o  mass r a t i o  (ZIM). 

By us ing several c o l l e c t o r s  i n  t he  de tec t i on  plane, one obta ins  

a  s u f f i c i e n t  number o f  such po in t s  t o  recons t ruc t  the  v e l o c i t y  

spectrum o f  each (ZIM) s ta te .  By f a r  the  major drawback stems 

from the  f a c t  t h a t  one does n o t  o b t a i n  the continuous measurement 

o f  i o n  v e l o c i t i e s  and, therefore,  o f  t he  energies. 'The d i s c r e t e  

v e l o c i t y  po in t s  f o r  each (ZIM) s t a t e  a r e  l i m i t e d  t o  the  number 

o f  c o l l e c t o r s  used. Furthermore, the  r e s o l u t i o n  o f  (ZIM) s ta tes  i s  

l i m i t e d  by the  frequency response o f  t he  e lec t ron i cs .  ( I n  essence, 

t he  continuous measurement of (ZIM) s ta tes  and energy d i s t r i b u t i o n  

i s  n o t  poss ib le  w i t h  t h i s  dev ice . )  I t  i s  a l s o  useful t o  p o i n t  

o u t  here, t h a t  i n  a d d i t i o n  t o  t h e  problems p rev ious l y  mentioned 



because t h e  device requ i res  'very h igh vol tage t o  measure h igh  energy 

ions t h e  upper energy l i m i t  i s  t y p i c a l l y  100 KevIZ. Even t h i s  

i s  an o p t i m i s t i c  est imate because of the  d i f f i c u l t i e s  invo lved i n  

measuring the  low f l uxes  a t  these energies. 

For the  measurement o f  h igh  energy ions  (>  10 KevIZ), a magnetic 

i o n  spectrometer6*' w i t h  so l  i d  s t a t e  t rack  de tec to r  a t  the  c o l -  

l e c t i o n  plane has been used. Uniform magnetic f i e l d s  are produced 

by permanent o r  electromagnets. An i o n  d e f l e c t s  i n  a magnetic 

f i e l d  according t o  i t s  charge t o  momentum r a t i o .  The dynamic 

range o f  t he  inst rument  i s  q u i t e  h igh  (usua l l y  100) and ions up t o  1 

Mev/Z can be measured. The d e f l e c t i o n  plane o f  an i o n  species i s  

perpendicular  t o  the  magnetic f i e l d  and the  d e f l e c t i o n  o f  an i o n  

specie i s  p ropor t iona l  t o  (ZIM) x (B lv )  . Therefore, t he  i n s t r u -  

ment g ives the  v e l o c i t y  d i s t r i b u t i o n  f o r  a s i n g l e  i o n  species plasma 

For a mul t i spec ies  plasma, however, t h i s  inst rument  i s  no t  very usefu l .  

Moreover, the  knowledge of t h e  (ZIM) o f  the  i o n  species i s  requ i red  

i n  advance. However, t h e  non -e lec t r i ca l  na ture  o f  measurement makes 

the  inst rument  more re1 i a b l e .  'The i o n  t racks  reg i s te red  on the  so l  i d  

s t a t e  de tec tor  a r e  counted t o  y i e l d  a dens i ty  d i s t r i b u t i o n  and the  

p o s i t i o n  o f  t he  t racks  g ives v e l o c i t y  d i s t r i b u t i o n .  The accuracy of 

t h e  measurement may be chal lenged because o f  t he  assumptions made f o r  

t h e  (ZIM) . Furthermore, i t  i s  d i f f i c u l t  t o  vary t h e  dynamic range 

o f  t he  inst rument  between the  shots. 

We chose t h e  "Thomson Parabola" method o f  i o n  spectro- 

scopy f o r  i t s  a b i l i t y  t o  analyze simultaneously the  energy d i s t r i -  

b u t i o n  o f  a wide range o f  charge t o  mass r a t i o  i o n  species and i t s  



h igh  dynamic range ( >  100). Here, advantage i s  taken o f  the  

proper t ies  o f  t h e  e l e c t r o s t a t i c  mass spectrometer and magnetic 

spectrometer by combining them together.  Qua1 i t a t i v e  o r  quant i  t a -  

t i v e  data ana lys is  can be done by employing a channel t r o n  e l e c t r o n  

mu1 t i  p l  i e r  a r ray  (CEM4) o r  so l  i d  s t a t e  t rack  de tec tor  respec t i ve l y  

i n  the  de tec t i on  plane. The data ana lys is  i n  the  l a t e r  case i s ,  

however, very tedious.  The compl e t e  d e s c r i p t i o n  of the  i ns trument 

and data ana lys i s  f o l l ows .  

8 The name "Thomson" comes from the  f a c t  t h a t  J. J. Thomson i n  

1909 used t h i s  concept t o  d isperse the e l e c t r o n  beam i n  a  cathode 

ray  tube experiment. The "parabola" designates the  t r a j e c t o r i e s  

o f  the  charged p a r t i c l e s ,  which under the  i n f l  uence o f  the  p a r a l l e l  

e l e c t r i c  and magnetic f i e l d s  o f  the  instrument,  t r ace  o u t  a  

parabo l ic  shape on the  f i l m  plane. The ins t rument 's  f i e l d s  can be 

s e t  t o  measure p o s i t i v e l y  as we1 1  as nega t i ve l y  charged species. 

For t h i s  work we a r e  i n t e r e s t e d  t o  measure the  p o s i t i v e l y  charged 

species on l y .  Sol i d  s t a t e  t rack  detectors CR-39 (to be described 

l a t e r )  were used w i t h  the  inst rument  t o  r e g i s t e r  i n d i v i d u a l  ions .  

Tracks a re  formed when energet ic  p a r t i c l e s  passing through the  

e l e c t r i c a l  1  y  nonconducting sol  i d  s t a t e  t rack  detectors,  produce 

a  narrow t r a i l  o f  radiation-damaged mater ia l  which upon e tch ing  

y i e l d s  the  t rack .  Tracks can be enlarged t o  v isua l  s i z e  by chemical 

etching.  Hot a l k a l i n e  so lu t i on ,  i n  t h i s  case, i s  a  good etchant .  

A b r i e f  d e s c r i p t i o n  o f  t h i s  process w i l l  be g iven l a t e r .  The number 

o f  t racks  r e g i s t e r e d  g ives the  densi t y  d i s t r i b u t i o n  o f  p a r t i c l e s  . 
For known e l e c t r i c  and magnetic f i e 1  ds the  p o s i t i o n  of a  t rack  



gives the  v e l o c i t y  and energy o f  a p a r t i c l e .  The dens i ty  d i s -  - 

t r i b u t i o n  i n  e i t h e r  v e l o c i t y  o r  energy space can be deduced f o r  

the  p a r t i c l e s  reaching the  analyzer.  For the f i r s t  t ime we have 

ex t rac ted  a q u a n t i t a t i v e  measurement o f  dens i ty  d i s t r i b u t i o n  

according t o  the charge t o  mass r a t i o s  of  the  species. 

Since the  ins t rument  measures the  species according t o  the  

charge t o  mass r a t i o ,  care has t o  be exerc ised t o  make sure t h a t  

t h e  charge s t a t e  o f  a species reaching the  analyzer has n o t  changed 

i n  f l i g h t .  Change i n  charge s t a t e  can occur by charge exchange 

o r  recombinat ion w i t h  the  background gas (dur ing  the  f l i g h t  pa th ) .  

9 'The p r o b a t i l i t y  o f  charge exchange i s  est imated as 

where a i s  t he  charge exchange cross-sect ion and i s  p ropor t iona l  t o  the  

charge s t a t e  Z o f  t he  ions.  For f u l l y  ion ized glass, Z = 10 and a i s  

2 9 about cm . The detec tor  t o  t a r g e t  d is tance k i s  about 

150 cm i n  our  case, and n = 2 x 10" (i.e., 5  x Tor r )  i s  

the  dens i ty  o f  t h e  background gas. Therefore, t he  p r o b a b i l i t y  o f  

charge exchange i n  ou r  case i s  about 3 x I t  has been 

10 
observed experimental l y  t h a t  charge exchange i s  s i g n i f i c a n t  

a t  background pressures of To r r  and above. For example, i t  

has been found (Ref.10) t h a t  when the background pressure was 

+6 
increased f rom t o  Torr ,  t h e  f u l l y  s t r i pped  carbon i o n  ( C  ) 

s igna l  was reduced by a f a c t o r  o f  314 .  It was reduced by as much as 

a f a c t o r  of two f o r  a background pressure o f  Tor r .  When 

the background pressure was ra i sed  t o  T o r r  and higher,  t h e  

s igna l  essent ia l  l y  disappeared. No change i n  s igna l  was observed 



when t h e  background pressure was lowered below 1 0 ' ~  To r r .  Based on 

t h i s  exper imenta l  evidence, as we1 1  as t h e  t h e o r e t i c a l  est imates done 

above, i t  has been i n f e r r e d  t h a t  a t  abou t  To r r  , charge 

exchange i s  i n s i g n i f i c a n t  because o f  t h e  sma7 1  charge exchange 

c ross-sec t ion .  

Most o f  t he  prev ious exper iments done a t  o t h e r  l a b o r a t o r i e s ,  w i t h  

background pressure g r e a t e r  than  1  o - ~  T o r r  , have i n d i c a t e d  t h a t  t h e  

a c c e l e r a t i o n  of  i o n  spec ies i s  independent o f  t h e i r  charge s t a t e s .  

I n  o t h e r  words, a t  maximum expansion v e l o c i t i e s  they have n o t  o n l y  

observed i o n  species w i t h  t he  h i g h e s t  charge s t a t e  b u t  a l s o  those 

w i t h  l owe r  charge s ta tes .  We be1 i e v e  t h a t  these r e s u l t s  a re  

i n f l u e n c e d  by  t he  charge exchange o f  s t reaming i o n s  w i t h  t h e  

background gas. For example, d u r i n g  t he  f r e e  s t reaming phase o f  t h e  

i o n s  ( i  .e., a f t e r  t h e  a c c e l e r a t i o n  i s  ove r )  t h e  charge exchange 

can t r ans fo rm  some o f  t he  i o n s  f rom t h e i r  i n i t i a l  charge s t a t e  t o  

lower  charge s t a t e  w i t h o u t  a1 t e r i n g  t h e i r  v e l o c i t i e s .  I n  t h i s  

case one would expect  and observe t h e  independence o f  i o n  a c c e l e r a t i o n  

upon i t s  charge s t a t e .  Thi's, the re fo re ,  does n o t  unravel  t h e  r e a l  

dynamics o f  p l  asma accel  e ra  ti on. 

We made an e f f o r t  t o  keep o u r  background pressure (bo th  i n  

t he  t a r g e t  chamber and t h e  ins t rument )  a t  o r  below 3 x 

T o r r  where experiments1' have shown no s i g n a t u r e  o f  

charge exchange. S u r p r i s i n g l y ,  we have found d i f f e r e n t  charge 

spec ies acce le ra ted  t o  d i f f e r e n t  maximum v e l o c i t i e s .  We be1 i e v e  

t h i s  w i l l  g i v e  a b e t t e r  i n s i g h t  i n  t he  a c c e l e r a t i o n  process of t h e  



b. Inst rument  d e s c r i p t i o n  - 
The instrument i s  comprised of th ree  par ts ,  as shown i n  

f i g u r e  IV7; an aper ture system, a  deYlect ion sec tor  and a  record ing  

plane where the incoming p a r t i c l e s  end up making t racks .  We w i l l  

d iscuss the  de f l ec t i on  sec tor  f i r s t  and then we w i l l  end t h i s  sec t i on  

w i t h  a  d iscuss ion  of  aper tu re  effects and a  desc r ip t i on  o f  t h e  f i l m  

plane. A  sec t iona l  sketch of t he  inst rument  i s  shown i n  f i g u r e  

IV7A. 

The ana lyz ing  sec tor  cons is ts  o f  two m i l d  s tee l  (magnetic 

s t e e l  ) p la tes  connected to, b u t  e l e c t r i c a l  l y  i n s u l  ated from an 

electromagnet.  These p la tes  are  mounted i n  an a1 uminum housing. 

The e l  ectromagnet produces a  nea r l y  homogeneous magnetic f i e l  d  

between, and t ransverse to,  t he  p la tes .  The magnetic f i e l  d  can 

be r e a d i l y  ad jus ted  by changing e l e c t r i c a l  cu r ren t  t o  the  e l e c t r o -  

magnet. An e l e c t r i c  f i e l d  p a r a l l e l  t o  t h e  magnetic f i e l d  i s  es tab l ished 

by b i a s i n g  one p l a t e  r e l a t i v e  t o  the o the r  grounded one. The p la tes  

were made much longer  (1 5  cm) and wider ( 5  cm) than the  p l a t e  

separat ion (1.75 cm) t o  minimize the  e f f e c t  o f  end f r i n g i n g  f i e l d s  

i n  comparison w i t h  the  working f i e l  ds w i t h i n  the  gap. I n s i d e  

the analyzer  p a r t i c l e s  undergo d e f l e c t i o n  under the  i n f l uence  

of e l e c t r i c  and magnetic f i e l  ds. These d e f l e c t i o n s  a re  propor t iona l  

t o  charge/energy and charge/momentum r a t i o s  respec t i ve l y  . Upon 

leav ing  t h e  analyz ing sector ,  the  p a r t i c l e s  t r a v e l  along s t r a i g h t  

t r a j e c t o r i e s .  The p a r t i c l e  t r a j e c t o r i e s  can be analysed as 

f o l  1  ows: 

P l a s m  e n t e r i n g  through aper tu re  ap ( d e f i n i n g  aperture, see 
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f i g u r e  IV8) undergoes i o n  and e l e c t r o n  separa t ion  under t he  

i n f l u e n c e  o f  e l e c t r i c  and magnetic f i e 1  ds, which a r e  p a r a l l a l  

I t o  each o t h e r  and perpendicu lar  t o  . ibn motion ( z -d i rec t i on ) .  

Refer r ing  t o  geometry i n  f i gu re  IV8, and us ing MKS system 

o f  u n i t s ,  the equat ion o f  motion i n  t h e  y - d i r e c t i o n  due t o  e lec-  

t r i c  f i e l d  E  i s ,  
Y  

dv 
Mi -& = ZeE 

Y 

Mi = I o n  Mass, v  = v e l o c i t y  i n  y - d i r e c t i o n  
Y 

Z  = charge s t a t e  of t h e  i o n .  

The equat ion o f  mot ion i n  t h e  x - d i r e c t i o n  due t o  t he  magnetic 

f i e l d  

dvx = Z e ( 1  x Elx 
i Mi TE 

= Zev B 
z Y 

v  = v e l o c i t y  i n  x d i r e c t i o n  
X 

v  = v e l o c i t y  i n  z d i r e c t i o n  ( i n i t i a l  d i r e c t i o n  o f  motion) z 
B = magnetic f i e l d  i n  y - d i r e c t i o n  
Y 

I n t e g r a t i n g  equat ion (1)  tw ice  w i t h  respec t  t o  t, we get  t h e  def lec-  

t i o n  i n  the y - d i r e c t i o n  due t o  e l e c t r i c  f i e l d  

ZeE 
y = 3 t 2 / 2  

Mi 



Here i t  has been assumed t h a t  a t  t ime t = 0, v e l o c i t y  v  = 0. 
Y  

Now i n t e g r a t i n g  equat ion (2) tw ice  w i t h  respec t  t o  t, we ge t  t he  

d e f l e c t i o n  due t o  t h e  magnetic f i e l d  i n  t h e  x - d i r e c t i o n  t o  be 

Zev B 
x  = -.a t2/2 

Mi 

Again here i t  has been assumed t h a t  a t  t = 0, v e l o c i t y  vx = 0. 

Upon l e a v i n g  the  analyser  the p a r t i c l e s  move i n  a  s t r a i g h t  

t r a j e c t o r y .  The combined e f f e c t  a t  t he  f i l m  plane a t  a  d is tance L 

can be ca l  cu l  ated. 

I f  the  p a r t i c l e  i s  m v i n g  i n  the  z - d i r e c t i o n  w i t h  v e l o c i t y  vZ, t he  

t ime taken t o  t r a v e l  through a  d is tance R i s  

S u b s t i t u t i n g  t h i s  i n  equat ion (3)  

ZeE R 
2  

"1 
=Y 

4 E 

E = 1/2 MivZ2 = k i n e t i c  energy o f  i o n  i n  z - d i r e c t i o n .  

The s lope of t h e  t r a j e c t o r y  a t  z = R (see f i g u r e  IV9) 

dyl Therefore y2 = L Tlz=R 



The f i n a l  p o s i t i o n  y on t h e  f i l m  plane i s  

ZeE II  
or, Y = -+ ( a 1 2  + L) 

Mi 

S i m i l a r l y  the  d e f l e c t i o n  due t o  the  magnetic f i e l d  from equation 

( 4 )  i s  

and, 

t he  t o t a l  d e f l e c t i o n  i n  the  f i l m  plane i s  

ZeB a 
x = 2 ( a 1 2  + L) 

Mi 

Combining equations ( 5 )  and (6) e l i m i n a t i n g  v Z  
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Equation (7 )  i s  an equat ion o f  a parabola. For a f i x e d  geometry o f  

the  inst rument  and given values of  e l e c t r i c  and magnetic f i e l d s ,  

equat ion (7 )  suggests t h a t  each d i s c r e t e  value o f  (M/Z) w i l l  produce 

an unique parabol i c  t r a c e  w i t h  the  h ighes t  energies c l o s e s t  t o  the  

o r i g i n ,  x  = y  = 0. Also equations ( 5 )  and (6) i n d i c a t e  t h a t  t he  y 

a x i s  i s  the energy ax i s  and the  x-ax is  i s  t he  momentum ax i s .  

The t r a j e c t o r y  of  constant  v e l o c i t y  ( v Z )  i n  t h e  de tec t i on  

plane can be found by s imply d i v i d i n g  equat ion ( 5 )  by equat ion (6 )  

which g ives 

Therefore, the  t r a j e c t o r y  of  constant v e l o c i t y  i s  a s t r a i g h t  

l i n e  w i t h  s lope [ ( E  /B ) x ( l / v z ) ] .  
Y Y 

The inst rument  used has the  f o l l o w i n g  dimensions, L1 = 95 cm, 

e = 15 cm, L = 54 cm, d = 1.75 cm, the  f i r s t  aper tu re  al = 1000 pm 

and d e f i n i n g  aper tu re  a2 = 200 um. 

Choice o f  f i e l d  s t rengths (desiqn parameters) 

We a r e  i n t e r e s t e d  i n  observ ing ions w'ith v e l o c i t i e s  between 

8 9 10 cm/sec and 10 cm/sec (10 Kev/Z t o  1 Mev/Z f o r  average Si02 ions.  The 

choice i s  d i c t a t e d  by the  f a c t  t h a t  t he  lower l i m i t  i s  s e t  by the  



f i l m  s e n s i t i v i t y  ( t o  be discussed l a t e r )  and the  upper l i m i t  i s  s e t  

a r b i t r a r i l y  w i t h  t h e  assumption. t h a t  t h e  h ighes t  v e l o c i t y  i o n  w i l l  

I have a v e l o c i t y  below t h i s .  I n  case t h e  observat ion i s  t o  t he  

i cont rary ,  t h e  f i e l  d s t reng th  can be a d j u s t e d  t o  accomnodate h igher  

I energy ions.  

i E l e c t r i c  and magnetic f i e l d s  are chosen such t h a t  the  h igh  

I energy ions  ( i n  t h i s  case 1 Mev/Z) have appreciable observable 

I d e f l e c t i o n .  We tend t o  ass ign t h i s  d e f l e c t i o n  i n  order  t o  

I c a l c u l a t e  requ i red  f i e1  d st rengths.  We est imate t h a t  a d e f l e c t i o n  

of the  order  of 0.5 mm i s  observable. To demand a d e f l e c t i o n  o f  

t h i s  order ,  we est imate from equations (5) and (6), e l e c t r i c  and 

magnetic f i e l d s  of approximately 140 V/cm and 100 gauss respec t i ve l y .  

This  w i l l  p rov ide  an x - d e f l e c t i o n  o f  4.5 cm and y d e f l e c t i o n  o f  

6 crn f o r  t h e  lowest energy ions, which w i l l  e s s e n t i a l l y  govern the  

s i z e  of the  f i l m .  

Magnetic f r i n g e  f i e l d  e f f e c t  

The equat ions obtained so f a r  assume t h a t  f i e l d s  a re  uni form 

w i t h i n  t h e i r  boundaries and vanish elsewhere. I n  p rac t ice ,  t h e  

d e f l e c t i o n s  a re  determined by t h e  1 i n e  i n t e g r a l  o f  t h e  f i e l d s  along 

the  1 i n e  paths. I n  t h e  absence o f  an i o n  source t o  c a l i b r a t e  

t h e  analyzer, one design goal should be t o  minimize t h e  s t r a y  f i e l d s  

and t h e  f r i n g i n g  f i e l d s  on i o n  t r a j e c t o r i e s .  Th is  can be done by 

maximizing t h e  r a t i o  of t h e  l eng th  o f  t h e  e lec t rode t o  t h e  separat ion 

(gap) between t h e  e lect rodes.  I n  t h i s  case i t  was approximately 4.35. 



I It i s  w e l l  known t h a t  t h e  magnetic f i e l d  l i n e s  between t h e  

1 i r o n  po le  faces, tend t o  converge towards sharp edges, g i v i n g  r i s e  . 
t o  maxima i n  f i e l d  s t rength.  'The ebge e f f e c t  has been discussed 

11 
ex tens ive ly  i n  connect ion w i t h  e l e c t r o s t a t i c  and magnetic problems. 

1 A guide1 i n e  t o  reduce t h e  f r i n g i n g  ef fect  has been proposed which 

where d i s  t he  gap between e lect rodes (1.75 cm) . This i s  a l s o  known as 

1 Rogowski po le  shape. 
12 

Care was exerc ised t o  b r i n g  the  f r i n g i n g  f i e l d  e f f e c t  t o  a 

minimum i n  ' t h e  instrument by shaping t h e  e lec t rode edges t o  the  

Rogowski po le  shape. 

C. Resolut ion - 

The d e f l e c t i o n  method employed i n  t h e  analyzer  does n o t  e x h i b i t  

any o f  t h e  focusing p rope r t i es  associated w i t h  many type o f  mass 

spectrometers. The r e s o l u t i o n  i s  determined by t h e  s i z e  and the  

angular  divergence o f  t he  i n c i d e n t  beam and by space charge ef fects 

subsequent t o  co l l ima t ion .  A s i n g l e  aper tu re  can be used t o  

produce a co l l ima ted  beam from a t r u e  p o i n t  source. Since a l a s e r  

heated t a r g e t  forms an expanding sphere o f  plasma, a s i n g l e  

aper tu re  would have t o  be placed inconven ien t ly  f a r  from t h e  

t a r g e t  t o  ensure a we1 1 c o l l  imated beam. For convenience we 



chose a two-aperture system, w i t h  de f in ing  aper tu re  o f  200 nearest 

t o  t he  analyser.  . 
The entrance p i n  ho le  s i z e  o f  'the analyser must be l ess  than 

2 t he  Debye l eng th  AD (=  7.43 x 10 
x Te 

x cm, T~ i n  ev) o f  

t h e  incoming plasma so t h a t  t he  e lec t rons  can be separated from the  

i ons  upon en te r i ng  the  analyser.  I n  our  case the  p i n  ho le  diameter 

was 200 Urn, whereas t h e  Debye l eng th  was approximately 740 vm; here 

the  plasma has been assumed t o  have cooled t o  room temperature 

du r ing  expansion ( i .e. ,  Te z 1/40 eV) and t h e  dens i t y  o f  t h e  plasma 

7 3 n i s  approximately 10 /cm ( f rom measurement). 

Space charge expansion of t he  i o n  beam i n s i d e  t h e  analyser  imposes 

some problems i n  commonly used p a r t i c l e  spectrometers. The 

expansion o f  a mono energet ic  i o n  beam w i t h  an i n i t i a l  rad ius  r, (cm) 

diverges due t o  space charge t o  
13 

where, rl = divergence a f t e r  d is tance sl (cm) 

E = i o n  energy (ev)  

Z = charge s ta te ,  e = e l e c t r o n i c  charge (e.s.u.) 

3 
€0 

= 8.85 x 10-12 and n = dens i t y  ( I l c m  ) . 
The angular  divergence 8 i s  g iven by rl/sl. 

To minimize t h i s  e f f e c t  t he  aper tu re  i s  placed f a r  enough away 

so t h a t  t h e  dens i t y  i s  low. I n  ou r  case t h e  diameter o f  t h e  beam 

a t  t he  f i l m  p lane a f t e r  space charge divergence i s  est imated t o  be 

7 3 300 pm ( f o r  n 2 10 #/cm , Z = 8, E = 10 Kev/Z) . Because t h e  lowest 



detec tab le  i o n  energy was used f o r  ca l cu la t i on ,  t h i s  i s  the  most 

I conservat ive est imate o f  space charge. Not ice  from equation (9 )  

t h a t  t h e  divergence due t o  space ~ha ;~e  becomes smal l e r  a t  h igher  

energies. Moreover, t h i s  e f fec t  was experimental l y  checked by 

,I measuring t h e  w id th  o f  t he  parabolas on the  f i lm .  I f  t h e  w id th  i s  

I conf ined t o  the  geometr ical  divergence a3, which i n  t h i s  case i s  
1 
I given by 

and est imates t o  approximately 350 w, then space charge effects 

a re  n o t  present.  Any broadening i n  a d d i t i o n  t o  the  geometrical 

e f f e c t s  w i l l  i n d i c a t e  the  presence o f  space charge e f f e c t s .  I n  our  

case no such problem was found t o  be present.  The w id th  o f  t he  

parabola was approximately 344 pm. 

Therefore, t h e  r e s o l u t i o n  i s  s o l e l y  dominated by t h e  geometrical 

divergence o f  t h e  beam. The u n c e r t a i n i t y  i n  charge t o  mass r a t i o  

and the  v e l o c i t y  a t  t h e  extreme ends o f  t h e  parabola (h ighes t  and 

lowest  energy ends) can be determined w i t h  the  he1 p of geometry of 

f i g u r e  I V l O  and equat ions (11) and (12) 

where k = e~(f ! /2 + 1) 
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From equation (11) 

Here, dx and dy are  the  widths o f  t he  parabola i n  x and y 

d i r e c t i o n s  respec t i ve l y  ( f i g u r e  IV10). I f  the  p o i n t  (x,y) i s  chosen 

a t  t he  center  o f  t he  parabola ( i dea l  curve), t h e  dev ia t i on  from the  

i dea l  curve (because o f  t h e  f i n i t e  w id th  o f  t h e  parabola) i n  x and y 

d i r e c t i o n s  could be kdx/2 and +dy/2 respec t i ve l y .  Therefore, 

r e a l i s t i c a l l y  t he  r e s o l u t i o n  o f  (Z/M) (equat ion 13) should be 

represented as 

and a conservat ive est imate i s  obtained by keeping the  signs o f  dx 

and dy t h e  same. I n  our  case dx = dy = 400 pm and f o r  h igh  v e l o c i t y  

9 oxygen ions  (10 cm/sec) t y p i c a l l y  x = 2.5 mn and y = 1.3 mn. 

Therefore a t  h igh  energy end of t h e  spectrum t h e  r e s o l u t i o n  of (Z/M) 

from equation (13A) i s  31%, whereas a t  t he  low energy end t h e  

r e s o l  u t  i o n  improves t o  3.5%. 

The v e l o c i t y  r e s o l u t i o n  i s  determined from equat ion (1  2) which 

w i t h  the  he lp  o f  equat ion ( 7 )  y i e l d s  

Here again, t h e  center  o f  t h e  parabola being a t  (x,y) 



( f i g u r e  IVlO), t he  dev ia t i on  from t h e  idea l  curve (center  curve) 

could be up t o  +dx/2 and +dy/2 i n  x  and y  d i rec t i ons  respect ive ly .  

Therefore, t h e  v e l o c i t y  reso l  u t i o n  from equation (14) should be 

represented by 

For t h e  conservat ive estimate, we keep the  s igns  o f  dx and dy the  

same. This then g ives t h e  v e l o c i t y  r e s o l u t i o n  o f  23% a t  the  h igh  
9  

v e l o c i t y  end (10 cm/sec) and t h a t  of 1.9% a t  the  low v e l o c i t y  

(10~cm/sec) end of t he  spectrum. 

As can be in fe r red  from these estimates, one's r e s o l u t i o n  o f  

v e l o c i t y  and (Z/M) a t  h igh  energy end i s  1  i m i  ted. Higher the  

energy o f  a  p a r t i c l e ,  t he  smal ler  i s  i t s  d e f l e c t i o n  f o r  a  g iven s e t  

of e l e c t r i c  and magnetic f i e l d s  (equations 5  and 6)  and t h e i r  

r e s o l u t i o n  of (Z/M) and v e l o c i t y  becomes poorer (equations 13A and 

14A). Furthermore, a t  h igh  energy end, the  parabolas converge t o  

the  same o r i g i n  (equation 12) and become ind is t ingu ishab le ,  as a  

consequence a  poor r e s o l u t i o n  r e s u l t s .  On the  o the r  hand, low energy 

p a r t i c l e s  have l a r g e  d e f l e c t i o n  and t h e  parabolas are  we l l  separated, 

there fore ,  a  b e t t e r  r e s o l u t i o n  i s  expected and obtained. 

Fo r tu i tous l y ,  ou r  data was n o t  subjected t o  the  same poor 

r e s o l u t i o n  as est imated above f o r  t he  h igh  energy end of t h e  spectrum. 

This i s  because we d i d  n o t  observe the  oxygen ions  up t o  t h e  h ighest  

9 +8 measurable v e l o c i t y  (10 un/sec). For example, oxygen (0 ) ions  

8 had t h e  h ighest  v e l o c i t y  o f  5-6 x 10 cm/sec and t y p i c a l  d e f l e c t i o n s  



o f  x = 11 mn and y  = 5  mn.   he r e s o l u t i o n  o f  (ZIM) from equation (13A) 

comes o u t  t o  be 7.6%. The di f ference i n  (ZIM) between 0+8 and 0+7 
b 

i s  12.6% and t h e r e f o r e  the re  was n d  unce r ta in t y  i n  d i s t i n g u i s h i n g  

0+8 from 0+7 a t  h igh  energy end. I n  case of protons t h e  t y p i c a l  h igh  

energy end d e f l e c t i o n s  were x = 13 mn and y  = 2.5 mn, g i v i n g  us a  

r e s o l u t i o n  i n  (ZIM) of 11%, whereas the  di f ference i n  (Z/M) between 

protons and 0+8 i s  50%. S i m i l a r l y ,  t h e  v e l o c i t y  r e s o l u t i o n  was a l s o  

very good i n  our  case. For example, a t  h igh  energy end f o r  0+8 i t  

was 5.8% and f o r  protons i t  was 9.5%. Furthermore, our  parabolas 

were q u i t e  d i s t i ngu i shab le  a t  t h e  h igh  energy end o f  t h e  spectrum. 

d. S e n s i t i v i t l  - 
The s e n s i t i v i t y  o f  t h e  inst rument  depends upon the  type o f  t he  

de tec t i ng  medium employed. For  t he  measurements p e r t a i n i n g  t o  t h i s  

t h e s i s  work, we a re  i n t e r e s t e d  i n  measuring 1  i g h t  ions (protons)  

from 50 Kev t o  a  few Mev and heavy ions (1  i k e  s i l i c o n ,  oxygen, 

carbon, e t c  .) from 10 KevIZ t o  about 1  MevIZ. We chose a  so l  i d  

14 s t a t e  t r a c k  de tec to r  c a l l  ed CR-39 (a1 l y l  d igh l  c o l  carbonate). 

CR-39 i s  commercial l y  ava i l ab le ,  o p t i c a l l y  c lear ,  amorphous, 

thermoset p l a s t i c  i n  which charged p a r t i c l e s '  t r acks  can be revealed 

by e tch ing  i n  a  h o t  NaOH so lu t i on .  The ma te r ia l  i s  s e n s i t i v e  t o  

record  1  i g h t  ions  (protons)  above 25 Kev and heavy ions  above 

10 K ~ v / z ' ~ .  The v a r i a t i o n  of t h e  u n i f o r m i t y  o f  response of t h i s  

ma te r i a l  i s  (1%. The superb o p t i c a l  qua1 i t y  o f  t he  ma te r ia l  makes 

i t  i d e a l  f o r  the  i d e n t i f i c a t i o n  o f  mass and charge of charged p a r t i c l e s .  



I n  an organic polymer such as CR-39, t racks  are  formed when 

t h e  charged p a r t i c l e  i on i zes  and exc i tes  molecules, breaking t h e  . 
cross l i n k ,  i.e., chains. The chain ends form new species which a re  

h i g h l y  r e a c t i v e  chemical l y  . 16 

When etched w i t h  an a l k a l i n e  s o l u t i o n  under appropr iate condi t ions,  

t h e  e tch  r a t e  i s  h igher  where the  cross l i n k  i s  broken compared t o  

t h e  bu l k  o f  t h e  ma te r ia l .  Each t r a c k  i s  seen under a  microscope, as 

a  round con ica l  indenta t ion .  The s i z e  and depth o f  these t racks  

depend upon t h e  v e l o c i t y  and the  charge s t a t e  of t h e  p a r t i c l e s .  

Each p a r t i c l e  h i t t i n g  t h e  sur face o f  t h e  mater ia l  forms a  t rack .  

We etched t h e  exposed f i l m  w i t h  a  6.25 N NaOH s o l u t i o n  a t  55OC 

f o r  24 hours. Th is  resu l ted  i n  uniform, round and w e l l  i s o l a t e d  

p a r t i c l e  t racks .  

e. Data reduct ion  - 
We ind i ca ted  e a r l i e r  t h a t  p a r t i c l e s  are  conf ined t o  a  parabo l ic  

t r a j e c t o r y  on t h e  f i l m  plane according t o  t h e i r  charge t o  mass 

r a t i o s .  The p o s i t i o n  o f  t h e  p a r t i c l e s  on t h e  parabola i nd i ca tes  

t h e  energy w i t h  which p a r t i c l e  entered t h e  analyzer .  F igure  I V l l  i s  

a  p i c t u r e  o f  t he  etched f i l m  showing t h e  parabolas as would be 

seen by t h e  naked eye. Under a  microscope w i t h  proper magn i f i ca t i on  

these parabolas a re  made up of a  l a r g e  number o f  i n d i v i d u a l  round 

t racks  formed by t h e  charged p a r t i c l e s .  To q u a n t i f y  t h e  dens i t y  

d i s t r i b u t i o n  one needs t o  count m i l l i o n s  o f  these t racks .  Needless 

t o  say i t  i s  n o t  o n l y  a  very tedious b u t  a l s o  very t ime consuming 
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process. Sometimes i t  i s  c l a s s i f i e d  as a  nex t  t o  impossible task 

and t h i s  has r e s u l t e d  i n  t h e  fac t  t h a t  nobody had y e t  unraveled 

f u l l  q u a n t i t a t i v e  in format ion from 'these measurements. 

Most o f  t h e  1  abora tor ies  have used channel t r o n  e lec t ron  

mu1 t i p 1  i e r  a r r a y  ''-I9 (CEMA) as a  de tec to r  f o r  experiments i n v o l v i n g  

t h e  "Thomson Parabola". Th is  r e g i s t e r s  i o n  dens i ty  on a  po la ro id  

f i l m .  The way i t  works i t  t h a t  t he  ou tput  of CEW i s  used t o  e x c i t e  

a  phospher, t h e  ou tput  of which i s  then recorded on the  f i l m .  The 

output  o f  CEMA-phospher does no t  a1 low one t o  asce r ta in  absolute 

( o r  r e l a t i v e )  number of p a r t i c l e s  impinging upon it. Although i t  

i s  a  very good method t o  ob ta in  quick q u a l i t a t i v e  in format ion,  

q u a n t i t a t i v e  i n fo rma t ion  requ i res  c a l i b r a t i o n  o f  t h e  CEMA i n  t h e  

energy and charge spectrum o f  i o n  species. The o n l y  c a l i b r a t i o n  

source o f  such type, as we know, i s  1  aser  plasma i t s e l f  . I n  the  

absence of a  c a l  i b r a t i o n ,  we be1 ieve, q u a n t i t a t i v e  measurement i s  

n o t  possib le.  

Dr. C. Joshi  , e t  a1 . ,*' a t  Nat ional  Research Counci 1  (Canada) 

have developed an o p t i c a l  f o u r i e r  t ransform technique (OFT) t o  

q u a n t i t a t i v e l y  assess t h e  dens i t y  of i o n  t racks  on c e l l u l o s e  n i t r a t e  

f i l m .  I on  t racks  on t h e  f i l m  a re  conf ined t o  a  rec tangu lar  two- 

dimensional a r r a y  by p lac ing  an e lect ro-etched n i c k e l  mesh over t he  

f i l m  dur ing  t h e  exposure. Noise on the  f i l m  i s  assumed un i fo rm and 

randomly d i s t r i b u t e d .  Th is  imposed p e r i o d i c i t y  i n  t h e  s igna l  

a l lows one t o  separate t h e  f i l m  no ise  from t h e  s igna l  by s u i t a b l y  

masking the  Four ie r  transform o f  t h e  f i l m .  The con t ras t  enhanced 

image so obta ined i s  d i g i t i z e d  by a scanning v i d i c o n  t o  y i e l d  i o n  



I dens i ty  on t h e  f i l m .  Besides r e q u i r i n g  a l o t  o f  inst rumentat ion,  

t he  technique demands a good c a l i b r a t i o n  and op t im iza t i on  o f  mesh . 
s i z e  f o r  each shot  ( i  .e., i o n  dens i ty ) .  Thus, f o r  o n l y  those shots, 

i n  which t h e  mesh s i z e  i s  optimum f o r  t h e  dens i t y  ( t o  make a c l e a r  

s t r a i g h t  d i f f r a c t i n g  edge), data can be analysed. Besides t h i s  

s e l e c t i v e  nature o f  data processing, t he  q u a n t i t a t i v e  in fo rmat ion  

obta ined i s  a l s o  quest ionable. The method c l e a r l y  f a i l s  f o r  very 

low dens i t y  (no c l e a r  d i f f r a c t i n g  edge) and very h igh  dens i ty  

( d i f f r a c t i n g  edge formed by over lapping t racks)  on t h e  f i l m .  Again, 

we f e e l  t h i s  method may y i e l d  good q u a l i t a t i v e  in format ion,  bu t  

i s  no t  worth the  e f f o r t .  I n  o rder  t o  use t h i s  inst rument  e f f e c t i v e l y ,  

i .e., t o  do q u a n t i t a t i v e  measurements, one needs t o  develop good, 

r e l i a b l e  and l e s s  ted ious  data reduc t i on  process. 

For t h e  f i r s t  t ime we attempted t o  e x t r a c t  t he  f u l l  q u a n t i t a t i v e  

in fo rmat ion  from these measurements. Obviously we d i d  n o t  choose t o  

do so by manual count ing under a microscope. Instead, we used a feature 

ana lys is  system c a l l e d  "Omnicon" a t  Los Alamos S c i e n t i f i c  Lab., which was 

modi f ied  t o  s u i t  the  s p e c i f i c  needs o f  t r a c k  count ing. It i s  com- 

m e r c i a l l y  marketed by Bausch and Lomb. 

"Omnicon" i s  e s s e n t i a l l y  a p a t t e r n  recognizer .  A microscope 

i s  coupled t o  a d i sp lay  system w i t h  a v i d i c o n  camera. The system 

i s  ca l  i b r a t e d  t o  d i f f e r e n t  o p t i c a l  d e n s i t i e s  (grey sca le  range). 

With t h e  he1 p o f  appropr ia te  s o f t  ware and microprocessors, i t  

determines t h e  boundaries o f  t h e  fea tu re  by sensing t h e  change o f  

t h e  phase o f  t h e  grey l e v e l  . A d e t a i l e d  d e s c r i p t i o n  of t h e  system 

i s  g iven i n  Ref. 21. 



The image of the  specimen, the  r e s u l t s  of the  ana lys is  and a 

v a r i e t y  o f  messages, appear on the  TV- l i ke  d isp lay .  The s p e c i f i c  

area i n  the  image t o  be analysed ( t h e  f i e l d  of measurement) i s  

i nd i ca ted  by a frame, the  p o s i t i o n  and the  s i z e  o f  which can be 

va r ied  by the  operator.  Wi th in  a f i e l d  i t  i s  poss ib le  t o  perform 

. measurements : 

I on a l l  i n d i v i d u a l  features i n  the  f i e l d  

I on ly  on the  fea tures  selected by the  operator  

on a l l  features l y i n g  w i t h i n  a range of s i z e  and shape spec i f i ed  

by the  operator .  

Measurements inc lude:  

t o t a l  count o f  a l l  fea tures  

l eng th  (diameter) 

perimeter 

areas o f  the  features. 

A t y p i c a l  d i sp lay  of our  f i l m  i s  shown i n  f i gu re  IV12. The 

frame shows the  f i e l  d  of measurement. The procedure we f o l l  owed 

f o r  the  data reduc t i on  i s  as fo l l ows .  

We s e t  t he  magn i f i ca t ion  of the  microscope t o  make the  t racks  

d i s t i n c t .  I n  t h i s  case i t  was 120 x. The s i z e  o f  the  f i e l d  o f  

measurement (frame) was measured w i t h  a c a l  i b r a t i o n  sca le  ( f i g u r e  

IV13). Then w i t h  the  h e l p  of x-y t r a n s l a t i o n  stage o f  the  micro- 

scope the  f i e l  d  of measurement frame i s  moved a long the  parabolas 

from one end t o  the  other ,  a t  each p o i n t  t he  machine d isp lays  the  

number of t r acks  on the  screen. The x-y co-ordinates a re  noted 

from the  t r a n s l a t i o n  stage. The same process i s  repeated f o r  
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a l l  frames on each parabola and f o r  a1 1 parabolas. I n  p r i n c i p l e  one 

can program the  automatic t r a n s l a t i o n  stage t o  fo l low a g iven equat ion 

o f  curve, t h i s  f ea tu re  was not  o p e h t i o n a l  . 
I d e a l l y  one would 1 i ke t o  take as small 'a frame as poss ib le  f o r  

b e t t e r  r e s o l u t i o n  o f  v e l o c i t y  and count t he  number o f  t r acks  o f  

each successive frames w i thou t  over lapping them. We chose our  frame 

s i z e  t o  be 600 urn x 600 vm. For known (Z/M) and using equat ion (6 ) ,  

we est imated the  v e l o c i t y  r e s o l u t i o n  (dv/v) f o r  t he  s i z e  o f  t he  f i e l d  

of measurement chosen. Equation (6 )  gives, 

Here dx = w id th  o f  t he  frame i n  x d i r e c t i o n  (600 vm). The v e l o c i t y  > 

r e s o l u t i o n  a t  the  h igh  energy end est imates t o  6% and a t  t he  low 

energy end t o  about 1.2%. Sampling o f  the  successive frames was no t  

deemed necessary as the  dens i t y  o f  the  t racks  was found t o  be s lowly  

vary ing i n  adjacent  frames. Moreover, t he  l a r g e  number of frames 

g r e a t l y  increase the  data reduc t i on  t ime. 

For each frame o f  measurement ( f i gu re  IV12), we g e t  a s e t  of 

po in t s  (x,y,N) where x and y are  the  x and y co-ordinates respec t i ve l y  

o f  the  center  o f  t h e  frame and H i s  t he  number o f  t r acks  between the  

po in t s  xl and xp, t h e  w id th  of t h e  frame i n  t h e  x d i r e c t i o n .  The v e l o c i t y  

band dv i s  determined by us ing  the  equat ion (6 )  f o r  known (Z/M). It 

i s  usefu l  t o  mention here t h a t  t h e  f i l m  p lane o f  t h e  inst rument  

provides on each shot  a s e t  o f  reference axes. These axes a re  p a r a l l a l  

t o  t he  axes o f  measurement (formed w i t h  t h e  o r i g i n  on the  l i n e  o f  



s i g h t  o f  t he  t a r g e t )  and are  o f f - se t  from them. This o f f - s e t  was 

determined by marking the  axes of measurement. This was done by . 
the double exposure of a f i l m ,  from' two t a r g e t  shots w i t h  on ly  

one f i e l d  ( e l e c t r i c  and magnetic f i e l d s  respect ive ly )  on a t  a t ime. 

I n  a l l  shots, t r a c k  pos i t i ons  were measured from reference axes, 

and compensated f o r  the  of f -set  dur ing  data ana lys is .  I n  general, 

these measured parameters were fed i n t o  the  data analys is  computer. 

The data reduct ion  program (attached a t  t he  end of t h i s  thes i s )  

e x p l o i t s  equations (5)  and (6) t o  y i e l d  charge t o  mass r a t i o  of t he  

species and t h e i r  v e l o c i t y  d i s t r i b u t i o n .  An i o n  dens i ty  p l o t  i n  

v e l o c i t y  space, generated by the  computer, i s  shown i n  f i g u r e  IV14. 

The p l o t s  can be p roper l y  i n teg ra ted  t o  y i e l d  t o t a l  number o f  

p a r t i c l e s  of each species and t h e i r  t o t a l  energy content .  These 

then,can be sumned t o  g i v e  t h e  t o t a l  number o f  p a r t i c l e s  en te r ing  

the  analyzer and the  t o t a l  energy contained i n  them. 

f . Problems and e r r o r s  - 

The main problem i n  t h i s  type o f  measurement i s  t h a t  o f  quan- 

t i t a t i v e  ana lys is  of t he  data. Pa t te rn  analysers are  very expensive 

and the  manual method i s  extremely cumbersome. The Thomson analyser 

i s  n o t  compact and has t o  be kept f a r  away from the  plasma source, 

where dens i t i es  a re  s u f f i c i e n t l y  low t h a t  any space charge effects 

are n e g l i g i b l e .  This makes t h e  instrument l ess  v e r s a t i l e .  

There a re  several poss ib le  sources o f  e r r o r s  i n  analys ing 

Thomson Parabola data. The e f f e c t  o f  f i e l d  modulat ion i n  t h e  
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analyser and the unstable ground potential (sometimes) gives r i s e  to  

wiggles i n  the parabolas. A t  the high energy end, where a l l  the 
b 

parabolas are  converging to  the same origin,  the i r  separation becomes 

less  d is t inc t .  This, compounded w i t h  the wiggling effects of the 

parabolas brings additional uncertainty i n  the knowledge of the 

charge to  mass rat ios  and energies of the particles.  Extreme care 

has to  be exercised t o  prevent th is .  In our case, minimization . 

of ground loops prevented th i s .  

A1 though the magnetic f i e ld  of the electromagnet i s  cal i brated 

for  the i n p u t  current, the retent ivi ty  of the magnetic f ie ld  i n  the 

magnetic material makes i t  d i f f i cu l t  t o  predict the magnetic f i e ld  

exactly a t  a l a t e r  set t ing.  One way to handle t h i s  problem i s  to  

probe the magnetic f i e ld  i n  the analyser a l l  the time, which i s  by 

no means a simple task. Interestingly, a simple visual observation 

of a l l  the parabolas on the film provides a def ini te  identification 

of the one corresponding to  protons. This i s  because the protons 

have Z/M = 1,  which i s  much higher than Z/M of other species (e.g. ,  

0, S i ,  C e tc  .), which have Z/M of 0.5 and less .  Therefore, the 

protons have an x deflection (equation ( 6 ) )  much higher than other species 

and th i s  enables one t o  identify a proton parabola very easi ly .  

Analyzing the proton parabola and assigning the value of Z/M = 1,  

we can calculate the 1 ine average of the magnetic f ie ld  ( B  )exactly 
Y 

from equation ( 6 ) .  The magnetic f i e ld  value so calculated has been 

found to  d i f f e r  from tha t  of ea r l i e r  measured values by as much as 

10%. The e l ec t r i c  f i e ld  i s  known t o  an accuracy of 2% (power supply 

accuracy). The f i e ld  values estimated t h i s  way increase the 



accuracy o f  t h e  i d e n t i f i c a t i o n  o f  t he  charge t o  mass r a t i o s  o f  o the r  

species. 

The number o f  t racks  i n  one frame i s  u s u a l l y  about 200. Assuming 

t h i s  t o  be a pu re l y  random sample, t he  standard d e v i a t i o n  i s  14.14. 

Th i s  g ives an u n c e r t a i n i t y  o f  57.07% i n  t h e  number o f  counts. Th i s  

i s  increased somewhat if we use t h e  p a t t e r n  analyzer .  There, some 

scratches o r  no ise  i n  t h e  f i l m  a r e  a l s o  counted as a f e a t u r e  if they 

happen t o  f a1  1 w i t h i n  t he  count ing thresh01 d. We c a l i b r a t e d  t h e  ana l ys i s  

by count ing  t racks  w i t h  bo th  t h e  microscope and t h e  image analyser  and 

found t h i s  t o  be a n e g l i g i b l e  e r r o r ( <  2%).  



V.  EXPERIMENTAL RESULTS AND DISCUSSION 

The r e s u l t s  of a non-thermal ( >  l.ObKev/Z) i o n  dens i ty  d i s t r i b u t i o n  

measurement a re  sumnarized i n  Table I and 11. For each shot l i s t e d  

i n  Table I, the  ho t  e l e c t r o n  temperature (T,), f r a c t i o n  o f  t a r g e t  mass i n  

non-thermal ions, f r a c t i o n  of i n c i d e n t  energy i n  ions, i o n  sound speed 

(Cs) and maximum expansion v e l o c i t y  VT ( " i o n  f r o n t "  v e l o c i t y )  were 

determined. These are  l i s t e d  i n  Table 11. 

For t he  under l ined shots i n  Table I, we d i d  n o t  de tec t  non- 

thermal (>  10 Kev/Z) ions, which we be l i eve  s i g n i f i e s  the  energy 

th resho ld  on the  t a r g e t  f o r  t he  product ion of non-thermal ions.  

I n t e r e s t i n g l y ,  we f i n d  t h a t  the  energy threshold i s  h igher  i n  case o f  

prepulse on the  ta rge t ,  compared t o  the  no prepulse case. For example, 

from Table I we i n f e r  t h a t  f o r  300 psec prepulse w i t h  r e l a t i v e  ampl i-  

tude o f  1 0 ' ~  t o  t h e  main pulse. t he  energy th resho ld  i s  about 1.68 Joules, 

which i s  lower than f o r  an 1100 psec prepulse f o r  which t h e  th resho ld  i s  

around 2.6 Joules. When the re  i s  no prepulse on the  ta rge t ,  t h e  th resho ld  

i s  i n  the  neighborhood o f  1.14 Joules, which i s  lower than f o r  e i t h e r  o f  

t he  prepulse cases. The conclus ion from t h i s  i s  t h a t  a no prepulse plasma 

i s  more conducive f o r  t h e  product ion o f  non-thermal ions.  

The i n t e n s i t i e s  on t h e  t a r g e t  were va r ied  from 10' t o  3x10 16 

w/c& Empty g lass microbal loons o f  nominal ly  80 pm-diam and 0.8 urn t h i c k -  

2 
ness were used as ta rge ts .  For a f i xed  l a s e r  i n t e n s i t y  ( s  2 x 1 0 ' ~  w/cm ) , 

we va r ied  the  i n t e n s i t y  r a t i o  ( c o n t r a s t  r a t i o )  o f  prepulse t o  main 

pulse, from t o  I n  the  p l o t s ,  1 0 ' ~  i s  de f ined as t h e  no prepulse 

case. For each ampli tude r a t i o ,  two s e t t i n g s  o f  t he  r e l a t i v e  t i m i n g  
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between prepulse and main pulse were used; 300 psec and 1100 psec. 

A.  Asymptotic I o n  D i s t r i b u t i o n  

Figure V2, shows a  t y p i c a l  i o n  dens i t y  d i s t r i b u t i o n  measured by t h e  

"Thomson Parabola". Separate p l o t s  o f  a l l  t h e  species have been 
+ 

shown. I n  the  plasma blow-off, we found protons (H ) and d i f f e r e n t  

species o f  oxygen (o'~, o + ~  +6 , 0  e tc . )  . We numer ica l l y  i n teg ra ted  

these p l o t s  t o  ob ta in  the  t o t a l  number o f  ions and the  energy contained i n  

them. The numerical data reduct ion  computer program i s  attached 

a t  t he  end o f  t h i s  t hes i s .  Four charge c o l  l e c t o r s l 0  were used a t  

var ious p o s i t i o n s  i n  the  t a r g e t  chamber t o  est imate the  extent  o f  

asymmetry i n  t h e  i o n  b low-o f f .  

F igure  V I A  shows t h e  pos i t i ons  o f  t he  charge c o l l e c t o r s  i n  t h e  

t a r g e t  chamber. They were placed a t  about 25 cm f r o c  t h e  t a r g e t .  P, 

t y p i c a l  charge c o l l e c t o r  t r a c e  i s  shown i n  f i g u r e  V1B. The f i r s t  

peak o f  t he  t r a c e  corresponds t o  an i o n  v e l o c i t y  o f  about 1.2 x  10 8  

cm/sec (charge c o l  l e c t o r s  a re  n o t  s e n s i t i v e  above t h i s  v e l o c i t y )  . 
Although t h i s  peak 1  i e s  a t  t he  lower end of t h e  v e l o c i t y  spectrum 

measured by t h e  "Thomson Parabola", t h i s  was t h e  on l y  d iagnost ic  we had 

a v a i l a b l e  t o  c rude ly  est imate the  angular  d i s t r i b u t i o n  o f  t h e  i o n  b low-of f .  

For c a l c u l a t i o n  purposes, we d i v ided  t h e  t a r g e t  chamber i n t o  f o u r  

sect ions, each s e c t i o n  cover ing  n s o l i d  angle (1  i k e  an orange sec t ion)  

and con ta in ing  one of the  four  charge c o l l e c t o r s .  Then, t he  amp1 i t u d e  

o f  t he  f i r s t  peak o f  a l l  charge c o l l e c t o r  t races  were normalized t o  the  

charge c o l l e c t o r  which was c l o s e s t  t o  t h e  "Thomson Parabola." For example, 
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i f  t h e  amp1 i t u d e s  o f  charge c o l l e c t o r s  A, B, C and D a r e  a, b, c  and 

d  r e s p e c t i v e l y  and charge c o l l e c t o r  "A" i s  c l o s e s t  t o  "Thomson Parabola", . 
then  t h e  e f f e c t i v e  s o l i d  angle i s  

T h i s  p rov ided  us w i t h  t h e  c o r r e c t i o n  f a c t o r  t o  es t ima te  t h e  non-thermal 

i o n  b low-of f  i n  4r. As can be seen f rom t h e  p l o t ,  t h e  i o n  d e n s i t y  has 

h i g h  frequency, h i g h  ampl i tude  modulat ions. We have proposed a  two 

stream i o n - i o n  i n s t a b i l i t y  model t o  e x p l a i n  t h i s .  Th i s  we have 

a l r eady  discussed i n  d e t a i l  i n  Chapter 111. We b e l i e v e  i t  prov ides  a  

good exp lana t ion .  

I n  Chapter 11, we discussed severa l  c h a r a c t e r i z a t i o n s  t h a t  can be 

made o f  t h e  expanding plasma, once t h e  i o n  d e n s i t y  d i s t r i b u t i o n  i s  

known. Now, we w i l l  i nvoke  those models t o  c h a r a c t e r i z e  t h e  plasma. 

One should bear i n  mind a t  t h i s  p o i n t  t h a t  a l l  t h e  models a r e  s t r i c t l y  one 

dimensional  and p lanar ,  w h i l e  t h e  exper iment i s  on sphe r i ca l  t a r g e t s .  

Two and t h r e e  dimensional  computer s imu la t i ons ,  however, have i n d i c a t e d  

t h a t  t h e  use o f  these models i s  an e x c e l l e n t  method t o  es t ima te  plasma 

parameters macroscop ica l l y ,  w i t h o u t  i n t r o d u c i n g  s i g n i f i c a n t  e r r o r .  

We w i l l  compare ou r  r e s u l t s  t o  t h e  t h e o r e t i c a l  and numerical  models 

discussed i n  Chapter 11. 

0 .  Hot E l  e c t r o n  Temperature 

If f o r  t h e  moment we i g n o r e  t h e  modulat ions i n  t h e  d e n s i t y  

d i s t r i b u t i o n ,  t h e  p l o t  of JLn(dN/dV) versus V ( f i g u r e  V2) 



i s  e s s e n t i a l l y  a  s t r a i g h t  l i n e .  This i s  t he  form expected 

from the  se l  f - s i m i l  a r  s o l u t i o n  of an isothermal ra re fac t i on  
b 

model (equat ion 28, Chapter 11). The 'measurement of t he  slope o f  t he  

d i s t r i b u t i o n  and t h e  use of equat ion (28) g ives an es t imat ion  o f  ho t  

e l  ec t ron  temperature. The dependence o f  ho t  e lec t ron  temperature on 

i n t e n s i t y  i s  shown i n  f i gu re  V3. I t  fo l l ows  a  power law Te = 

K ( I A ~ ) O * ~ ~ ,  K  = 1  .89x104 Kevlwatt .  I n t e r e s t i n g l y ,  w i t h  the  in t roduc-  

t i o n  of a  prepulse, t h e  power law i s  no longer v a l i d .  A dramatic 

I change i s  observed f o r  prepulse t o  main pulse r a t i o  o f  ( f i g u r e  V4). 

The h o t  e l e c t r o n  temperature becomes independent o f  i n t e n s i t y ,  ho t  

e l e c t r o n  temperature, however, goes down w i t h  increas ing  con t ras t  r a t i o .  

However, t h e  type o f  prepulse does no t  make a  s i g n i f i c a n t  d i f f e r e n c e  

( f i g u r e  V5). 

C. F rac t i on  of Target Mass i n  Energet ic Ions 

The p l o t  o f  (dN1dV) vs. V ( f i g u r e  V2) can be used t o  evaluate t o t a l  

number o f  ions  detected. The i n t e g r a t i o n  f o r  lV(zi ( d ~ ~ / d ~ ~ ) d ~ )  i s  

c a r r i e d  ou t  where the  sumnation i s  over a l l  t he  species i present. 

This  number i s  compared t o  t h e  t o t a l  number o f  atoms present i n  t he  

ta rge t .  For example, a  80 pm diam. 0.8 pm t h i c k  g lass microbal loon 

has approximately 2 . 5 6 ~ 1 0 ~ ~  atoms. The f r a c t i o n  of the  t o t a l  t a r g e t  

mass c a r r i e d  by non-thermal ions, evaluated i n  t h i s  manner, i s  shown 

i n  f i g u r e  V6. It i s  below 1%. Su rp r i s i ng l y ,  i n  a l l  cases, t he re  i s  

no e f f e c t  o f  i n t e n s i t y  on number o f  ions  involved.  Furthermore, no 

e f f e c t  o f  prepul se (both f o r  i t s  r e l a t i v e  amp1 i t u d e  and t i m i n g  t o  main 
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Figure V.4 

(Nunrals next to data points Indicate logl0 of Prepulse 
to Chin pulse amplitude ratio.) 
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D.  Frac t i on  o f  I n c i d e n t  Energy i n  Energet ic Ions 

Recal l  the  p l o t  o f  dN/dV vs. V ( f i g u r e  V2), t he  i n teg ra -  
I 

2 t i o n  lVzi(Mi/2)(dNi/dVi) Vi dVi g ives the  t o t a l  energy c a r r i e d  by 
1 1 

I these non-thermal ions. The es t imat ion  o f  t h e  t o t a l  i o n  energy i n  4n 

I 
s o l i d  angle i s  done i n  the  same way as discussed i n  Sect ion A. This,  

I then, i s  compared t o  the  l a s e r  energy i n c i d e n t  on the  t a r g e t .  The 

f r a c t i o n  o f  t he  energy i n c i d e n t  on the  ta rge t ,  c a r r i e d  by non-thermal 

ions evaluated i n  t h i s  manner i s  shown i n  f i g u r e  V8. This  f r a c t i o n  

va r ies  from 2.5% t o  25%. We see t h a t  t he  f r a c t i o n  o f  energy increases 

w i t h  increas ing  i n c i d e n t  energy f o r  no prepulse case. With the  i n t r o -  

duc t ion  o f  prepulse t h i s  f r a c t i o n  goes down. A t  prepulse t o  main 

pul se amp1 i tude r a t i o  of 1  0'2 , however, the  f r a c t i o n  becomes independent 

I o f  i n c i d e n t  energy. I t  should be po in ted  ou t  here, t h a t  i n  t h i s  case 

I no d i f f e r e n c e  between the  300 psec and 1100 psec prepulse i s  observed. 

I 
As can be seen from f i g u r e  9, t he  energy f r a c t i o n  i n  non-thermal ions 

I goes down w i t h  increas ing  c o n t r a s t  r a t i o ,  i n t e r e s t i n g l y ;  t he  drop i s  

f as te r  i n  case of an 1100 psec prepulse compared t o  300 psec prepulse. 

1 This we be1 i eve  i s  due t o  a longer  sca le  l eng th  plasma created by an 
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E. Maximum Expansion V e l o c i t y  

Because o f  t h e i r  h igh  charge t o  mass r a t i o ,  the  protons (Z/M = 1)  

a r e  p u l l e d  o u t  p r e f e r e n t i a l l y  by the  e l e c t r i c  f i e l d  from the  mix ture  

of ions of lower charge t o  mass r a t i o s  (Z/M = 0.'5 and l ess ) .  Therefore, 

protons happen t o  be the  fas tes t  moving p a r t i c l e s  i n  the  expanding 

plasma. 'Their terminal  v e l o c i t y  has been used as the  maximum expansion 

v e l o c i t y  ( o r  " Ion Front " )  v e l o c i t y  o f  t he  plasma. 

The " i o n  f r o n t "  v e l o c i t y  (VT) has been p l o t t e d  i n  f i g u r e  V10. This  

increases w i t h  i n t e n s i t y  f o r  no prepulse case ( f i g .  VlOa) and fo l lows a  

4 3  power law VT = K ( I A * ) ~ ' ~ ~ ,  K = 9 .83~10  crn /Joule. With the  in t roduc-  

t i o n  o f  prepulse, however, the  i o n  f r o n t  v e l o c i t y  becomes i n t e n s i t y  

i n v a r i a n t  ( f i g .  VlOb). We have a l s o  ca l cu la ted  f o r  each shot t he  i o n  sound 

speed (Cs = dZiTe/Mi). Th is  has been compared t o  the  " i o n  f r o n t "  v e l o c i t y  

and the  f i g u r e  V11 shows the  p l o t .  We f i n d  t h a t  the  r a t i o  o f  " i o n  

i f r o n t "  v e l o c i t y  t o  i o n  sound speed i s  h igher  f o r  t he  prepulse case than 

I f o r  no prepulse case. 

F. Discussion 

Now we w i l l  compare our  r e s u l t s  t o  t he  t h e o r e t i c a l  models and 

I numerical p red i c t i ons  discussed i n  Chapter 11. It should be kept  i n  

mind t h a t  any q u a n t i t a t i v e  agreement i s  somewhat f o r t u i t o u s ,  f o r  

several reasons. F i r s t  of a1 1, t he  models a re  one dimensional. 

Secondly, we do n o t  have any knowledge of t o t a l  absorpt ion and 

p a r t i c u l a r l y  t h e  p a r t i t i o n  i n  d i f f e r e n t  absorp t ion  mechanism. F i n a l l y ,  
1 



ION FRONT VELOCITY (VT) VERSUS INTENSITY 

a NOPP 

Figure V .  lOa 



ION FRONT VELOCITY VERSUS INTENSITY 

(Numerals  n e x t  t o  da ta  p o i n t s  i n d i c a t e  loglO o f  p r e p u l s e  

t o  main p u l s e  r a t i o . )  

F igure  V .  lob  
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agreements, however, we be1 i eve  w i l l  l ead  us t o  the  b e t t e r  understanding 

of t he  dynamics. 

We f i n d  t h a t  t h e  dependence of ho t 'e lec t ron  temperature on 

i n t e n s i t y  Te ( 1 ~ ~ ) ~ ~  f o r  no prepulse case, agrees very we l l  w i t h  the  

p red i c i t ons  made by the  numerical descr ip t ion1 " o f  e l e c t r o n  heat ing 

mechanism by resonant absorpt ion. I n  our case n  = 0.32, where as t h e  

scheme p r e d i c t s  0.3 < n  < 0.4. The f l u x  l i m i t i n g  argumentsY3 however, 

p r e d i c t  n  = 0.66. Therefore, the  dominance of t he  resonant absorpt ion 

i s  obvious from these experiments. 

For a l l  cases, we d i d  n o t  f i n d  any e f f e c t  o f  i n t e n s i t y  on number 

o f  ions invo lved ( f i g u r e  V6). Th is  i s  n o t  t oo  su rp r i s i ng ,  i f  we 

r e c a l l  equat ion ( 11-38). There we pred ic ted  t h a t  number o f  non-thermal 

ions should vary as IO*' .  Th is  exp la ins  the  weak i n t e n s i t y  dependence 

seen exper imenta l ly .  

We w i l l  now use the  p red i c t i ons  o f  computer s imu la t ions  o f  Ref. 8  

t o  e x p l a i n  some o f  our  o t h e r  observat ions. We have discussed t h i s  

i n  some d e t a i l  i n  Chapter 11. For convenience a  p o r t i o n  o f  t he  

s imulat ion,  r e l e v a n t  t o  our  purpose, has been reproduced i n  f i g u r e s  

V12, V13 and V14. These s imu la t ions  were done f o r  70 psec, Nd: Glass 

l a s e r  on g lass  microbal loon ta rge ts .  The numerical s imu la t i on  p red i c t s  

( f i g u r e  V12) t h a t  f o r  s h o r t  s i n g l e  pu lse  (no-prepulse) resonant absorpt ion 

remains almost constant  over t h e  range o f  i n t e n s i t i e s  on t h e  t a r g e t ,  

dropping s low ly  a t  about 1016 w/cm2. Th is  suggests t h a t  f o r  t he  same 

l a s e r  pulse w i d t h  an increase i n  i n t e n s i t y  (which a l s o  means increase i n  

energy) on the  t a r g e t  w i l l  r e s u l t  i n  more l i g h t  tunnel1 i n g  through t o  

the  c r i t i c a l  surface. Therefore, t h e r e  w i l l  be an enhancement i n  t he  
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energy coupled t o  t h e  h o t  e lec t rons .  Th is  i n  t u r n  w i l l  cause an 

increase i n  h o t  e l e c t r o n  temperature. Also the  energy coupled t o  the  

ions w i l l  be increased. For t he  same number o f  ions invo lved t h i s  w i l l  

t r a n s l a t e  i n t o  an increase i n  maximum expansion v e l o c i t y  ( " Ion  Front"  

v e l o c i t y )  . I n  o the r  words, these numerical s imulat ions s imply suggest 

us t h a t  f o r  no prepulse case, h o t  e l e c t r o n  temperature, " i on  f r o n t "  

v e l o c i t y  and energy conta ined i n  non-thermal ions  should increase 

w i t h  i n t e n s i t y  (energy) on t h e  t a r g e t .  Our experimental observat ions, 

shown i n  f i g u r e s  V3, VlOa and V8, agree very we l l  w i t h  these pred ic t ions .  

On t h e  o the r  hand, the  numerical s imu la t i on  shows t h a t  under 

s i m i l a r  cond i t i ons  w i t h  the  i n t r o d u c t i o n  o f  prepulse (which has been 

designated as double s t ruc tu red  s h o r t  pulse)  no t  on ly  i s  t h e  f r a c t i o n a l  

resonant absorpt ion lower compared t o  sho r t  s i n g l e  pulse, b u t  i t  

decreases w i t h  increas ing  main pulse i n t e n s i t y .  For example, a t  

watts/cm2, f o r  sho r t  s i n g l e  pulse the  resonant absorpt ion i s  25%, 

where as i n  case of double s t ruc tu red  pulse (prepulse case) i t  i s  

12%. When resonant absorp t ion  decreases, l e s s  l i g h t  tunnels through 

t o  the  c r i t i c a l  surface and the  energy coupled t o  h o t  e lec t rons  

decreases. Th i s  exp la ins  as t o  why we observe lower e l e c t r o n  tempera- 

t u r e  f o r  same i n t e n s i t y  on ta rge t ,  when prepulse i s  in t roduced 

( f i g u r e  V4). Lower energy i n  e lec t rons  means 1  ower energy coup1 ed 

t o  ions, a  p r e d i c t i o n  cons i s ten t  w i t h  t h e  experimental  observation, 

f i g u r e  V8. For t h e  same number of ions invo lved ( f i g u r e  V6), a  

decrease i n  " i o n  f ron t "  v e l o c i t y  i s  expected and observed ( f i g u r e  VlOb). 

In add i t i on ,  we a l s o  v a r i e d  t h e  r e l a t i v e  ampl i tude and t i m i n g  
1 
i o f  t h e  prepulse t o  t h e  main pulse.  We d i d  n o t  measure t h e  sca le  lengths  

.: 
i i 



o f  t he  underdense plasma. But  we b e l i e v e  and support  t he  genera l l y  

agreed upon understanding tha t ,  (a) prepulse causes t h e  fo rmat ion  o f  

long  sca le  l e n g t h  plasma before t h e  a r r i v a l  o f  main pul  se and, (b) t he  

increased ampl i tude r a t i o  and/or delay between prepulse and main pulse 

r e s u l t s  i n  t he  c r e a t i o n  of longer  sca le  l e n g t h  underdense plasma. I n  

computer s imu la t ions  i t  i s  d i f f i c u l t  t o  c a l c u l a t e  the  sca le  l e n g t h  o f  

t h e  underdense plasma based on amp1 i t u d e  r a t i o s  and delays. Authors 

i n  Ref. 8 have, there fo re ,  used d i f f e r e n t  sca le  l e n g t h  underdense 

plasma under t h e  assumption t h a t  they s imu la te  va r i ed  ampl i tude r a t i o s  

and delays between prepulse and main pulse. Th i s  has been shown 

i n  f i g u r e  V14. We w i l l  use these s imu la t i ons  t o  e x p l a i n  our r e s u l t s  f o r  

va r i ed  prepulses. One should be caut ioned here n o t  t o  take  t h e  

analogies too  s e r i o u s l y  f o r  q u a n t i t a t i v e  use. Th i s  i s  because we do 

n o t  have sca le  l e n g t h  measurements. Qua1 i t a t i v e  arguments, however, 

a r e  wor th apprec ia t ion .  

As one can see from f i g u r e  V14, w i t h  t he  inc reas ing  sca le  

l e n g t h  of underdense plasma, t he  f r a c t i o n a l  resonant absorp t ion  i s  

going down. For example, i t  decreases f rom 20% t o  10% when the  sca le  

l e n g t h  increases f rom 10 pm t o  30 pm. I n  ou r  case, an increase i n  

con t ras t  r a t i o  w i l l  mean an increase i n  sca le  l e n g t h  o f  t h e  underdense 

plasma. Furthermore, we v a r i e d  t h e  c o n t r a s t  r a t i o s  around the  main 

2 
pulse i n t e n s i t y  of 2  x  l o J 5  Wattslcm . For tunate ly ,  the  computer 

2 s imu la t ions  were done a t  i n t e n s i t i e s  o f  3 x 1 0 ' ~  Watts/cm and there-  

fore, p rov ide  an e x c e l l e n t  bas is  f o r  comparison. As pred ic ted ,  t h e  

I decrease i n  f r a c t i o n a l  resonant abso rp t i on  w i t h  inc reas ing  sca le  



( f i g u r e  V5) and energy content  i n  non-thermal ions ( f i g u r e  V9). As 

explained e a r l i e r ,  t he  number of ions  involved, however, remains un- 

effected ( f i g u r e  V7). The decrease i r r  ;nergy content  i n  ions i s  

f a s t e r  f o r  1100 psec prepulse compared t o  300 psec prepulse, w i t h  

increas ing  con t ras t  r a t i o  ( f i g u r e  V9). This, we bel ieve,  i s  because 

o f  t he  comparat ively longer  plasma sca le  lengths produced by the  longer 

delay between prepulse and main pu lse  and t h e  subsequent reduc t ion  i n  

resonant absorpt ion.  Su rp r i s i ng l y ,  no e f f e c t  o f  t h e  d i f f e r e n c e  i n  pre- 

pulse t o  main pu lse  de lay  i s  observed fo r  ho t  e l e c t r o n  temperature 

( f i g u r e  V5). For complete understanding, a thorough t h e o r e t i c a l  

s c r u t i n y  i n  t h i s  mat te r  i s  recommended. 

Another s u r p r i s i n g  observat ion i s  t h e  fac t  t h a t  a t  h igh  con t ras t  

r a t i o s  ( l o m 2  i n  t h i s  case) t he  ho t  e l e c t r o n  temperature ( f i g u r e  V4), 

i o n  energy ( f i g u r e  V8) and " i on  f r o n t "  v e l o c i t y  ( f i g u r e  VlOb) become 

independent of 1 aser i n t e n s i t y  (energy).  From t h e o r e t i c a l  simula- 

t i o n s  ( f i g u r e  V13), we f i n d  t h a t  t h e  resonant ly  absorbed f r a c t i o n  i s  

decreasing w i t h  increas ing  i n t e n s i t y .  One can i n f e r  from t h i s ,  t h a t  

t h e  amount of energy g e t t i n g  t o  the  c r i t i c a l  sur face i s  n o t  changing 

very much and therefore, t h e  invar iance o f  t h e  parameters mentioned 

above should be expected. Furthe'rmore, a t  very l a r g e  sca le  lengths 

(which w i l l  be produced by h i g h  c o n t r a s t  r a t i o ) ,  t h e  back-scat ter  and 

t h e  i n t e r p l  ay between d i f f e r e n t  absorp t ion  rnechani sms 1 i m i  t s  t he  amount 

o f  l i g h t  going t o  t h e  c r i t i c a l  surface. Th is  has been discussed i n  

Chapter 11. We be l ieve ,  t h a t  t h i s  l i m i t e d  amount o f  l i g h t  tunne l ing  

through t o  t h e  c r i t i c a l  surface produces a smal l  change i n  t h e  energy 

* 1 coupled t o  h o t  e lec t rons .  Therefore, t he  observat ions a r e  cons i s ten t  . 



We conclude t h a t  i t  i s  t h e  change i n  the  f r a c t i o n  o f  resonant absorpt ion, 

caused by var ious plasma cond i t ions  ( p a r t i c u l  a r l y  scale 1 ength o f  under dense 

plasma), t h a t  causes t h e  change i n  h o t  L l e c t r o n  temperature and therefore,  non- 

thermal i o n  c h a r a c t e r i s t i c s .  This  a l so  imp1 i e s  ' t h a t  resonant absorpt ion 

i s  i n  f a c t  the  dominant mechanism f o r  t he  product ion o f  ho t  e lect rons.  

F igure V I I  shows t h e  r a t i o  o f  " i on  f r o n t "  v e l o c i t y  (VT) t o  

4 i o n  sound speed (CS = ~m. Pearlman and Morse have suggested two 

schemes, equat ions ( 11-20) and ( 11-26) respect ive ly ,  t o  t h e o r e t i c a l  l y  

est imate the  maximum expansion v e l o c i t y .  The l oga r i t hm i n  equat ion 

( I  1-20) makes t h i s  r a t i o  i n s e n s i t i v e  t o  changes i n  experimental parameters. 

Experimental ly we f i n d  t h i s  r a t i o  t o  change from 7 t o  11 ( f i g u r e  V l l ) ,  

under d i f f e r e n t  experimental cond i t ions .  Therefore, we be1 ieve, t h a t  

the p red i c t i ons  lead ing  t o  equat ion (11-20) f a i l  t o  exp la in  the  experiments. The 

p red i c t i ons  l ead ing  t o  equat ion ( I  1-26), however, are i n  good agreement 

w i t h  experimental observat ions. Equation (11-26) suggests t h a t  t h i s  r a t i o ,  f o r  

no-prepulse, i s  between 5-7, which i s  c lose  t o  t h e  experimental observa- 

t i o n s .  It should be po in ted  o u t  here t h a t  t h e  major unce r ta in t y  i s  i n  

es t imat ing  the  dens i t y  a t  which charge n e u t r a l i t y  breaks down. This  

was requ i red  f o r  t h e  development o f  equat ion (11-26). 

I t  i s  noteworthy t h a t  t h e  r a t i o  of " i o n  f r o n t "  v e l o c i t y  t o  i o n  . 
sound speed i s  h igher  when a prepulse i s  in t roduced.  The esca la t i on  of 

t h i s  r a t i o ,  f o r  t h e  prepulse case, we be1 i eve  i s  due t o  the  reduc t i on  i n  

i o n  sound speed from lower e l e c t r o n  temperature. The " i o n  f r o n t "  

v e l o c i t y  i s  most ly  governed by e l e c t r o n  pressure, which i s  a f u n c t i o n  

o f  e lec t ron  dens i t y  , dens i t y  scale l eng th  and temperature. Therefore, 

" i on  f r o n t "  v e l o c i t y  probably does n o t  vary as ( T ~ O * ~ ) ,  as n i g h t  be 



expected, but depends on the in te rp lay  between these quant i t ies .  

The d e t a i l s  of the in te rp lay ,  however, a re  not  wel l  understood. As a 

matter o f  f a c t ,  experimentally we have lound VT t o  vary as ( T ~ ) O * ~ ,  

where as CS var ies  as (Te)Oa5. 



V I  . COMMENTS AND SUMMARY 

I n  conc lus ion,  we have presented c l e a r  exper imental  evidence . 
t h a t  t h e  i n t r o d u c t i o n  o f  a prepuls; causes t h e  h o t  e l e c t r o n  tempera- 

t u r e  and t h e  energy con ta ined  i n  non-thermal i ons  ( >  10 KevIZ) t o  be 

reduced. Th is  w i l l  reduce t h e  preheat  o f  t h e  t a r g e t  core.  I f  more 

energy i s  coupled i n t o  thermal ions,  more r e c o i l  momentum i s  a v a i l a b l e  

f o r  e f f i c i e n t  fue l  compression. I n  a d d i t i o n ,  we have seen d e f i n i t e  

v a r i a t i o n s  i n  t h e  plasma parameters t h a t  depend on t h e  na tu re  o f  t h e  

prepulse.  For  example, t h e  energy o f  non-thermal i ons  drops f a s t e r  

as t h e  ampl i tude  r a t i o  i s  increased f o r  an 1100 psec p repu lse  than 

f o r  a 300 psec prepulse.  I n  bo th  cases t h e  i n t e n s i t y  o f  t h e  main 

pu lse  i s  k e p t  t h e  same. From these observat ions we i n f e r  t h a t  a 

preformed plasma w i t h  l o n g  s c a l e  1 ength e x i s t i n g  b e f o r e  t he  main 

pu l se  i n t e n s i t y  peaks may be f a v o r a b l e  t o  t h e  requirements o f  1 aser  

fus ion .  We b e l i e v e  t h a t  these  cond i t i ons  can a l s o  be achieved i n  

long, shaped l a s e r  pulses ( >  1 nsec) dura t ion ,  t he re fo re ,  these 

pulses deserve f u r t h e r  i n v e s t i g a t i o n .  

Resonant absorp t ion ,  be1 i eved  t o  e x i s t  a t  h i g h  l a s e r  i n t e n -  

2 s i  t i e s  (>  1014 wat ts l cm ), can account f o r  t h e  observed changes i n  

h o t  e l e c t r o n  temperature and i o n  energ ies.  I n  t h e  absence o f  absorp- 

t i o n  measurements, we a r e  unable t o  t e s t  t h i s  i dea  q u a n t i t a t i v e l y ;  

qua1 i t a t i v e l y  however, ou r  r e s u l  t s  a r e  q u i t e  c o n s i s t e n t  w i t h  

t h e o r e t i c a l  models and numerical  s imu la t i ons  . A1 so, exper imental  

observa t ions  i n d i c a t e  t h a t  i so therma l  expansion of t h e  plasma i s  a 

resonabl e assumption. 

A1 though we a r e  a b l e  t o  e x p l a i n  most o f  ou r  r e s u l t s  w i t h  simp1 i f i e d  



assumptions and one dimensional models, 2-D and 3-D models w i l l  

def  i n i  t e l  y  provide an improvement t o  t h e  expl anat ion. 'The i nvariance 

o f  the  n u d e r  o f  non-thermal ions w i t h  changing i n t e n s i t y  may provide 

a f r u i t f u l  guide1 i n e  f o r  p lanning experiments a t  h igher  i n t e n s i t i e s .  

We have a lso  proposed t h a t  t he  expanding plasma could be s h o r t  

wavelength (2 A ~ )  i on - ion  two stream unstable. This may a c t  as a 

source f o r  long wavelength i o n  acoust ic  turbulence. A f u r t h e r  

i n v e s t i g a t i o n  o f  t h i s  e f f e c t  i s  required.  

I t  i s  our conjecture, based on t h e  reasons o u t l i n e d  e a r l i e r ,  t h a t  

the  h o t  e lec t ron  temperature deduced from t h e  i o n  densi ty  d i s t r i b u t i o n  

i s  a much b e t t e r  representa t ion  o f  e lec t ron  temperature than t h a t  

deduced from x-ray measurements. Most 1 aborator ies use the  1 a t t e r  

method t o  de r i ve  the  e lec t ron  temperature. From our experimental 

observations, we suggest t h a t  they should exerc ise some care i n  t h e i r  

judgment. 

These data suggest o ther  experiments t h a t  might p rov ide  add i t i ona l  

in format ion  regarding t h e  product ion o f  energet ic  ions.  F i r s t  of  a l l ,  

our  experiments should be repeated w i t h  a measurement o f  o v e r a l l  

absorpt ion, and w i t h  a determinat ion o f  t h e  p a r t i t i o n  o f  t h i s  absorp- 

t i o n  i n  d i f f e r e n t  absorpt ion mechanisms. This w i l l  quan t i f y  t h e  

ef fect  of sca le  length  on resonant absorpt ion, and the re fo re  on the  

h o t  e lec t ron  temperature. A1 so the  use o f  several "Thomson Parabol as" 

w i l l  prov ide a know1 edge o f  the ex ten t  o f  a s y m e t r y  i n  t h e  i o n  blow-off. 

Most o f  the  i o n  measurements presented i n  t h i s  work were obta ined 

f o r  s h o r t  l a s e r  pulse lengths (50 psec), and f o r  h igh  i r rad iances 

2 ( >  1 0 l 5  W/cm ). Another i n t e r e s t i n g  regime f o r  l a s e r  fus ion  i s  t h a t  



14 2 o f  1013 - 10 Wattslcm i n t e n s i t i e s  and longer pulse lengths 

( >  1 nsec). I o n  measurements should there fore  be performed a t  

lower i n t e n s i t i e s  t o  see how the  euergy content  i n  energet ic  ions 

and the  h o t  e l e c t r o n  temperature scale. Also we suggest t h a t  

measurements of dens i ty  scale lengths should be made simultaneously 

i n  order  t o  understand more c l e a r l y  the  dependence o f  scale length  

on e lec t ron  temperature. I n  a l l  cases presented here, t h e  l a s e r  

beams were focused on t h e  surface of glass microballoons, i t  would 

be i n t e r e s t i  ng t o  study non-thermal ions under o ther  focusi  ng schemes. 

I t  would a lso  be i n t e r e s t i n g  t o  extend these inves t iga t i ons  t o  

glass microbal loons coated w i t h  h igh  Z ma te r ia l s .  

We expect t h a t  these observat ions o f  non-thermal ions  ( >  10 Kev/Z) 

w i l l  l ead  t o  a b e t t e r  understanding o f  t h e i r  generat ion and propaga- 

t i o n  mechanisms. This w i l l  i n  t u r n  a i d  i n  t h e  e f f o r t s  t o  minimize 

t h e i r  generation, 1 eading c l o s e r  t o  the success o f  1 aser d r i ven  

thermonuclear fus ion .  
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APPEND1 X 

A .  FORTRAN PROGRAM USED FOR DATA REDUCTION 

We present  here the  l i s t i n g  of t h e  program used f o r  t he  data reduct ion.  

F i r s t  t h e  raw data i s  s to red  i n  a data f i l e  i n  a manner shown (see l i s t i n g  

under data f i 1 e )  . 

The procedure f i l e  'IONS' i s  c a l l e d  t o  execute the  data reduc t i on  

program 'IONBOSI'. Dur ing the  execut ion, 'IONBOSl' asks f o r  t h e  data f i l e  

which i s  entered by t h e  operator .  Operator a l so  enters t h e  e f f e c t i v e  s o l i d  

angle 'Omega' du r i ng  the  execut ion o f  t h e  program. Th is  i s  a c o r r e c t i o n  

f a c t o r  t o  account f o r  t he  ex ten t  of asymmetry descr ibed i n  Chapter I V .  

The program ca l cu la tes  and p l o t s  i o n  dens i t y  d i s t r i b u t i o n ,  t o t a l  

energy contained i n  ions,  t o t a l  number o f  ions,  charge t o  mass r a t i o  o f  

species e tc .  as i s  expla ined i n  t he  l i s t i n g .  For p lot t ing,Cyber  175 

l i b r a r y  p l o t t i n g  r o u t i n e  'LPLOT' was used. Th is  may be pro tec ted  by the  

Copyr ight .  

The program i s  w r i t t e n  i n  'FORTRAN' language f o r  Cyber 175.  To execute 

t h i s  program on o the r  type of computers some mod i f i ca t ions  may be 

requ i red .  



FLOW CHART 

I CALL IONS 1 

ENTER DATA FILE 

I INPUT BY OPERATOR 
1 ENTER SOLID ANGLE 

CREATESPLOTS 

PRINTS RESULTS 

RESULTS ARE ALSO 
DISPLAYED ON 

YES 
ANOTHER DATA FILE 



DATA FILE 

C The numbers i n  t he  da ta  f i l e  a re  read i n  sequence separated 

C by  commas. The format used i s  t he  'General Format' f o r  Cyber 

C 175. The f i l e  i s  read from p u b l i c  Tape 5. 

C Th i s  def ines t h e  re fe rence  axes. 

X X ( l ) , X X ( 2 ) , ~ ~ ( 1 ~ , ~ ~ ( 2 )  

O r i g i n  p o i n t  X,Y ( ~ x e s  o r i g i n )  

XX(3) ,YY(3) 

Number o f  Parabolas 

Now the  data corresponding t o  each parabola i s  en te red  i n  sequence 

Number of  p o i n t s  i n  Parabola 1 

X P o s i t i o n ,  Y P o s i t i o n ,  # o f  Counts 

x ( l , l ) , Y ( l , l )  , D ( l , l )  

x(1,2),Y(1,2),D(192) 

Number o f  p o i n t s  i n  Parabola 2 

I P ( 2 )  

X P o s i t i o n ,  Y P o s i t i o n ,  # o f  Counts 

X(2, l )  ,Y(2,1) ,D(2,1) 

X(292) ,Y(2,2) ,D(2,2) 

T h i s  i s  repeated ti l l a l l  Parabolas a r e  accomodated. 



PROCEDURE FILE "IONS" 

SETTL( 1000) 

ATTACH, FTNSUBS/UN=LIBRARY. 

GET, IONBOSl 

ATTACH,IMSLIB/UN=LIBRARY. 

ATTACH ,UNIPLOT/UN=LIBRARY . 
AllACH,LPLIB/UN=TCHCOOl. 

GET,CALPLOT,UNICAL/UN=TCHCOOl. 

GET ( PGML I B/ UN=TCHCOO 1. ) 

PURGE ,NPFILE/NA . 
RETURN ,NPFILE ,TAPE1 ,PRINT,LGO. 

DEFINE ,NPFILE . 
TTN, I=IONBOSl,OPT=O,L=O. 

LDSET,LIB=UNI CAL/UNIPLOT/CALPLOT/FTNSUBS/IMSLIB/LPLIB/PGMLIB ,PRESET=O. 

LGO. 

REWIND,TAPEl ,PRINT. 

COPY ,TAPE1 ,PRINT. 

REWIND,TAPEl. 

REWIND,OUTPUT. 

COPY ,OUTPUT,PRINT. 

REWIND,OUTPUT,PRINT. 

DISPOSE,PRINT=PR. 

ATTACH ,UNI POST/UN=L IBRARY . 
UNI POST.D=TEK. 



PROGRAM "I ONBOS 1 " 

0001 C PROGRAM IONBOSl 

0002 PROGRAM IONBOS (INPUT ,OUTPUT,TAPES=lNPuT,TAPE6 ,TAPE4, 

0003 +TAPEl=OUTPUT) 

0004 DIMENSION X(25,200) ,Y(25,200) ,D(25,200) ,Q(Io) ,~1(25,200),  

0005 +V(25,200) ,VV(25,200) ,V1(25,200) ,V2(25,200) ,VTEMP(25,200) 

0006 +DFTEMP(200) ,XX(200) ,YY(200),DD(200) ,X3(2),Y3(2) ,X2(25,200), 

0007 +DF(25,200) ,IP(25) ,5(50) ,QQ(25) ,Q1(25,200) , \ ( lo )  ,E2(10), 

0008 + E ~ ( ~ ~ , z o o )  ,c1(25,200) , c ( ~ o o ) , T ( ~ o o ~  ,Z(IO) 

0009 REAL L,MIN,MAX,M 

0010 CALL SETUP 

0011 C BOTTOM LINE CALCULATES THE ELECTRIC FIELD 

0012 E=244./1.75 

0013 Q(1)=1. 

00 14 WRITE ( 1  ,*) "ENTER FILE NAME" 

00 15 R E A D ( ~ , ~ O )  AFILE 

0016 10 FORMT(A6) 
C THIS PORTION OF THE PROGRAM CALLS DATA FILE AND READS IT .  

0017 CALL GETPF (4  ,AFILE) 



0 0 2 4  DO 1 J= l , IPTEMP 

0 0 2 5  READ(4,*) X(I,J),Y(I,J),D(I,J) 

0 0 2 6  1 CONTINUE 

0 0 2 7  P H I =  ATAN((YY (2) -YY (1) ) / ( x X ( 2 ) - X X ( l ) ) )  
C T H I S  PORTION OF THE PROGRAM DOES A X I S  TRANSFORMATION 

00 2 8   WRITE(^, 1 4 9 )  P H I  ,AFILE 

0 0 2 9  1 4 9  FClRMAT(F9.3,A6) 

0 0 3 0  DO 2 I = l , N  

0 0 3 1  ITEMP=IP(  I) 

0 0  3 2  DO 2 J = l ,  IPTEMP 

0 0 3 5  Y ( I , J ) = ( ( Y ( I  ,J)-YY(3))-(XTEMP-XX(~))*TAN(PHI))*COS(PHI)-10. 

0 0  36 WRITE( l , * )  X ( I , J ) , Y ( I , J )  

0 0  37  2 CONTINUE 

0 0 3 8  WRITE( 1 ,*) "ENTER EFFECTIVE SOLID AXGLE" 

0 0  39 R E A D ( 5 , l l )  OMEGA 

0 0 4 0  11 FORMAT( F10.5)  

0 0 4 1  I T E M P = I P ( l )  
C AVERAGE MAGNETIC F I E L D  I S  CALCULATED BELOW 

0 0 4 5  3 CONTINUE 

0 0 4 6  BAV=B 11 ITEMP 

0 0 4 7  DO 3 3  J-1, ITEMP 



0050 33 CONTINUE 

0051 DO 77 1=2,N 
C THIS PORTION OF THE PROGRAM CALCULATES (Z/M) 

0052 77 QQ(I)=O. 

DO 66 J-1 ,ITEMP 

Q~(I,J)=E*~.O~*(X(I,J)**~)/(Y(I,J)*(BAV**~)) 

QQ(I)=Ql(I,J)+QQ(I) 

WRITE(1,145) I,J,Ql(I,J) 

FORMT(213,Fg. 3) 

CONTINUE 

DO 76 I=2,N 

Q( 1 )=QQ(I )/If'( 1) 

WRITE (1,148) I ,Q( I) 

FORMAT(~~,F~. 3) 

CONTINUE 

LINE BELOW ASSIGNS ION W S S  



THIS PORTION OF THE PROGRAM CALCULATES N, dV, dN/dV 
222 DO 88 I=l,N 

88 CONTINUE 
THIS PORTION O F  THE PROGRAM SUMS UP ION ENERGY AND N U M B E R  
DO 101 I=l,N 

E2(1)=0.0 

DD(J)=O.O 

E l ( I  ,J)=O.O 

101 CONTINUE 

D D ( I ) = D ( I  , J )+DD(I )  

100 CONTINUE 



0 1 0 5  9 9  CONTINUE 

0 1 0 9  9 8  CONTINUE 
C PROGRAM BELOW DOES THE PLOTTING 

01 1 0  X 3 ( 1 ) = 1  .E+8 

0 1 1 4  CALL LP~OT(1,1,2,X3,Y3,-1,-2, "ION PLOT","VEL CM/SEC, "DN/DVH) 

0 1 1 5  DO 6 I = l , N  

0 1 1 7  DO 2 2  J= 1, I PTEMP 

0 1 2 0  2 2  CONTINUE 

0 1 2  1 CALL LPLOT( 1,l ,-IPTEMP ,VTEMP,DFTEMP,l ,2,"ION PLOT" ,"VEL CMISEC, 

0 1 2 3  6 CONTINUE 
C PROGRAM BELOW SUMS UP NUMBER OF IONS I N  ALL PARABOLAS 

0 1 2 4  DO 4 0  I = l , N  



CONTINUE 
I O N  NUMBERS I N  ALL PARABOLAS SUMMED WITH SAME VEL. BASE 
NN=50.  

DO 3 0  K = l , N N I  

D ( 1  ,K)=O.O 

CONTINUE 

I F ( V ( 1 , l )  .GT. MAX) M 4 X = V ( I , l )  

CONTINUE 

DO 1 2  J = 1 , 2 0 0  

XX(J)=O.O 

X X  (I) =mx 

M I N = V ( ~ , I P ( I ) )  

DO 1 3  1=3 ,N  

I F ( V ( I , I P ( I ) )  . L T .  M I N )  M J N = V ( I , I P ( I ) )  

CONTINUE 

X X ( N N l ) = M I N  

DO 14 J=2,NN 

XX(J)=(XX(~)*NN-(3-I)+(J- ~ ) * x x ( N N ~ ) ) / N N  

CONTINUE 



K= K+ 1 

GO TO 160 

170 J=J+l 

IF(J .GT. IP(1)) GO T O  25 

IF(v(1,J) .GT. XX(K)) GO T O  170 

D(I,K)=DF( 1,J-l)+(XX(K)-V(1.J-~))*(DF(I,J)-DF(I ,J-I)) 

+/(V(I,J)-V(I,J-l)) 

2 7  K=K+l 

IF(K .GT. NNI) GO TO 25 

IF(XX(K) .LT. V(I,J)) G O  TO 26 

D(I ,K)=DF(I ,J- I )+(XX(K)-V( I ,M))* (DF( I  ,J)-DF(I,J-I)) 

+/(V(I,J)-V(I,J-1)) 

GO TO 2 7  

26 60 TO 160 

2 5  CONTINUE 

15 CONTINUE 

DO 16 K=l,NNl 

16 DD(K)=O.O 

DO 17 K=l,NNl 

DO 1 7  I=l,N 

DD(K)=D( I, K)+DD(K) 

17 CONTINUE 

DO 1 8  K=l,NNl 

1 8  WRITE(6,147) DD(K) ,XX(K) 

147 FORMAT(2E9.3) 

CALL LPLOT(1,1,2,X3,Y3,-1,-2,"ION SllMM,"VEL CM/SECU,"DN/DV") 



0179 CALL LPLOT( 1.1,-NNl,XX,DD, 1 ,2,"ION SUM1',VEL CM/SEC", "DN/DVH) 

0180 CALL ENDPLT 

0181  STOP 

0182 END 


