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ABSTRACT 

This  t h e s i s  descr ibes  some of t h e  g ross  f e a t u r e s  of t h e  

d i e l e c t r i c  breaKdown which can occur when t h e  in tense  rad ia -  

t i o n  of a Q-switched ruby l a s e r  i s  focused i n t o  water. 

A complete d e s c r i p t i o n  of t h e  pass ive ly  Q-switched, 

mode se lec ted  ruby l a s e r  used i n  t h i s  experimental s tudy is  

presented.  The l a s e r  was capable of d e l i v e r i n g  powers up t o  

90 Megawatts i n  a s i n g l e  l o n g i t u d i n a l  mode with a beam diver -  

gence of l e s s  than  1 mi l l i r ad ian .  Fur ther  mode s e l e c t i o n  

allowed f o r  opera t ion  i n  t h e  lowest order  t r ansverse  mode. 

I n  order  t o  obta in  reproducible  and p red ic tab le  data, it 

was necessary t o  cleanse t h e  water samples s tudied  of a l l  

suspended p a r t i c u l a t e  matter .  A c losed-cycle  f i l t e r i n g  system 

capable of removing p a r t i c l e s  as s m a l l  as lo-' cm is  descr ibed.  

The brea~down threshold  power i n  water was found t o  be 

(5  4 )  x 10" watts/cm2. Stimulated B r i l l o u i n  s c a t t e r i n g  

with i t s  lower threshold  power than  t h e  breaKdown threshold,  

always accompanied t h e  breasdown process .  A s  much as 50$ of 

t h e  inc ident  l a s e r  power was converted t o  t h e  f i r s t  Stokes 

s t imulated B r i l l o u i n  wave. 

Time in teg ra ted  photographs indica ted  t h e  breaKdown 

region t o  be composed of indiv idual  breaKdown plasmas separ-  

a t ed  by approximately 0.4mrn and spread along t h e  d i r e c t i o n  of 
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propagation over a region of 5 t o  10mrn. A model involving 

t h e  in t roduc t ion  of s p h e r i c a l  a b e r r a t i o n  i n t o  t h e  f o c a l  plane 

by t h e  focusing l ens  appears t o  adequately descr ibe  t h i s  

phenomenon. 

Measurements of t h e  s c a t t e r i n g  c h a r a c t e r i s t i c s ,  spectrum, 

and su r face  temperature of t h e  breaKdown region a r e  presented. 

It i s  shown t h a t  t h e  s c a t t e r i n g  behaviour of l a s e r  induced 

breaKdown unaerwater, r e f l e c t s  t h e  cha rac te r  of t h e  s h o c ~  wave 

accompanying breaKdown and not t h e  breaKdown plasma. The 

brea~down plasma revealed a blacK body l iKe spectrum with a 
6 temperature of 15, OOO•‹K. S h o c ~  v e l o c i t i e s  exceeding 10  cm/sec 

- 

6 were produced l ead ing  t o  pressures  approaching 10  . b a r s .  
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CHAPTER 1 

INTRODUCTION 

1-1 H i s t o r i c a l  P e r s ~ e c t  ive 

D i e l e c t r i c  breakdown and t h e  subsequent plasma format ion 

i n  o p t i c a l l y  t r ansparen t  ma te r i a l s  w a s  one of t h e  f i r s t  and 

most ex tens ive ly  s tudied a r e a s  of t h e  i n t e r a c t i o n  of intense,  

Q-switched l a s e r  r a d i a t i o n  with matter .  The f i r s t  observat ion 

of l a s e r  induced breakdown occurred i n  a gas ( a i r )  and was 

reported i n  1 9 6 3 ( l ) .  A profuse number of experiments followed 

t h i s  i n i t i a l  observation. (See f o r  example the  exce l l en t  review 

a r t i c l e  by ~ a i z e r ( ~ ) ) .  

Ear ly  a t tempts  t o  expla in  &he l a s e r -  induced breakdown of 

gases were based on the  e f f e c t s  of t h e  r a d i a t i o n  f i e l d  on ind i -  

vidual  gas atoms. Gold and Bebb (3 )  developed a  theory  of rnul- 

t iphoton absorpt ion  leading  consequently t o  ioniza t ion ,  but  

d e t a i l e d  c a l c u l a t i o n ( 4 )  indica ted  t h a t  t h i s  process  could not  

provide a  s u f f i c i e n t  number of e l e c t r o n s  a t  the  power' l e v e l s  

involved. 

Meyerand and Haught ( 5 )  suggested inverse bremsstrahlung 

( t h e  absorpt ion  of a photon by an  e l e c t r o n  i n  t h e  neighbourhood 

of an atom o r  ion)  as a  poss ib le  mechanism. and 

Browne (7) t r e a t e d  t h e  breaBdown mechanism t h e o r e t i c a l l y  as an  

e l e c t r o n  cascade o r i g i n a t i n g  i n  t h e  inverse bremsstrahlung 



process.  Browne (7) showed t h a t  t h e  gas  atoms i n  t h e  f o c a l  

volume would be completely ionized v i a  t h i s  process  i n  t imes 

much l e s s  than  t h e  dura t ion  of t h e  l a s e r  pulse,  while Tozer ( 8 )  

concluded from a p r o b a b i l i s t i c  model t h a t  multiphoton ioniza-  

t i o n  could account f o r  t h e  i n i t i a t i n g  few e lec t rons .  

This  a r e a  of s tudy has ye t  t o  be f u l l y  understood. Break- 

down s t u d i e s  i n  gases a r e  persued vigorously a t  t h e  National 

Research Council, Ottawa where newly observed e f f e c t s  such a s  

s e l f  -focusing occurr ing during breakdown i n  a i r  (') and break- 

down generated with a s i n g l e  picosecond pulse  ('') have s t i l l  

t o  be adequately explained. 

Laser induced breakdown i n  t r ansparen t  s o l i d s  has received 

f a r  l e s s  study, due i n  p a r t  t o  t h e  d e s t r u c t i v e  na ture  of t h e  

breakdown process.  Hercher (11) repor ted  d i e l e c t r i c  breakdown 

and the  r e s u l t i n g  f r a c t u r e  i n  g l a s s e s  i r r a d i a t e d  with a Q-switched 

ruby l a s e r .  Breakdown has a l s o  been reported,  i n  t h e  case 

where a non Q-switched (pulsed)  ruby l a s e r  was t h e  source of 

r a d i a t i o n ( 1 2 ) .  I n  t h i s  case t h e  peak power i s  small bu t  t h e  

t o t a l  energy i n  t h e  pulse  i s  l a r g e  and s u f f i c i e n t  energy t o  

cause mechanical damage may be absorbed i n  t h e  f o c a l  volume as 

a consequence of r e s i d u a l  l i n e a r  absorpt ion  of t h e  medium we 
For a Q-switched l a s e r  pulse,  t h e  peak power i s  many 

orders  of magnitude higher  whi1.e t h e  t o t a l  energy i n  t h e  pulse 

i s  u s u a l l y  very much smaller  than  t h e  pulsed case and t h e  

r e s i d u a l  l i n e a r  absorpt ion  i s  t o o  s m a l l  t o  account f o r  the  



energy removed from t h e  l a s e r  beam. Sharma (13,14) has  shown 

t h a t  d i e l e c t r i c  breakdown i n  t h i s  c a s e  o r i g i n a t e s  i n  mult iphoton 

a b s o r p t i o n  which induces a pho toconduc t iv i ty  r e l e a s i n g  e l e c t r o n s  

which a r e  a c c e l e r a t e d  i n  t h e  f i e l d  of t h e  l a s e r  l e a d i n g  t o  a 

f u l l y  developed e l e c t r o n i c  cascade i n  a few nanoseconds. A 

ve ry  complete s tudy  r e l a t e d  t o  t h e  i n i t i a t i o n  p roces ses  l e a d i n g  

t o  i r r e v e r s i b l e  damage i n  s e v e r a l  t r a n s p a r e n t  g l a s s e s  when 

t h e y  a r e  i r r a d i a t e d  wi th  a Q-switched ruby l a s e r  may be found 

i n  Sharmafs  d i s s e r t a t i o n  ( l 3 ) .  

D i e l e c t r i c  breakdown induced i n  l i q u i d s  u s i n g  a Q-switched 

l a s e r  has  rece ived  very  l i t t l e  a t t e n t i o n .  I n  f a c t  breakdown 

i n  l i q u i d s  i s  u s u a l l y  g iven  on ly  p a s s i n g  mention as a "nuisance" 

phenomena occu r r ing  whi le  t r y i n g  t o  measure o t h e r  non l inea r  

o p t i c a l  p r o p e r t i e s  of t h e  1 i q u i d s  such as S t  irnulated B r  i l l o u i n  

s c a t t e r i n g  (15). 

The on ly  work appear ing  t o  d a t e  r ega rd ing  s p e c i f i c  rnea- 

surements of t h e  breakdown phenomena i n  l i q u i d s  has  been r e l a t e d  

t o  t h e  shock wave r e s u l t i n g  from t h e  c a v i t a t i o n  accompanying 

breakdown. B e l l  and Landt (16) r e p o r t  t h a t  shock v e l o c i t i e s  

l e a d i n g  t o  p r e s s u r e s  g r e a t e r  t h a n  250kbars occurred du r ing  t h e  . 
f i rs t  300 nsec fo l lowing  t h e  onse t  of breakdown. Carome and 

coworkers have performed p re l imina ry  exper iments  which measure 

t h e  f requency components of t h e  i n t e n s e  a c o u s t i c  waves 0 7 )  J 

and shadow graph s t u d i e s ( 1 8 )  of t h e  expanding shock wave a t  

t imes g r e a t e r  t h a n  3usec a f t e r  t h e  i n i t i a t i o n  of breakdown. 



Barnes and Rieckhoff (19) have r epo r t ed  p re l imina ry  r e s u l t s  

r ega rd ing  t h e  r a d i a t i o n  f l u x  dens i ty ,  t h e  spectrum, and t h e  

temporal  behaviour  of t h e  l a s e r  induced underwater breakdown 

plasma. 

1-2  Scope of t h i s  s tudy  

Theor ies  d e s c r i b i n g  t h e  i n i t i a t i o n  p roces s  l e a d i n g  t o  

breakdown i n  gases  have on ly  been s u c c e s s f u l  i n  d e s c r i b i n g  

b rea~down  i n  t h e  noble (monatomic) gases  a t  low p r e s s u r e s .  

Under t h e s e  c o n d i t i o n s  t h e  assumption t h a t  t h e  r a d i a t i o n  f i e l d  

i n t e r a c t s  w i th  t h e  gas  atoms on a n  i n d i v i d u a l  b a s i s  i s  v a l i d ,  

and t h e  i d e a l  gas  l a w  can be used f o r  t h e  equa t ion  of s t a t e .  

By comparison t h e  p roces ses  occu r r ing  du r ing  t h e  i on i za -  

t ion of water  a r e  extremely complex. I o n i z a t i o n  induced i n  

water  vapour u s i n g  e l e c t r o n  beam e x c i t a t i o n  i n d i c a t e s  t h e  

presence of a t  l e a s t  seven s p e c i e s  of  ions  as w e l l  as e l e c -  

t r o n s  (*'). Fur the r ,  i n  t h e  l i q u i d  s t a t e ,  water  molecules 

i n t e r a c t  s t r o n g l y  and t h e  breakdown i n i t i a t i o n  p roces s  involves  

d i s s o c i a t i o n ,  i o n i z a t i o n  and a change of phase.  Thus t h e  d i s -  

cus s ion  t o  fo l low does not  cons ide r  t h e  i n i t i a t i o n  p roces s  

l e a d i n g  t o  l a s e r  induced breakdown i n  water ,  due t o  i t s  com- 

p l e x i t y .  In s t ead  we d i r e c t  our a t t e n t i o n  t o  t h e  p r o p e r t i e s  of 

t h e  breakdown plasma fo l lowing  t h e  i n i t i a l  format ion  per iod .  

During t h e  e a r l y  s t a g e s  of t h i s  s tudy  it was determined 

t h a t  it was d i f f i c u l t  t o  o b t a i n  r ep roduc ib l e  data p e r t a i n i n g  



t o  l a s e r  induced breakdown phenomena i n  water .  The problem 

stemmed from two sources  : (1 ) i n s t rumen ta t  don involv ing  t h e  

mode s t r u c t u r e  of t h e  l a s e r  and t h e  d e t e c t i o n  techniques  used 

t o  record  r e s u l t s  and ( 2 )  problems r e l a t e d  t o  a l a c k  of 

reproduc ib le  water  samples due t o  microscopic,  suspended p a r -  

t i c u l a t e  ma t t e r  which occurs  i n  a l l  l i q u i d s .  

Consequently t h i s  t h e s i s  has  two a i m s .  F i r s t l y ,  a complete 

d e s c r i p t i o n  i s  g iven  of t h e  exper imental  t echniques  used. T h i s  

inc ludes  t h e  des ign  and o p e r a t i n g  c h a r a c t e r i s t i c s  of t h e  s i n g l e  

mode l a s e r  t o g e t h e r  wi th  a c c u r a t e  measurement techniques ,  and 

t h e  methods used t o  c l eanse  t h e  l i q u i d s  of f o r e i g n  m a t e r i a l .  

Secondly, t h e  c h a r a c t e r i s t i c s  of t h e  l a s e r  induced underwater 

breakdown a r e  d i scussed .  

The des ign  and o p e r a t i n g  c h a r a c t e r i s t i c s  of a s i n g l e  

f requency Q-switched ruby l a s e r  a r e  p resen ted  i n  Chapter  2 

and Appendix A. I n  Appendices B and C we p r e s e n t  t h e  t e c h n i -  

ques used t o  a c c u r a t e l y  a t t e n u a t e  and d e t e c t  t h e  l a s e r  beam 

and t h e  plasma r a d i a t i o n .  
\ 

The p r e p a r a t i o n  of l i q u i d s  c leansed  of suspended p a r t i -  

c u l a t e  ma t t e r  i s  descr ibed  i n  Chapter  3. 

Chapters  4 and 5 d e s c r i b e  t h e  l a s e r  induced underwater 

breakdown plasma and where p o s s i b l e  compare it t o  t h e  more 

c l e a r l y  understood breakdown plasma occu r r ing  i n  a i r .  

F i n a l l y ,  i n  Chapter 6, we summarize t h e  r e s u l t s  of t h i s  



t h e s i s  and o f f e r  suggest ions f o r  f u r t h e r  work r e l a t e d  t o  t h e  

l a s e r  induced underwater spark. 



CHAPTER 2  

SINGLE FREQTJENCY PASSIVELY Q-SWITCHED RUBY LASER 

2-1 I n t r o d u c t i o n  

I n  t h i s  chap te r  a d e s c r i p t i o n  of t h e  p a s s i v e l y  Q-switched 

ruby l a s e r  used i n  t h i s  exper imental  s tudy  i s  presen ted .  The 

p e r t i n e n t  wave theo ry  of t h e  l a s e r  resonant  c a v i t y  i s  cons i -  

dered (21).  Th i s  t heo ry  i s  r e s t r i c t e d  t o  t h e  p l a n e - p a r a l l e l  and 

plano-concave ( 2 2 y  23) resonant  c a v i t i e s  w i th  c i r c u l a r  m i r r o r s  

and a p e r t u r e s .  The techniques  of l o n g i t u d i n a l  and s p a t i a l  mode 

s e l e c t  ion  of t h e s e  two resonant  c a v i t y  c o n f i g u r a t i o n s  a r e  d i s -  

cussed.  Pumping schemes us ing  l i n e a r  lamps t o  e x c i t e  t h e  ruby 

c y l i n d e r  a r e  descr ibed .  F i n a l l y  t h e  measured parameters  of t h e  

l a s e r  a r e  p resen ted  and compared wi th  t h e  t h e o r e t i c a l  d e r i v a t i o n s .  
. .  .. . 

Der iva t ions  of t h e  t h e o r e t i c a l  r e s u l t s  p resen ted  below 

appear  i n  Appendix A. We d r a w  f r e e l y  from Appendix A i n  t h e  

fo l lowing  d i scuss ion .  

2-2 Desc r ip t ion  of Laser - Gross F e a t u r e s  

+* 
If a c c u r a t e  comparisons between exper imental  r e s u l t s  and 

t h e o r e t i c a l  c a l c u l a t i o n s  a r e  d e s i r e d  i n  non- l inear  o p t i c a l  

experiments,  a s i n g l e  f requency l a s e r  i s  r equ i r ed .  The Laser 

f r equenc ie s  a r e  d i scussed  i n  terms of l o n g i t u d i n a l  and s p a t i a l  

modes. A l o n g i t u d i n a l  mode r e f e r s  t o  t h e  s t and ing  wave d i s -  

t r i b u t i o n  a long  t h e  r e sona to r  a x i s  between t h e  r e s o n a t o r  mi r ro r s .  



A s p a t i a l  mode r e f e r s  t o  t h e  electromagnet ic  f i e l d  d i s t r i b u t i o n  

ac ross  t h e  output mirror .  

Hercher described. a simple Q-switched ruby l a s e r  which 

operated i n  a  s i n g l e  long i tud ina l  c a v i t y  mode using a crypto-  

cyanine dye-ce l l  resonant r e f l e c t o r  combination t o  s e l e c t  t h e  

s ing le  long i tud ina l  c a v i t y  mode (24). To f u r t h e r  r e f i n e  t h e  

l a s e r  t o  s e l e c t  a  s i n g l e  s p a t i a l  mode r e q u i r e s  the  use of 

ape r tu res  wi th in  t h e  resonant c a v i t y ( 2 5 ) .  It i s  t h e  purpose 

of t h i s  s e c t i o n  t o  def ine  t h e  var ious  terms used and t o  des- 

c r i b e  t h e  s i n g l e  frequency s e l e c t i o n  techniques.  

To ob ta in  the  des i red  mode se lec t ion ,  two resonant cavi -  

t i e s  have proven use fu l .  I n  one c a v i t y  t h e  high r e f l e c t i v i t y  

mirror  w a s  a d i e l e c t r i c - c o a t e d  9 9  r e f l e c t i v i t y  spher i ca l  

mirror  with a 10m rad ius  of curvature  loca ted  approximately 

l m  behind t h e  output mirror .  The o t h e r  c a v i t y  was s i m i l a r  t o  

t h e  f i r s t  except t h e  d i e l e c t r i c  mir ror  was replaced with a 

high q u a l i t y  Brewster angle  input f ace  roof prism and t h e  out-  

put mir ror  was only 40 cm i n  f r o n t  of t h e  prism. D e t a i l s  of 

the  resonant c a v i t y  layout  a r e  shown schematical ly  i n  Fig.  (2-1).  

The pumping c a v i t y  w a s  i n  both cases  loca ted  such t h a t  t h e  

ruby was 25 cm from t h e  high r e f l e c t i v i t y  mirror  with the  

Q-switching dye c e l l  (ayptocyanine i n  methanol) loca ted  15 cm 

behind t h e  ruby on the  high r e f l e c t i v i t y  mirror  s i d e  of t h e  

pumping cavi ty .  The output mirror  was a resonant r e f l e c t o r  

composed of 1 o r  2 g l a s s  o r  sapphire  o p t i c a l  f l a t s .  A small 





c i r c u l a r  a p e r t u r e  placed between t h e  ruby and t h e  dye -ce l l  

Q-switch in t roduced t r a n s v e r s e  mode s e l e c t i o n  when des i r ed .  

2-3 Ruby Qua l i t y  

The ruby used w a s  a produc t ion  q u a l i t y  Linde 7 6 m  x  9.5mm 

diameter ,  sand b l a s t e d  e x t e r i o r  f l a t - f l a t  c y l i n d r i c a l  rod wi th  

t h e  C-axis o r i e n t e d  a t  60•‹ t o  t h e  c y l i n d e r  a x i s .  The Cr +3 

concentra t i .cn  w a s  0,~5$ by h-eight a c d  t h e  c y l i n d e r  f a c e s  were 

f l a t  t o  1/10 wave and p a r a l l e l  t o  2 a r c  seconds. The ruby 

f a c e s  were AE coz ted ,  S t a t i c  d ivergence t e s t s  (25) were p e r -  

formed on t h e  ruby wi th  a Spec t ra -Phys ics  Model 115 He-Ne gas  

l a s e r  o p e r a t i n g  a t  632.8nrn i n  t h e  TEM mode t o  determine 
ooq 

t h e  ruby o p t i c a l  q u a l i t y .  Observat ions  were made of t h e  f a r  

f i e l d  p a t t e r n s  of t h e  gas  l a s e r  beam t r a n s m i t t e d  through t h e  

ruby. Photographs were t aken  i n  t h e  i n t e r z e d i a t e  f i e l d  of 

bo th  t h e  Ne-Ne l a s e r  beam a lone  and t h e  beam t r a n m i t t e d  

through t h e  l a s e r  rod.  Neut ra l  d e n s i t y  f i l t e r s  were i n s e r t e d  

i n t o  t h e  beam t o  show t h e  v a r i a t i c n  of r a d i a n t  i n t e n s d t y  wi th  

angle .  

It w a s  apparen t  f r o n  t h e s e  photographs t h a t  t h e  ruby 

int roduced a d e t e c t a b l e  b u t  ve ry  s m a l l  amount of d i s t o r t i o n  

t o  t h e  gas  l a s e r  beam and a n e g l i g i b l e  r e d u c t i o n  i n  t h e  peak 

rad iance .  B o r t f i e l d  e t  a1 (26) have shown t h a t  such s t a t i c  op- 

t i c a l  q u a l i t y  i s  a determining f a c t o r  i n  dynamic bean d i v e r -  

gence, radiance,  and energy e x t r a c t  ion, from mode s e l e c t e d  ruby 

l a s e r s .  For example Union Carbide r a t e s  l a s e r  rods  as S e l e c t  



Grade i f  a f t e r  passing through t h e  l a s e r  rod 8@ of t h e  gas 

l a s e r  energy i s  contained wi th in  0 .1  m r  per  inch of rod length .  

2-4 Pumping Cavity and Lamp Driver C i r c u i t  

The ruby was pumped by two l i n e a r  PEK XE15-2172-2 f l a s h -  

lamps with a 75mm a r c  length  and l O m m  a r c  diameter. 

The lamps were approximately impedance matched t o  a 4 

s tage  pulse  forming network so t h a t  a rec tangular  l i g h t  pulse  

of about 6 0 0 ~ s e c  dura t ion  pumped t h e  ruby cyl inder .  The pulse  

forming network used t o  d r ive  t h e  lamps i s  shown i n  Fig.  (2-2) 

together  with a t y p i c a l  l i g h t  pulse,  measured with a s u i t a b l y  

a t t enua ted  329 vacuum photodiode preceded by 2  cm of sa tu ra ted  

CuS04 so lu t ion .  The lamps were t r igge red  with a 15 k i l o v o l t  

pulse  appl ied  t o  t h e  metal pumping c a v i t y  w a l l .  The t r i g g e r  

pulse appears  a s  t h e  lower t r a c e  i n  F ig . (2 -2 ) .  

Two pumping c a v i t i e s  were used. Ear ly  i n  t h i s  s tudy an  

Optics Technology Model 130 Laser pumping c a v i t y  w a s  used i n  

which t h e  lamps and ruby were placed i n  t h e  so-ca l led  c lose  

coupling conf igura t ion  i n  which t h e  two lamps and the  ruby l i e  

i n  c lose  proximity t o  one another  as shown i n  Fig.  (2-3a) .  

The r e f l e c t i v i t y  of t h e  pumping c a v i t y  walls has l i t t l e  impor- 

tance i n  t h i s  configurat ion.  Later  a double cy l inder  pumping 

c a v i t y  was adopted with t h e  flashlamps loca ted  a t  the  f o c a l  

p o s i t i o n s  and t h e  ruby located a t  t h e  common cen t re  of t h i s  

double arrangement as i n  Fig. (2-3b). If t h e  ruby was removed, 
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a s i n g l e  image of t h e  two lamps w a s  seen r e f l e c t e d  from t h e  

pumping c a v i t y  i n t o  t h e  p o s i t i o n  p r e v i o u s l y  occupied by t h e  

ruby. The c - a x i s  of t h e  ruby w a s  a l i g n e d  i n  t h e  same p lane  as 

t h a t  c o n t a i n i n g  t h e  f l a s h  lamps. Fluorescence photcgraphs of 

t h e  ruby wi th  a 5 cm f o c a l  l e n g t h  l e n s  stopped down t o  f/100 

i n d i c a t e d  t h a t  t h e  double-cyl  i nde r  c a v i t y  i l lumina ted  t h e  ruby 

much more u n i f o r x l y  t han  t h e  c l o s e  coupl ing  c a v i t y .  The shape 

of t h e  f l uo re scence  i n  t h e  ruby i s  shown i n  F ig ,  ( 2 - 3 )  by t h e  

shaded a r e a  on t h e  ruby c r o s s - s e c t i o n ,  The techriique of photo- 

graphing t h e  f l u o r e s c i ~ g  ruby i s  descr ibed  by  Lacpis e t  al ( 2 7 ) 0  

2-5 Longi tud ina l  Mode S e l e c t  ion  and Laser Alignment* 

It w a s  f i r s t  shown t h e o r e t i c a l l y  by Soog (28) ,  t b i a t  a 

pas s ive  Q-switch wi th  some f o r n  c f  node s e l e c t i o n  rqas p r e -  

f e r a b l e  t o  a n  a c t i v e  Q-switch f o r  p roduc t i cn  of a narrow l i n e  

width w i th  Q-switched ruby l a s e r s ,  T h i s  e f f e c t  had been noted 

expe r imen ta l ly  by McClung and ~ e i n e r ( ~ ~ ) .  It w a s  explained as 

be ing  due t o  t h e  b a s i c  d i f f e r e n c e  i n  t h e  ope ra t ing  character- 

i s t i c  of t h e  two t y p e s  of swi tches ,  t h e  p a s s i v e  t ype  (s low 

swi t ch )  t a k i n g  s e v e r a l  hundred complete t r a n s i t s  of t h e  c a v i t y  

t o  open compared wi th  s e v e r a l  t e n s  f o r  a sp inn ing  mir ror ,  Ker r  

c e l l  o r  Pockels c e l l  ( fast  " a c t i v e M  s w i t c h ) ,  

Sooy (28) has  shown t h a t  t o  ach ieve  a f a c t o r  of 10 suppres-  

s i o n  of one l o n g i t u d i n a l  mode r e l a t i v e  t o  ano the r  i n  a n  a c t i v e  

type  switch,  r e q u i r e s  a f a c t o r  of 1 , 0 7  between t h e  l o s s  terms 

p e r  t r a n s i t .  

k 



However f o r  a passive switch t h e  requi red  f a c t o r  drops t o  

1.0032 which i s  obviously e a s i e r  t o  a t t a i n  experimentally.  

Shor t ly  a f t e r  t h e ' p u b l i c a t i o n  of Sooyfs  c a l c u l a t i o n s  

Hercher (24)  published r e s u l t s  claiming a l inewidth  of l e s s  

than  ~ O M H Z  ( .001 i )  and peak powers of about 5MW with a mult i -  

p l a t e  r e f l e c t o r  of simple design, The r e f l e c t o r  cons is ted  of 

two t h i n  (1.7mm) f l i n t  g l a s s  p l a t e s  (Schot t   SF^) of high r e f r a c -  

t i v e  index, ( n  -- 1.79)  with an a i r  spacing. of about 25mm. The 

exact  maximum poss ib le  r e f l e c t a n c e  given by such a system can 

be ca lcu la ted  from the  formula ( 3 O )  

where N = 2 i s  t h e  number of p l a t e s .  For Hercher ts  resonant 

r e f l e c t o r  t h i s  l eads  t o  Rmax - 0.67. 13 should be pointed 

out however t h a t  t h i s  maximum r e f l e c t i v i t y  r equ i res  t h a t  t h e  

end p l a t e s  be e i t h e r  i d e n t i c a l  o r  d i f f e r  by an exact  number of 

half-wavelengths i n  thickness .  I f  one p l a t e  i s  g r e a t e r  

than t h e  o ther ,  t h e  peaK r e f l e c t a n c e  drops t o  R - 0 ~ 4 8 ( ~ ~ ) ~  

The exact  t reatment  of resonant r e f l e c t o r s  has been d i s -  

cussed i n  considerable  d e t a i l  by Watts l o  However, i f  t h e  

spacing between t h e  p l a t e s  is  much g r e a t e r  than  t h e  t h i c k -  

ness  of t h e  p l a t e s ,  an approximate r e s u l t  ca lcu la ted  from 

simple in te r fe rence  theory can be used, provided t h e  l / 4  condi- 

t i o n  mentioned above does not occur. 



The resonant  r e f l e c t o r  used i n  t h i s  s tudy  c o n s i s t e d  of two 

9.5mm t h i c k  b o ~ o s i l i c a t e  g l a s s  f l a t s  w i t h  a r e f r a c t i v e  index 

n N  1.5. The f l a t s  were p a r a l l e l  t o  2  a r c  seconds and f l a t  t o  

' / lo over a 20 mm a p e r t u r e .  The spac ing  bethTeen t h e  i n s i d e  

s u r f a c e s  of t h e  f l a t s  was approximately  75mm, The f l a t s  were 

mounted s e p a r a t e l y  i n  i n d i v i d u a l  m i r r o r  mounts ( s e e  Fig .  ( 2 - 1 ) ) .  

The resonance c o n d i t i o n  f o r  p l ane  waves t r a v e l l i n g  perpen- 

d i c u l a r  between p l a t e s  s epa ra t ed  by d i s t a n c e  h  i s  t h a t  i n  one 

round t r i p  a n  t n t e g r a l  number of wavelengths f i t  i n t o  t h e  

d i s t a n c e  2nh t o  y i e l d  c o n s t r u c t i v e  i n t e r f e r e n c e  i . e .  2nh = pk, 

p  be ing  ve ry  l a r g e  and i n t e g r a l .  I f  we inc rease  t h e  wavelength 

by A X  u n t i l  c o n s t r u c t i v e  i n t e r f e r e n c e  occurs  aga in ,  p w i l l  be 

reduced t o  ( p  - 1) (30),  e  2nh = ( p  - l ) ( ~  + P A )  o r  pk = 

( - 1). Thus i f  ( p  - 1) , p  we f i n d  t h e  resonance c o n d i t i o n  

i s  g iven  approximately  by 

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

(2nh = 2.85cm) i s  pv = 10.5GHs ( A X  = 0.171) and between t h e  

i nne r  s u r f a c e s  (2h = l5cm) A V  = 2GHz ( A X  = 0.0321). 

The maximum p o s s i b l e  r e f l e c t i v i t y  f o r  our  resonant  

r e f l e c t o r  i s  c a l c u l a t e d  u s i n g  Eq.  (2 -1)  t o  be RmX , 0.45. A 

schematic ske t ch  of t h e s e  r e s u l t s  i s  shown i n  Fig.  (2 -4) .  I n  

t h i s  same F igu re  t h e  ruby l a s e r  f l u o r e s c e n t  l i n e  width a t  300•‹K 





i s  shown, toge the r  with a schematic r ep resen ta t ion  of t h e  l a s e r  

a x i a l  modes. A s  shown i n  t h e  Figure t h e r e  a r e  about 30 resona- 

t o r  peaks f i t t e d  under - the  l a s e r  f luorescence l i n e  a t  room 

temperature. The f i n e  s t r u c t u r e  wi th in  t h e  resonator  peaks 

(due t o  t h e  a i r  space)  i s  shown. on an  expanded sca le .  The 

bandwidth of t h i s  f i n e  s t r u c t u r e  i s  determined from t h e  f i n e s s e  

of t h e  resonator  (F - 1  or  2 )  t o  be about 1000 YXz and thus  

only about 6 l a s e r  a x i a l  modes ( A ~  L - - 1 6 5 ~ ~ ~ )  w i l l  f i t  w i th in  

a given peak. The l a s e r  a x i a l  mode spacing was determined by 

the  a c t u a l  resonator  length  of approximately 40 cm i n  a i r  which 

y i e l d s  an  o p t i c a l  length,  d 
opt 

= do + d L ( n  L - 1) where do i s  

t h e  resonator  l eng th  i n  a i r ,  dL t h e  l eng th  of t h e  ruby rod 

and nL(= 1 .76)  t h e  index of r e f r a c t i o n  of t h e  ruby rod. Ncte 

t h a t  when us ing  a prism r e f l e c t o r  t h e  spacing between long i tu -  

d i n a l  modes i s  '/4L. That i s ,  t h e  mode spacing i s  one-half 

the  value it would be i f  a d i e l e c t r i c  mirror  was s u b s t i t u t e d  

f o r  t h e  prism. This  can e a s i l y  be seen by t r a c i n g  a r a y  through 

t h e  l a s e r  c a v i t y  and r e a l i z i n g  t h a t  t h e  r a y  must r e t u r n  upon 

r e f l e c t i o n  t o  i t s  poin t  of o r i g i n .  Since t h e  gain i s  g r e a t e s t  

near t h e  cen t re  of t h e  f luorescen t  l i n e  width, it i s  obvious 

t h a t  approximately 1 o r  2 modes r e f l e c t e d  by t h e  r e f l e c t o r  

maximum c l o s e s t  t o  t h i s  peak i n  t h e  ruby ga in  w i l l  be t h e  

f i rs t  t o  achieve threshold i n  t h e  s t imula ted  emission process.  

Hence these  high ga in  modes w i l l  b leach t h e  dye c e l l  f i r s t  

which w i l l  f u r t h e r  s e l e c t  t h e  h ighes t  ga in  mode of t h e  few 

reaching threshold .  



Thus, provided t h e  l a s e r  rod i s  no t  pumped t o o  hard a 

s i n g l e  a x i a l  mode should be produced. T h i s  i s  indeed t h e  case  

provided t h e  pump energy does not  exceed 1 . 3 ~  th re sho ld .  

The pas s ive  Q-switch was cryptocyanine d i s so lved  i n  

methanol and placed i n  a pyrex l m m  p a t h  l e n g t h  O p t i c e l l .  The 

c e l l  was not  AR-coated. The low i n t e n s i t y  a b s o r p t i o n  of t h e  

s tock  s o l u t i o n  w a s  a d j u s t e d  t o  approximately  40% t r ansmis s ion  

a t  694.3nm i n  a Cary 14 spec t rometer ,  Th i s  r e l a t i v e l y  high 

a b s o r p t i o n  was r equ i r ed  t o  ensure  s i n g l e  mode ope ra t ion .  When 

a lcm p a t h  l e n g t h  c e l l  was used a n d a d j u s t e d  t o  t h e  same 40% 

t ransmiss ion ,  s t imu la t ed  B r i l l o u i n  s c a t t e r i n g  occurred i n  t h e  

methanol and t h e  ou tpu t  p u l s e  was bad ly  d i s t o r t e d  and m u l t i p l e  

f r equenc ie s  occurred.  S i m i l a r  obse rva t ions  were r epo r t ed  by 

Bjorkholm and S t o l e n  P5). 

The al ignment of t h e  resonant  c a v i t y  and t h e  components 

w i t h i n  it was found t o  be  c r i t i c a l  i f  s t a b l e  s i n g l e  node 

o p e r a t i o n  w a s  d e s i r e d ,  The al ignment technique used i s  t h a t  

of Rothrock and Wilder (32), t h e  t h e o r y  of which was descr ibed  

by Bergman and Thomson ( 3 3 ) .  The procedure  i s  shown schemati-  

c a l l y  i n  Fig .  (2 -5 )  and proceeds  as fo l l cws .  A gas  l a s e r  i s  

placed approximately  2  meters  o r  more away from t h e  l a s e r  

head and. d i r e c t e d  toward it through a 2mm ho le  i n  a sc reen .  
-7 

(The l e n s  L i n  F ig .  (2 -5)  i s  no t  i n  p l a c e  a t  t h i s  t ime) .  The 

r e a r  r e f l e c t o r  M 1  i s  t h e n  p laced  i n  p o s i t i o n  and manipulated 

u n t i l  t h e  r e tu rned  beam covers  t h e  2m1 h o l e  i n  t h e  s c reen  





symmetrically.  Then t h e  ruby R i n  i t s  pumping c a v i t y  i s  mounted 

and wi th  t h e  back mi r ro r  covered t h e  v e r y  f a i n t  s p o t s  r e f l e c t e d  

from t h e  two ruby s u r f a c e s  a r e  superimposed on t h e  2n-I ho le ,  

Next one o p t i c a l  f l a t  M 2  i s  mounted and a l i gned .  A t  t h i s  

p o i n t  t h e  l e n s  L i s  i n s e r t e d .  I t s  purpose it t o  d iverge  t h e  

beam t o  approximately  a 2cm d i a  a t  t h e  ou tpu t  mi r ror .  A f a i n t  

r i n g  system d i sp l aced  from t h e  c e n t r e  cf t h e  s c r e e n  should be  

observed. The mi r ro r  M2 i s  ncw g e n t l y  a d j u s t e d  to  c e n t r e  t h i s  

r i n g  system, due t o  t h e  ruby and t h e  c p t i c a l  f l a t ,  on t h e  sc reen .  

Now t h e  back mirror M 1  I s  uncovered and a ve ry  sharp system c f  

c l o s e l y  spaced r i n g s  w i l l  appear  due t c  t h e  two mi r ro r s .  The 

back m i r r o r  M 1  (p r i sm)  i s  now a d j u s t e d  c e n t r e  t h i s  r i n g  

system. Two r i n g  systems a r e  now cen t r ed  on t h e  screen.  F i n a l l y  

t h e  second o p t i c a l  f l a t  M 3  i s  mounted and roughly a l i g n e d  wi th  

t h e  l e n s  L removed and a n  opaque s c r e e n  added between t h e  ruby 

and t h e  f i rs t  f l a t .  With t h e  l e n s  L rep laced  t h e  r i n g  system 

due t o  t h e  two f l a t s  (ou tpu t  mi r ro r  resonant  r e f l e c t o r )  i s  

cen t red .  With t h e  opaque s c r e e n  removed a complicated s e r i e s  , 

of r i n g  systems appears  on t h e  s c r e e n  b u t  a l l  a r e  cen t r ed .  

When t h e  Q-switch c e l l  i s  added it i s  on ly  roughly a l i g n e d  and 

is  t i l t e d  s l i g h t l y  s o  as not  t o  s p o i l  t h e  i n t e r f e r e n c e  p a t t e r n  

on t h e  sc reen .  

The t h e o r e t i c a l  paper  of Bergman and  hornso on(^^) c la ims  

t h a t  t h e  angu la r  d e v i a t i o n  of t h e  s u r f a c e s  f r o n  p lane  p a r a l l e l  

i s  g iven  by 



oi = 5 
dS x lo e r c  seconds 

S(S - 4 
where d i s  t h e  mirror  spacing, s  i s  t h e  d i s t ance  from t h e  

screen t o  t h e  back mirror  and 6 i s  t h e  dev ia t ion  of t h e  cen t re  

of t h e  r i n g  system from t h e  hole  i n  t h e  screen. A l l  parameters 

were measured i n  cm. Thus with d = 5Ocm, s  = 25Ocm and 6 

measurable t o  O.lcm we f ind  a , 10  a r c  seconds. However in  

a l i g n i n g  t h e  resonant r e f l e c t o r  d = 7.5cm and s = 208cm so 

t h a t  a , 2  a r c  second. I n  s i n g l e  made opera t ion  the  t h e o r e t i -  

c a l  divergence of t h e  l a s e r  i s  of t h e  order  20 a r c  seconds 

assuming i d e a l  a l ignnent .  The accura te  a l ignaen t  procedure 

described i s  t h e r e f  ore mandatory. 
- 

The long i tud ina l  mode s t r u c t u r e  of t h e  l a s e r  us ing  a 

Brewster-angle roof prism f o r  t h e  high r e f l e c t o r  with t h e  

r e sonan t - re f l ec to r  output mirror  descr ibed above was measured 

by t ak ing  Fabry - Perot p i c t u r e s  and simultaneously looking 

f o r  l o n g i t u d i n a l  mode bea t ing  i n  a f a s t  detector .  The Fabry - 

Perot in ter ferometer  used l o r n  and 2 5 ~  spacers ,  and was 

focused onto t h e  f i l m  plane with a lOOcm lens .  The f i n e s s e  

of t h e  e l a t o n  with t h e  25mm spacer was measured tc be 16 

when the  l i g h t  source was a spec t ra  Physics Model 119 s i n g l e  

mode gas l a s e r .  Thus with 25mm spacers  t h e  in te r -o rde r  spacing 

was 6 0 0 0 ~ ~ ~  (0.20cm-') and t h e  r e s o l u t  ion (bandwidth) was 375MHz 
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The f a s t  detector used was a coaxially mounted ITT ~ 4 0 0 0  

biplanar photodiode impedance matched t o  the 125 ohm input - 
impedance of a TeKtronix 519 t r ave l l ing  wave oscilloscope. 

The overall  r i s e t  ime of 'the diode-oscilloscope combinat ion was 

0.35 nsec. (3db frequency, 1 0 ~ ~ 2 ) .  

Data is presented i n  Fig. (2-6) showing the r e s u l t s  of 

these measurements. 

The longitudinal  mode spacing of the  l a s e r  was 1 6 5 ~ ~ 2  

when using a prism re f l ec to r  (see Appendix A and next section 

f o r  more d e t a i l s ) .  If two modes a r e  selected the beat between 

the modes w i l l  occur a t  n C / 4 ~  where n i s  an integer and c / ~ L  

is  the frequency spacing between adjacent longitudinal  modes 

(see Appendix A ) .  Thus for  n r 8 ( n C / 4 ~  < 1300MHz) the beat 

frequency w i l l  appear as a sinusoidal  modulation of the normal 

s ingle  mode output on the diode s ignal  displayed on the osc i l lo-  

scope. We have ra re ly  seen more than two modes i n  our l a s e r  

and the values of n were usually 4 or  8 .  Single mode opera-' 

t i o n  is  indicated i n  Fig. (2-6). 





~ c c a s i o n a l l ~  both n = 4 and n = 8 mode frequencies appeared. 

This r a re  observation occurred when the  dye-cell  solution. ' 

required changing. 

Although the  data presented here app l i e s  t o  the prism high 

r e f l ec to r ,  similar r e s u l t s  were obtained with the  d i e l e c t r i c  

coated 10m spher ical  mirror. However f o r  the d i e l e c t r i c  mirror 

the  mode spacing was 330 MHz. (Also replace by n C / 2 ~ ) .  

To measure the  divergence of the  laser; f a r  f i e l d  photo- 

graphs were taken with Polaroid type 55P/N f i l m .  About 8$ 

of the  beam was sampled with a p e l l i c l e  beam s p l i t t e r  using 

a technique described by Waynant e t  a1 (34). Two photographs 

were used t o  determine the  f u l l  width beam divergence a t  the  

half  power points .  F i r s t  the  pa t t e rn  w a s  photographed such 

t h a t  the  negative was not overexposed. Second, the  pa t t e rn  

was photographed with a 50$ g la s s  a t tenua tor  inser ted in to  the  

beam, keeping a l l  other l a s e r  parameters constant.  The peak 

of the  second shot Indicated the  50$ l e v e l  of the  first image. 

Then the  photometer t r ace  of the  dis tance X between half-power 

po in ts  i n  the  focal  plane is t ranscr ibed t o  angle v i a  the  

foca l  length F of t he  Lens: 28 = X / ~ .  

When operating i n  a s ing le  longi tudinal  mode the  rn&muIp 



half-cone divergence angle  measured was 8 = 0.7 m i l l i r a d i a n s  

i n  t h e  plane perpendicular  t o  t h e  plane conta in ing  t h e  lamps. 

The r a t i o  of t h e  divergence i n  t h i s  plane t o  t h a t  i n  t h e  plane 

conta in ing  t h e  lamps w a s  3/5 f o r  t h e  c l o s e  coupling geometry 

and 6/7 i n  t h e  double cy l inder  pumping geometry. 

It i s  obvious from t h e  above d i scuss ion  t h a t  a resonant 

r e f l e c t o r  with t h i n  f l a t s  of high index of r e f r a c t i o n  but  t h e  

same a i r  spacing should improve t h e  mode s e l e c t i v e  p r o p e r t i e s  

of t h e  resonant r e f l e c t o r .  Such a r e f l e c t o r  was constructed 

using high q u a l i t y  3mm sapphire f l a t s  ( n  , 1.76)  with t h e  

c - a x i s  of t h e  sapphire p a r a l l e l  t o  t h e  ruby rod a x i s .  This  

yielded a maximum r e f l e c t i v i t y  of R - 66% with t h e  spacing max 
between r e f l e c t i o n  maxima increased t o  A V  = 30.1GHz from 10.5GHz 

and the  f i n e  s t r u c t u r e  due t o  t h e  a i r - space  remained t h e  same. 

A s  expected, t h i s  r e f l e c t o r  lowered t h e  pump threshold  s l i g h t l y .  

I f  l inewidth  improvement occurred i n  t h e  l a s e r  emission it 

could not be observed due t o  instrument l i m i t i n g  of the  i n t e r -  

ferometer (- 375MHz l inewid th ) .  

2-6 Transverse Mode Se lec t ion  

We have shown i n  Appendix A t h a t  t h e  t r ansverse  mode 

s t r u c t u r e  f o r  a l a s e r  with c y l i n d r i c a l  symmetry h a s - a  r a d i a l  

i n t e n s i t y  d i s t r i b u t i o n  of a l lowable c i r c u l a r l y  symmetric TEM 
P l  

modes given by 



where as shown i n  Appendix A, r i s  t h e  r a d i a l  coordinate  i n  

t h e  t r ansverse  plane and w i s  t h e  spot  s i z e  of t h e  fundamental 

Gaussian beam defined as t h e  r ad ius  a t  which t h e  i n t e n s i t y  

of t h e  TEMoo mode i s  lie2 of i t s  peak value on t h e  a x i s .  L ' 
P 

i s  t h e  general ized Laguerre polynomial of order  p  and index $ .  

The i n t e n s i t y  d i s t r i b u t i o n s  of t h e  t h r e e  lowest order  

modes described by Eq. (2-2) a r e  p l o t t e d  i n  Fig.  (2-7) .  

Theore t ica l ly ,  t h e  spot s i z e  of t h e  modes w i s  defined 
Pa 

as t h e  r ad ius  a t  which t h e  i n t e n s i t y  i s  lie2 (- 0.135) of t h e  

outermost peak of t h a t  mode. These r a d i i  a r e  p l o t t e d  i n  Fig.  

(2-7)  where t h e  cons tants  Cm i n d i c a t e  t h e  r a t i o  of t h e  r ad i i  

of t h e  d i f f e r e n t  modes with r e spec t  t o  t h a t  of t h e  lowest 
- - 

order  mode Coo. The values of these  cons tan t s  a r e  Coo = 1 . 0  

Col  = 1.5 and C10 = 1.9. It i s  evident  from Fig.  (2-7) t h a t  

the  TEM mode can be se lec ted  by introducing a c i r c u l a r  
ooq 

aper tu re  i n t o  t h e  c a v i t y  which i s  ad jus ted  t o  introduce l a r g e  

d i f f r a c t i o n  l o s s e s  t o  t h e  next h igher  order  mode ( T E M ~ ~ ~ ~  ) 
/ 

while al lowing t h e  TEM mode t o  o s c i l l a t e  with neg l ig ib le  
ooq 

l o s s .  

With t h e  above po in t s  i n  mind we can c a l c u l a t e  t h e  c a v i t y  

parameters using the  theory of t h e  lowest t r ansverse  mode 
-a 

developed i n  Appendix A. According t o  Eq. ( A - 1 8 )  t h e  TEM 
ooq 

mode has a s c a l a r  e l e c t r i c  f i e l d  d i s t r i b u t i o n  given by 
, 





The ampli tude of t h i s  Gaussian beam i s  g iven  b y  

where Eo i s  t h e  cons t an t  peak ampli tude on t h e  a x i s  ( r  = 0 ) .  

The rad ia l  and l o n g i t u d i n a l  i n t e n s i t y  d i s t r i b u t i o n  i s  given 

by ( n e g l e c t i n g  a b s o r p t i o n )  

The v a r i a t i o n  of t h e  spo t  r a d i u s  w w i th  d i s t a n c e  z from 

t h e  beam w a i s t  i s  g iven  by 

w 2 =  GZ(\r s* )  (2-4)  

d e r e  (2-5)  

ond 

I n  terms of t h e  r a d i u s  of cu rva tu re  R of t h e  mi r ro r s  we 

have shown (Eq. A - 3 0 )  t h a t  f o r  one s p h e r i c a l  mi r ro r  and one 

p l ane  mi r ro r  a d i s t a n c e  d a p a r t ,  

whi le  f o r  t h e  p a r a l l e l - p l a n e  c a v i t y  approxina ted  by two 



curved mir rors  with very l a r g e  rad ius  R (Eq. A-29) 

Defining t h e  beam angle a t  r = w by 6 = dw/dz one f i n d s  

where eo i s  t h e  f a r  f i e l d  d i f f r a c t i o n  angle  defined by 

See Fig.  (2-8)  f o r  a p i c t o r i a l  r ep resen ta t ion  of t h e  parameters 

j u s t  defined. For f u r t h e r  explanat ion  of t h e  equat ions i n  t h i s  

sec t ion  t h e  reader  i s  r e f e r r e d  t o  Appendix A. 

Table (2-1) summarizes t h e  r e l evan t  beam parameters of 

t h e  l a s e r  o p t i c a l  resonators  used i n  t h i s  study; 8 i s  ca lcu la ted  

a t  a d i s t ance  of lOOcm from t h e  'output mirror .  For t h e  plane- 

p a r a l l e l  o p t i c a l  resonator ,  t h e  f l a t  mirror  sur faces  were 

assumed t o  have curvature such t h a t  t h e  d i f f e rence  between t h e  

edge of t h e  mirror  and t h e  cen t re  had s a g i t t a l  depth = r72R 

, l /10 i. e.  equiva lent  t o  t h e  usual  sur face  f i g u r e  of t h e  f l a t s .  

2 Thus R = r / 2 ~  where r i s  the  r ad ius  of t h e  use fu l  ape r tu re  of 

t h e  mirror.  The f l a t s  used had a u s e f u l  ape r tu re  of r = 5mm 

and a sur face  f i g u r e  of x/10 leading  t o  R , 180 meter. 

F i n a l l y  t h e  frequency separa t ion  f o r  t h e  plane p a r a l l e l  

mirror  w a s  estimated from Eq. (A-29) with R = 1 8 0 m  and us ing  

d = 5Ocm, t o  y i e l d  
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Note t h a t  when us ing  a prism a s  t h e  high r e f l e c t o r  while main- 

t a i n i n g  t h e  same mirror  spacing, t h e  above frequencies  would 

have t o  be divided by 2. Further,  t h e  s p a t i a l  mode separa t ion  

has t h e  minimum value of 7  .lMHz as compared t o  1.23M.H~ estimated 

from microwave theory.  This shows t h e  f a i l u r e  of a n a l y t i c  so lu-  

t i o n s  a s  appl ied  t o  the  plane p a r a l l e l  resonator .  For t h e  plano- 

concave resonator  with R1 = lorn R2 = we f i n d  from ~ q .  (A-30) 

A s  can be seen from Fig.  (2-7)  and Table (2-1)  t h e  funda- 

mental mode (TEMoo) diameter, 2Woo, i s  about 2mm with t h e  

next high mode (TEMolx) r equ i r inq  2Wolx (1.5)  (2Woo). Thus a 

c i r c u l a r  ape r tu re  d r i l l e d  with a number 47 d r i l l  (-2.0mm) was 

used t o  s e l e c t  t h e  TEMoo mode of t h e  resonators  summarized i n  

Table 2-1. This  ape r tu re  w a s  mounted on a micromanipulator 

between t h e  ruby and t h e  cryptocyanine dye c e l l .  By scanning 

i n  a plane p a r a l l e l  t o  t h e  ruby face  s e v e r a l  p o i n t s  i n  t h e  

ruby were found t o  operate  i n  t h e  TEMoo mode us ing  t h e  same 

aper tu re  i n  a l l  t h r e e  resonators .  The plano-concave resonator  

yielded s i n g l e  mode opera t ion  over more regions of t h e  ruby 

than t h e  p a r a l l e l - p l a n e  mirror  resonator .  However t h e  plano- 



concave resonator  w a s  more d i f f i c u l t  t o  a l i g n  and q u i t e  o f t e n  

t h e  next higher  mode ( T E M ~ ~ ~ )  o s c i l l a t e d  ins tead  of t h e  TEMoo 

mode. Also t h e  divergence w a s  found t o  be l a r g e r  and t h e  power 

i n  t h e  TEMoo mode lower. I n  a l l  t h r e e  c a v i t i e s  the  dye-ce l l  

was ad jus ted  t o  about 40% low i n t e n s i t y  t ransmission a t  694,3nm 

and t h e  l a s e r  a l igned t o  opera te  i n  a s i n g l e  long i tud ina l  mode. 

Then t h e  ape r tu re  w a s  added, t h e  pump energy increased by 50% 

( t y p i c a l l y  t o  1 6 0 0 ~ o u l e s )  and t h e  t h e  a p e r t u r e  scanned ac ross  

the  plane of t h e  ruby face  u n t i l  s i n g l e  mode opera t ion  occurred. 

Without s p a t i a l  mode s e l e c t i o n  t h e  l a s e r  de l ivered  approximate- 

l y  gOMW of power i n  a 25 nanosecond pulse  (FWHM). When the  

ape r tu re  was added t h e  TEMoo mode de l ivered  a h ighly  reprodu- 

c i b l e  power output varying i n  i n t e n s i t y  from 0.3MW t o  2 . 8 ~  

depending upon which p a r t  of t h e  ruby t h e  ape r tu re  se lec ted .  

The FWHM remained a t  25 nsec. 

This  l a r g e  v a r i a t i o n  i n  output power depending upon 

which p a r t  of t h e  ruby w a s  s e l ec ted  i s  obviously dependent 

on l o c a l  inhomogeneit i e s  i n  t h e  ruby rod. 

The r e s u l t s  shown i n  Fig. (2-9)  were obtained by scanning 

t h e  beam l m  from t h e  output mir ror  with a photodiode mounted 

behind a 30 micron pinhole (25)., Since each poin t  on the  d i a -  

gram represen t s  a separa te  l a s e r  f i r i n g  f o r  a given resonator  

t h e  o v e r a l l  scan a t t e s t s  t o  t h e  r e p e a t a b i l i t y  of t h e  s p a t i a l l y  

mode s e l e c t e d  l a s e r .  This  r e p e a t a b i l i t y  i s  a l s o  evident  from 

f a s t  d e t e c t o r  - 519 osc i l loscope  measurements. Poin ts  l a b e l l e d  





A a r e  due t o  t h e  pa ra l l e l -p lane  resonator  with d  = 50cm and 

those l a b e l l e d  B and C t h e  plano-concave resonator  with d = 5Ocm 

and lOOcm respect ive ly .  

Eq. (2-2) w a s  r e c a s t  i n t o  normalized form t o  p l o t  

Fig. (2-9)  with Wo as an a d j u s t a b l e  parameter (25) .  The values 

of W used a r e  shown i n  Fig. ( 2 - 9 )  and a r e  i n  fa ir  agreement 
0 

with the  t h e o r e t i c a l  values presented i n  Table 2-1. Values of 

t h e  ha l f -angle  beam divergence ca lcu la ted  us ing  Eq, (2-7,) and 

t h e  experimental ly  determined spot  s i z e  a r e  ( A )  go  = 2.18 x  10 -4 

-4 -4 
( B )  0, = 2.80 x  10 and ( C )  go  = 3.16 x 10 again  i n  f a i r  

agreement with t h e  theory.  

Note added i n  proof:  The data of curve A corresponds t o  the  

p lane -pa ra l l e l  resonator  with a prism f o r  the  high r e f l e c t o r .  
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CHAFTER 3 

3-1 Introduct ion;  . The Reasons f o r  Requiring Clean Liquids 

Ear ly  a t tempts  t o  measure s t imula ted  B r i l l o u i n  s c a t t e r i n g  

(SBS) i n  water as a funct ion  of l a s e r  input p w e r  were h ighly  

non-reproducible due t o  d d e l e c t r i c  breakdown occurr ing spora- 

d i c a l l y  and unpredic tably  near t h e  threshold  f o r  SBS. This 

breakdown occurred f o r  l a s e r  powers of 5 MW and above when t h e  

beam divergence (ha l f  cone angle  a t  half-power) was 2.0 m r  o r  

l e s s  and the  beam was focussed with a 5 cm f o c a l  length  l e n s .  

Fig.  (3-la)  i s  ph of t h e  water f i l l e d  c e l l  conta in-  

ing as-received d i s t i l l e d  water which had been exposed t o  t h e  

l abora to ry  atmosphere severa l  t imes and f o r  undetermined per iods  

of time during handling. The peak l a s e r ,  power was 30 MW, t h e  

beam divergence was 1 m r  ( h a l f  cone angle  a t  h a l f  power) and 

t h e  photograph was' taken through a Corning 4-71 f i l t e r  with 

Polaroid 410 f i lm.  Note t h e  in tense  s c a t t e r i n g  along t h e  

e n t i r e  f o c a l  cone on t h e  l a s e r  s i d e  of t h e  breakdown region.  

Also note what appears t o  be s e l f - t r a p p i n g  (35) of t h e  focussed 

l a s e r  beam and t h e  s t rong  absorpt ion  made evident  by t h e  lacK 

.of s c a t t e r e d  r a d i a t i o n  t o  the  r i g h t  of t h e  f o c a l  region. F i n a l l y  

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

l i q u i d  generated a shock wave of s u f f i c i e n t  s t r e n g t h  t h a t  it 

sha t t e red  t h e  s tu rdy  g l a s s  c e l l  a t  t h e  lower corners  with an  
k. 

audib le  "c l i ck" .  
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When t h e  l a s e r  beam was col l imated ( r a t h e r  than  focussed) 

and passed through a similar c e l l  conta in ing  d i s t i l l e d  water 

from t h e  same source as above, t h e  p a r t  of t h e  l i q u i d  i n  t h e  

path of t h e  l a s e r  beam yielded s c a t t e r e d  white l i g h t  similar 

t o  t h a t  appearing t o  t h e  l e f t  of t h e  f o c a l  region i n  Fig. (3-la)  

This i s  shown i n  Fig. ( 3 - l b ) .  The number, s i z e  and d i s t r i b u -  

t i o n  of s c a t t e r i n g  cen t res  changed with each l a s e r  f i r i n g .  No 

macroscopic c a v i t a t i o n  with i t s  r e s u l t i n g  shock wave occurred 

i n  t h i s  case.  When t h e  d i s t i l l e d  water was f i l t e r e d  i n t o  t h e  

c e l l  through a Mil l ipore f i l t e r  a t t ached  t o  a hand pumped wash 

b o t t l e ,  t h e  i n t e n s i t y  of t h e  s c a t t e r e d  r a d i a t i o n  w a s  sha rp ly  

reduced as shown i n  Fig. (3-2a).  The Mil l ipore  f i l t e r s  ranged 

i n  s i z e  from 3 ,microns t o  0.45 microns. Repeated f i l t e r i n g  

of t h e  same water sample and c a r e f u l  c leaning  of the  water cel.1 

with t h e  f i l t e r e d  water reduced t h e  s c a t t e r e d  r a d i a t i o n  f u r t h e r ,  

so t h a t  it f a i l e d  t o  expose t h e  f i l m  with l a s e r  powers of up 

t o  125 W/cm2 i n  t h e  col l imated beam. Fig.  (3-2b) was photo- 

graphed with t h e  4-71 g l a s s  f i l t e r  removed and a f t e r  bubbling 

f i l t e r e d  O2 gas through t h e  f i l t e r e d  water f o r  5 minutes. I f  

t h e  water was outgassed by hea t ing  t h e  c e l l  i n  an  u l t r a s o n i c  

c leaning  ba th  while gen t ly  pumping on t h e  c e l l ,  t h i s  s c a t t e r e d  

r a d i a t i o n  disappeared a l so .  

3-2 Photodetection of a Broadband Luminescence 

To i n v e s t i g a t e  t h i s  phenomena f u r t h e r  t h e  apparatus  of' 

Fig. (3-3) w a s  used. The l a s e r  operated i n  a s i n g l e  longi tudrnal  





mode and de l ivered  powers up t o  125 MW/cm2 with a c ross -  

s e c t i o n a l  diameter of 1 cm ins ide  t h e  l i q u i d  c e l l .  The l a s e r  

emission was l i n e a r l y  polar ized  i n  t h e  v e r t i c a l  plane.  For 

complete d e t a i l s  pe r t a in ing  t o  t h e  experimental  apparatus  

r e f e r  t o  s e c t i o n  (4-2)  ahead. For t h e  experiment described 

here t h e  o p t i c a l  i s o l a t o r  and focussing l enses  L1 and L2 of 

Fig. (4-1) were removed and t h e  l i g h t  box and photomul t ip l ie r  

(PM) were added a s  shown i n  Fig. (3-3). Th.e photomul t ip l ie r  

(EM1 6 2 5 6 ~ ,  S-13 photocathode) responded l i n e a r l y  t o  0.100 

amps when biased above 1000 v o l t s  provided s i g n a l s  did not 

exceed 800 microseconds i n  dura t ion .  The maximum PM cur ren t  

gain was 2.5 x l o7  when biased a t  1550 v o l t s .  The o p t i c s  

preceding t h e  PM were ( a )  2 cm of concentrated CuS04 s o l u t i o n  

(O.D. = 16 a t  694.3 nm) which passes  t h e  v i s i b l e  spectrum 

from 350 nm t o  550 nm (see  Appendix B )  and ( b )  a removeable 

ca l ib ra ted  n e u t r a l  dens i ty  f i l t e r  t o  prevent s a t u r a t i o n  of 

t h e  PM photocathode and t h e  r e s u l t i n g  nonl inear  response. The 

o p t i c a l  d i s t ance  from t h e  col l imated l a s e r  beam i n  t h e  water 

c e l l  t o  t h e  PM photocathode was 23 cm. When a red Corning 2-64 

g l a s s  f i l t e r  p l u s  an in te r fe rence  f i l t e r  centred a t  694.3 nm 

with 3.0 nm passband were added behind t h e  CuS04 so lu t ion ,  no 

s i g n a l  could be detected from u n f i l t e r e d  l i q u i d s  exci ted  with 

t h e  maximum a v a i l a b l e  l a s e r  power and with t h e  PM gain  and 

osc i l loscope  s e t  t o  t h e i r  most s e n s i t i v e  sca les .  Thus s i g n a l s  

received by t h e  PM were not due t o  s c a t t e r e d  l a s e r  l i g h t .  The 

b a f f l e s  and l i g h t  t i g h t  box el iminated s c a t t e r e d  l i g h t  i n  t h e  



cel1,and room l i g h t s  r e spec t ive ly .  The input and output win- 

dows of t h e  l i g h t  t i g h t  box were red Corning 2-64 g l a s s  f i l t e r s .  

Both monitor and PM operated i n t o  50 ohm c o a x i a l l y  mounted loads  

which operated i n t o  1 A l  p lug- in  u n i t s  of a  Tektronix 555 o s c i l -  

loscope with an o v e r a l l  system r i s e  time of 12 nsecs. 

=- 
Fig. (3-4a) shows a  t y p i c a l  s i g n a l  de l ivered  by t h e  PM 

(upper t r a c e  -s ignal  increas ing  downward ) and t h e  l a s e r  monitor 

sS (lower t r a c e ) .  The PM s i g n a l  shown w a s  detected from a water 

** 
sample which had been f i l t e r e d  once through a  1.2 microns pore 

E 
s i z e  f i l t e r ,  with l a s e r  e x c i t a t i o n  of 50 MW. The ragged na ture  

of the  pulse  smooths out and t h e  pulse  width narrows i n  more 

c a r e f u l l y  f i l t e r e d  l i q u i d s ,  but  t h e  genera l  shape remains t h e  

same (36) .  

Fig. (3-4b) shows da ta  taken by Dowley e t  a1 ( 3 7 )  i n  which 

the  absorpt ion  of a pulsed white l i g h t  source was measured. 

This white l i g h t  source was loca ted  on t h e  opposi te  s i d e  of 

the  water c e l l  t o  t h e  PM i n  our Fig.  (3-3). Dowley t r igge red  

t h e  pulse  of white l i g h t  from t h e  t r i g g e r i n g  network of h i s  

Pockels Q-switched l a s e r ,  so t h a t  it occurred during t h e  time 

t h e  l a s e r  beam was t r a v e r s i n g  t h e  l i q u i d  c e l l  ( 3 8 ) .  Note t h e  

s i m i l a r  time dependence occurr ing i n  emission and absorpt ion,  

p a r t i c u l a r l y  during t h e  l a t e r  time i n t e r v a l  (> lo0  nsec ) . 

The t o t a l  luminescence de tec ted  through t h e  CuS04 f i l t e r  

i s  p l o t t e d  i n  Fig. (3-5) as a func t ion  of inc ident  l a s e r  powe.r, 

f o r  two d i f f e r e n t  water samples. The data l a b e l l e d  A was 
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measured from u n f i l t e r e d ,  a s - r ece ived  d i s t i l l e d  water .  The 

data l a b e l l e d  B w a s  measured from d i s t i l l e d  wate r  t h a t  had been 

f i l t e r e d  once through a 0.45 microns M i l l i p o r e  f i l t e r .  A s  t h e  

i n c i d e n t  l a s e r  power, P, w a s  increased  i n  bo th  samples t h e  

luminescence, L, increased  wi th  a n  approximately  s lope  4 depen- 

4 dence (L a P ) .  I n  t h e  - f i l t e r e d  sample t h e  luminescence s a t u r -  

a t e d  above some i l l - d e f  ined input  power a f t e r  which it increased  

l i n e a r l y  wi th  i n c r e a s i n g  l a s e r  power, A s h a r p l y  def ined  

th re sho ld  w a s  no t  apparen t  f o r  t h i s  change. Fu r the r ,  i f  t h e  

data of bo th  s app le s  w a s  p l o t t e d  on l i n e a r  graph paper t h e  . 
iF luminescence i n t e n s i t y  appeared t o  be  approaching ze ro  asyap- 
C 

t o t i c a l l y  as t h e  l a s e r  power was reduced toward zero.  That is ,  
f 

t h e r e  was no s h a r p l y  def ined  t h r e s h o l d  f o r  t h e  onse t  of t h e  

luminescence e i t h e r .  T h i s  r e s u l t  i s  i n  sha rp  c o n t r a s t  t o  t h e  

p rev ious ly  mentioned work of Dowley e t  a1 ( 3 7 )  i n  which a 

th re sho ld  f o r  t h e  luminescence i n  wate r  "doped" wi th  15 .0  nm 

Ludox s i l i c a t e  spheres  w a s  observed. 

3-3 Discuss ion  

The model we propose f o r  t h i s  broadband emiss ion i s  l i n e a r  

a b s o r p t i o n  of l a s e r  energy by t h e  c o l l o i d a l l y  suspended p a r t i -  
C 
t c l e s  which a r e  heated w e l l  above t h e  b o i l i n g  p o i n t  of water ,  

l e a d i n g  t o  l o c a l  i o n i z a t i o n  on a microscopic  s c a l e ,  

F 
! An exac t  s o l u t i o n  t o  t h e  problem of  h e a t i n g  and ion iza -  

i- t ion  of s m a l l  s o l i d  p a r t i c l e s  i r r a d i a t e d  wi th  o p t i c a l  r a d i a t i o n  5 

! i s  most complex (39r40).  We p r e s e n t  below a simple phenomenological 



argument which appears  t o  descr ibe  our observat ions adequately.  

During t h e  i n i t i a l  s t ages  of hea t ing  an es t imate  of how 

much time i s  required t o  r a i s e  t h e  temperature of t h e  p a r t i c l e  

above t h e  b o i l i n g  poin t  of t h e  water i n  contac t  with it can 

be obtained from t h e  hea t  conduction equat ion (41)  

with t h e  temperature u  = 0 when t s 0 and t h e  boundary condi t ion  

when x  = 0.  Here, x i s  t h e  depth of pene t ra t ion  i n t ~  t h e  

s o l i d  measured from t h e  i r r a d i a t e d  sur face ,  f  ( t )  i s  t h e  f l u x  

of heat  ( l a s e r  beam) inc ident  upon t h e  su r face  expressed i n  

2 2  watts/cm ., a i s  t h e  thermal d i f f u s i v i t y  i n  cm /sec and K is  

the  thermal conduct iv i ty  i n  watts/cm- 0K (42)  

The s o l u t i o n  t o  t h e  above equat ions y ie ld ing  t h e  sur face  

temperature u ( t ,O)  assuming t h e  p a r t i c l e s  t o  be immersed i n  

a  uniform f l u x  ( t h e  col l imated l a s e r  beam) and l a r g e  enough 

t o  be considered semi - in f in i t e  i n  ex ten t  i s  e a s i l y  shown t o  



The uniform f l u x  approximation i s  v a l i d  because t h e  p a r t i c l e s  

a r e  small compared t o  t h e  diameter of t h e  col l imated l a s e r  

beam. The v a l i d i t y  of t r e a t i n g  t h e  p a r t i c l e s  as semi - in f in i t e  

may be estimated a s  follows. A rough c r i t e r i o n  i s  t h a t  a t  

the  time of observat ion t, t h e  ex ten t  of t h e  l a t e r a l  d i f f u s i o n  

of energy i n t o  t h e  p a r t i c l e  from i t s  su r face  and away from 

the  p a r t i c l e  i n t o  t h e  water should be smaller  than  t h e  th ickness  

of t h e  p a r t i c l e .  I n  a time t t h i s  d i f f u s i o n  l eng th  i s  approx- 

imately (,t)'I2 where a i s  t h e  d i f f u s i v i t y .  We s h a l l  show 

-4 s h o r t l y  t h a t  t h i s  d i f f u s i o n  length  i s  l e s s  than  10  cm. 

To es t imate  how r a p i d l y  t h e  p a r t i c l e  h e a t s  up us ing  

Eq. (3-1) we consider  t h e  l a s e r  pulse  t o  be approximately 

t r i a n g u l a r  i n  shape with r i s e  time T s o  t h a t  

where Po i s  t h e  peak power i n  t h e  pulse.  S u b s t i t u t i n g  i n t o  

Eq. (3-1) we f i n d  t h a t  during t h e  r i s i n g  por t ion  of t h e  l a s e r  

pulse,  

where t h e  a b s o r p t i v i t y  of t h e  p a r t i c l e  p has been included. 
2  (42) For most s o l i d  ma te r i a l s  a g 1 .0  cm /sec. and t h e  value of 

the  quan t i ty  ~ - ' ( a / n ) l / ~  i s  approximately t h e  same f o r  a l l  

ma te r i a l s  and i n  t h e  u n i t s  used here 

a b s o r p t i v i t y  8 , 0 . 5 ( ~ ~ )  we f i n d  t h e  

i s  -0.2. Assuming an  

su r face  temperature i s  



approximately 

where we have s e t  t h e  l a s e r  pulse  r i s e  time T = 20 nsec. If 

we s u b s t i t u t e  Po = 100 MW ( t h e  maximum power a v a i l a b l e )  t h e  

time t o  hea t  t h e  sur face  of t h e  p a r t i c l e  t o  t h e  b o i l i n g  poin t  

of water u ( 0 , t )  = 1 0 0 ' ~  is  found t o  be t - 2 nsec. A t  t h e  

o ther  extreme we c a l c u l a t e  t h e  minimum peak power required t o  

r a i s e  the  temperature of t h e  p a r t i c l e  t o  1 0 0 ~ ~  by s e t t i n g  t = T. 

The r e s u l t  i s  Po > 5 MW. 

Returning t o  our assumption t h a t  t h e  p a r t i c l e s  a r e  l a r g e  

compared t o  (at)  'I2 during t h i s  i n i t i a l  hea t ing  s tage,  we see 

t h a t  the  "worst case" occurs f o r  t = T = 20 nsec. Thus f o r  

2  
a r 1.0  cm /see. we f i n d  < 2 x cm. This r e s u l t  

required t h a t  t h e  absorbing p a r t i c l e s  be l a r g e r  than  2 microns. 

Microscopic examinat ion of t h e  Mil l ipore  f i l t e r s  used t o  f i l t e r  

the  d i s t i l l e d  water revealed a few p a r t i c l e s  as l a r g e  a s  50 

microns. However most p a r t i c l e s  trapped i n  t h e  f i l t e r  were 

approximately 10  microns and smaller  i n  s i z e  having a v a r i e t y  

of i r r e g u l a r  shapes. Thus, t h e  l i n e a r  hea t  conduction equa- 

t i o n  can be expected t o  y i e l d  a  reasonable f i rs t  approximation 

t o  the  r a t e  of hea t ing  of t h e  p a r t i c l e  during the  e a r l y  s t ages  

of heat ing.  

Following the  onset  of vapourizat ion t h e  behaviour of 

the  plasma must be described by t h e  equat ions of hydrodynamic 



f low wi th  r a d i a t  ion(39' 40). Since we l a c k  Knowledge r ega rd ing  

t h e  composit ion of t h e  p a r t i c l e s ,  t h e i r  s i z e  and t h e  number 

i r r a d i a t e d  b y  t h e  l a s e r ,  it would be  p o i n t l e s s  t o  pursue t h i s  

complex problem f u r t h e r .  However a phenomenological d e s c r i p -  

t i o n  of t h e  probable  course  of e v e n t s  i s  possible. David e t  

a1 (39)  have descr ibed  a model which a d e q u a t e l y  d e s c r i b e s  t h e  

i n t e r a c t i o n  of l a s e r  r a d i a t i o n  wi th  a l a r g e ,  i n i t i a l l y  cool  

a b l a t i n g  s u r f a c e  i n  a vacuum and we use  t h i s  model as a guide.  

Once t h e  l i n e a r  a b s o r p t i o n  of t h e  l a s e r  r a d i a t i o n  has  

r a i s e d  t h e  temperature  of t h e  s o l i d  p a r t i c l e  above t h e  b o i l i n g  

p o i n t  of t h e  wate r  i n  c o n t a c t  w i th  it, a dense h i g h l y  absorb ing  

vapour l a y e r  w i l l  occur.  The i n i t i a l  t h i c k n e s s  of t h i s  l a y e r  

2 may be es t imated  from t h e  d i f f u s i v i t y  of water ,  a , cm /sec 

t o  be approximately  4 x cm thicK ( ( ~ t ) ~ / ~ -  4 x cm f o r  

t = 20 n s e c ) .  Fu r the r  h e a t i n g  of t h i s  r e l a t i v e l y  coo l  vapour 

may t h e n  occur a t  l a t e r  t imes  due t o  molecular  a b s o r p t i o n  wi th  

t h e  even tua l  i o n i z a t i o n  of t h e  vapour. The photographs i n  F ig .  

( 3 - l b )  and t h e  e s t i m a t i o n  above i n d i c a t e  t h a t  t h e  plasma s u r -  

rounding t h e  p a r t i c l e  w a s  p robably  on ly  a few microns i n  t h i c k -  

ness  a t  most. Hence, a s i g n i f i c a n t  p o r t i o n  of t h e  l a s e r  energy 

would p e n e t r a t e  t h i s  plasma s h e a t h  t o  cont inue  hea t ing ,  vapour- 

i z i n g  and i o n i z i n g  t h e  s o l i d  p a r t i c l e .  The ionized vapour 

would be f u r t h e r  heated by f r e e - f r e e  and free-bound a b s o r p t i o n  

r e s u l t i n g  i n  s t r o n g  i o n i z a t i o n  and r e - r a d i a t  ion from t h e  plasma. 

The s a t u r a t i o n  which occur red  i n  t h e  luminescence emiss ion 



a t  high l a s e r  powers i n  f i l t e r e d  l i q u i d s  is  a l s o  i n d i c a t i v e  of 

a t o t a l l y  ion ized  breakdown plasma. See curve B i n  Fig .  (3-5).  

Young (43) has  shown t h a t  f o r  l a s e r  powers g r e a t l y  exceeding 

t h e  breakdown th re sho ld  i n  gases ,  t h e  t o t a l  r a d i a t e d  energy 

increased l i n e a r l y  w i th  i n c r e a s i n g  l a s e r  poweT. 

The a b s o r p t i o n  d a t a  of Dowley e t  a1 (37) adds  s t r e n g t h  t o  

t h i s  microscopic plasma model. These a u t h o r s  a rgue  t h a t  

a t t e n u a t i o n  of a whi te  l i g h t  source  by a dense plasma of 

e l e c t r o n s  and ions  appears  t o  be t h e  on ly  exp lana t ion  of  t h e  

e s s e n t i a l l y  wavelength-independent broad-band a b s o r p t i o n  t h e y  

observed. 

Also, it i s  w e l l  known t h a t  t h e  s p e c t r a l  d i s t r i b u t i o n  of 

dense plasmas c l o s e l y  resembles a b l a c k  body spectrum. I n  

p a r t  i c u l a r ,  P e t e r s  (44) has  shown t h a t  a dense water-vapour 

plasma r a d i a t e s  wi th  a near  p e r f e c t  b l a c k  body spectrum a t  

1 2 0 0 0 ~ ~ .  Thus if we cons ide r  t h e  microscopic  plasma r eg ions  

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

2 of t h e  r a d i a t i o n  i n t e n s i t y  (watts/cm ) i n  t h e  wavelength band 

between 1 and A + d l  i s  given by (42)  



where 

According t o  t h e  Stefan-Boltzmann Law, t h e  t o t a l  black body 

r a d i a t i o n  in teg ra ted  over a l l  wavelengths i s  

where 

Numerical i n t e g r a t i o n  of Eq. (3-2) over t h e  v i s i b l e  por t ion  

of t h e  spectrum t ransmi t ted  by t h e  CuSOh f i l t e r  (350 nm t o  

5-40 nm) i s  poss ib le  using t a b l e s  of black body funct ions  (42,45) 

This numerical i n t e g r a t i o n  i n  t h e  temperature range 1 0 0 0 ~ ~  

< T < 5 0 , 0 0 0 ~ ~  y i e l d s  approximately t h e  same T~ dependence 

predic ted  by Eq. (3-3). However it i s  impossible t o  f i t  mean- 

ingful  t h e o r e t i c a l  curves t o  t h e  da ta  of Fig. (3-5) because 

t h e  s i z e  and number of microscopic plasma regions,  toge the r  

with t h e i r  temperature i s  not known. 

S imi lar  r e s u l t s  were obtained i n  C C 1 4  and methanol. We 

suggest t h a t  t h e  phenomena a r e  common t o  a l l  l i q u i d s  i n  agree-  

ment with Dowley e t  a1 (37) .  

Thus, i n  summary, the  broad band luminescence occurr ing 

i n  l i q u i d s  under e x c i t a t i o n  by a col l imated l a s e r  beam probably 

involves l i n e a r  absorpt ion  of t h e  l a s e r  energy by c o l l o i d a l l y  



suspended p a r t i c l e s .  For s u f f i c i e n t l y  high powers t h e  p a r t i c l e s  

a r e  heated t o  incandescence causing l o c a l  b o i l i n g  of t h e  water 

i n  contac t  with them which f u r t h e r  enhances t h e  absorpt ion  pro- 

cess.  For high inc ident  l a s e r  power and/or small p a r t i c l e  s i z e  

the  e n t i r e  p a r t i c l e  probably vapourizes and ionizes  a t  which 

poin t  t h e  luminescence sa tu ra te9  and increases  i n  i n t e n s i t y  

l i n e a r l y  with f u r t h e r  increases  i n  l a s e r  power. 

3-4 Closed Cycle F i l t e r i n g  System 

The f d l t e r i n g  system f i n a l l y  adopted f o r  preparing l i q u i d  

samples f r e e  from suspended p a r t i c u l a t e  matter  i s  shown i n  

Fig.  (3-6) .  F i l t e r s  with pore s i z e s  as s m a l l  as 0.01 microns 

were used i n  t h i s  apparatus .  The components of t h i s  system 

were a l l  manufactured by ~ f i l i ~ o r e ,  Ltd. The f i l t e r i n g  proce- 

dure was a s  follows. The "as-received" l i q u i d  ( d i s t i l l e d  water 

f o r  the  remainder of t h i s  t h e s i s )  was f i l t e r e d  through 0.45 

micron f i l t e r s  us ing  a Mil l ipore  vacuum f i l t e r i n g  system. Then 

t h i s  f i l t e r e d  l i q u i d  w a s  used t o  r i n s e  a l l  t h e  components shown 

i n  Fig.  (3-6)  and t h e  system was assembled. P l a s t i c  tubing 

connecting t h e  s t a i n l e s s  s t e e l  pressure  vesse l  t o  t h e  s t a i n l e s s  

s t e e l  pressure  f i l t e r  holder  w a s  made a s  shor t  a s  poss ib le .  

With approximately 10  l i t r e s  of p r e f i l t e r e d  water i n  t h e  cleaned 

pressure  vesse l ,  t h e  system w a s  p ressur ized  t o  20 p s i  and 

about 1 t o  2 l i t r e s  passed through t h e  system t o  f l u s h  and f i l l  

t h e  components. Then t h e  precleaned l u c i t e  water tank was 

connected as shown, and was f i l l e d  and f lushed twice before 
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t h e  f i n a l  f i l l i n g .  Af ter  t h e  f i n a l  f i l l i n g ,  t h e  tank w a s  

removed from t h e  f i l t e r i n g  system and t h e  small i n l e t  and 

syphon holes  quickly sealed.  

Liquids f i l t e r e d  i n  t h i s  manner with 0.01 micron f i l t e r s  

showed l i t t l e  o r  no luminescence with l a s e r  powers up t o  

125 MW/cm2. What l i t t l e  luminescence d id  appear i n  some l i q u i d s  

appeared t o  have a l i n e a r  dependence on l a s e r  power. 

F ina l ly ,  d i s t i l l e d  water t h a t  had been c a r e f u l l y  f i l t e r e d  

i n  t h i s  closed system required a focussed l a s e r  power d e n s i t y  
2 of , 5 x 1011 W/cm t o  cause d ie lec t r i c  breakdown. Unf i l te red  

2 water broke down with power d e n s i t i e s  as low as l o l o  W/cm . 



CHAPTER 4 

GROSS FEATURES OF LASER INDUCED UNDERWATER BRE,KDOWN PLASMA 

4-1 I n t r o d u c t i o n  

I n  t h i s  chapte r ,  f a s t  d e t e c t o r  measurements t ime i n t e -  

g ra t ed  photographs, and s t imu la t ed  s c a t t e r i n g  measurements a r e  

d i scussed  i n  o rde r  t o  determine t h e  g r o s s  f e a t u r e s  of t h e  break-  

down plasma ( h e r e a f t e r  r e f e r r e d  t o  as t h e  " spa rk" )  and r e s u l t i n g  

c a v i t a t i o n  i n  water .  

Having devised a technique f o r  removing suspended p a r t i -  

c u l a t e  ma t t e r  from d i s t i l l e d  water  i n  a r ep roduc ib l e  way, mea- 

surements were performed i n  o rde r  t o  compare t h e  l a s e r  genera ted  

underwater plasma t o  t h e  extremely w e l l  s t u d i e d  breakdown plasma 

i n  air .  

The somewhat s u r p r i s i n g  r e s u l t  of t h e s e  measurements is, 

t h a t  t h e  underwater breakdown plasma has  l i t t l e  i n  common with"'. 

breakdown plasma produced i n  a i r .  It w a s  p r e d i c t e d  by Minck (46) Y 

t h a t  breakdown i n  l i q u i d s  would probably be ve ry  similar t o  

breakdown i n  gases  a t  p r e s s u r e s  exceeding 100 atmospheres 

where t h e  molecular  d e n s i t y  of t h e  gas  approaches t h e  molecular  

d e n s i t y  i n  l i q u i d s .  

Following a d e s c r i p t i o n  of t h e  exper imental  s e tup  i n  

s e c t i o n  (4-2), it i s  shown i n  s e c t i o n  (4-3) t h a t  t h e  underwater 

spark does not  have as c l e a r l y  def ined  t h r e s h o l d  as t h e  a i r  



spark, absorpt ion  of t h e  incident  l a s e r  pulse  i s  l e s s  and t h e  

r e s u l t i n g  plasma i s  shor t  l ived  compared t o  t h e  plasma crea ted  

i n  a i r .  

In  sec t ion  (4-4) time in teg ra ted  photographs ind ica te  t h e  

breakdown region i s  composed of ind iv idua l  breakdown regions 

separated by approximately 0.4mm and spread along t h e  d i r e c t i o n  

of propagation over a region of 5 t o  10mm. A model proposed 

by Evans and Morgan (47 ) involving s p h e r i c a l  a b e r r a t i o n  i n  t h e  

foca l  region appears t o  adequately descr ibe  t h i s  phenomena. 

I n  sec t ion  (4-5) measurements p e r t a i n i n g  t o  back s c a t t e r e d  

SBS a r e  presented. As much as 50% of t h e  inc ident  l a s e r  power 

was converted t o  the  f i r s t  Stokes s t imulated B r i l l o u i n  wave. 

. . 
Final ly ,  i n  sec t ion  (4-6),  we present  r e s u l t s  which indi -  

ca te  t h a t  se l f - t r app ing  d i d  not  accompany t h e  breakdown process  

i n  water. 

4-2 Experimental Apparatus 

The experimental apparatus  used f o r  measurements recorded 

i n  t h i s  chapter  and t h e  next i s  shown i n  Fig.  (4-1).  The 

l a s e r  operated i n  a s ing le - long i tud ina l  mode, with a h a l f  -cone 

divergence angle of 0.70 m r ,  a t  t h e  half-power poin ts ,  20nsec 

FWHM and del ivered powers up t o  100MW. S t r a y  white l i g h t  from 

the  flashlamps was el iminated with t h e  Corning 2-64 f i l t e r .  

Most measurements i n  t h e  sec t ions  t o  fol low were made with c i r -  

c u l a r l y  polar ized  l i g h t ,  introduced by t h e  o p t i c a l  i s o l a t o r  





cons i s t ing  of a Glan po la r i ze r ,  a l igned t o  pass  t h e  plane 

polar ized  output of t h e  l a s e r  and a quar t e r  wave p l a t e  or ien ted  

t o  convert t h e  plane polar ized  emission t o  c i r c u l a r  polar ized  

emission. Optical  i s o l a t i o n  was requi red  i n  order  t o  prevent 

t h e  in tense  back sca t t e red  s t imula ted  B r i l l o u i n  s c a t t e r i n g  

(SBS) generated i n  the  water c e l l  from re -en te r ing  t h e  ruby- 

l a s e r  (48). SBS i n  water i s  discussed i n  sec t ion  (4-5).  The 

l i q u i d  a t t e n u a t o r  (rLA) was used t o  a d j u s t  t h e  l a s e r  power focused 

i n t o  t h e  l i q u i d  c e l l  through l e n s  L1. Lens L2 served t o r e -  

co l l imate  t h e  l a s e r  r a d i a t i o n  pass ing  through the  l i q u i d  c e l l .  

The beam s p l i t t e r s  (ES) were e i t h e r  g l a s s  s l i d e s  (measured 

r e f l e c t i v i t y  = 10% a t  45O with c i r c u l a r l y  polar ized  l i g h t )  

o r  8u t h i c k  p e l l i c l e s  with r e f l e c t i v i t y  of 4% a t  45O. The 

r e f l e c t i v i t y  of p e l l i c l e s  i s  a c r i t i c a l  funct ion  of t h e  angle  

of incidence (49)  r equ i r ing  extremely accura te  alignment. The 

diodes l a b e l l e d  (1) Laser Monitor, PL, ( 2 )  Transmitted Power 

Monitor, PT, (3)  SBS Monitor,PR, were c a l i b r a t e d  RCA 925 (S1 - 

cathode) vacuum photodiodes biased a t  750 v o l t s  and preceded by 

s u i t a b l e  a t t enua to r s ,  d i f f u s e r s ,  and spike f i l t e r s .  The diodes 

operated i n t o  50 ohm coax ia l ly  mounted r e s i s t o r s  which operate  

i n t o  1 A l  plug-in u n i t s  of two Tektronix 555 osc i l loscopes  with 

an o v e r a l l  r i s e  time of 12nsec. A t y p i c a l  a t t e n u a t o r  - f i l t e r  

sequence i n  f r o n t  of t h e  925 diodes w a s  ( a )  lcm of concentrated 

NiS04 s o l u t i o n  wi th  o p t i c a l  d e n s i t y  (O.D. ) of 5.0 a t  694.3nm 

( b )  a c a l i b r a t e d  g l a s s  n e u t r a l  d e n s i t y  f i l t e r  se lec ted  t o  

maintain a  reasonable s i g n a l  cu r ren t  i n  t h e  l i n e a r  response 



region of t h e  diode ( c )  a ground g l a s s  d i f f u s e r  ( d )  an  i n t e r -  

ference f i l t e r  with 3.0 nm pass-band centred a t  694.3nm ( u s u a l l y  

ca l l ed  a "spike f i l t e r " , )  . These diodes operated l i n e a r l y  from 

t o  8 x Amps (pulse dura t ion  l e s s  than  100nsec) when 

biased a t  750 v o l t s .  For f u r t h e r  d e t a i l s  p e r t a i n i n g  t o  t h e  

diodes and l i q u i d  a t t e n u a t o r s  see Appendices B and C.  

The ITT ~ 4 0 0 0  (S-1 photocathode) c o a x i a l l y  mounted bipbanar 

photodiode(50) shown i n  p o s i t  ion (3 )  w a s  capable of 0.35nsec 

times when used i n  conjunction with a Tektronix 519 osc i l loscope .  

I n  t h e  p o s i t i o n  shown ( P o s i t i o n  3 )  t h e  diode monitors t h e  

time development of the  t ransmi t ted  pulse .  This same diode 

was placed a t  p o s i t i o n  ( 4 )  (viewing t h e  plasma a t  go0 t o  the  
- 
: d i r e c t i o n  of t h e  l a s e r  beam) t o  measure t h e  time development 

of t h e  s c a t t e r e d  l a s e r  l i g h t  and t h e  time development of t h e  

plasma i t s e l f .  Su i t ab le  a t t e n u a t o r s  and f i l t e r s  preceded t h e  

~ 4 0 0 0  diode depending on the  a p p l i c a t i o n  required.  

The camera was used t o  record time in teg ra ted  photographs 

of t h e  plasma with magnif icat ions up t o  10X. 

Most of t h e  d a t a  presented i n  t h i s  t h e s i s  involves focused 

l a s e r  beams. It i s  e s s e n t i a l  when making q u a n t i t a t i v e  calcu-  

l a t i o n s  t h a t  t h e  beam diameter i n  t h e  f o c a l  plane of the  l e n s  

be known. A s  w i l l  be shown i n  t h e  next s e c t i o n  the  i n t e n s i t y  

d i s t r i b u t i o n  i n  t h e  v i c i n i t y  of t h e  geometrical  focus i s  ex- 

ceedingly complicated. However t h e  a n a l y s i s  we present  below 



l e n s  a b e r r a t i o n s  a r e  ignored. 

The focused beam conf igura t ion  i s  shown i n  Fig.  (4-2) .  

The l e n s  i s  charac ter ized  by i t s  f o c a l  l eng th  f and t h e  i n c i -  
- 

dent l a s e r  beam diameter d combined t o  form t h e  F-number F = f/d. 

The focused beam is  charac ter ized  by i t s  beam diameter S a t  

the  f o c a l  plane and i t s  depth of focus L. Musal (51) has  shown 

C t h a t  f o r  a v a r i e t y  of a p e r t u r e  i l luminat ions  from t h e  uniform 

1 illumination of Born and Wolf (30) t o  t h e  Gaussian i l luminat ion  
F 

of Siegman (52)  a simple r e l a t i o n s h i p  between t h e  f o c a l  plane 
I 

beam diameter S, t h e  depth-of-focus L and t h e  F-number of t h e  

system of t h e  form 

., 
B 

is  approximately v a l i d .  The value most commonly used f o r  S 

i s  t h e  beam diameter i n  t h e  f o c a l  plane where t h e  i n t e n s i t y  

drops t o  one h a l f  i t s  maximum value, which i n  terms of the  

k foca l  length  f and half-cone divergence angle  0 i s  defined by 

Thus t h e  depth of focus may be w r i t t e n  
F 
a 
k s - k L = 8q28/d (4-3) 

r- 
6 
i For t h e  l a s e r  used here  28 = 1 .4  x r, d = lcm and us ing  

a 5cm l e n s  L = 1.4mrn S = 7.0 x 10-'rnrn = 70 microns. It is 

i n t e r e s t i n g  t o  compare t h i s  experimental ly  determined value 

with t h e  i d e a l  d i f f r a c t i o n  l imi ted  focus f o r  uniform plane 





waves. Born and Wolf (30) (pg.441) show t h a t  t h e  i n t e n s i t y  

a long  t h e  d i r e c t i o n  of l a s e r  propagat ion,  z, i s  g iven  by, 

where 

If we assume t h a t  a l o s s  i n  i n t e n s i t y  of 50% (half -power)  i s  

pe rmis s ib l e  t hen  t h e  va lue  of u  f o r  which (*l2 = 0.5 must 
I 

be found. This  r e q u i r e s  t h a t  u  = &5.56 which l e a d s  t o  

S e t t i n g  l / d  , 0 and r e a l i z i n g  L = 21pzl we f i n d  L 1 7fz 0/d 
b 
i 

i n  c l o s e  agreement wi th  equa t ion  (4-3). 

When focus ing  t h e  l a s e r  beam i n t o  t h e  r e c t a n g u l a r  t ank  

con ta in ing  water,  o r  when photographing t h e  underwater spark,  

L t h e  p o s i t i o n  of t h e  focus ing  ( o r  camera) l e n s  must be  a d j u s t e d  , 

t o  compensate f o r  t h e  r e f r a c t i o n  o c c u r r i n g  i n s i d e  t h e  tank .  By 

a repea ted  use  of S n e l l t s  l a w  it i s  e a s i l y  shown t h a t  t h e  f o c a l  

p o s i t i o n  wi th  t h e  tanK i n  p l a c e  (S2), i s  r e l a t e d  t o  t h e  f o c a l  
- 

p o s i t i o n  i n  a i r  (So) v i a  t h e  equa t ion  



where a l l  t h e  parameters a r e  shown on Fig. (4-3). For most 

a p p l i c a t i o n s  t h e  r a t i o s  of t h e  cos ines  a r e  very c lose  t o  u n i t y  

and no , 1 .0 .  Thus we wr i t e  

This equat ion f i n d s  use i n  determining t h e  p o s i t i o n  of t h e  

spark i n  t h e  l i q u i d  c e l l  f o r  a  given f o c a l  length  l e n s  f = So 

located a knomdistance 4 from t h e  input  window t o  t h e  tank. 

Typical ly  the  l e n s  is  loca ted  4 = lcm from t h e  g l a s s  input 

window with d = 0.3cm, nl = 1.50 and f o r  water n2 = 1.33, 

leading  t o  

s % =  \*33F - 0 . 3 0  c m  (4-5) 

With f  = 5cm, S2 = 6.35cm compared t o  So = 5cm i n  a i r .  

When photographing t h e  underwater spark it i s  more con- 

venient t o  r e c a s t  Eq.  (4-4) i n t o  t h e  form 

where T i s  t h e  d is tance  t o  t h e  spark measured from t h e  outs ide  

w a l l  of t h e  tank. Photographs taken from t h e  s i d e  i n  t h e  

4 inch l u c i t e  tank ( T  = 2  inches = 5.08cm) with 3 inch w a l l s  

( d  = 0.5 i ch  = l.28cm) y i e l d s  



Thus t h e  camera must be moved back a n  a d d i t i o n a l  1.35cm a f t e r  

c a l c u l a t i n g  So from the  magnif icat ion des i red  i . e .  So = f  (1 + l / m )  

where m is  the  magnification. 

Experimental checks were made of Eqs. (4-2) ,  (4-3), (4-5) 

and (4-7) .  The parameters S and L were measured by photographing 

t h e  focused l a s e r  beam i n  a tank of water t o  which a few m l .  of 

m i l K  had been added t o  render t h e  beam v i s i b l e .  Af ter  c o r r e c t i n g  

f o r  t h e  modified f o c a l  length  us ing  Eq. (4-5) t h e  measured and 
t 

ca lcu la ted  beam diameter S  agreed wi th in  25%. However t h e  mea- 

sured depth of focus L was approximately 2 . 0 ~  longer  than pre-  

d ic ted  by Eq. (4-3). Since spher i ca l  a b e r r a t i o n  introduced by 
e 

t h e  l e n s  was neglected i n  t h e  d e r i v a t i o n  of Eq. (4-3) t h i s  

r e s u l t  was not su rp r i s ing ,  as w i l l  be shown i n  sec t ion  (4-4) .  

The p o s i t i o n  of S was used t o  check Eq. (4-5) and was found t o  

agree c l o s e l y  with t h e  predic ted  r e s u l t .  Eq. (4-7)  was checked 

by suspending a r e t i c l e  i n  t h e  tank of water and measuring t h e  

magnification a f t e r  l o c a t i n g  t h e  camera l e n s  us ing  Eq. (4-7) .  

4-3 Comparison Between Laser Induced Breakdown i n  A i r  and Water 

The plasmas r e s u l t i n g  from l a s e r  induced breakdown i n  

a i r  and water d i f f e r  considerably with only a few common char-  

a c t e r i s t i c s .  I n  t h i s  s e c t i o n  we compare breakdown i n  a i r  and 

water from measurements performed with a f a s t  coax ia l ly  mounted 

ITT F4000 photodiode coupled t o  a Tektronix 519 osc i l loscope  

with 0.35 nsec r i se t ime .  



The apparatus  used i s  e s s e n t i a l l y  t h e  same as t h a t  depicted 

in  Fig. (4-1) i n  t h e  previous sec t ion .  Only t h e  l a s e r  power 

monitor (1) and ITT ~ 4 0 0 0  coaxia l  diode (3 )  were used here,  

however. The l a s e r  a t t e n u a t o r  (LA) i n  Fig.  (4-1) was pos i t ioned 

a s  shown with t h e  o p t i c a l  dens i ty  (0.D. ) ad jus ted  t o  prevent 

breakdown i n  e i t h e r  a i r  o r  water and t o  reduce t h e  inc ident  

power below t h e  threshold f o r  s t imula ted  B r i l l o u i n  s c a t t e r i n g  

(SBS) i n  water. To prevent breakdown and SBS O.D. = 2.0 w a s  

used with t h e  9 6 ~  inc ident  l a s e r  power a v a i l a b l e .  When 

breakdown was des i red  t h e  a t t e n u a t o r  LA was repos i t ioned i n  

f r o n t  of t h e  l a s e r  monitor diode (1) and a second a t t e n u a t o r  

of equal O.D. p lace  d i r e c t l y  i n  f r o n t  of t h e  f a s t  de tec to r  (3) .  

In  t h i s  way t h e  s i g n a l s  received by t h e  diodes remain the  same 
- 

with and without breakdown occurring. 

Threshold values f o r  breakdown i n  a i r  and u l t r a  c l ean  

water were determined when us ing  a simple l ens  with 5.0cm 

f o c a l  length  and shape f a c t o r  (53) q  = 0.  The breakdown th resh-  

old i n  a i r  occurred a t  32 * 2MW which lead  t o  6.9 + 0.4 x loL1 
w/cm2 i n  t h e  f o c a l  plane of t h e  l ens ,  ca lcu la ted  us ing  t h e  

measured l a s e r  divergence of 0.7mr ( s e e  l a s t  s e c t i o n ) .  This  

agrees  c l o s e l y  with t h e  value determined by Minck (46). Break- 

down i n  a i r  was always accompanied by a n  in tense  f l a s h  of 

white l i g h t  and loud audib le  crack, even when t h e  threshold 

power dens i ty  f o r  breakdown was j u s t  exceeded. 

The breakdown threshold  power i n  water was not a s  c l e a r l y  



defined as i n  a i r .  Near t h e  breakdown threshold power d e n s i t y  

2 of (5  * 4)  x  1011 W/cm t h e  breakdown region  appeared as a 

small spher i ca l  spark with r ad ius  l e s s  than  0.2rnm. Further ,  

t he  breakdown threshold  w a s  l o x  t o  20x higher  than  t h e  SBS 

threshold .  The l a r g e  uncer t a in ty  i n  t h e  threshold  power d e n s i t y  

i s  a t t r i b u t e d  t o  competing e f f e c t s  such as SBS, dep le t ing  t h e  

inc ident  power d e n s i t y  a v a i l a b l e  f o r  breakdown. The breakdown 

threshold could be lowered momentarily i n  water by bubbling 

Mil l ipore  f i l t e r e d  n i t rogen i n t o  t h e  water tank. See Fig.  (3-2)  

f o r  e f f e c t  of gas i n  water. This  could lower t h e  breakdown 

threshold by an order  of magnitude, but  a f t e r  4 t o  10  ioniz ing  

l a s e r  sho t s  t h e  r e s u l t i n g  shock wave appeared t o  outgas t h e  

l i q u i d  and t h e  threshold  returned t o  i t s  previous high value.  

The s u r p r i s i n g  r e s u l t  was t h a t  t h e  threshold  f o r  breakdown 

i n  water w a s  so high. 

Brewer and Rieckhof f  (15) repor ted  t h a t  breakdown and SBS 

f requen t ly  occurred simultaneously a t  power d e n s i t i e s  

r; 5 x l o l o  w/cm2. Carome e t  a1 (17) r e p o r t  breakdown occurr ing , 

a t  powers as low as 1.7MW; however no divergence f i g u r e  i s  

quoted i n  t h i s  reference.  I n  a l l  t h e  d a t a  recorded here t h e  

breakdown threshold  i n  sharp c o n t r a s t  t o  re ferences  15 and 17. 

We should poin t  out however t h a t  when us ing  u n f i l t e r e d  d i s t i l l e d  

water, t h e  r e s u l t s  of Brewer and Rieckhoff were dupl icated.  

More w i l l  be s a i d  regarding SBS i n  t h e  fol lowing sec t ion .  



With t h e  l i q u i d  a t t e n u a t o r  (LA)  removed, t h e  incident  

l a s e r  power of 96m exceeded t h e  breakdown threshold  i n  both 

a i r  and water by approximately t h r e e  t imes.  The r e s u l t i n g  

s i g n a l s  detected by t h e  b ip lana r  diode and displayed on t h e  

519 osc i l loscope  a r e  summarized i n  Fig.  (4-4).  The t r a c e s  

displayed a r e  ( a )  t h e  inc ident  l a se*  pulse  ( b )  t h e  t ransmi t ted  

l a s e r  pulse  ( c )  t h e  l a s e r  l i g h t  s c a t t e r e d  by t h e  plasma and 

detected a t  go0 t o  t h e  inc ident  beam d i r e c t i o n  ( d )  t h e  plasma 

l i g h t  emission viewed a t  go0 t o  the inc iden t  beam d i r e c t i o n .  

The curves ( a )  and ( b )  have the  same v e r t i c a l  s c a l e  Ind ica t ing  

the  magnitude of t h e  absorpt ion  a f t e r  breakdown occurs. The 

curves ( c )  and ( d )  ind ica te  t h e  time development of t h e  

s c a t t e r e d  1 ight  only; the  magnitudes being a r b i t r a r y .  
- 

The t r ansmi t t ed  pulse  f o r  a i r  i n d i c a t e s  t h e  usual  s t rong  

absorpt ion  of t h e  l a s e r  beam a f t e r  breakdown has occurred (54) .  

Although t h e  l a s e r  beam t ransmi t ted  through t h e  underwater 

spark was reduced by 5076, t h e  sharp ly  def ined cut-off  i n  t h e  

, t ransmi t ted  pulse  t h a t  occurred i n  t h e  a i r  spark was not 

evident .  We w i l l  show i n  s e c t i o n  4-5 t h a t  t h i s  "absorption" 

of 50% i s  due t o  deple t ion  of t h e  inc ident  beam by back s c a t -  

t e red  SBS. 

The s c a t t e r e d  l a s e r  l i g h t ,  curve ( c )  i n  Fig. (4-4)) was 

only a small f r a c t i o n  of t h e  inc ident  l a s e r  power. I n  a i r  

t h e  l a s e r  l i g h t  was Thomson s c a t t e r e d  by t h e  f r e e  e l e c t r o n s  (54) 

In  water Rayleigh and B r i l l o u i n  s c a t t e r i n g  i s  s t rong  (55) and 





sca t t e red  l i g h t  from t h e  c e l l  walls and windows can be s i g n i f i -  

cant.  Hence t h e  s c a t t e r e d  l a s e r  l i g h t  i n  curve ( c )  f o r  water 

was not e n t i r e l y  due t o  t h e  plasma. We d i scuss  t h e  s c a t t e r i n g  

from t h e  underwater spark i n  more d e t a i l  i n  chapter  5. 

F i n a l l y  t h e  plasma emission measured with lcm of concen- 

F 
t r a t e d  CuS04 preceding t h e  fast d e t e c t o r  is shown a s  curve ( d ) .  

8 
k In  air,  t h e  plasma emisshon w a s  ~ k a r p l y ~ p e a k e d  but  decayed 

slowly, l a s t i n g  as long as 100nsec. I n  c o d t r a s t ,  t he  l i g h t  
t 

E 
emitted by t h e  underwater, plasma l a s t e d  fo'f only 40nsec. 

4-4 Photographs of t h e  Underwater Breakdown Plasma 

r 
Time in tegra ted  photographs of t h e  white l i g h t  emitted 

from the  breakdown plasma were taken thrpugh lcm of CuS04 

so lu t ion  (0.  D. = 8 a t  694.3nm) us ing  Polaroid Type 47 f i l m ,  

and appear i n  Fig. (4-5). The photographs were taken from 

the  s ide  ( see  Fig. (4-1)) and t h e  , rnagnif i c a t i o n  w a s  approxi- 

mately lox. The complexity of l a s e r  induced underwater break- 

down i s  c l e a r l y  i l l u s t r a t e d  i n  t h e s e  photographs. 

A s  noted i n  t h e  previous sec t ion , .  breakdown i n  water b u i l d s  

up slowly with increas ing  l a s e r  power above the  threshold 
2 value of , 5 x 10'' W/cm . This  i s  evident  i n  t h e  photographs 

appearing i n  Fig.  (4-5). The focused laser beam o r i g i n a t e s  

from t h e  l e f t  hand s i d e  of t h e  page. The f i r s t  photograph i n  

t h e  s e r i e s  shows t h e  small, approximately spher i ca l  plasma 

which appeared c lose  t o  t h e  ca lcu la ted  geometrical  focus when 

t h e  breakdown threshold  was j u s t  exceeded. A s  t h e  l a s e r  power 





was increased t h e  o r i g i n a l  s p h e r i c a l  breakdown po in t  w a s  r e -  

placed by severa l  such p o i n t s  of approximately t h e  same s i z e  

and shape. The plasma po in t s  appearing a t  increased l a s e r  

powers always were loca ted  between t h e  geometrical  f o c a l  plane 

and the  focusing l ens ,  t h a t  i s  t h e  plasma appeared t o  grow 

backwards along t h e  l a s e r  beam. The bottom p i c t u r e  i n  t h e  

s e r i e s  shown i n  Fig ,  (4-5) w a s  taken with t h e  maximum a v a i l -  

ab le  l a s e r  power of 100MW, which w a s  approximately 3 X  t h e  power 

required a t  threshold .  

To produce t h e  breakdown plasmas appearing i n  Fig. (4-5)) 

t h e  l a s e r  beam was focused i n t o  t h e  water c e l l  with a simple 

l e n s  (shape f a c t o r ,  q = 0) of 5cm f o c a l  length  i n  a i r .  The 

l e n s  was loca ted  approximately lcm i n  f r o n t  of t h e  wa te rce l l  

input window and t h e  l a s e r  beam c ross - sec t ion  was approximate- 

l y  lcm and c a r e f u l l y  centred on t h e  l ens .  The l e n s  alignment 

was c r i t i c a l ,  s ince  t i p p i n g  o r  r o t a t i n g  t h e  l e n s  changes t h e  

spher i ca l  a b e r r a t i o n  and introduces coma. The i n t e n s i t y  

p r o f i l e  of t h e  l a s e r  beam i n  a plane perpendicular  t o  t h e  

l e n s  a x i s  w a s  t o  a good approximation, Gaussian. 

The d i s c r e t e  breakdown po in t s  occurr ing  i n  water have 

a l s o  been observed i n  gases ( 9 9  56 ) . Various t h e o r i e s  have 

been proposed t o  account f o r  t h i s  observat ion based on con- 

cepts of de tonat ion  waves (56), of s e l f  -focusing of t h e  l a s e r  

beam(9) and s p a t i a l  and temporal v a r i a t i o n  i n  t h e  beam pro- 

None of these  models gave a t o t a l l y  s a t i s f a c t o r y  



explanat ion of t h e  phenomena as it occurs  i n  gases.  Recently, 

however, Evans and Morgan (479 58) showed t h a t  primary spher i ca l  

abe r ra t ion  caused .by t h e  use of simple l enses  t o  focus t h e  

l a s e r  beam can, under t h e  condi t ions  discussed below, account 

f o r  the  m u l t i p l i c i t y  of d i s t i n c t  c o l l i n d a r  regions of break- 

down along t h e  o p t i c  a x i s .  We propose t h a t  t h e  observat ions 

recorded i n  Fig.  (4-5) f o r  l a s e r  induced breakdown i n  water 

o r i g i n a t e  from t h e  same e f f e c t .  Evans and Morgan (47) poin t  

out,  t h a t  due t o  t h e  r e l a t i v e l y  l a r g e  a r e a  of the  focusing 

l e n s  t h a t  i s  i l luminated by t h e  l a s e r ,  d i s t o r t e d  wavefronts 

occur with values of primary s p h e r i c a l  a b e r r a t i o n  funct ion  

p of seve ra l  wavelengths. This  d i s t o r t i o n  of t h e  wavefronts 

leads  t o  complex i n t e n s i t y  d i s t r i b u t i o n s .  

The value of the  i n t e n s i t y  I a t  any poin t  i n  t h e  region 

of the  focus of a given l e n s  and l a s e r  system may be computed 

from the  Huygens-Fresnel-Kirchoff i n t e g r a l  ( 3 0 ) .  Evans and 

Morgan (47)  solve t h i s  i n t e g r a l  assuming a l a s e r  opera t ing  i n  

a s i n g l e  s p a t i a l  mode of beam rad ius  a and with a Gaussian 

2 2  e l e c t r i c  f i e l d  i n t e n s i t y  p r o f i l e  of t h e  form E ( r )  = Eoexp(-r /2a ) 

f o r  0 < r a. The equat ion Evans and Morgan solve y i e l d s  

the  s p a t i a l  v a r i a t i o n  of i n t e n s i t y  near t h e  focus and i s  

given by 
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where p = r/a, k i s  t h e  wavenl ~ m b e r  and A i s  a constant  governed 

by the  e l e c t r i c  f i e l d  a t  t h e  l e n s .  The c o e f f i c i e n t s  u and v  

a r e  t h e  so-ca l led  o p t i c a l  co-ordinates  given by 

where A i s  t h e  wavelength of t h e  l a s e r  l i g h t  i n  t h e  water 

and y  and z represent  d i s t ances  measured r a d i a l l y  and a x i a l l y  

from the  geometrical  focus. 

The s o l u t i o n  of Eq. (4-8) must be performed numerically. 

The r e s u l t s  of such c a l c u l a t i o n s  a r e  shown i n  Figs.  (4-6)  

and (4-7) .  I n  Fig.  (4-6)  t h e  primary spher i ca l  a b e r r a t i o n  

increases  from zero t o  two wavelengths. The t rend of t h e  

i n t e n s i t y  p r o f i l e s  with increas ing  s p h e r i c a l  a b e r r a t i o n  i s  

c l e a r l y  v i s i b l e  from these  sketches.  Fig.  (4-7) is  taken from 

t h e  Work of Evans and Morgan (47) and i n d i c a t e s  t h e  l i n e s  of 

constant  i n t e n s i t y  i n  t h e  f o c a l  r eg ion  of a 5cm f o c a l  l eng th  

f/5 simple lens .  The i n t e n s i t y  i s  normalized t o  100$ a t  t h e  

p r  inc i p a l  focus . 

The isophotes of Fig.  (4-7) c l e a r l y  demonstrate how 

regions of high i n t e n s i t y  maxima l y i n g  a long t h e  o p t i c  a x i s  

could lead  t o  d i s c r e t e  plasmas l o c a l i z e d  i n  these  regions of 

very in tense  f i e l d  s t r eng th .  

Transformations i n t o  r e a l  space f o r  t h e  ruby wavelength 

focused i n  water shows t h a t  t h e  separa t ion ,  d, between maxima 
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i s  approximately 0.4rnrn i n  c lose  agreement with t h e  spacing 

i n  the  photographs of Fig. (4-5).  Deta i led  c a l c u l a t i o n s  by 

Evans and Morgan show t h a t  t h e  separa t ion  between m&xima is  

r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  l a s e r  beam rad ius  on t h e  lens .  

For shor t  f o c a l  l eng th  l enses  t h e  number of maxima does not 

increase s i g n i f i c a n t l y ,  however t h e  r a t i o  of i n t e n s i t i e s  a t  

adjacent  maxima decreases  more slowly than  f o r  longer  f o c a l  

lengths ,  A s  t h e  l a s e r  beam i n t e n s i t y  i s  increased above t h e  

breakdown threshold  value, i n t e n s i t y  l e v e l s  w i l l  be reached 

where t h e  next ad jacent  maximum w i l l  exceed t h e  breakdown 

threshold,  and two breakdown regions w i l l  occur. The second 

breakdown region w i l l  occur l a t e r  i n  time however. For f u r t h e r  

increases  i n  l a s e r  power more of t h e  maxima occurr ing along 

the  o p t i c  a x i s  w i l l  be r a i s e d  above t h e  breakdown threshold 

a s  depicted i n  Fig.  (4-7) and photographed i n  Fig.  (4-5). The 

number of d i s c r e t e  breakdown p o i n t s  occurr ing w i l l  depend 

upon (1) t h e  t o t a l  amount of s p h e r i c a l  a b e r r a t i o n  occurr ing 

( 2 )  t h e  f o c a l  l eng th  of t h e  l e n s  and (3)  t h e  amount by which 

t h e  breakdown threshold i n t e n s i t y  i s  exceeded. 

I n  an e a r l i e r  pub l i ca t  ion (19) we assumed t h i s  backward motion 

of the  plasma w a s  caused by s t rong  absorpt ion  i n  a  dense 

3 plasma of approximately lo2' electrons/cm . However t h e  f a s t  

de tec to r  measurements of t h e  beam t ransmi t ted  through t h e  

breakdown region reported i n  t h e  previaus  s e c t i o n  do not uphold 

t h i s  content ion.  Further,  as w i l l  be shown i n  t h e  fol lowing 

sec t ion ,  t h a t  f r a c t i o n  of t h e  inc ident  beam which appears t o  



'have been absorbed (-50$) i n  Fig. (4-4) was depleted due t o  

stimulated Br i l lou in  scat ter ing,  i n  the  bacaward direct ion.  

Thus the model proposed by Evans and Morgan (47 ) appears t o  

qua l i ta t ive ly  describe the appearance of the  d i sc re t e  brea%- 

down, points  observed. 

, ,4-5 Stimulated BrilZ,ouin Sca t te r inq  

The apparatus described i n  sect ion (4-2) and Fig. (4-1)' 

was used t o  measure the  incident, I1reflectedl1, and t rans-  

mitted l a s e r  power as a function of input l a s e r  power. The 5cm 

, l e n s  used t o  focus the  l a s e r  f o r  the  experiment of sect ion (4-4) 

was located lcm i n  f ron t  of the  water c e l l .  Below about 3MW, 

the  transmitted peaa power (pT) increased 1 inear ly  with 

increasing incident l a se r .  power (PL) and PT - PL a f t e r  

accounting f o r  r e f l ec t ion  losses  i n  the  lenses  and c e l l  win- 

dows. A re f lec ted  beam (PR) d i d  not occur below 3MW. Above 

3MW the  re f lec ted  beam appeared and increased rapidly  i n  

in t ens i ty  u n t i l  the  l a s e r  power exceeded 5MW. With fu r the r  

increases i n  l a s e r  power the  re f lec ted  beam increased l i n e a r l y  

up t o  a maximum value of 'R/pL 50$ occurring near the  breaa- 

down threshold of 30MW. The re la t ionsh ip  PT + PR , PL was 
, 

approximately va l id  above 3MW. These r e s u l t s  a r e  presented 

graphically i n  Fig. (4-8). 

When the  transmitted beam was measured using the  fast 

biplanar diode and T e ~ t r o n i x  519 oscilloscope, t he  transmitted 

in t ens i ty  showed no increase i n  a t tenua t ion  and no pulse 
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shaping when t h e  l a s e r  power w a s  r a i s e d  t o  j u s t  exceed t h e  

breakdown threshold .  The a t t e n u a t i o n  of t h e  l a s e r  beam re -  

mained f ixed  a t  approximately 50% f o r  a l l  powers g r e a t e r  than  

the  30MW breakdown power. 

For powers wel l  above t h e  breakdown threshold  of 30MW, 

dev ia t ions  exceeding 50% occurred i n  t h e  amplitudes of both 

t h e  t ransmi t ted  power and back-sca t te red  SBS power f o r  a 

f ixed  inc ident  l a s e r  power. This  l ack  of r e p r o d u c i b i l i t y  

d i d  not occur below the  breakdown threshold .  

Replacing t h e  diode monitoring t h e  r e f l e e t e d  l i g h t  with 

a  lcm Fabry-Perot e t a l o n  revealed a s i n g l e  Stokes l i n e ,  

s h i f t e d  by hv = 0.195cm-' from the  inc ident  l a s e r  l i n e ,  

c h a r a c t e r i s t i c  of s t imulated B r i l l o u i n  s c a t t e r i n g  (SBS) i n  

water (59).  This Stokes s h i f t e d  l i n e  only occurred f o r  l a s e r  

powers g r e a t e r  than  3MW focused with t h e  5cm lens .  With the  

o p t i c a l  i s o l a t o r  removed and inc ident  l a s e r  power of 20MW, as 

many as t h r e e  SBS components occurred due t o  r eampl i f i ca t ion  

of t h e  back s c a t t e r e d  SBS i n  t h e  l a s e r  (48). The data p l o t t e d  

i n  Fig. (4-8) were taken with t h e  o p t i c a l  i s o l a t o r  i n  place.  

Deta i led  measurements p e r t a i n i n g  t o  in tense  back-scat tered 

SBS i n  CS2 were reported by Maier e t  a1 (60)  i n  1966. More 

r e c e n t l y  Zverev and Martynov (61) repor ted  more than  50% of 

t h e i r  inc iden t  l a s e r  power of 2 8 ~ W  w a s  converted t o  back- 

s c a t t e r e d  SBS i n  severa l  l i q u i d s  and so l ids ,  including water. 



Thus t h e  "absorpt ionf1 of t h e  inc iden t  l a s e r  beam recorded 

r i n  Fig. (4-4b) when breakdown occurred i n  water appears  t o  be 

due mostly t o  back-scat tered SBS. 

i 4-6 Se l f - t r app ing  Measurements 

Alcock e t  a1 have proposed a s e l f - t r a p p i n g  model 

f o r  t h e  i n i t i a t i o n  of breakdown i n  a ir .  Sparks were produced 

i n  a i r  a t  atmospheric pressure  us ing  a 3MW ruby l a s e r  opera- 

t i n g  i n  a s i n g l e  a x i a l  and s p a t i a l  mode. A beam s top  loca ted  

behind t h e  f o c a l  region blocked t h e  d i r e c t  (non se l f - t r apped)  

l a s e r  r a d i a t i o n  t ransmi t ted  through it. When s e l f  - t rapping 

occurs p r i o r  t o  breakdown, Alcock has shown t h a t  the  small 

diameter of t h e  se l f - t rapped f i lament  (- 2 microns i n  a i r )  

l eads  t o  a l a r g e  divergence of t h e  t ransmi t ted  l a s e r  pulse  

al lowing a s  much a s  30% of t h e  inc ident  l a s e r  beam t o  ge t  

p a s t  t h e  beam s top .  This occurs because t h e  se l f - t rapped 

f i lament  i s  destroyed a t  a breakdown po in t  a l lowing t h e  l a s e r  

l i g h t  t o  emerge with t h e  l a r g e  divergence c h a r a c t e r i s t i c  of 

t h e  2 micron f i lament  diameter. 

A c a r e f u l  check f o r  s e l f - t r a p p i n g  occurr ing i n  water p r i o r  

t o  breakdown w a s  performed. Following t h e  experiments of 

Alcock an opaque screen w a s  placed between t h e  col l imat ing  

l ens  L2 and t h e  f a s t  de tec to r  depicted i n  Fig. (4-1) .  The 

screen w a s  j u s t  l a r g e  enough t o  block t h e  recol l imated l a s e r  

beam when t h e  l i q u i d  a t t e n u a t o r  w a s  ad jus ted  t o  prevent break- 

down, The s i z e  and l o c a t i o n  of t h e  beam s top  were checked by 



replac ing  t h e  fast de tec to r  with a photographic p l a t e  and 

observing if any l a s e r  l i g h t  passed around t h e  perimeter of 

t h e  beam stop.  The beam s top  s i z e  was se lec ted  so t h a t  l e s s  
C 

than 1% of t h e  inc ident  l a s e r  l i g h t  "leaked" around i t s  p e r i -  

meter a l lowing accura te  cen te r ing  of t h e  beam stop.  Replacing 

t h e  f i l m  with t h e  f a s t  de tec to r  it w a s  found t h a t  t h e  519 

osc i l loscope  would not t r i g g e r  un less  t h e  a t t e n u a t i o n  preceding 

t h e  f a s t  de tec to r  was reduced by more than  a f a c t o r  of 10. 

Following t h i s  c a r e f u l  alignment, t h e  l i q u i d  a t t e n u a t o r  

was moved from i t s  p o s i t i o n  i n  f r o n t  of focusing l e n s  L1 t o  a  

p o s i t i o n  behind t h e  beam s top  i . e .  between t h e  beam s top  and 

t h e  f a s t  de tec to r  ( o r  f i l m ) .  Using t h e  f u l l  lOOMW l a s e r  

power a v a i l a b l e ,  photographs and f a s t  d e t e c t o r  t r a c e s  were . 
recorded t o  determine i f  s e l f - t r a p p i n g  had occurred. 

The f a s t  de tec to r  t r a c e s  indica ted  an  increase of l e s s  

than 1% i n  t h e  i n t e n s i t y  of t h e  l a s e r  l i g h t  g e t t i n g  passed 

t h e  beam s top  when breakdown occurred. Photographs were 

unable t o  resolve  any increase  i n  t h e  divergence of l a s e r  

l i g h t .  I n  con t ras t ,  Alcocks photographs behind the  beam s top  

indica ted  a dramatic increase  i n  t h e  divergence when s e l f -  

t rapping  accompanied breakdown i n  air .  However, Alcock p o i n t s  

out t h a t  t h e  widely diverging " s c a t t e r e d "  l i g h t  was only ob- 

Further, Korobkin and Serov ( 6 2 )  have shown t h a t  breakdown 
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occurr ing  i n  t h e  se l f - focused  beam induced with a Q-swstched 

neodymium l a s e r  focused i n  CS2 always occurred t o  t h e  r i g h t  

of t h e  f o c a l  po in t  f o r  a l a s e r  beam o r i g i n a t i n g  from t h e  l e f t .  

The breakdown occurr ing i n  water always occurred t o  t h e  l e f t  

of t h e  geometrical  focus. 

Thus we conclude t h a t  t h e  d i s c r e t e  breakdown p o i n t s  

recorded i n  Fig. (4-5) d i d  not o r i g i n a t e  due t o  se l f - t r app ing  

of t h e  focused l a s e r  beam. 



SCATTERING CHARACTERISTICS, SPECTRUM AND 
TEMPERATURE OF THE BREAKDOWN REGION 

- 
5-1 In t roduct ion  

The d iscuss ion  i n  Chapter 4 e s t ab l i shed  t h e  gross  f e a t u r e s  

of t h e  l a s e r  induced underwater plasma. In  t h i s  chapter  we 

attempt t o  determine the  s c a t t e r i n g  and emission c h a r a c t e r i s -  

t i c s  o r i g i n a t i n g  from t h e  breakdown plasma and t h e  r e s u l t i n g  

cavi ' ta t ion of the  water. 

The l a s e r  and t h e  experimental se tup  described i n  sec t ion  
- 

( 4 ~ 2 )  were used i n  t h e  experiments reported i n  t h i s  chapter.  
= 

The measured s c a t t e r i n g  c h a r a c t e r i s t i c s  of the  breakdown region 

a r e  presented i n  s e c t i o n  (5-2) .  I n  s e c t i o n  (5-3)  t h e  spectrum 

emitted by t h e  breakdown plasma i s  presented while i n  sec t ion  

(5-4)  t h e  measured radiance of t h e  plasma and an est imate of 

i t s  temperature i s  presented. 
j- 

A d iscuss ion  of t h e  measurements presented i n  t h e  above 

sec t ions  appears i n  sec t ions  (5-5) and (5-6). It i s  shown 

t h a t  t h e  s c a t t e r i n g  behaviour of l a s e r  induced breakdown 

underwater r e f l e c t s  the  cha rac te r  of t h e  shock wave accompany- 

ing breakdown and not t h e  breakdown plasma. 



5-2 S c a t t e r i n g  C h a r a c t e r i s t i c s  of t h e  Underwater Spark 

S c a t t e r i n g  measurements of t h e  l a s e r  generated underwater 

spark were only ~ a r t i a l . 1 ~  successfu l  i n  determining u s e f u l  

parameters of t h e  plasma. Simple measurements were performed 

i n  which a photodiode preceded by s u i t a b l e  f l l t e r s  was ro ta ted  

around t h e  plasma i n  both t h e  h o r i z o n t a l  and v e r t i c a l  plane.  

The white l i g h t  emitted by t h e  plasma was measured us ing  

a s i l i c o n  photodiode preceded by 1 cm of concentrated CuS04 

s o l u t i o n  (0.D. = 8 a t  694.3 nm with passband from 300 nm t o  

540 nm). The diode w a s  loca ted  10  cm from t h e  breakdown 

region and subtended a s o l i d  angle  of 1.5 x s t e rad ians .  

The r e p r o d u c i b i l i t y  of the  radiance of t h e  spark measured i n  

t h i s  manner w a s  *20% f o r  d i f f e r e n t  l a s e r  f i r i n g s  a t  f ixed  l a s e r  

power. The measured angular  d i s t r i b u t i o n  of t h e  white l i g h t  

emitted by t h e  plasma was found t o  be t h e  same i n  a l l  d i r e c t i o n s  

wi th in  t h i s  120% r ep roduc ib i l i ty .  This  was t r u e  up t o  t h e  

maximum l a s e r  power a v a i l a b l e  (100 MW). 

The l a s e r  l i g h t  sca t t e red  from t h e  f o c a l  region was 

measured by replac ing  t h e  CuS04 f i l t e r  with a narrow bandpass 

in te r fe rence  centred a t  694.3 nm (3  nm FWHM). The measured 

l a s e r  l i g h t  s c a t t e r e d  from the  f o c a l  volume was h ighly  non- 

reproducible  with devia t ions  i n  t h e  recorded s i g n a l  a s  l a r g e  

a s  50% even though t h e  diode was f ixed  i n  p o s i t i o n  and the  

l a s e r  de l ivered  equal  pulse  amplitudes (&5%) on separa te  l a s e r  

f i r i n g s  . 



The r e p r o d u c i b i l i t y  of s c a t t e r e d  l a s e r  l i g h t  measurements 

was improved by l o c a t i n g  a 10  cm l e n s  between t h e  diode and 

t h e  spark s o  t h a t  t h e  image of t h e  spark  w a s  magnified 10X 

and thus  j u s t  f i l l e d  t h e  4 mrn d iameter  acceptance a p e r t u r e  

of t h e  s i l i c o n  diode. This  a l s o  allowed t h e  diode t o  be  

l oca t ed  more than  a meter away from t h e  wate r  c e l l ,  t he reby  

g r e a t l y  reducing t h e  i n t e n s i t y  of s t r a y  s c a t t e r e d  l i g h t  from 

t h e  water  c e l l  walls and windows from reach ing  t h e  diode.  ' 

The s t r a y  l i g h t  pickup w a s  reduced a l s o ,  due t o  t h e  shal low 

depth of focus  of t h e  l e n s .  

When t h e  diode, l e n s  combination w a s  r o t a t e d  around t h e  

spark i n  t h e  h o r i z o n t a l  p lane  con ta in ing  t h e  a x i s  of t h e  

focus ing  l e n s  Ll, t h e  i n t e n s i t y  of t h e  s c a t t e r e d  l a s e r  l i g h t  

measured was approximately t h e  same independent of t h e  

s c a t t e r i n g  angle .  The w a l l s  of t h e  wate r  c e l l  r e s t r i c t e d  t h i s  

angu la r  measurement t o  45' 0 g 135' where .$ w a s  measured 

r e l a t i v e  t o  t h e  d i r e c t i o n  of propagat ion.  The angu la r  depen- 

dence of t h e  s c a t t e r e d  l a s e r  l i g h t  i n t e n s i t y  w a s  independent 

of ang le  i n  t h e  v e r t i c a l  p lane a l s o .  

A s  a check on our  measuring technique  t h e  water  c e l l  w a s  

emptied, c a r e f u l l y  d r i e d  and f lushed  wi th  a cont inuous f low of 

d r y  n i t rogen ,  a t  1 atmosphere p re s su re .  Breakdown was induced 

i n s i d e  t h e  c e l l ,  and t h e  angu la r  dependence of t h e  l a s e r  l i g h t  

s c a t t e r e d  from t h e  plasma occu r r ing  i n  n i t r o g e n  w a s  measured. 

I n  t h e  v e r t i c a l  p lane  con ta in ing  t h e  p o l a r i z a t i o n  vec to r ,  t h e  



2  s c a t t e r e d  l a s e r  i n t e n s i t y  f a l l s  off  as cos , which i s  

cons i s t en t  with c l a s s i c a l  Thomson s c a t t e r i n g  from f r e e  e l ec t rons .  

I n  t h e  o the r  two mutually perpendicular  planes,  however, the  

s c a t t e r e d  l a s e r  i n t e n s i t y  is  peaked i n  t h e  forward d i rec t ion ,  

with a l e s s  in tense  peak i n  t h e  backward d i r e c t i o n .  Young e t  

a1 (54) have obtained similar r e s u l t s  i n  a i r  breakdown exper i -  

ments a t  atmospheric pressure.  Pa ren the t i ca l ly ,  we poin t  out 

t h a t  Ahmad e t  a 1  (lo') have shown r e c e n t l y  t h a t  t h e  anomalously 

high s c a t t e r e d  l a s e r  i n t e n s i t y  i n  t h e  forward and backward 

d i r e c t i o n s  can be a t t r i b u t e d  t o  r e f l e c t i o n  a t  t h e  r e f r a c t i v e  

index change i n  t h e  quas i -spher ica l  breakdown plasma boundary. 

Further ,  t h e  r a t i o  of t h e  s c a t t e r e d  l a s e r  power P  from t h e  

n i t rogen breakdown plasma t o  t h e  inc ident  l a s e r  power L, i n  

t h e  hor izon ta l  plane with fj = go0, w a s  P/L , (1.3 & . 2 )  x lo", 

which when s u b s t i t u t e d  i n t o  equation (5-19) i n  sec t ion  (5-5) 

ahead, y i e l d s  an e l e c t r o n  dens i ty  of approximately 5 x 1019/cm 3 

i n  agreement with o the r  workers ( 2 ) .  The i n t e n s i t y  of t h e  

l a s e r  l i g h t  s c a t t e r e d  from t h e  breakdown region i n  water with 

t h e  same geometry yielded t h e  r a t i o  P/L , ( 2  1) x lod7.  

Thus we conclude t h a t  the  s c a t t e r e d  l a s e r  l i g h t  o r i g i n a t e s  

from t h e  breakdown region i n  water and i s  not due t o  background 

s c a t t e r i n g  from t h e  water c e l l .  

5-3 Photographic Spectrum 

I n  t h i s  s e c t i o n  we present  data p e r t a i n i n g  t o  t h e  spectrum 

emitted by t h e  underwater breakdown plasma a s  recorded on 



photographic p l a t e s .  

The spectrum emitted by t h e  underwater spark was measured 

using a Spex ~ n d u s t r i e ~  model 1700-111 3/4 meter Czerny Turner 

spectrometer.  The l o c a t i o n  of t h e  spectrometer and i t s  

assoc ia ted  condensing o p t i c s  i s  shown i n  Fig.  (5-1). Two well  

cor rec ted  10  cm f . 1 .  a i r -spaced achromats were used t o  c o l l e c t  

and condense t h e  spark r a d i a t i o n  on t o  t h e  spectrometer entrance 

s l i t .  The l i g h t  from t h e  spark was c o l l e c t e d  a t  approximately 

f/3 and focused onto t h e  s l i t  a t  approximately f/7. The 

acceptance ape r tu re  of t h e  spectrometer w a s  f/6.8. Two achro- 

mats were required i n  order  t o  c o l l e c t  t h e  spark r a d i a t i o n  

e f f i c i e n t l y  while simultaneously matching t h e  acceptance 

ape r tu re  of t h e  spectrometer. The spark w a s  magnified l . 5 X  

a t  t h e  entrance s l i t  and t h e  a x i s  of focusing l e n s  L 1 was 

perpendicular  t o  t h e  s l i t .  

The p l a t e  f a c t o r  of t h e  spectrometer was 10%/mm i n  f i r s t  

order  and 3.7A/mm i n  second order .  The spectrum was recorded 

i n  f i r s t  order  using Polaroid type 55P/N f i l m  as wel l  a s  Kodak 

type I N  and I F  p l a t e s ,  with t h e  entrance s l i t  s e t  t o  40 microns 

and 5 mm high. This  s l i t  width was chosen as a compromise 

between r e s o l u t i o n  (approximately 0.4A) and t h e  a b i l i t y  t o  

expose t h e  p l a t e s  with a s i n g l e  l a s e r  f i r i n g ,  with l a s e r  

power f ixed  a t  3 5 M W .  Above 5000i a Corning 3-72 f i l t e r  was 

added i n  f r o n t  of t h e  spectrometer t o  remove second order  

r a d  i a t  ion. 





The da ta  recorded here was taken i n  t h e  e a r l y  s t ages  of 

t h i s  study with a l e s s  r e f ined  l a s e r  than  reported i n  

Chapter 2. The l a s e r  used de l ivered  a s i n g l e  long i tud ina l  

mode with a beam divergence of 1 . 0  m r  (half-cone ang le )  with 

30 nsec FWHM. A l l  o ther  parameters of t h e  l a s e r  were s i m i l a r  

t o  those repor ted  i n  Chapter 2. 

The wavelength region s tudied  (38001 t o  9500A) was 

completely f r e e  of any l i n e  spec t ra .  The spectrum recorded 

consis ted e n t i r e l y  of a very in tense  continuum which extends 

f o r  a maximum height  of 0.7 mm on t h e  photographic p l a t e .  

Since the  image on t h e  p l a t e  w a s  magnified 1 . 5 X ,  t h e  spark 

height  was 4.7 x l o m 2  cm i n  c lose  agreement with t h e  photo- 

- graphs of Chapter 4. The absence of l i n e  s p e c t r a  i n d i c a t e s  

a very high pressure  plasma, while t h e  absence of absorpt ion  

l i n e s  ind ica tes  an approximately uniform temperature through- 

out t h e  plasma volume. 

Pe te r s  ( 6 3 )  has recorded t h e  emission from dense water 

vapour plasmas. Above 1000 atmospheres pressure  t h i s  plasma 

emits a black body liKe spectrum a t  a temperature of 12, OOO•‹K, 

completely f r e e  from l i n e  spec t ra .  Be l l  and Landt (16 ) have 

shown t h a t  t h e  shock wave crea ted  by t h e  breakdown plasma i n  

water expands with a v e l o c i t y  g r e a t e r  than  4000 m/sec. a t  

l e a s t  during t h e  f i r s t  70 nsec fol lowing t h e  onset of break- 

down. Using t h e  Rice and Walsh (64) equat ion of s t a t e  f o r  

water B e l l  and Landt (16) c a l c u l a t e  ' a pressure  behind t h e  shocK 



exceeding lo5  a t m .  Further,  Martin (65) has measured t h e  spectrum 

emitted by the  plasma crea ted  when a l a r g e  capac i to r  i s  d i s -  

charged between c lose ly  spaced e lec t rodes  underwater. The 

spectrum recorded was completely f r e e  from l i n e  spec t ra  in  t h e  

v i s i b l e  region of the  spectrum and p h o t o e l e c t r i c  measurements 

of the  plasma yielded a maximum temperature ca lcu la ted  from an  

assumed blackbody l i k e  emission, of 30,000•‹K. I n  t h e  next 

sec t ion  we w i l l  show t h a t  the  measured temperature of t h e  

l a s e r  induced breakdown plasma reported here has a blackbody 

temperature of 15, OOO•‹K, 

The spectrum does show t h e  s c a t t e r e d  l a s e r  l i n e  near 

69434. The height of t h e  l a s e r  l i n e  on t h e  photographic 

p l a t e  was approximately 1 . 5  rnm and extended an  equal d is tance  

e i t h e r  s ide  of the  continuum (height ,  0.7 mm). Thus t h e  l a s e r  

l i g h t  was probably sca t t e red  by t h e  shock f r o n t  r e s u l t i n g  

from the  breakdown plasma. 

If t h e  l a s e r  l i g h t  was sca t t e red  from t h e  r a p i d l y  e&- 

panding shock wave, a blue Doppler s h i f t  should occur. To 

determine i f  such a Doppler s h i f t  occurred t h e  spectrometer 

was operated i n  second order  and t h e  entrance s l i t  w a s  preceded 

by a Corning 2-64 g l a s s  f i l t e r .  The s l i t  he ight  remained a t  

5 mm but  t h e  s l i t  width was reduced t o  20 microns. I n  second 

order  t h e  l i n e a r  d ispers ion  a t  7000A w a s  3.56i/mm which with 

20 micron s l i t s  y i e l d s  a t h e o r e t i c a l  r e s o l u t i o n  of 0.075A. 

However t h i s  r e s o l u t i o n  would requi re  t h e  f i l m  t o  resolve 



3 10 /20 = 50 lines/mm. For t h e  f i l m s  and development procedure 

used t h e  experimental  r e s o l u t i o n  was determined t o  be 30 l i n e s /  

mm. thereby reducing t h e  r e s o l u t i o n  t o  approximately 0.12W. 

The l a s e r  l i g h t  s c a t t e r e d  by t h e  shock wave was found t o  be 

s h i f t e d  by 0.36h 0.06b towards t h e  blue,  when compared t o  

t h e  l a s e r  l i g h t  s c a t t e r e d  by a ground g l a s s  replac ing  t h e  water 

c e l l .  To wi th in  t h e  0.12A r e s o l u t i o n  of t h e  spectrometer, t h e  

l inewidth  of t h e  s c a t t e r e d  l a s e r  r a d i a t i o n  was no g r e a t e r  than 

t h a t  of t h e  l a s e r  beam i t s e l f .  

5-4 Radiat ion Emitted from t h e  Underwater Plasma 

It w a s  e s t ab l i shed  i n  sec t ion  (5-2) t h a t  t h e  "white- 

l i g h t f '  emit ted by t h e  breakdown plasma w a s  t h e  same i n  a l l  

d i r e c t  ions, wi th in  t h e  &20$ r e p r o d u c i b i l i t y  f o r  separa te  

l a s e r  f i r i n g s .  The i s o t r o p i c  na ture  of t h i s  white l i g h t  

emission al lows f o r  simple measurements of t h e  radiance of 

t h e  plasma without concern f o r  angular  co r rec t ions .  

A 0.25 meter Model 82-410 Ja r re l l -Ash  Ebert  mounted g r a t i n g  

spectrometer i n  conjunct ion with an  EM1 6 2 5 6 ~  photomulipl i e r  

w a s  used t o  d e t e c t  t h e  plasma r a d i a t i o n  as shown i n  Fig.  (5-2) .  

The spectrometer had a l i n e a r  d i spe r s ion  of 33 nm/cm leading  
; 

t o  a 0.5 nm bandpass with 100 micron s l i t s .  Two gra t ings  were 

ava i l ab le ,  blazed a t  300 nm and 600 nm. A l l  spec t ra  were 

recorded i n  first order.  Above 500 nm a Corning 3-72 f i l t e r  

w a s  added i n  f r o n t  of t h e  entrance s l i t  t o  e l iminate  higher  

order  r a d i a t i o n .  I n  some cases,  e s p e c i a l l y  near the  l a s e r  
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wavelength t h e  spectrometer entrance s l i t  w a s  preceded by a 

narrowband in te r fe rence  f i l t e r  t o  decrease t h e  s c a t t e r e d  l i g h t  

occurring i n  t h e  spectrometer. 

The l a s e r  power was held cons tant  a t  35W and t h e  spectrum 

was scanned between 400 and 900 nm. An RCA 7102 PM (S-1 photo- 

cathode) replaced t h e  EM1 6 2 5 6 ~  above 600 nm. 

The c a l i b r a t i o n  procedure used f o r  t h e  radiance measure- 

ments i s  described i n  Appendix C.  Using (C-7) from Appendix C 

we f ind  t h e  measured radiance ~ ( 1 ~ )  measured a t  wavelength 

is  given by 

where V = pulsed vol tage s i g n a l  measured on t h e  osc i l loscope  
P 

due t o  t h e  plasma emission, V, = t h e  c a l i b r a t i o n  vol tage 

measured us ing  a standard s p e c t a l  source which emits J ( l l )  

2 Watts/cm - nm. For f u r t h e r  d e t a i l s  see Appendix C. 

The photographs of Fig.  (4-5) i n d i c a t e  t h a t  t h e  plasma 

was composed of one or  seve ra l  approximately s p h e r i c a l  plasma 

regions depending upon t h e  inc ident  l a s e r  power. I f  each 

sphere is  assumed t o  emit W(x1)  watt/cm2 - nm and i f  t h e  

d i s t ance  R from plasma t o  t h e  spectrometer entrance s l i t  i s  



l a r g e  compared t o  t h e  plasma rad ius  r, then  t h e  radiance 

detected a t  t h e  s l i t  i s  given by (53,66) 

I f  N plasma regions emit independently with average peak 

power V(l1),  we mul t ip ly  t h e  r i g h t  hand s i d e  of t h i s  equat ion 

by N.  Thus t h e  radiance of t h e  plasma i s  given by, 

A l l  t he  parameters on t h e  r i g h t  hand s i d e  of t h i s  equat ion a r e  

accura te ly  known except r and N.  The values of r and N depend 

on the  l a s e r  power used. From photographs l i k e  Fig.  (4-5), 

r was determined t o  have an average value -F = (2.5 0.2)  x 

1 0 - ~ c m  f o r  t h e  35MW l a s e r  power used. The value of N increased 

a s  the  l a s e r  power was increased. 

The peak plasma emission recorded on t h e  Tektronix 555 

osc i l loscope  w a s  reproducible  wi th in  &20$ f o r  f ixed  wavelength 

but separa te  l a s e r  f i r i n g s .  

The r e s u l t s  p l o t t e d  i n  Fig.  (5-3) were recorded us ing  a 

l a s e r  power of 35MW f o r  which N = 1. The s o l i d  curve cor res -  

ponds t o  an i d e a l  black body a t  temperature T = 15,000•‹K, t h a t  

i s  we assume 





where 

This  equat ion a p p l i e s  s t r i c t l y  t o  a d i f f u s e  black body r a d i a t o r  

with an  emiss iv i ty  of un i ty .  Monochromatic black body temper- 

a t u r e s  were ca lcu la ted  us ing  t h e  Planck funct ion  of (5- 1). 

Gregg and Thomas (67)  have shown t h a t  f o r  l a s e r  induced plasmas, 

temperatures ca lcu la ted  us ing  (5-1) y i e l d  values 

where Tmx i s  t h e  maximum temperature i n  t h e  plasma volume. 

Thus t h e r e  i s  a poin t  i n  t h e  p l a s m  a t  which t h e  temperature 

i s  a t  l e a s t  as high as any monochromatic temperature calcu-  

l a t e d  us ing  t h e  observed emission i n t e n s i t y  i n  (5-1). The 

observed i n t e n s i t i e s  V ( 1 )  and t h e  ca lcu la ted  temperatures T ( X  ) 

a r e  p l o t t e d  as a funct ion  of r e c i p r o c a l  wavelength i n  Fig.  (5-3). 

The e r r o r  b a r s  ind ica te  t h e  spread i n  measured values V(1  ) 

from shot- to-shot .  

The ca lcu la ted  temperature appears  t o  decrease s l i g h t l y  

with increas ing  wavelength. I f  we assume r a d i a t i o n  wi th in  t h e  



plasma i s  reabsorbed v i a  inverse bremsstrahlung t h i s  r e s u l t  

i s  not su rp r i s ing .  The absorpt ion  c o e f f i c i e n t  f o r  inverse 

bremsstrahlung i s  propor t ional  t o  t h e  wavelength squared. 

Further ,  t h e  temperature gradient  near t h e  plasma surface  i s  

extremely s teep,  implying t h a t  t h e  de tec ted  r a d i a t i o n  a t  t h e  

longer wavelengths (- 8OOnm) may have o r ig ina ted  from a region 

near t h e  cooler  plasma surface.  The s h o r t e r  wavelength r a d b a -  

t i o n  (-- 400nm) w i l l  be l e s s  s t rong ly  absorbed and w i l l  o r i g i n a t e  

from deeper wi th in  t h e  plasma core. 

This approximately constant  temperature as a funct ion  of 

wavelength i s  a f u r t h e r  ind ica t ion  t h a t  t h e  plasma e l e c t r o n  

19 3 dens i ty  i s  l e s s  than 10 /cm . The monochromatic black body 

temperatures determined by Gregg and Thomas ( 67 )  f o r  dense 

plasmas induced a t  t h e  su r faces  of beryllkum and lead  t a r g e t s  

show a  s t rong  temperature dependence on wavelength, with a 

f a c t o r  of 2 d i f f e rence  i n  the  temperatures ca lcu la ted  a t  400nm 

and 800nm. 

F i n a l l y  radiance measurements a t  higher  l a s e r  powers 

were attempted but  t h e  r e p r o d u c i b i l i t y  i s  poorer due t o  t h e  

l a r g e r  umber  of plasma regions ( N  = 6 a t  100~W) - see Fig.  (4-5) 

- each of which d i sp lays  a  v a r i a t i o n  i n  F of N& 8%. However 

t h e  measurements indica ted  s l i g h t l y  higher  temperatures with 

increas ing  l a s e r  power which a t  l O O M W  inc ident  power was T = 

21, OOO•‹K & 4 0 0 0 ~ ~ .  

For comparison purposes we note t h a t  Pe te r s  ( 6 3 )  has 
. * 



measured t h e  radiance of a dense water vapour plasma operated 

a t  1000 a t m  pressure.  This plasma emits  a blackbody l i k e  

spectrum a t  a  temperature of 12,000•‹K completely f r e e  from l i n e  

spec t ra .   arti in(^^) has measured t h e  spectrum emitted by t h e  

plasma created when 1800 Joules  i s  discharged between e lec t rodes  

spaced by 2mm underwater. The spectrum recorded w a s  completely 

f r e e  from l i n e  spec t ra  i n  the  v i s i b l e  region of t h e  spectrum 

and pho toe lec t r i c  measurements of t h e  plasma yielded a tempera- 

t u r e  of 30,000•‹K. 

5-5 Plasma S c a t t e r i n g  

I n  t h i s  sec t ion  we ou t l ine  t h e  theory  used t o  d i scuss  

the  s c a t t e r i n g  c h a r a c t e r i s t i c s  of a f u l l y  ionized plasma. We 

then apply t h i s  theory t o  the  observat ions of the  previaus 

sec t ions .  It i s  shown t h a t  the  s c a t t e r i n g  p r o p e r t i e s  of t h e  

underwater breakdown region a r e  not c o n s i s t e n t  with a plasma 

s c a t t e r i n g  model and i n  the  next s e c t i o n  we show t h e  s c a t t e r i n g  

i s  explained assuming t h e  l a s e r  l i g h t  i s  s c a t t e r e d  from t h e  

rap  i d l y  expanding shock f r o n t  . 

It is  well  known t h a t  the  s c a t t e r e d  r a d i a t i o n  f i e l d  from 

a s i n g l e  s t a t i ~ n a r y  e l e c t r o n  exci ted  by an inc ident  plane wave 

i s  given by (68)  



A 
where q i s  a  u n i t  vec tor  i n  t h e  d i r e c t i o n  of propagation a s  

shown i n  Fig. (5-4). The amplitude of t h i s  s c a t t e r e d  f i e l d  

can be w r i t t e n  a s  

where ro i s  t h e  c l a s s i c a l  e l e c t r o n  r a d i u s  

The s c a t t e r i n g  c ross - sec t ion  i s  obtained by d iv id ing  t h e  power 

s c a t t e r e d  i n t o  t h e  s o l i d  angle  d~  by t h e  inc ident  f l u x  zL 

leading  t o  

where t h e  dash over t h e  symbols s i g n i f i e s  an  appropr ia te  

time average. This  r e s u l t  i s  t h e  d i f f e r e n t i a l  s c a t t e r i n g  

cross-sec t ion  f o r  a s ing le  e l ec t ron .  If t h e  inc iden t  l i g h t  

i s  randomly polar ized  the  r e s u l t  must be averaged over the  

angle ( m 0  - 0 )  and t h e  angular  f a c t o r  i n  (5-2) i s  replaced 

2 
by (1 + cos 8,)/2. The t o t a l  s c a t t e r i n g  cross-sect ion,  t h e  

so-ca l led  Thomson cross-sec t ion ,  i s  obtained by i n t e g r a t i n g  

over t h e  e n t i r e  s o l i d  angle:  





The mean-free-path f o r .  s c a t t e r i n g  (ne o T ) - l  i s  of t h e  order  

10' meters f o r  a plasma with an e l e c t r o n  dens i ty  a s  high as 

19 3 n  = 10 /cm . Thus t h e  p o s s i b i l i t y  of mul t ip le  s c a t t e r i n g  i n  e  

t h e  small volume l a s e r  induced plasma i s  neg l ig ib le .  

The c a l c u l a t i o n s  so f a r  apply t o  a s i n g l e  s t a t i o n a r y  

e lec t ron .  We now consider  the  case of s c a t t e r i n g  of r a d i a t i o n  

by a f u l l y  ionized plasma i n  volume V. We w i l l  consider only 

s c a t t e r i n g  from e lec t rons ,  because ( 5 - 2 )  i n d i c a t e s  Es - l / rn  

and hence s c a t t e r i n g  from ions w i l l  be n e g l i g i b l e  compared t o  

t h e  con t r ibu t ion  from e lec t rons .  

Consider N e l e c t r o n s  i n  a volume V divided i n t o  a l a r g e  

number of small c e l l s  of volume dVi of such s i z e  t h a t  t h e  

s c a t t e r e d  e l e c t r i c  f i e l d s  from one c e l l  a r r i v e  a t  t h e  poin t  

of observat ion with t h e  same phase vi. If  t h e  mean number of 

s c a t t e r i n g  e l e c t r o n s  i n  the  c e l l s  i s  re and t h e  dev ia t ion  from 

t h i s  mean value i n  t h e  i - t h  c e l l  bNei, t h e  t o t a l  e l e c t r i c  

f i e l d  a t  t h e  poin t  of observat ion (neg lec t ing  thermal motion 

of t h e  e l e c t r o n s )  i s  obtained by 

Since t h e  number of c e l l s  i s  very l a r g e ,  p r a c t i c a l l y  every 

poss ib le  phase i s  present  and t h e  mean component with re 



vanishes leaving  

This  r e s u l t  s t a t e s  t h e  wel l  known f a c t  t h a t  s c a t t e r i n g  

can only be observed i f  t h e r e  e x i s t  dev ia t ions  from uniformity 

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

s c a t t e r e d  i n t e n s i t y  ( t ak ing  a s u i t a b l e  time average)  i s  given 

For t h e  simple case of no c o r r e l a t i o n s  between t h e  

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

a r e  independent and t h e  above equat ion reduces t o  

i . e .  t h e  t o t a l  s c a t t e r i n g  i s  sFmply propor t ional  t o  t h e  t o t a l  

number N of s c a t t e r i n g  e lec t rons .  

The c a l c u l a t i o n s  above assume a s t a t i o n a r y  p a r t i c l e .  I f  

t h e  p a r t i c l e  i s  moving with v e l o c i t y  v  cc c  t h e  frequency of 

t h e  s c a t t e r e d  l a s e r  l i g h t  changes by a n  amount given by t h e  

wel l  known Doppler formula 



where w i s  t h e  magnitude of  t h e  Doppler f requency s h i f t ,  ws is  

t h e  frequency of t h e  l i g h t  s c a t t e r e d  from t h e  moving p a r t i c l e  

and V, i s  t h e  component of t h e  v e l o c i t y  a long  t h e  d i r e c t i o n  
4 

of t h e  wave v e c t o r  k given by 

Fur ther ,  s i n c e  lkSI ir lkLl i f  v << c  t h e n  

as shown i n  Fig .  (5-5) .  Thus t h e  Doppler s h i f t  can be  w r i t t e n  

i n  t h e  form 

Having shown i n  t h e  arguments l e a d i n g  t o  (5-7) that a 

plasma i n  which t h e  e l e c t r o n s  s c a t t e r  i n d i v i d u a l l y ,  that  we 

can simply add t h e  i n t e n s i t y  c o n t r i b u t i o n s  of a l l  e l e c t r o n s  

we d e f i n e  a d i f f e r e n t i a l  c r o s s - s e c t i o n  p e r  u n i t  volume, 

where ne i s  t h e  e l e c t r o n  d e n s i t y  and oe i s  t h e  Thomson 

d i f f e r e n t i a l  c r o s s - s e c t i o n  f o r  a s i n g l e  e l e c t r o n ,  (5-4). 

To g e t  t h e  f requency d i s t r i b u t i o n  of t h e  s c a t t e r e d  radia- 

t i o n  it i s  neces sa ry  t o  a d d  t h e  c o n t r i b u t i o n s  of a l l  e l e c t r o n s ,  

which have t h e  same v e l o c i t y  component i n  t h e  d i r e c t i o n  of t h e  

2 - v e c t o r  def ined  i n  (5-9).  Thus t h e  spectrum of t h e  s c a t t e r e d  





r a d i a t i o n  w i l l  be determined by t h e  v e l o c i t y  d i s t r i b u t i o n  of 

the  e l e c t r o n s  i n  the  d i r e c t i o n  k'. The usua l  case considered, 

i s  a Maxwellian d i s t r i b u t i o n  of v e l o c i t i e s  i n  which t h e  

e l ec t rons  a r e  assumed t o  be i n  thermal equi l ibr ium a t  tempera- 

t u r e  Te. The Maxwell v e l o c i t y  d i s t r i b u t i o n  has t h e  form 

where K i s  t h e  Boltzmann constant .  Using (5-8) we obta in  a 

Gaussian p r o f i l e  f o r  t h e  spectrum S,(k,w) of t h e  s c a t t e r e d  
A 

r a d i a t i o n  (normalized t o  t h e  e l e c t r o n  d e n s i t y  ne) (68) 

Thus i n  terms of t h e  d i f f e r e n t i a l  c ross - sec t ion  per  u n i t  

volume we w r i t e  

The t o t a l  half-width of t h e  spectrum described by (5-12) i s  

o r  convert ing t o  u n i t s  of wavelength 



Thus we see t h a t  t h e  t o t a l  s c a t t e r e d  i n t e n s i t y ,  found by 

i n t e g r a t i n g  (5-13) over a l l  f requencies  i s  j u s t  (5-11 )grid 
hence depends on the  t o t a l  e l e c t r o n  d e n s i t y  ne. The spectrum 

emitted i s  given by (5-12) and (5-14) and depends only on t h e  

temperature Te and mass m. 

The next l o g i c a l  s t e p  i n  t h e  d e r i v a t i o n s  would be t o  

consider t h e  case where c o r r e l a t i o n s  between t h e  s c a t t e r i n g  

e l e c t r o n s  occur. Simply s t a t ed ,  t h i s  means nothing more than  

p u t t i n g  (5-6) i n t o  an  appropr ia te  form t o  y i e l d  t h e  des i red  

s p e c t r a l  dens i ty  funct ion  ~ ( 2 , w ) .  The d e t a i l s  of t h i s  s o l u t i o n  

a r e  long and complex,and a s  w i l l  be shown l a t e r  a r e  of dubious 

value when appl ied  t o  t h e  underwater breakdown plasma. 

We have indica ted  t h a t  t h e  s c a t t e r e d  spectrum o r i g i n a t i n g  

from t h e  e l e c t r o n s  of a plasma i s  determined by the  spectrum 

of e l e c t r o n  dens i ty  f l u c t u a t i o n s .  These dens i ty  f l u c t u r a t i o n s  

have been ca lcu la ted  by a  number of au thors  (69 -72 ) ,  The 

r e s u l t s  obtained apply s t r i c t l y  t o  c o l l i s i o n l e s s  plasmas com- 

posed of e l e c t r o n s  and a s i n g l e  spec ies  of ions. 

We now quote t h e  r e s u l t s  of t h e  Sa lpe te r  theory F9) t h a t  

a r e  u s e f u l  i n  analyzing t h e  experimental  data. The s p e c t r a l  

d i s t r i b u t i o n  of t h e  s c a t t e r e d  r a d i a t i o n  i s  discussed by Sa lpe te r  

us ing  t h e  parameter 



where k i s  defined i n  (5-N) and LD i s  t h e  Debye length  defined 

by 

For a cc 1, e l  ec t ron  c o r r e l a t i o n s  do not e x i s t  and t h e  spectrum 

i s  described f u l l y  by t h e  e l e c t r o n  temperature Te and mass me 

a s  shown i n  (5-12) and (5-14). For a >> 1, t h e  spectrum i s  
* 

modified by co-ope4?at ive  i n t e r a c t  ions between t h e  ions and 

e l e c t r o n s  as descr ibed above. The spectrum i n  t h i s  case i s  
I 

composed of a narrow c e n t r a l  l i n e ,  whose width is  determined 

by t h e  Doppler s h i f t  f o r  thermal ion  v e l o c i t i e s ,  f lanked by a  

p a i r  of s a t e l l i t e s  corresponding t o  s c a t t e r i n g  from longi tu-  

d i n a l  e l e c t r o s t a t i c  o s c i l l a t i o n s  i n  t h e  plasma which a r e  

displaced from t h e  c e n t r a l  ion l i n e  by 

where 

L - 

i s  the  plasma frequency. For a thermal plasma t h e  i n t e n s i t y  



ilr-.Y'he s a t e l l i t e s  i s  only 1/a2 of t h e  t o t a l  s c a t t e r e d  rad ia -  

t ion .  Fur ther  d e t a i l s  regarding t h e  l i n e  shape s(!?,w) may 

(69) paper o r  t h e  e x c e l l e n t  review a r t i c l e  be found i n  Sa lpe te r s  . 

by Kunze F8) 

We now discuss  the  l a s e r  induced underwater plasma i n  

terms of t h i s  theory.  Using t h e  S a l p e t e r  theory  (69) t h e  t r a n s i -  

t i o n  from uncorre la ted  t o  co r re la t ed  s c a t t e r i n g  occurs f o r  

a - 1. Thus us ing  (5-15) i n  conjunct ion with (5-16) t o  (5-18) 

we f ind  t h e  t r a n s i t i o n  occurs when 

f o r  0 = 90'. Using our measured plasma temperature of 15, OOO•‹K 

16 3 we f ind  ne - 1.17 x  10 /cm . For e l e c t r o n  d e n s i t i e s  l e s s  

than t h i s  value, c o r r e l a t i o n s  do not e x i s t  and t h e  s c a t t e r e d  

l a s e r  l i n e  should have a Doppler broadened width given by (5-14). 

Even f o r  t h e  r e l a t i v e l y  cool  15,000•‹K plasma temperature 

measured i n  sec t ion  (5-4) t h e  l inewidth  would be blf = 261. 

The measured l inewidth  was l e s s  than  0.2A. Thus t h e  narrow 

s c a t t e r e d  l a s e r  l i n e  could have o r ig ina ted  from ion-e lec t ron  

c o r r e l a t i o n s  provided ne > 1016/cm3. However, we w i l l  now 

show t h a t  t h e  i n t e n s i t y  of t h e  s c a t t e r e d  l a s e r  l i g h t  i s  incon- 

s i s t e n t  with t h i s  assumption. 

I n  terms of t h e  d i f f e r e n t i a l  s c a t t e r i n g  ac ross - sec t ion  we 



wri te  f o r  t h e  s c a t t e r e d  power 

where L i s  t h e  l a s e r  power i n  Watts, dz i s  t h e  i n t e r a c t i o n  

length  of the  l a s e r  l i g h t  i n  the  plasma volume, and do i s  the  

s o l i d  angle  subtended by t h e  de tec to r  a t  t h e  f o c a l  volume. 

Assuming t h a t  s c a t t e r i n g  occurs due t o  t h e  e l e c t r o n s  i n  the  

plasma, then  using (5-11) with gs  = 90' we w r i t e  

The value of d z  , 2.5 x 1 0 - ~ c m  while t h e  s o l i d  angle  d n  , 
1.2 x  and r: = 7.95 x 10 -26 2 cm . Thus f o r  e l e c t r o n  

s c a t t e r i n g  we f ind  

The f r a c t i o n  P/L was measured a s  ( 2  1 1) x l o d 7  l ead ing  t o  an  

22 3 e l e c t r o n  dens i ty  ne -- 10 cm . This  extremely high e l e c t r o n  

d e n s i t y  i s  not r e a l i s t i c  f o r  t h e  fol lowing reasons. 

1. For r a d i a t i o n  t o  penet ra te  a plasma i t s  frequency 

must exceed the  plasma frequency given by 



The l a s e r  frequency i s  %/2n = 4.32 x 101413z leading  t o  a 
- 

21 3 c r i t i c a l  e l e c t r o n  dens i ty  nc = 2.58 x  10  /cm . Thus f o r  

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

would be unable t o  penet ra te  t h e  plasma. I n  f a c t ,  microwave 

measurements of low e l e c t r o n  d e n s i t y  plasmas ind ica te  a s i g n i -  

f  i can t  a t t e n u a t i o n  of t h e  inc ident  r a d i a t i o n  f o r  dens it i e s  

exceeding "c/5. 

2. The number dens i ty  of water molecules i n  t h e  f o c a l  

22 3 volume p r i o r  t o  breakdown i s  3 . 3  x 10 /cm . Thus t h e  c a l -  
22 

culated n, - 10 /cm3 implies almost t o t a l  ion iza t ion  of t h e  
L 

water i n  t h e  f o c a l  volume. Martin(65) has  measured t h e  e l e c -  

t r o n  dens i ty  i n  an underwater spark generated by discharging 

1800 Joules  between e lec t rodes  spaced by 2mm. The e l e c t r o n  

dens i ty  a t  t h e  peak of t h i s  high energy discharge was 4 .5  x  

20 3 10  /cm and t h e  ion iza t ion  l e v e l  never exceeded 3076. Even i f  

t h e  t o t a l  energy of our 1OOM.W l a s e r  pulse  was absorbed t h e  

energy a v a i l a b l e  i s  l e s s  than 2  Joules .  The absorpt ion  d a t a  

of Chapter 4  implies  t h e  energy absorbed i s  very much l e s s  

than 1 Joule .  

3. Ramsden and ~ a v i e s ( ~ ~ )  have shown t h a t  f o r  l a s e r  in-  

duced a i r  sparks over 50% of t h e  inc iden t  l a s e r  energy was 

absorbed i n  t h e  f o c a l  volume. The e l e c t r o n  dens i ty  i n  t h i s  

19 3 case was 5  x 10  /cm . From t h e  absorp t ion  measurements of 



sec t ion  (4-3) it is  doubtful  whether t h e  e l e c t r o n  dens i ty  

occurr ing i n  the  underwater plasma, reaches these  high concen- 

t r a t i o n s  required f o r  s t rong absorpt ion.  This  may a l s o  be 

shown t h e o r e t i c a l l y  a s  follows: S p i t z e r  (74) has shown t h a t  

f o r  a f u l l y  ionized plasma, o p t i c a l  r a d i a t i o n  w i l l  be absorbed 

v ia  t h e  inverse bremsstrahlung process.  That is, t h e  f r e e  

e l e c t r o n s  i n  the  v i c i n i t y  of an  ion o r  atom absorb energy from 

t h e  electromagnetic f i e l d  of t h e  inc ident  r a d i a t i o n  with t h e  

consequent increase i n  energy of t h e  e l e c t r o n  and a  correspon- 

ding decrease i n  t h e  energy of t h e  f i e l d .  The exponent ial  

absorpt ion c o e f f i c i e n t  derived by S p i t z e r  i s  given by 

where ne(ni)  i s  t h e  e l e c t r o n  ( i o n )  d e n s i t y  i n  cm;jv i s  t h e  

frequency i n  Hz, Z i s  t h e  ionic  charge, g  is  t h e  Gaunt f a c t o r  

and Te t h e  e l e c t r o n  temperature. The requirement f o r  s t rong 

absorpt ion of t h e  l a s e r  energy is  t h a t  Kdz > 1 i n  t h e  equat ion 

d?( t )  = - P(o\ ~ d t  

Assuming s ing le  ion iza t ion  and s e t t i n g  t h e  Gaunt f a c t o r  

equal t o  u n i t y  we f i n d  t h a t  t h e  e l e c t r o n  d e n s i t y  requirement 

f o r  s t rong absorpt ion of the  l a s e r  beam i s  



f o r  t h e  r e l a t i v e l y  "coolu e l e c t r o n  temperature of l e v  (11, 6 0 0 ~ ~ ) .  

Thus t h e  e l e c t r o n  dens i ty  i n  a plasma region  with dz = 4 x  10-*cm 

19 must exceed 2.7 x  10  /cm3 f o r  s t rong absorpt ion  t o  occur. 

Thus an e l e c t r o n  dens i ty  ne > 1019/cm3 would s t rong ly  absorb 

t h e  ramaining por t ion  of t h e  l a s e r  pulse  a f t e r  breakdown had 

occurred, i n  agreement with the  experimental  r e s u l t s  of 

Rarnsden and ~ a v i e s ( ~ ~ ) .  This s t rong absorpt ion  w a s  not observed 

i n  underwater sparks.  (See sec t  ion (4-3) ). 

4. F i n a l l y  t h e  image of t h e  l a s e r  l i n e  on t h e  photographic 

p l a t e  extends well  beyond t h e  continuum emitted by t h e  plasma. 

We w i l l  show i n  t h e  next sec t ion  t h a t  t h i s  r e s u l t  together  

with t h e  i n t e n s i t y  and frequency s h i f t  of t h e  s c a t t e r e d  l a s e r  

l i n e  i s  cons i s t en t  with t h e  assumption t h a t  t h e  l a s e r  l i g h t  i s  

s c a t t e r e d  by t h e  r a p i d l y  expanding shock wave. 

5-6 shock Wave S c a t t e r i n g  

We now show t h a t  t h e  data recorded i n  the  preceding sec t ions ,  

regarding t h e  s c a t t e r i n g  of t h e  l a s e r  l i g h t  from t h e  f o c a l  

volume, a r e  cons i s t en t  with the  assumption t h a t  the  l a s e r  l i g h t  

was s c a t t e r e d  from t h e  shock wave accompanying breakdown r a t h e r  

than d i r e c t l y  from t h e  breakdown plasma. 

Be l l  and Landt (16) have shown t h a t  t h e  shock wave o r i g i -  

na t ing  from t h e  c a v i t a t i o n  r e s u l t i n g  from l a s e r  induced break- 

down i n  water has s p h e r i c a l  symmetry. We approximate t h e  

breakdown plasma as a high i n t e n s i t y  po in t  discharge.  The 

spher i ca l  shock wave o r i g i n a t i n g  from a "point  explosion" was 



t r e a t e d  o r i g i n a l l y  by Taylor (75). The r e s u l t s  below a r e  taken 

from Zel l  dovich and Raizer (76). The approach followed by 

Taylor was t o  use dimensional a n a l y s i s  t o  f ind  t h e  so-cal led 

s i m i l a r i t y  va r i ab le  which involves t h e  known i n i t i a l  s t a t e  of 

the  explosion i . e .  t he  energy E r e l eased  and t h e  i n i t i a l  den- 

s i t y  po,  which i s  cons i s t en t  with t h e  equat ion of motion and 

t h e  equation of con t inu i ty  descr ib ing  t h e  shock wave. The 

s i m i l a r i t y  va r i ab le  is  so-ca l led  because v a r i a b l e s  a r e  chosen 

which " f reezef1  t h e  motion of the  shock. That is, ins tead  of 

p l o t t i n g  vrvs. r t o  see t h e  e f f e c t  of shock v e l o c i t y  with 

increasing rad ius  t h e  r a t i o  r/t rep laces  r. This  type of 

motion i n  which t h e  d i s t r i b u t i o n  of t h e  v e l o c i t y  remains similar 

ir time and changes only as a r e s u l t  of changes i n  s c a l e  i s  

c a l l e d  s e l f  -similar. The method of f ind ing  t h e  s i m i l a r i t y  

va r i ab le  appears t o  be one of t r i a l  and e r r o r .  Zel ldovich 

and Raizer (76)  show t h a t  the  dimensionless quan t i ty  

can serve a s  t h e  s i m i l a r i t y  va r i ab le  adequately descr ib ing  t h e  

spher i ca l  shock wave, during i t s  e a r l y  h i s t o r y .  

The shock f r o n t  i s  defined by a given value of t h e  

independent va r i ab le  so. The motion of t h e  wave f r o n t  defined 

by t h e  s i m i l a r i t y  va r i ab le  (5-22) and to  i s  given by 



and 

The value of g o  can only be ca lcu la ted  f o r  very s p e c i a l  cases  

such as t h e  i d e a l  gas. I t s  value i s  o f t e n  determined experimen- 

t a l l y .  The shock va r i ab le  we a r e  most i n t e r e s t e d  i n  i s  t h e  

propagation v e l o c i t y  a s  a funct ion  of time 

A rough est imate of t h e  shock v e l o c i t y  i s  poss ib le  from 

the  height  of the  sca t t e red  l a s e r  l i n e  recorded on the  photo- 

graphic p l a t e  of sec t ion  (5-3). Af ter  accounting f o r  t h e  1 . 5 ~  

magnification the  length  of t h e  l a s e r  l i n e  was lrnm. 

The da ta  recorded i n  chapter  4 does not  f i x  t h e  exact  

moment i n  time when breakdown occurred. However, s ince  t h e  

data reported here w a s  recorded with l a s e r  powers exceeding 

t h e  breakdown threshold by only 10% we may s a f e l y  assume t h a t  

breakdown occurred near t h e  peak i n t e n s i t y  of t h e  l a s e r  pulse.  

Thus the  l a s e r  l i g h t  w a s  s c a t t e r e d  f o r  t h e  remaining approxi- 

mately 30nsec of the  pulse  durat ion.  The shadow graphs of 

Be l l  and Landt (16) ind ica te  a s p h e r i c a l  shock f r o n t  expanding 

outwards from the  plasma. Thus t h e  v e l o c i t y  of t h e  shock 

averaged over t h e  3Onsec dura t ion  of t h e  s c a t t e r i n g  process  
- 6 

is  approximately, v  = F/t = 1.7 x  10  cm/sec. 

A more accura te  es t imate  of t h e  i n i t i a l  shock v e l o c i t y  i s  



poss ib le  us ing  t h e  measured Doppler s h i f t  of t h e  s c a t t e r e d  

l a s e r  l i g h t .  I n  s e c t i o n  (5-3) t h e  l a s e r  l i g h t  s c a t t e r e d  by 

t h e  shock wave was found t o  be s h i f t e d  i n  wavelength by 

0.36H .061 averaged over seve ra l  measurements. The Doppler 

formula l i n k s  t h i s  blue s h i f t  of t h e  l a s e r  l i g h t  t o  t h e  

v e l o c i t y  of the  shock wave through t h e  equat ion 

For t h e  0.361 s h i f t  measured a t  = go0 we c a l c u l a t e  t h e  average 

b s h o c ~  v e l o c i t y  % = (1.1 0.2)  x  10 cm/sec. 

The maximum shock ve loc i ty  determined by Be l l  and Landt 

6  was 0.7 x  10 cm/sec which was measured fol lowing a delay of 

F 70nsec a f t e r  t h e  i n i t i a t i o n  of t h e  brea~down plasma. We have 

shown i n  (5-23) t h a t  t h e  v e l o c i t y  of t h e  expanding shock wave 

i s  propor t ional  t o  t -  3/5. Thus two v e l o c i t i e s  vl and v2 

measured a t  t imes tl and t2 a r e  r e l a t e d  through t h e  equation 

6 S u b s t i t u t i n g  vl = 0.7 x  10  cm/sec a t  tl = 7Onsec and v2 = 

6 1.1 x  10  cm/sec a t  t2 = 3Onsec y i e l d s  v1/v2 = 1.57 f o r  t h e  

l e f t  hand s ide  of the  equat ion while (t2/t113/5 = 1.66 f o r  
- 

t h e  r i g h t  hand s ide .  The agreement is  good. 

It was noted i n  t h e  previous s e c t i o n  t h a t  the  s c a t t e r e d  

l a s e r  i n t e n s i t y  w a s  t oo  high by a t  l e a s t  t h r e e  orders  of magnitude, 



assuming Thomson s c a t t e r i n g  from t h e  plasma e l e c t r o n s  as t h e  

s c a t t e r i n g  mechanism. However, l i q u i d  water s c a t t e r s  o p t i c a l  

r a d i a t i o n  due t o  B r i l l o u i n  s c a t t e r i n g .  Benedek and Greytak (55) 

have shown t h a t  t h e  d i f f e r e n t i a l  s c a t t e r i n g  cross-sec t ion  per  

u n i t  volume a t  room temperature f o r  t h i s  process  i s  

We have shown t h a t  t h e  frequency in teg ra ted  cross-sec t ion  f o r  

Thomson s c a t t e r i n g  i s  given by 

19 Thus an  e l e c t r o n  dens i ty  of ne , 10 /cm3 i s  requi red  t o  equal 

the  s c a t t e r i n g  s t r eng th  o r i g i n a t i n g  i n  t h e  B r i l l o u i n  s c a t t e r i n g  

process.  The high e l e c t r o n  dens i ty  would cause s t rong  absorp- 

t i o n  of t h e  l a s e r  beam as observed by Ramsden and Davies ( 7 3 )  

i n  a i r .  This s t rong absorpt ion  w a s  not observed i n  water. 

The i n t e n s i t y  of the  l a s e r  l i g h t  s c a t t e r e d  from t h e  

foca l  volume w a s  measured with t h e  l a s e r  i n t e n s i t y  reduced 

below t h e  breakdown threshold,  then  t h e  measurement w a s  repeated 

with t h e  l a s e r  i n t e n s i t y  r a i sed  t o  j u s t  exceed t h e  breakdown 

threshold .  The s c a t t e r e d  power i s  aga in  given by 



Using t h e  B r i l l o u i n  s c a t t e r i n g  c ross - sec t ion  of Benedek and 

Greytak and s u b s t i t u t i n g  t h e  experimental  parameters do = 

1.2  x  and dz = 4 x 10-~cm.  y i e l d s  t h e  t h e o r e t i c a l  s c a t t e r e d  

power r a t i o  

The measured r a t i o  of P/L below t h e  breakdown threshold w a s  

P/L , (7  1 2 )  x  lo-'. This i s  i n  f a i r  agreement with t h e  

t h e o r e t i c a l  value. When t h e  l a s e r  power was ra i sed  above t h e  

breakdown threshold,  t h e  s c a t t e r e d  l a s e r  power increased 

sharply  t o  P/L , ( 2  + 1) x as s t a t e d  previously.  

This  sharp increase i n  t h e  s c a t t e r e d  l a s e r  l i g h t  i s  

cons i s t en t  with t h e  previous da ta  of t h i s  s e c t i o n  which 

ind ica tes  t h a t  t h e  s c a t t e r i n g  o r i g i n a t e s  from t h e  s t rong shock 

f r o n t  accompanying breakdown. Zel f dovich e t  a l .  (77) have 

shown t h a t  f o r  water explos ive ly  shocked t o  pressures  exceeding 

5Okbar, t h e  shock f r o n t  r e f l e c t s  l i g h t  due t o  t h e  increased 

index of r e f r a c t i o n  occurr ing i n  t h e  shock f r o n t .  The r e f l e c -  

t i v i t y  was shown t o  obey Fresnel l  s  r e f l e c t i o n  equations.  

We conclude the re fo re  t h a t  t h e  l a s e r  l i g h t  s c a t t e r e d  from 

t h e  f o c a l  region during l a s e r  induced breakdown i n  water, was 

r e f l e c t e d  from t h e  r a p i d l y  expanding s p h e r i c a l  shock f r o n t .  



CONCLUDING REMARKS 

6-1 Summary 

I n  t h e  preceding chapters  we have presented a s tudy of 

t h e  gross  f e a t u r e s  of l a s e r  induced breakdown i n  l i q u i d  water. 

It w a s  hoped t h a t  t h e  d e t a i l e d  t h e o r i e s  deve'loped t o  expla in  

breakdown i n  gases, could be extrapolated ' ,  t o  descr ibe  t h e  

breakdown f e a t u r e s  i n  l i q u i d s .  However, t h e  breakdown pheno- 

mena occurr ing  i n  water had very l i t t l e  i n  common with break- 

down i n  gases.  This  w a s  due i n  p a r t  t o  t h e  competing e f f e c t s  

occurr ing simultaneously with breakdown i n  l i q u i d s  such as 

SBS. These competing e f f e c t s  e i t h e r  do not occur o r  a r e  very 

weak i n  gases,  and can be neglected.  

Real gases  ( inc luding  a i r )  have been adequately described 

( 2 )  using  t h e  simple i d e a l  gas l a w  f o r  t h e  equat ion of s t a t e  . 
There i s  no s ingle ,  simple equat ion  of s t a t e ,  which descr ibes  

t h e  p r o p e r t i e s  of l i q u i d  water a t  t h e  high p ressu res  occurr ing 

during l a s e r  induced breakdown. Several  empir ical  equat ions 

of s t a t e  e x i s t  but  they  u s u a l l y  apply over l i m i t e d  pressure  

ranges and o f t e n  a r e  presented as t a b l e s  of measured thermo- 

dynamic funct ions .  See f o r  example t h e  Rice and Walsh (64 

equat ion of s t a t e .  

We can conclude however t h a t  t h e  l a s e r  induced underwater 



breakdown region had t h e  following p roper t i e s :  

1. The breakdown region was composed of seve ra l  d i s c r e t e  

c o l l i n e a r  breakdown plasmas loca ted  near t h e  geometrical  focus 

of t h e  l e n s .  The number of dist inctbreakdown plasmas was 

found t o  be a funct ion  of t h e  l a s e r  power used. These obser- 

va t ions  were found t o  be adequately explained us ing  a model 

proposed by Evans and Morgan (47) who ca lcu la ted  t h e  i n t e n s i t y  

d i s t r i b u t i o n  near the  geometrical  focus, t ak ing  i n t o  account 

t h e  e f f e c t s  of spher i ca l  a b e r r a t i o n  introduced by t h e  focusing 

l ens .  

2. Each d i s c r e t e  breakdown region yielded an in tense  

white 1 i g h t  pulse  las t  ing approximately 40nsec. The radiance 

of t h i s  l i g h t  pulse  w a s  measured spec t rographica l ly  and found 
- 

t o  be a continuum completely f r e e  of l i n e  spec t ra  i n  t h e  range 

of wavelengths, 350nm t o  g00nm. The continuum emitted l i k e  a 

blackbody with an  equivalent  temperature of 15, OOO•‹K. 

3. The c a v i t a t i o n  of t h e  water accompanying breakdown 

r e s u l t e d  i n  a s t rong  s p h e r i c a l  shock wave. Due t o  t h e  incom- 

p r e s s i b i l i t y  of water, t h i s  shock wave produced shock v e l o c i t i e s  

exceeding l o 6  cm/sec during t h e  f i r s t  lOOnsec which l eads  t o  

est imated pressures  exceeding lo5  kbars  us ing  t h e  Rice and 

Walsh (64) equat ion of s t a t e  f o r  water. This  shock wave c a r r i e s  

of f  most of t h e  i n t e r n a l  energy generated i n  t h e  breakdown 

region. 

4. Absorption measurements of t h e  l a s e r  l i g h t  t ransmi t ted  

through t h e  breakdown plasma indica ted  an  e l e c t r o n  dens i ty  of 



18 3 l e s s  than  10 /cm . That is, l i t t l e  o r  no absorpt ion  of t h e  

l a s e r  l i g h t  occurred. Attempts t o  o b t a i n  a more accura te  

f igure  f o r  the  e l e c t r o n  d e n s i t y  by measuring t h e  l a s e r  l i g h t  

s c a t t e r e d  by t h e  plasma region were unsuccessful.  This was 

due t o  the  very shor t  l i f e t i m e  (- 40nsec) of t h e  continuously 

changing e l e c t r o n  d e n s i t y  and t h e  f a c t  t h a t  t h e  shock f r o n t  

s c a t t e r s  a much l a r g e r  f r a c t i o n  of t h e  inc ident  l a s e r  l i g h t  

than t h e  e l ec t rons  of t h e  plasma. 

6-2 Suggestions f o r  f u r t h e r  Work 

Problems r e l a t e d  t o  l a s e r  induced breakdown occurr ing i n  

water (and probably l i q u i d s  i n  genera l )  p resen t  seve ra l  a r e a s  

f o r  f u r t h e r  study. The shock wave and t h e  exceedingly high 

p ressu res  it induces o f f e r s ,  i n  t h e  au thors  opinion, t h e  most 

i n t e r e s t i n g  a r e a  f o r  study. We o u t l i n e  poss ib le  problems 

u t i l i z i n g  t h e  breakdown plasma below: 

1. Shock veloc i t g  measurements. Accurate measurements 

of t h e  r a p i d l y  expanding shock wave would be poss ib le  us ing  

a mode locked l a s e r  as a Schl ie ren  l i g h t  source. Alcock and 

COWOrkerS (78) a t  t h e  National Research Council i n  Ottawa have 

accura te ly  measured t h e  shock v e l o c i t i e s  occurr ing during 

t h e  f i r s t  hundred nanoseconds fol lowing l a s e r  induced break- 

down i n  a i r .  Using a mode locked l a s e r  as the  l i g h t  source 

yielded a 400 nsec long t r a i n  of pu l ses  with indiv idual  pulses  

spaced by 5.5 nsec and having a dura t ion  of 5 psec. Thus t e n  

or  more shock f r o n t s  appear i n  a s i n g l e  photograph of a s i n g l e  

'X 



breakdown region. 

When mul t ip le  c o l l i n e a r  breakdown regions occur as discussed 

i n  Chapter 4 it should be poss ib le  t o  determine, a t  what poin t  

i n  time the  breakdown regions occur r e l a t i v e  t o  t h e  appearance 

of the f i r s t  breakdown region occurr ing  a t  t h e  threshold  power. 

This would al low a f u r t h e r  check on t h e  a b e r r a t i o n  theory of 

Evans and Morgan (47) which p r e d i c t s  a delay of approximately 

3 t o  10 nsec between t h e  appearance of successive breakdown 

regions. 

Panarel la  and ~ a v i c ( ~ ~ )  have derived a theory  which 

should descr ibe t h e  shape and v e l o c i t y  of t h e  shock during 

i t s  e a r l y  development. With t h e  accura te  shock v e l o c i t i e s  

measured using t h e  method descr ibed above t h i s  theory could 

be e a s i l y  checked. 

For times g r e a t e r  than  100 nsec t h e  shock v e l o c i t y  could 

be measured us ing  a second ruby l a s e r  t r i g g e r e d  by t h e  l a s e r  

producing the  breakdown. With s u i t a b l e  delays t h e  e n t i r e  h i s -  

t o r y  of t h e  shock wave could be recorded a t  l e a s t  u n t i l  it 

interacted with t h e  conta iner  wal l s .  

2. Equations of S t a t e .  The in tense  shock wave generated 

i n  the  breakdown region could be reshaped, us ing  an  acous t i c  

lens,  i n t o  a plane shock f r o n t .  Then a second l a s e r  t r igge red  

by the f i r s t  l a s e r  could be used t o  measure t h e  SBS s c a t t e r e d  

by the  shocked l i q u i d .  The Stokes s h i f t  of t h e  back s c a t t e r e d  

wave i s  given i n  t h i s  case by (80)  



instead of the  usual  formula i n  an  unshocked l i q u i d  

where vs i s  the  v e l o c i t y  of sound i n  t h e  unshocked l i q u i d  us 

i s  t h e  ve loc i ty  of t h e  shock f ron t ,  u i s  t h e  p a r t i c l e  (o r  
P  

"p i s ton" )  v e l o c i t y  d r iv ing  the  shock (up < U s )  nl i s  t h e  index 

of r e f r a c t i o n  of t h e  unshocked l i q u i d  and n2 i s  t h e  index i n  

the  shocked l i q u i d .  

This  experiment would allow a t  l e a s t  t h e  determinat ion 

of t h e  index of r e f r a c t i o n  of l i q u i d s  under high t r a n s i e n t  

pressures .  S t a t i c  measurements a r e  d i f f i c u l t  t o  perform above 

pressures  of 100 kbar. The shocks r e s u l t i n g  from breakdown 

develop pressures  exceeding lo5 kbar.  

Preliminary work along these  l i n e s  has r e c e n t l y  been 

reported (80) us ing  explosive devices t o  generate  the  shocK wave. 

3. Stimulated B r i l l o u i n  Sca t t e r ing .  The e f f i c i e n t  con- 

vers ion  of incident  l a s e r  l i g h t  t o  back s c a t t e r e d  SBS has pre-  

v ious ly  been r e s t r i c t e d  t o  l i q u i d s  with exceedingly low threshold 

powers such as CS2 (60) ,  This r e s t r i c t i o n  w a s  due t o  t h e  high 

thresholds  f o r  SBS i n  o ther  l i q u i d s  and t h e  onset of breakdown 

o r i g i n a t i n g  on suspended p a r t i c u l a t e  matter  occurr ing before 

the  SBS wave has s u f f i c i e n t  l a s e r  power t o  develop. 



Using t h e  closed cycle  f i l t e r i n g  system descr ibed i n  

Chapter 3 t o  c leanse  l i q u i d s  of fo re ign  mate r i a l  it should be 

poss ib le  t o  s tudy SBS aud t h e  nonl inear  p r o p e r t i e s  of l i q u i d s  

with small nonl inear  c o e f f i c i e n t s  such as water and CC14.  It 

may a l s o  be poss ib le ,  a t  l e a s t  f o r  focused beams, t o  observe 

~ e l f - t r a ~ ~ i n ~ ( ~ ~ )  i n  the  so-ca l led  non-self -focusing l i q u i d s  

provided breakdown does not occur f i r s t .  

4. Elec t ron  Density Measurements. Alcock and Ramsden @ I  
described a  Mach-Zehnder in ter ferometer ,  us ing  a Q-switched 

l a s e r  a s a l i g h t  source, used t o  measure e l e c t r o n  d e n s i t i e s  

occurr ing i n  t h e  a f t e r  glow of a l a s e r  induced a i r  spark. 

It may be poss ib le  t o  adapt t h i s  system t o  measure t h e  

e l e c t r o n  dens i ty  occurr ing i n  t h e  l a t e r  s t a g e s  of t h e  l a s e r  

induced underwater Spark. However t h e  small s i z e  of t h e  under- 

water spark, i t s  very shor t  l i f e t i m e  and t h e  problems assoc ia ted  

with t h e  index change r e s u l t i n g  from t h e  shock wave accompanying 

breakdown may r e q u i r e  t h e  use of t h e  very shor t  pulses  a v a i l a b l e  

from a mode locked l a s e r .  This  would requ i re  s e l e c t i n g  a s i n g l e  , 

picosecond pulse  ( 8 2 )  a t  t h e  des i red  time t o  probe t h e  plasma. 

This i s  a formidable problem. 

5. Use of t h e  Plasma as a Light Source. The l a s e r  induced 

underwater spark w a s  shown i n  Chapter 4 t o  be very shor t  l i v e d  

(- 40 nsec FWHM). This  exceeding in tense  t r a n s i e n t  l i g h t  source 

could be used t o  measure o p t i c a l  e f f e c t s  i n  ma te r i a l s  under 

in tense  but s h o r t  l i v e d  i l luminat ion .  



Novak and Windsor ( 8 3 )  have used t h e  l a s e r  generated a i r  

spark t o  measure broadband absorpt ion  i n  l i q u i d s  exci ted  by 

t h e  same ruby l a s e r  which crea ted  t h e  spark. G i l l  and cowork- 

e r s  (84) measured d r i f t  mobil i ty  i n  semiconductors under t r a n s -  

i e n t  e x c i t a t i o n  of a i r  sparks. 

I n  both cases,  a shor te r  l ived ,  f a s t e r  r i se t ime  l i g h t  

source~~would have been des i rable .  The underwater Spark f u l f i l l s  

these  requirements. 
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APPENDIX A 

LASER OPTICAL FREQUENCY RESONATORS 

A - 1  I n t r o d u c t i o n  

A Laser o p t i c a l  r e sona to r  is, i n  p r i n c i p l e ,  no d i f f e r e n t  

from i t s  low frequency microwave coun te rpa r t .  However, due 

t o  t h e  ve ry  s h o r t  wavelength of a ruby l a s e r  (1 rV T C L ) ,  t h e  

mode d e n s i t y  i s  ve ry  h igh  and given by (85) 

where dv i s  t h e  f requency bandwidth of t h e  f l u o r e s c e n t  l i n e .  

Thus, t h e  number of modes t h a t  f a l l  w i t h i n  t h e  f l u o r e s c e n t  

l i newid th  of ruby (by = 333GHz a t  300•‹K) a t  v = 4.32 x 1014 Hz 

3 is about  2 x 1 0 l o  modes/cm . I n  a c losed  r e s o n a t o r  t h e s e  

modes would have e s s e n t i a l l y  t h e  same Q s o  t h a t  t h e y  would 

i n t e r a c t  e q u a l l y  w i th  t h e  atoms of t h e  medium i n s i d e  t h e  r e s o -  

i na to r .  

> 

The o p t i c a l  r e sona to r  i s  a n  open r e s o n a t o r  i . e .  t h e  f o u r  

"side-walls" have been removed. Such a r e s o n a t o r  w i l l  d i s c r i -  

minate h e a v i l y  a g a i n s t  modes whose energy propaga tes  a long  
- 

d i r e c t i o n s  o t h e r  t h a n  t h e  remaining two "end w a l l s " .  These 
rn 

1 end w a l l s  a r e  t h e  m i r r o r s  of t h e  open o p t i c a l  r e sona to r .  Thus, 

on ly  t hose  modes propaga t ing  i n  a d i r e c t  ion  e s s e n t i a l l y  normal 

t o  t h e  m i r r o r s  w i l l  have a h igh  Q. 



Carrying t h i s  microwave analogy one s t e p  f u r t h e r  it i s  

poss ib le  t o  es t imate  the  long i tud ina l  and t r ansverse  frequency 

d i f fe rences  of t h e  elec.tromagnetic f i e l d  conf igura t ions  over 

t h e  surface of the  output mirror.  Assuming plane-waves ins ide  

a  p e r f e c t  d i e l e c t r i c  waveguide of l eng th  L and c i r c u l a r  c ross-  

sec t ion  r, waveguide theory p r e d i c t s  t h a t  resonant f requencies  

can be determined from the  resonance equat ion ( 8 6 )  

where X i s  the  g t h  zero of the  Bessel  funct ion  of order  p 
p l  

 modes ) o r  i t s  der iva tu re  (TM modes). The long i tud ina l  
p l  

mode separa t ion  i n  e i t h e r  case is  found by s e t t i n g  = 0, 

p  = 0  and def in ing  X = 0. Thus t h e  frequency separa t ion  
00 

between long i tud ina l  ( a x i a l )  modes ( q  + 1) and q  i s  

where d 
opt 

i s  t h e  o p t i c a l  d i s t ance  between t h e  l a s e r  mirrors .  
, 

For d 
opt 

= 50cm ( t y p i c a l )  A V  = 300MHz. The higher  order  
2 2 t r ansver se  modes a r e  those modes f o r  which + p  # 0. The 

f i r s t  o f f - a x i s  mode i s  t h e  TMol mode. We can c a l c u l a t e  t h e  

separa t ion  of t h i s  f i r s t  o f f -ax i s  mode from t h e  a x i a l  mode 

f o r  t h e  same l a r g e  value of q as follows. The a x i a l  mode has 

wave vec tor  



while t h e  TMol mode has wave vec tor  

leading  t o  

Now assuming v vo ( e .  kl ko)  we may apply the  approxi- 
2 2 mation k1 - ko 2ko(k1 - k o )  Then convert ing t o  u n i t s  

of frequency, 

where v i s  cen t re  frequency of t h e  l a s e r  emission. 
0 

It w i l l  be shown s h o r t l y  t h a t  a t y p i c a l  value of r = 2mm. 

S e t t i n g  the  d e r i v a t i v e  of the  Bessel  funct ion  Jo l (k r )  equal 

t o  zero a t  r l e a d s  t o  Xol = 2.405. S u b s t i t u t i n g  t h e  known 

parameters f o r  ruby we f ind  f o r  t h e  spacing of t h e  o f f -ax i s  

We w i l l  show i n  t h e  next s e c t i o n  t h a t  t h e  more exact 

a n a l y s i s  y i e l d s  very s i m i l a r  but  by no means i d e n t i c a l  r e s u l t s .  

A-2 Wave Analysis of Laser Resonator 

Theore t i ca l  s t u d i e s  of the  modes of l a s e r  resonators  have 

been made by Fox and ~ i ( ~ ~ ) ,  Boyd and Gordon (87), and Boyd and 



Kogelnik (23) .  Excel lent  reviews of t h e s e  and over 200 o the r  

con t r ibu t ions  t o  t h e  theory  of l a s e r  resonators  a r e  those of 

Kogelnik (88) and Kogelnilt and ~ i ( ~ ~ ) .  The t h e o r e t i c a l  o u t l i n e  

presented here follows c l o s e l y  t h e  review by Kogelnik and L i  (89) .  

We s h a l l  r e s t r i c t  t h e  d e t a i l e d  d i scuss ion  t o  t h e  lowest 

order  TEM mode. The de r iva t ion  of t h e  higher  order  modes 
ooq 

w i l l  only be sketched here; however t h e  i n t e r e s t e d  reader  w i l l  

f i nd  d e t a i l e d  c a l c u l a t i o n s  i n  r e fe rences  (85), and (22) ,  (87) ,  

(88)Y (89) .  

By analogy t o  t h e  waveguide theory  ou t l ined  i n  t h e  i n t r o -  

duct ion t o  t h e  Appendix we can d i scuss  t h e  l a s e r  modes i n  terms 

of a s e t  of f i e l d  conf igura t ions  over t h e  sur faces  of t h e  r e f l e c -  

t o r s .  Such a f i e l d  conf igura t ion  i s  c a l l e d  a t r ansverse  mode 

i f  a f t e r  propagation from one r e f l e c t o r  t o  t h e  o ther  and back, 

t h e  f i e l d  r e t u r n s  with t h e  same s p a t i a l  p a t t e r n  mul t ip l ied  by 

a  complex number t h a t  g ives  t h e  t o t a l  phase s h i f t  (imaginary 

p a r t )  and l o s s  ( r e a l  p a r t )  of t h e  round t r i p .  For every such 

t r ansverse  mode t h e r e  i s  a sequence of long i tud ina l  modes f o r  

which t h e  round t r i p  phase s h i f t  i s  a n  i n t e g r a l  mul t ip le  of 2*. 

Since t h e  waves a r e  nea r ly  plane waves t h e  spacing of longi tu-  

d i n a l  modes f o r  a given t r ansverse  mode i s  

where d 
opt 

i s  t h e  o p t i c a l  d i s t ance  between t h e  mir rors  and 

c  i s  the  vacuum v e l o c i t y  of l i g h t .  



The problem of f inding  t h e  t r ansverse  modes has been 

at tacked i n  two ways. The o r i g i n a l ,  and now c l a s s i c ,  approach 

by Fox and L i  (22 )  used , the  s c a l a r  formulat ion of Huygen' s p r in -  

c i p l e  ( 3 0 )  t o  compute the  f i e l d  a t  one mir ror  caused by the  

i l luminat ion  of t h e  other .  The r e t u r n  f i e l d  conf igura t ion  

i s  s i m i l a r i y  ca lcu la ted  and i s  then  requi red  t o  match, wi th in  

a  constant ,  t h e  i n i t i a l  f i e l d  conf igura t ion .  The beauty of 

t h i s  technique i s  t h a t  d i f f r a c t i o n  l o s s e s  can be " b u i l t - i n t o "  

the  r e s u l t i n g  i n t e g r a l  equation. Fur ther  t h e  i n t e g r a l  equat ion 

can be solved numerically al lowing s o l u t i o n s  where a n a l y t i c a l  

methods a r e  unavai lable  and/or f a i l .  The plane p a r a l l e l  o p t i -  

c a l  resonator  does not have an a n a l y t i c a l  s o l u t i o n  o r i g i n a t i n g  

i n  Maxwells equat ions and i f  p r e c i s e  r e s u l t s  a r e  required a  

s o l u t i o n  must be found numerically us ing  t h e  methods of Fox and 

L i  (22) .  The o the r  method seeks simple s o l u t i o n s  t o  Maxwells 

equations.  These so lu t ions  t ake  t h e  form of narrow beams near 

the  o p t i c  a x i s ,  which a r e  required t o  have phase f r o n t s  with 

the  same rad ius  of curvature as t h e  r e f l e c t i n g  su r faces  ( m i r r o r s ) .  

That i s  t h e  mir rors  i n t e r s e c t  t h e  beam everywhere perpendicu- 

l a r  t o  t h e  l o c a l  d i r e c t i o n  of propagation, thereby ensuring t h e  

r e f l e c t i o n  of t h e  beam back along i t s e l f .  

Let us  consider  t h e  simple beam s o l u t i o n s  t o  Maxwells 

equat ions. Following any s tandard t e x t  on electromagnetic 

theory (86) it i s  known t h a t  a f i e l d  component or  p o t e n t i a l  u  

of a coherent wave with s inuso ida l  time dependence u = u(x,y, z )  

e  -jwt s a t i s f i e s  t h e  s c a l a r  wave equat ion 



where, i f  t h e  medium i s  l o s s l e s s ,  k = w/c = 2 = / ~  i s  t h e  propa- 

ga t ion  cons tan t .  Since t h e  d e v i a t i o n  of t h e  f i e l d  component 

u  from a p lane  wave i s  small f o r  l i g h t  t r a v e l l i n g  i n  t h e  z -d i -  

r e c t i o n  one w r i t e s  (89 ) 

where ~r i s  a s lowly vary ing  complex f u n c t i o n  which r e p r e s e n t s  

t h e  d i f f e r e n c e  between a l a s e r  beam and a p l ane  wave, namely: 

a non-unif orm i n t e n s i t y  d i s t r i b u t i o n ,  expansion of t h e  beam 

with  d i s t ance  of propagat ion,  cu rva tu re  of phase f r o n t ,  and 

o the r  d i f f e r e n c e s  d i scussed  below. I n s e r t i n g  (A-2) i n t o  (A-1) 

one ob ta ins  

where it has  been assumed t h a t  ~r v a r i e s  s lowly  wi th  Z and t h a t  
2 2  i t s  second d e r i v a t i v e  a $/az , 0. The d i f f e r e n t i a l  equa t ion  

( A - 3 )  has a form similar t o  t h e  t ime dependent Schroedinger 

equation.  A s o l u t i o n  t o  ( A - 3 )  i s  (89 ) 



The parameter P ( z )  r e p r e s e n t s  a complex phase s h i f t  which is  

a s soc i a t ed  wi th  t h e  propaga t ion  of t h e  l i g h t  beam and q ( z )  

i s  a complex beam parameter which d e s c r i b e s  t h e  Gaussian v a r i -  

a t i o n  i n  i n t e n s i t y  wi th  d i s t a n c e  r from t h e  o p t i c  a x i s ,  as w e l l  

as t h e  cu rva tu re  of t h e  phase f r o n t  which is s p h e r i c a l  near  

t h e  a x i s .  If (A-4) i s  i n s e r t e d  i n t o  ( A - 3 )  a quad ra t i c  i n  r 

r e s u l t s  and a f t e r  comparing terms of  equa l  powers of r one 

o b t a i n s  t h e  r e l a t i o n s  

where t h e  prime i n d i c a t e s  d i f f e r e n t i a t i o n  wi th  r e s p e c t  t o  z.  

The i n t e g r a t i o n  of (A-6) y i e l d s  

which r e l a t e s  t h e  beam parameter q2 i n  one p lane  (ou tpu t  p l a n e )  

t o  parameter ql ( i n p u t  p l a n e )  s epa ra t ed  from t h e  f i r s t  by a 

d i s t a n c e  z. Compare t h i s  r e s u l t  t o  t h e  r a d i u s  of cu rva tu re  

of two phase f r o n t s  o r i g i n a t i n g  from t h e  same p o i n t  source  and 

separa ted  by a d i s t a n c e  z  a long  t h e  o p t i c  a x i s  i. e.  

Rx = R r + 2  

A - 3  Fundamental Mode 

The i n t e n s i t y  of t h e  coheren t  beam de f ined  by equa t ion  

(A-4) I - ) ( I  obvious ly  has  a Gaussian p r o f i l e .  It i s  no t  

t h e  only  s o l u t i o n  t o  (A-3) b u t  it i s  t h e  lowest  o rde r  s o l u t i o n  



cal led the  'Ifundamental modeM as compared t o  higher  order 

t ransverse modes t o  be discussed l a t e r .  We now consider  t h e  

fundamental mode i n  more d e t a i l .  

It proves convenient t o  introduce two r e a l  beam parameters 

R and w r e l a t e d  t o  t h e  complex parameter q ( z )  by (89 

(c .  f .  t ransformat  ion of a spher i ca l  wave with input r ad ius  R1 

1 1  passing through a l e n s  of f o c a l  l eng th  f ,  = - $). When 

(A-9) i s  s u b s t i t u t e d  i n t o  ( A - 4 )  we ge t  

The f i r s t  term above, (1) conta ins  t h e  phase information of 

the propagating mode while t h e  second term, ( 2 )  shows t h e  

va r i a t ion  of amplitude with r ad ius  r. From what has been sa id  

above ( see  statement fol lowing (A-9)) we see t h a t  R(z)  is  t h e  

radius of curvature of the  wave f r o n t  t h a t  i n t e r s e c t s  t h e  a x i s  

a t  z and w ( z )  i s  a measure of t h e  decrease of t h e  f i e l d  ampli- 

tude E with d i s t ance  from the  a x i s .  This  decrease i s  Gaussian 

in  form a s  shown i n  (A-10) and is  p l o t t e d  i n  Fig. ( A - 1 ) .  Note 

t h a t  when r = w t h e  amplitude f a l l s  t o  l / e  t imes t h a t  on the  

axis .  

The parameter w is  o f t e n  c a l l e d  t h e  beam rad ius  o r  

' 'spot s i z e "  and 2w t h e  beam diameter. 
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The Gaussian beam c o n t r a c t s  t o  a minimum diameter  2wo 

a t  t h e  beam wais t  where t h e  phase f r o n t  i s  plane.  If one mea- 

s u r e s  z from t h i s  waist, t h e  expansion l a w s  f o r  t h e  fundamental 

mode ensue. The complex beam parameter a t  t h e  beam waist is  

p u r e l y  imaginary ( R  = i n  (A-9)) .  

Using ( A - 8 )  we can c a l c u l a t e  q a d i s t a n c e  z away from t h e  waist 

I&+ 3 (A-12) 

Combining (A-12), ( A - 1 1 )  and ( A - 9 )  and a f t e r  equa t ing  r e a l  and 

imaginary p a r t s  we f i n d  

Figure  (A-2) shows t h e  expansion of t h e  beam accord ing  t o  ( A - 1 3 ) .  

The c r o s s - s e c t i o n  of t h i s  s i d e  view of t h e  beam i s  of course  

Gaussian. 

I.: The beam contour  w(z)  i s  a hyperbola  w i th  asymptotes 

Th i s  i s  t h e  far f i e l d  ha l f -cone  d i f f r a c t i o n  ang le  of t h e  funda- t 

I' mental mode. 



It i s  i n t e r e s t i n g  t o  note t h a t  i f  g i s  small 

where Do i s  t h e  beam diameter of t h e  fundamental mode a t  t h e  

heam wais t .  Compare t h i s  r e s u l t  with t h e  angle  of t h e  f i r s t  

minimum i n  t h e  Airy d i f f r a c t i o n  p a t t e r n  of plane waves i n c i -  
I 

dent on a c i r c u l a r  ape r tu re  of diameter D i. e .  ed - 1.22i/D. 
A r e s u l t  t o  be expected s ince  t h e  fundamental mode is  a plane 

wave a t  t h e  beam waist .  The s l i g h t  d i f f e rence  i n  t h e  constant  

i s  due t o  t h e  fundamental mode i n t e n s i t y  being Gaussian ins tead  

of uniform a c r o s s  t h e  Ifaperture".  

To c a l c u l a t e  the  complex phase s h i f t  a d i s t ance  z away 

from t h e  wais t ,  one i n s e r t s  (A-12) i n t o  ( A - 7 )  t o  ge t  

I n t e g r a t i o n  of t h i s  equation y i e l d s  

and us ing  t h e  i d e n t i t y  a - jb = r e  -" where r = a2 + b  2  

@ = tan- l(b/a)  so  t h a t  I n  r e - J @  = an r - jl w e  ge t  



The r e a l  p a r t  of P ( z )  r ep resen t s  a phase s h i f t  d i f f e rence  @ 
I 
I between t h e  Gaussian beam and an  i d e a l  plane wave while t h e  I 
, imaginary p a r t  produces an amplitude f a c t o r  (wo/w) which gives 

the  expected i n t e n s i t y  decrease on t h e  a x i s  due t o  t h e  expan- 

I s ion  of t h e  beam. With t h e  r e s u l t s  of (A-12) and ( A - 1 7 )  t h e  

fundamental Gaussian beam (A-2) can be w r i t t e n  

bcr,a\ = & eyp 
CIJ 

A - 4  Higher Order Modes - Cyl indr ica l  Geometry 

For a l a s e r  system with t h e  usual  c y l i n d r i c a l  symmetry 

( z )  Boyd and ~ o ~ e l n i K ( ~ ~ )  used as a t r i a l  s o l u t i o n  t o  (A-3) 

Af ter  considerable  c a l c u l a t i o n  they  found 

where L ' i s  a general ized Laguerre polynomial and p and 
P - 

a r e  t h e  radial  and angular  mode numbers. L ' (x )  obeys t h e  
P  

' d i f f e r e n t i a l  equation 

Some polynomials of low order  a r e  



The parameter R(z) i n  (A-18) i s  t h e  same f o r  a l l  modes 

implying t h a t  t h e  phase-front curvature i s  t h e  same and changes 

i n  the  same way f o r  modes of a l l  orders .  This r e s u l t  i s  due 

t o  t h e  requirement t h a t  t h e  curved mirror  sur face  must have 

the  same radius  of curvature a s  t h e  beam mode i f  t h e  beam is  

t o  r e f l e c t  back exac t ly  along i t s e l f .  The phase s h i f t  4, 

however, i s  a funct ion  of t h e  mode numbers 

Note t h a t  t h i s  r e s u l t  reduces t o  (A-19) when p  = 0, 1 = 0  

a s  required.  

A-5 Ontical  Resonators 

The most commonly used l a s e r  resonators  a r e  composed of 

two spher i ca l  ( o r  f l a t )  mir rors  o r  one s p h e r i c a l  and one f l a t  

mirror,  fac ing  each o ther .  I f  t h e  formulae we have developed 

a r e  t o  be usefu l ,  we should be a b l e  t o  c a l c u l a t e  t h e  beam para- 

meters R and w and the  frequency separa t ion  of t h e  modes i n  

terms of the  known r a d i i  of curvature of t h e  mir rors  and t h e i r  

separat ion.  The beam parameters R and w can be ca lcu la ted  i n  

terms of the  mirror  r a d i i  -R1 -and +R2 us ing  ( A - 1 4 )  



where t h e  s i g n  convention t h a t  R(z) i s  p o s i t i v e  i f  it i s  convex 

when viewed from z  = + i s  used. 

Solving t h e s e  equa t ions  we g e t  

Taking t h e  mir ror  spac ing  as d = Z2 

F t h e  beam diameters  on t h e  mirrors. 

Fur the r  t h e  diameter  of t h e  , 

(A-24) 

we c a l c u l a t e  

2wl and 2w2 a r e  given by . 

R, -Id 
R+;d R,+Rz-d 
beam waist 2wo i s  g iven  by 

F i n a l l y  t h e  ve ry  u s e f u l  beam parameter zo = nwo'/X can be 

determined from t h i s  las t  equa t ion  



Since t h e  s i g n s  of R1 and R2 were t a k e n  c a r e  of i n  d e r i v i n g  

equa t ions  (A-25) t o  (A-28) on ly  t h e  magnitudes a r e  s u b s t i t u t e d  

t o  c a l c u l a t e  t h e  beam diameters .  (See F ig .  A - 3 ) .  

A-6  Resonance Frequencies 

The resonance f requenc ies  of t h e  o p t i c a l  r e s o n a t o r s  a r e  

determined by t h e  cond i t i on  t h a t  t h e  phase d e l a y  a s s o c i a t e d  

wi th  a two- re f l ec t ion  round t r i p  be equa l  t o  a n  i n t e g r a l  mu l t i -  

p l e  of 2n. Another way of p u t t i n g  t h i s  i s  t h a t  resonance 

occurs  when t h e  phase s h i f t  from one m i r r o r  t o  t h e  o t h e r  i s  

a mul t ip l e  of m. Taking t h e  mi r ro r  p o s i t i o n s  a t  zl = -dl and 

z2 = d2 and u s i n g  ( A - 1 8 )  and (A-23) we f i n d  

where dl + d2 = d and q  i s  a n  i n t e g e r ,  k d  = - 2nd = (2d)nv.  - 
X C 

Only two c a s e s  i n t e r e s t  u s  h e r e :  (1) bo th  m i r r o r s  w i th  

equa l  cu rva tu re  R >> d s o  t h a t  dl = d2 = d/2 l e a d i n g  t o  

- 
-\  d 

= ad  + b (2hp+hk)tan ( lZZ4 
(A-29 ) ;to' = 12~-d)d/4 

and ( 2 )  one p lane  mir ror  (R2 = a) and one s p h e r i c a l  mi r ro r  

(R1 = R ) .  I n  t h i s  case  wl = Wo s o  t h a t  d2 = 0  and dl = d  

l e a d i n g  t o  - 
A = c 

ad + +f (2 ap + bl) kG' (%b) 

- d R -  4) (A-30) 
%, - 
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Equations ( A - 2 5 )  t o  ( A - 3 0 )  c o n s t i t u t e  the  working equat ions 

used i n  determining t h e  beam parameters R, wo, z and frequency 

separa t ions  ~v on working l a s e r s .  
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APPENDIX B 

AND N i  SO4 LASER ATTENUATORS 
. 

B-1 In t roduct ion  

The a t t e n u a t i o n  of Q-switched ruby l a s e r s  c r e a t e s  problems 

due t o  t h e  p o s s i b i l i t y  of i r r e v e r s i b l e  damage t o  t h e  usual  

Gelat i n  and Jena g lass - f  i l t e r s .  The Jena g l a s s  n e u t r a l  dens i ty  

(N.D.  ) f i l t e r s  a r e  a b l e  t o  withstand h igher  power d e n s i t i e s  

than  t h e  Ge la t in  f i l t e r s  but  a r e  known t o  f luoresce  a t  these  

higher  powers. 

Two l i q u i d s  commonly used t o  a t t e n u a t e  ruby l a s e r s  a r e  

aqueous s o l u t i o n s  of CuS04 and NiS04, i n  quartz  o r  pyrex c e l l s .  

The advantages of these  l i q u i d  a t t e n u a t o r s  a r e :  (1) concen- 

t r a t e d  s o l u t i o n s  have high a t t e n u a t i o n  with pathlengths of 

only lcm; ( 2 )  t h e  concent ra t ion  i s  quickly and easdly  a d j u s t -  

a b l e  t o  y i e l d  a continuously va r i ab le  o p t i c a l  cjenisty from 

-20 O.D.= O(T = 100%) t o  O.D.> 20 (T < 10 ); (3 )  both f i l t e r s  

pass  t h e  blue-green por t ion  of t h e  v i s i b l e  spectrum and CuS04 

passes  t h e  o p t i c a l  second harmonic of t h e  ruby l a s e r  (347.6 nm) 

v i r t u a l l y  unattenuated; ( 4 )  i f  t h e  l i q u i d  should acc iden t ly  

brealcdown it i s  " s e l f  -hea l ingu.  
I 

I n  t h i s  appendix we show t h e  pass-band of these  two 

f i l t e r s  and a c c u r a t e l y  c a l i b r a t e  t h e i r  a t t e n u a t i o n  c o e f f i c i e n t s  

a t  t h e  ruby wavelength of 694.3 nm. 
! 
I 
I 



B-2 Theory 

I n  Fig .  ( B - 1 )  we show t h e  model of t h e  c e l l - a t t e n u a t o r  

s o l u t i o n  comb i n a t  ion assumed i n  t h e  d i s c u s s i o n  below. Assuming 

t h a t  on ly  a s i n g l e  pas s  i s  made th rough  t h e  a t t e n u a t o r  wi th  no 

mul t i p l e  r e f l e c t  Ions, t hen  i n  p a s s i n g  through t h e  f o u r  s u r f a c e s  

shown t h e  t r a n s m i t t e d  i n t e n s i t y  IT i s  g iven  i n  terms of t h e  

i nc iden t  i n t e n s i t y  IO by 

-ax and we have assumed B e e r ' s  Law a p p l i e s  L.e. I ( x )  = I(O), . 
The o t h e r  symbols a r e  c l e a r  from t h e  f i g u r e .  Now, t h e  o p t i c a l  

d e n s i t y  i s  def ined  by t h e  equa t ion  

where T i s  t h e  i n t e n s i t y  tr,ansmiss'ion f r a e t  ion.  Thus subs t  i- 
t ..* 

t u t i n g  Eq. (B-1) i n t o  Eg.: ' ( B - 3 )  y i e l d s  

t 
The c e l l  f a c e s  a r e  e i t h e r  pyrex (nl 1.475) o r  fuzed qua r t z  

(nl = 1.457) and n2 r 1.331. The va lue  of n2 w i l l  i nc rease  

1 
I Q 
L ,* 





as CuS04 o r  NiS04 i s  dissolved i n  t h e  water. Using t h e  values 

of n1 and n2 above we f i n d  

R1 = 0.0344 (quar t z  ) R2 r 0.00194 

Subs t i tu t ing  i n t o  (B-4) we f i n d  

0.3. = 0.0320 + 0 . 4 3 4 2  (adl k 4- d t  L) (B-5 

The th ickness  of t h e  pyrex o r  quar tz  windows ( a )  was t y p i c a l l y  

j r l rnm r equ i r ing  t h e  a be g r e a t e r  than  0.5 cm-' if all i s  t o  1 

cont r ibute  s i g n i f i c a n t l y  t o  t h e  absorpt ion  process.  Since a 1 

f o r  both fuzed s i l i c a  and quartz  i s  l e s s  than (2al j  ) < 
-4 2  x  10 and hence can be neglected i n  comparison t o  a2L. The 

working equat ion f o r  t h e  graphs of t h e  next sec t ion  i s  

where the  e f f e c t s  of R2 have been dropped a l s o .  

We now consider  t h e  p o s s i b i l i t y  of mul t ip le  r e f l e c t  ions, 

neglect ing t h e  small e f f e c t  of Rp and assuming no in te r fe rence  

between r e f l e c t e d  beams. S e t t i n g  e-a2L = A, t h e  f r a c t i o n  R1 

of t h e  inc ident  beam is  r e f l e c t e d  from t h e  input surface,  while 

the  f r a c t i o n  A ( l  - R1) i s  t ransmi t ted  through t h e  c e l l  t o  t h e  

second sur face .  Of t h i s  A ( l  - R ~ ) ~  escapes (Eq. (B-1)) while 

t h e  f r a c t i o n  AR1(l - R1) i s  r e f l e c t e d  back toward the  input 

surface.  I t e r a t i o n  of t h i s  a n a l y s i s  y i e l d s  t h e  s e r i e s  



where the  i n f i n i t e  s e r i e s  sums t o  (1 - A ~ R : ) - ~ .  S u b s t i t u t i n g  

f o r  A.we f i n d  

The numerator of t h i s  equation is equiva lent  t o  Eq. (B-1 )  

with R2 = 0 and al = 0. The value of R: e'2a2L = 0 . 0 0 1 2 1 e - ~ ~ 2 ~ '  

so t h a t  t h e  denominator i n  Eq. (B-7) l i e s  between the  l i m i t s ,  

Thus t h e  e f f e c t s  of mult iple  r e f l e c t i o n s  can be neglected and 

the  working equat ion (B-6) i s  the  form used i n  t h e  next sec t ion .  

B-3 Resul t s  

The l i q u i d  f i l t e r s  were prepared by c a r e f u l l y  weighing 

CuS04 5H20 and NiS04 6 ~ ~ 0  in to  b o t t l e s  conta in ing  a care-  

f u l l y  preweighed volume of water. The b o t t l e s  were sealed 

and t h e  more concentrated so lu t ions  warmed t o  promote d i s so lv ing  

of the  s o l i d  ma te r i a l .  After  the s o l u t i o n s  stood f o r  seve ra l  

hours, measurements were made of (1) t h e  passband i n  t h e  range 

of 350.0 nm t o  700.0 nm and ( 2 )  t h e  O.D. of t h e  so lu t ions  a t  

694.3 nm. The measurements were made on a Cary 14 spectrometer 

with t h e  s o l u t i o n s  i n  lrnm and lcm fuzed s i l i c a  O p t i c e l l s  whose 

pathlength was known t o  the  nearest  .003rnm a t  20•‹C. Thus t h e  

accuracy was l imi ted  by the  spectrometer and not the  concentra- 

t i o n  determinat ion o r  the  pathlength accuracy. A l l  da ta  was 



t aken  wi th  t h e  r e f e r e n c e  beam conta in ing  a s f m i l a r  c e l l  f i l l e d  

wi th  d i s t i l l e d  water .  

The graphs  of ~ i g i  (B-2) and (B-3) show t h e  passband 

converted from u n i t s  of o p t i c a l  d e n s i t y  t o  t h e  more usua l  

t ransmiss ion ,  T vs .  wavelength 1 (nm) s a t u r a t e d  s o l u t i o n s  of 

CuS04 and NiS04 i n  o p t i c e l l s  with 1.004 rnm pa th l eng th  were 

used. The temperature  i n  t h e  c e l l  compartment of t h e  spec t ro -  

meter was 21•‹C. 

Op t i ca l  d e n s i t y  (o.D.)  v s  wavelength i n  nanometers i s  

p l o t t e d  i n  F ig .  (B-4) and ( B - 5 )  f o r  CuS04 and NiS04 r e s p e c t i v e l y  

' a t  a f i x e d  wavelength of 694.3 nm - t h e  ruby l a s e r  emiss ion 

wavelength. The d a t a  shown was c o l l e c t e d  over a pe r iod  of 

e i g h t  months and w a s  t aken  on two d i f f e r e n t  Cary 14 spec t ro -  

meters.  A l l  t h e  d a t a  p o i n t s  taken a r e  shown on t h e s e  p l o t s .  

A l e a s t  squares  f i t  was ca l cu l a t ed  f o r  t h e  two p l o t s  t o g e t h e r  

wi th  t h e  s tandard  e r r o r  of es t imate  S  which i s  p l o t t e d  as 
YX 

t h e  p a i r  of dashed l i n e s  i n  Figs.  (B-4) and (B-5). 

The r e s u l t s  of t h e s e  l e a s t  squares  c a l c u l a t i o n s  a r e  shown 

below f o r  CuS04 (Eq. B-8) and NiS04 (Eq. B-9)  

which inc ludes  a l l  t h e  d a t a  taken and p l o t t e d .  The r e s u l t s  

f o r  NiS04 showed a d e v i a t i o n  from l i n e a r t y  a t  low o p t i c a l  den- 

s i t i e s  which could be  due t o  e i t h e r  a change i n  t h e  s i g n  of 

..' 
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(nl - n2)  - see  Eqs. (B-4) and (B-2) - o r  a f a i l u r e  of Beers 

Law i n  t h i s  s o l u t i o n  a t  low concent ra t ions .  The au tho r  sugges t s  

t h e  former i s  t h e  cause of t h e  discrepancy.  For t h i s  NiS04 

data two l e a s t  squares  f i t s  were ca l cu l a t ed ,  one f o r  t h e  l i n e a r  

r eg ion  between t h e  v e r t i c a l  dashed l i n e s  and t h e  o t h e r  i nc lud ing  

a l l  t h e  d a t a  w i th  concen t r a t i ons  l e s s  t han  C = 80 gms/100ml 

where t h e  f i r s t  equa t ion  corresponds t o  t h e  l i n e a r  r eg ion  only. 

I n  a l l  t h r e e  of t h e  exper imenta l ly  determined equa t ions  L i s  

t h e  pa th l eng th  i n  rnm and C i s  t h e  concent ra t ion  i n  grms of 

CuS04 5H20 ( o r  NiS04 * 6 ~ ~ 0 )  p e r  100 m l  of water .  

B-4 Discuss ion  

Assuming Beers Law is  v a l i d  f o r  a l l  concen t r a t i ons  below 

t h e  s a t u r a t i o n  concent ra t ion ,  t h e  o p t i c a l  d e n s i t y  vs .  concen- 

t r a t i o n  should be def ined  by Eq. (B-6) i. e. 

where t h e  s lope ,  m, of t h e  exper imenta l ly  determined s t r a i g h t  

l i n e s  i s  r e l a t e d  t o  t h e  above equa t ion  through t h e  r e l a t i o n  

where a2 has  t h e  dimensions of em-', i f  L i s  measured i n  cm. 



Most da ta  w a s  recorded with a reference c e l l  conta in ing  d i s t i l l e d  

water which should e l iminate  the  f i r s t  term i n  Eq. (B-6) i .e .  

i n t e r c e p t  passes  through O.D. = 0. The i n t e r c e p t  i n  t h e  CuS04 

d a t a  agreed with t h e  t h e o r e t i c a l  value of zero wi th in  t h e  exper- 

imental e r r o r .  The i n t e r c e p t  with t h e  NiS04 d a t a  i s  l a r g e r  

than  can be j u s t i f i a b l y  a t t r i b u t e d  t o  experimental e r r o r  so 

t h a t  severa l  p o i n t s  with low concentrat ions ( c  < 10 grrns/lOOml) 

were measured and a r e  p l o t t e d  a s  x t s  i n  Fig.  (B-5). It should 

be noted t h a t  these  po in t s  approach zero i n  a  nonl inear  way. 

We a t t r i b u t e  t h i s  nonl inear  behaviour t o  the  non-constancy of 

(n2 - nl)  and i t s  e f f e c t  on R2 which was neglected i n  Eq.  (B-6).  

To check t h e  v a l i d i t y  of Eq. (B-6) t h e  water f i l l e d  r e f e r -  

ence c e l l  was removed and t h e  d a t a  retaken. It was found t h a t  

t h e  s lope of t h e  l i n e s  was unaffected as expected. The O.D. 

of t h e  CuS04 da ta  increased by O.D. = 0.031 i n  c lose  agreement 

with Eq. (B-6) while t h e  NiS04 da ta  increased by O.D. = 0.039. 

The c a l i b r a t i o n s  discussed above a l l  p e r t a i n  t o  t h e  low 

l i g h t  i n t e n s i t y  measurements performed on t h e  Cary 14 spect ro-  

meter. A f i n a l  t e s t  of t h e  l i q u i d  a t t e n u a t o r s  w a s  performed 

2 using t h e  high i n t e n s i t y  (120MW/cm ) l i g h t  beam del ivered  by 

the  Q-switched l a s e r .  Two methods of t e s t i n g  were used. (1) 

The O.D. of t h e  l i q u i d  a t t e n u a t o r s  i n  lcm pathlengt-h c e l l s  was 

adjus ted  t o  have t h e  same value as the  Jena g l a s s  a t t e n u a t o r s  

c a l i b r a t e d  independently by the  manufacturer. The s i g n a l s  r e -  

ceived by two c a l i b r a t e d  photodiodes, one preceded by t h e  g l a s s  



a t t e n u a t o r  and t h e  o the r  preceded by the  l i q u i d  a t t enua to r ,  were 

measured. A second measurement was made with t h e  l i q u i d  and 

g l a s s  a t t e n u a t o r s  interchanged. Agreement wi th in  *5$ occurred 

f o r  o p t i c a l  d e n s i t i e s  i n  t h e  range 0.3 s O.D. < 6. Below O.D.= 

0.3 t h e  l i q u i d  a t t e n u a t o r s  yielded s l i g h t l y  l a r g e r  s i g n a l s  

(- 20$ l a r g e r )  than  t h e i r  g l a s s  counterpar ts .  ( 2 )  A s e r i e s  

of lcm pathlength c e l l s  with 0 . D . l ~  i n  t h e  range from 0.3 t o  

6 were stacked i n  s e r i e s  i n  f r o n t  of a c a l i b r a t e d  photodiode. 

The Q-switched l a s e r  opera t ing  with constant  amplitude (&5$) 

w a s  f i r e d  a t  t h e  s t ack  of c e l l s .  The number of c e l l s  used 

and the  order  i n  which they  were stacked was var ied  while 

keeping t h e  o v e r a l l  O.D. t h e  same f o r  each l a s e r  f i r i n g .  Once 

again, no v a r i a t i o n s  i n  t h e  detected s i g n a l s  was measureable. 

From t h e  r e s u l t s  of these  high i n t e n s i t y  measurements 

we conclude t h a t  the  l i q u i d  a t t e n u a t o r s  s c a l e  l i n e a r l y  with 

concentrat ion and/or pathlength i n  t h e  range 0.3 r O.D. < 6 

f o r  incident  l a s e r  power d e n s i t i e s  up t o  1 2 0 ~ ~ / c m ~  and poss ib ly  

higher.  

F i n a l l y  we note t h a t  t h e  c a l i b r a t i o n s  and c a l c u l a t i o n s  

i n  t h i s  appendix assume l i g h t  beams a t  normal incidence t o  

the  c e l l .  I n  s t a c ~ i n g  c e l l s  i n  s e r i e s  they  a r e  t ipped s l i g h t l y  

t o  avoid in te r fe rence  e f f e c t s .  The quest ion remains; how does 

t ipp ing  t h e  c e l l  e f f e c t  t h e  path length  L? It is  e a s i l y  shown, 

from S n e l l f s  law, t h a t  i f  Lo i s  t h e  pathlength a t  normal i n c i -  

dence, e t h e  angle  of incidence and n2 t h e  index of r e f r a c t i o n  



of t h e  l i q u i d  t h e  pa th l eng th  w i l l  be increased from Lo t o  

where we have neg lec ted  t h e  e f f e c t s  of t he  c e l l  windows as 

i n  Eq. (B-6). Even f o r  a n g l e s  of incidence as l a r g e  as 30•‹, 

t h e  i nc rease  i n  pa th l eng th  i s  l e s s  than 8%. For t h e  u s u a l  

ang le  of l e s s  t h a n  l o 0 ,  t h e  pa th l eng th  increase  i s  l e s s  t h a n  

1 .  Thus e r r o r s  due t o  t i p p i n g  t h e  c e l l  can be  neg lec ted .  

Large e r r o r s  occur f o r  s o l u t i o n s  c lose  t o  t h e  s a t u r a t e d  

s o l u t i o n  concen t r a t i on .  This  was t o  be expected due t o  t h e  

known f a i l u r e  of Beer! s l a w  wi th  very  concentra ted s o l u t i o n  

and t h e  s e n s i t i v e  dependence of s a t u r a t i o n  concen t r a t i on  on 

temperature .  C r y s t a l s  appeared i n  s a t u r a t e d  s o l u t i o n s  when 

t h e y  were cooled by  as l i t t l e  as 2 O  C.  Thus s o l u t i o n  concen- 

t r a t i o n s  should be kep t  w e l l  below t h e  s a t u r a t i o n  va lues .  



APPENDIX C 

CALIBRAT I O N  OF PHOTODETECTORS 

C - 1  Phototubes 

Seve ra l  t y p e s ' o f  phototubes  were used as d e t e c t o r s  of 

ruby l a s e r  r a d i a t i o n  and t h e  plasma r a d i a t i o n .  F ive  phototubes  

i n  common use  i n  t h i s  l a b o r a t o r y  a r e  l i s t e d  i n  Table  C - 1 ,  t o -  

ge the r  wi th  t y p i c a l  c h a r a c t e r i s t i c s  Monochromatic respon- 

s i v i t y  vs.  wavelength i s  p l o t t e d  i n  Fig .  C - 1  f o r  t h e  photo- 

cathodes  d i scussed  here .  Included on t h i s  f i g u r e  i s  t h e  respon- 

s i v i t y  of a s i l i c o n  p i n  diode (dashed cu rve ) .  The v e r t i c a l  

s c a l e  and quantum e f f i c i e n c y  (i. e .  e lec t rons /photon)  should by 

m u l t i p l i e d  by 1 0  f o r  t h i s  curve.  

The RCA 925 vacuum photodiode w a s  commonly used as a 

monitor of &-switched ruby r a d i a t i o n .  When used i n  conjunc- 

t i o n  wi th  a reasonably  fast osc i l l o scope ,  r i s e  t imes  were l i m i t e d  ,.. 

by t h e  o sc i l l o scope  (- 4 nsec f o r  Tekt ron ix  585, 12  nsec f o r  

Tekt ron ix  555) and not  t h e  diode.  When b i a sed  a t  1600 vdc, 

t h i s  diode can d e l i v e r  cu ryen t s  s u f f i c i e n t  t o  d r i v e  TWT o s c i l l o -  

scopes such as t h e  Tekt ron ix  519 wi th  r i s e  t imes  i n  t h i s  ca se  

governed p r i m a r i l y  by t h e  t r a n s i t  t ime spread ing  (TTS) caused 

by t h e  focus ing  e f f e c t s ( 9 2 y  93) of t h e  diode c y l i n d r i c a l  geometry. 

The so -ca l l ed  b i p l a n a r  vacuum photodiode (94) i s  capable  of 

d e l i v e r i n g  c u r r e n t s  from 5 x t o  5 amps w i t h  a d e v i a t i o n  
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from d i r e c t  p r o p o r t i o n a l i t y  between cur ren t  output and l i g h t  

input of l e s s  than  1% (95 1. When the. b  iplaner-diode was mounted 

i n  a  high-frequency coaxia l  mounting (94396) and proper ly  termi-  

nated i n t o  a c o a x i a l l y  mounted 50 ohm load, a r i s e  time of l e s s  

than 0.5 nsec w a s  a t t a i n a b l e .  

So l id  s t a t e  devices  such as t h e  HPA 4205 p i n  diode (97)  

l i s t e d  i n  Table ( C - 1 )  have the  advantages of small s i z e  (. 061 

inches diameter) ,  low b i a s  requirements ( - 2 0 ~ d c  ), extremely 

high quantum e f f i c i e n c i e s  (0.75 electrons/photon o r  0.5A/W), 

wide s p e c t r a l  range, (400 t o  1000nm) and r i s e  t imes of l e s s  

than 1 nanosecond. Their  main disadvantage i s  t h a t  the  peak 

pulsed cur ren t  i s  l imi ted  t o  about 10  mA f o r  pulse  dura t ions  

l e s s  than 100 nsec. This  cur rent  l i m i t a t i o n  can be overcome 

by using a l a r g e  a r e a  diode a t  some s a c r i f i c e  t o  r i s e  time. 

F i n a l l y  photomul t ip l ie rs  (PM) a r e  capable of high pulsed 

c u r r e n t s  of shor t  durat ion,  but  s u f f e r  from r i s e  times of 

t y p i c a l l y  0.5 nsec (98) per  s tage.  For t h e  EM1 625613 i n  Table 

( C - 1 )  with 13 s t ages  t h e  r i se - t ime  was approximately 7 nsecs 

i n  c lose  agreement with t h i s  p red ic t ion .  

I n  t h i s  appendix we d i scuss  t h e  c a l i b r a t i o n  procedures 

used and t h e  measured l i n e a r  opera t ing  ranges of t h e  phototubes. 

The d i scuss ion  t o  fol low r e l a t e s  p r imar i ly  t o  t h e  c y l i n d r i c a l  

925 and b  ip lana r  F ~ O O O  phototubes. 
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C-2 C a l i b r a t i o n  Procedure 

The d iodes  were c a l i b r a t e d  us ing  an  E l e c t r o  Opt ics  

Assoc i a t e s  (EOA) model 'L-101 s p e c t r a l  source.  Th i s  s p e c t r a l  

i r r a d i a n c e  s tandard  w a s  a quar tz - iod ine  lamp ope ra t ing  a t  a 

co lou r  temperature  of 305Q•‹K when 6.500 Amps were de l ive red  

t o  t h e  lamp from a p r e c i s i o n  EOA model P-101 c u r r e n t  supply. 

The use  of t h i s  lamp as a s p e c t r a l  i r r a d i a n c e  s tandard  is  d i s -  

cussed i n  d e t a i l  by S t a i r  e t  a l .  ("). Both t h e  lamp and c u r r e n t  

supply a r e  d i r e c t l y  t r a c e a b l e  t o  NBS secondary s tandards .  The 

manufacturer  c la ims  &5% accuracy f o r  t h e  c a l i b r a t i o n  curve of 

t h e  lamp, provided it has  been i n  use  f o r  l e s s  t han  100 hours.  

The lamp used i n  t h e  c a l i b r a t i o n s  below was approximately  35 

hours  o ld .  I n  t h e  v i s i b l e  r eg ion  of t h e  spectrum t h e  c a l i b r a -  

t i o n  curve i s  inaccu ra t e  due t o  t h e  coarse  wavelength s c a l e  

and t h e  r a p i d l y  changing i r r a d i a n c e  of t h e  source  as a f u n c t i o n  

of wavelength. However, i n  t h o s e  reg ions  of t h e  c a l i b r a t i o n  

curve where a c c u r a t e  read ings  were p o s s i b l e  (1 > 1500nm and 

t h r e e  p o i n t s  between 250 and 500nm) it was found t h a t  our lamp 

agreed wi th  S t a i r f s  lamp Q,L-10 w i t h i n  2% (99) .  ~ h u s ,  s ta i r ' s  

a c c u r a t e  r e s u l t s  i n  t h e  range 350 < 1 < lOOOnm were used t o  

improve our  c a l i b r a t i o n  accuracy.  If t h e  c a l i b r a t i o n s  d e t e r -  

mined from t h i s  "improved" curve a r e  s e r i o u s l y  questioned,  t h e  

number of  s i g n i f i c a n t  f i g u r e s  i n  t h e  f i n a l  r e s u l t  can always be 

reduced t o  ag ree  w i th  t h e  accuracy  of t h e  manufacturers  c a l i -  

b r a t i o n  curve.   o or example, a t  t h e  ruby emiss ion wavelength, 
2 694 nm, t h e  EOA curve y i e l d s  t h e  i r r a d i a n c e  6 .2  0.2 (Iw/cm -nm 



2  a t  40 cm while from S t a i r s  r e s u l t s  we f i n d  6.33 h .12 uw/cm -nm). 

The cur ren t  de l ivered  by the  diode under c a l i b r a t i o n  was 

measured with a Keithley model 153 nanoampere meter which w a s  

c a l i b r a t e d  us ing  a  Kei thley model 261 Picoampere Ca l ib ra t ion  

u n i t .  This  allowed cur ren t s  t o  be read with &1$ accuracy of 

f u l l  s c a l e .  

The s p e c t r a l  i r rad iance  standard is  c a l i b r a t e d  f o r  a 

lamp-to-cathode d is tance ,  d, of 40 cm. This  d i s t ance  could 

be measured t o  wi th in  &nrn and we c a l c u l a t e  t h e  e r r o r  due t o  

d i s t ance  measurements using 

which with A = & l m m  y i e l d s  

The e r r o r  introduced due t o  u n c e r t a i n t i e s  i n  d i s  &0.5$, 

With p lana r  photocathodes (~4000 diode and 6 2 5 6 ~  PM) t h i s  

d i s t ance  accuracy was e a s i l y  obtained. With semi-cyl indr ica l  

diodes (925 and 929 d iodes)  t h e  d i s t ance  t o  t h e  photocathode 

v a r i e s  ac ross  the  c y l i n d r i c a l  cathode. The 925 has a  t y p i c a l  

cathode rad ius  of 8mm; thus  i f  we measure t h e  lamp-to-cathode 

d i s t ance  midway between t h e  anode and t h e  extreme poin t  of t h e  

cathode we s e t  A = 4rnm and $he d i s t ance  e r r o r  i n  t h i s  case 



w a s  2%. 

C-3 Laser Detector  Ca l ib ra t ion  

The 925 diodes were c a l i b r a t e d  w i t h  a spike f i l t e r  preceding 

t h e  photocathode with t h e  following p roper t i e s :  1) aper tu re  

of f i l t e r  = 2.54 cm diameter 2 )  peak t ransmission a t  694.3 nm 

was 0.72 3)  passband, FWMM 'was 3.0 nm. Thus t h e  r e spons iv i ty  

of t h e  d e t e c t o r  w a s  given by 

Aqs (c-1) 
Watt 

where IL was t h e  de tec to r  output (Amps), J ( A )  w a s  t h e  standard 

lamp i r r ad iance  (watts/cm2-nm a t  40cm), F ( x )  was t h e  f i l t e r  

t ransmi t tance  normalized t o  uni ty ,  and A t h e  a r e a  of the  r e -  

ce iv ing  ape r tu re .  It was found t h a t  a numerical i n t e g r a t i o n  

of s J ( l ) F ( l ) d ~  us ing  t h e  c a l i b r a t i o n  curves of t h e  standard 

lamp and t h e  f i l t e r  yielded a  r e s u l t  which agreed wi th in  -2% 

with t h e  r e s u l t  obtained when approximating t h e  i n t e g r a l  by  

where J(x,-) is  t h e  i r r ad iance  of t h e  lamp a t  t h e  l a s e r  wave- 

l eng th  XL,  T(XL)  i s  t h e  peaK t ransmi t tance  a t  x L  and A X  i s  t h e  

FWHM of t h e  spike f i l t e r  i n  nanometers. Thus, 



For 9 diodes (S1 cathode) c a l i b r a t e d  using t h e  procedures 

described above, it was found t h a t  KL var ied  from 0.741 x 

t o  2.03 x A h .  The mean value of K was - 1.54 x L L  - 

A/W i n  c lose  agreement with t h e  published average value of 1 .68  

x A/W. A l l  but  two diodes were c l u s t e r e d  i n  t h e  range 

1.3 < KL < 1.6 x A/W. The measured values of KL remained 

e s s e n t i a l l y  constant  f o r  b i a s  vol tages  ranging from 25OV t o  

1100V. An independent check of our c a l i b r a t i o n  procedure was 

a v a i l a b l e  from t h e  c a l i b r a t i o n  t i c k e t  provided by t h e  manufac- 

t u r e r  of a n  b  ip lana r  photodiode. The manufacturer s c a l i w a t  ion 

t i c k e t  l i s t e d  KL = 0.766 x A / W  a t  694.3 n, while our c a l i -  

b r a t i o n  yielded KL = 0.74 x A/W, i . e .  agreement wi th in  

C-4 Photomult ipl ier  Ca l ib ra t ion  

Photomult ipl iers  (PMI s ) a r e  u s u a l l y  c a l i b r a t e d  i n  comb i- 

nat ion  with a spectrometer. The 6 2 5 6 ~  PM used i n  t h i s  s tudy 

was preceded by e i t h e r  narrow bandwidth in te r fe rence  f i l t e r s  . . 

(spike f i l t e r )  o r  a -Jamell-Ash 0.25 meter Ebert  Type spec t ro-  

meter with 0.5nm reso lu t ion ,  The spectrometer - PM combination 

r e q u i r e s  t h e  a d d i t i o n  of a s u i t a b l e  f i l t e r  preceding t h e  en- 

t r ance  s l i t  t o  ensure t h a t  only a s i n g l e  spectrum order  i s  

detected.  The respons iv i ty  of t h e  f i l t e r ,  spectrometer, PM 

combination i s  given by 



where IR i s  t h e  de tec to r  output (Amps), J ( X )  i s  t h e  i r r ad iance  

of t h e  standard lamp, T ( x )  i s  t h e  t ransmission of t h e  f i l t e r  

and spectrometer i n  s e r i e s ,  and w a r e  l eng th  and width respec-  

t i v e l y  of t h e  entrance s l i t  of t h e  spectrometer and % i s  an 

added a t t e n u a t o r  a t  t h e  spectrometer entrance s l i t  t o  prevent 

s a t u r a t i o n  of t h e  PM (% is t y p i c a l l y  a n e u t r a l  dens i ty  f i l t e r  

with % s lo3) .  The response, SR(Amps), of t h e  spectrometer - 
PM d e t e c t o r  t o  a r a d i a n t  source with wavelength power d i s t r i b u -  

2 t i o n  P ( X )  (Watts/cm -nm) i s  

provided t h e  f  i l t e r - spec t romete r  combinat ion a r e  t h e  same as 

those used t o  determine KR. Therefore t h e  s c a t t e r e d  power 

d i s t r i b u t i o n  i s  given by 

This equat ion can be g r e a t l y  s i q p l i f  ied i f  ~ ( 1 )  and P ( X )  a r e  

smoothly varying, continuous funct ions  of wavelength. The 

standard lamp v a r i e s  smoothly, and i f  we assume P(1) a l s o  

v a r i e s  smoothly then  s ince  the  bandwidth of t h e  spectrometer 

is  only 0.5nm, we can consider both J(1) and P(1) t o  be constant  

a t  t h e  wavelength i1 of i n t e r e s t  and hence 



When c a l i b r a t i n g  our Jarrel-Ash 0.25 meter spectrometer i n  

conjunction with our 6 2 5 6 ~  PM it w a s  found t h a t  t h e  gain of 

the  PM w a s  s u f f i c i e n t  when biased a t  1000 vdc t o  y i e l d  mea- 

sureable  v o l t a g e s ~ a c r o s s  t h e  50 ohm r e s i s t o r  used i n  the  

pulsed l i g h t  emission measurements of chapter  5 of t h i s  t h e s i s .  

Using t h e  Ke i t h l e y  Model 153 nanoamper-microvolt meter, mea- 

sureable  c a l i b r a t i o n  vol tages with t h e  same 5On load wers  

poss ib le .  Thus (C-6) was r e c a s t  i n t o  t h e  form 

where V = pulsed s i g n a l  t o  
P  

b r a t  ion vol tage.  Fur ther  AR 

t h e  system described above. 

be measured and Vc = t he  c a l i -  

= 1 f o r  b i a s  vol tages  5 l O O O V  f o r  

The value of P ( x ~ )  ca lcu la ted  from 

E q ,  ( C - 7 )  i s  t h e  i r r ad iance  a t  t h e  input  s l i t  t o  t h e  spec t ro-  

meter. 

C - 5  L i n e a r i t y  

Idea l ly ,  a photodetector  should ind ica te  a d i r e c t  propor- 

t i o n a l i t y  between current  output and l i g h t  f l u x  input,  i f  t h e  

photocathode i s  uniformly i l luminated.  That is, t h e  cu r ren t  

~ ( t )  should be r e l a t e d  t o  the  l i g h t  f l u x  ~ ( t )  through t h e  

equat ion 



where KL i s  t h e  monoch~omatic respons i t  i v i t y  i n  ~ r n ~ e r e s / ~ a t t  

(See Eq. ( - 1 ,  KL 1.5 x  A/W f o r  925 diodes a t  694.3 nm). 

The l i n e a r i t y  predic ted  by Eq. (c-8) was checked us ing  a 

General Radio Type 1538A Stroboscope wAich de l ivered  a l i g h t  

pulse  with 1.3 microsec dura t ion  ( F W )  and roughly t r i a n g u l a r  
1 

shape. A pulse  r a t e  of 2  f l a s h e s  per second w a s  used f o r  t h e  

measurements reported here.  The b i a s  c u r c u i t  used with cy l in -  

d r i c a l  925 diodes i s  shown i n  Fig. (C-2). The G R ~ T ~ - K  coaxia l  

capac i to r s  provided a high frequency, low impedance current  

source. The cur ren t  pulse  del ivered by t h e  diode t o  t h e  Tek- 

t r o n i x  50 ohm coax ia l  r e s i s t o r  with 100 MHz bandwidth, was 

displayed on a Tektronix 555 osci l loscope.  

We approximate t h e  l i g h t  pulse time dependence by t h e  

expression 

where L i s  t h e  peak i n t e n s i t y  and 6 i s  t h e  f u l l  width a t  
P  

ha l f  -maximum (FWHM). A rough est imate of t h e  maximum pulsed 

cur ren t  t h e  diode can d e l i v e r  may be ca lcu la ted  by equat ing 

t h e  d.c. r a t i n g  of the  phototube, Idc, t o  the  value of t h e  

pulsed cur ren t  ~ ( t )  averaged over the  per iod T, t h a t  i s  





Equation (c-10) s t a t e s  t h a t  the  charge de'livered by a d.c. 

cur rent ,  Idc, flowing f o r  a time T, is  equal  t o  t h e  charge 

de l ivered  by t h e  s ing le  pulse occurr ing  i n  time T.  Subs t i tu -  

t i n g  (c-9)  i n t o  (C-10) r e a l i z i n g  I ( t )  = K ~ L ( ~ )  and so lv ing  

f o r  t h e  peak cur ren t  ( I  = K L ) y i e l d s  
P L P 

Equation ( C - 1 1 )  must be used with cau t ion  s ince  it p r e d i c t s  

very high c u r r e n t s  f o r  l a r g e  T/b.  Experimentally it w a s  found 

t h a t  Eq. ( C - 1 1 )  w a s  va l id  f o r  T/b < lo6  f o r  S-1 and S-4 vacuum 

diode photocathodes. Using T = 1/2 and 0 = 1.3 usec together  

with t h e  t y p i c a l  Idc = 5 A.d. c.  r a t i n g  of vacuum phototubes 

we f ind  I , 1.92 Amp. However, t h e  diode c u r r e n t  w i l l  o f t e n  
P 

s a t u r a t e  due t o  space-charge cur ren t  l i m i t i n g  before t h i s  

value i s  reached. This space-charge l i m i t e d  cur ren t  is calcu-  

l a t e  from t h e  Child-Langmuir equat ions (92,100) 

where A = cathode area ,  d = cathode-anode d is tance ,  ,g = anode 

l eng th  ra = anode radius ,  V = b i a s  vol tage  and p2 i s  a f a c t o r  



(92 ' 
introduced by Langmu r t o  account f o r  focusing e f f e c t s  i n  

c y l i n d r i c a l  diodes.  The numerical values apply t o  t h e  ~ 4 0 0 0  

b ip lana r  diode and 925 c y l i n d r i c a l  diodes used i n  t h i s  study, 

2  and F~ i s  an experimental ly  determined value of @ . 

The bhplanar diode is  usual ly  b iased  a t  2500 Vdc leading  

t o  a space charge l imi ted  current  of 6 Amps. The manufacturer ( g 4 )  . 

claims a l i n e a r  response up t o  one h a l f  t h i s  value, i . e .  I = b 

3 Amp. 

The c y l i n d r i c a l  925 diode (Fig.  C-2) i s  recommended t o  be 

-4 operated a t  250V f o r  dc appl ica t ions(91)  leading  t o  I c e  = 

-2 77.5 x Amp. We w i l l  show s h o r t l y  t h a t  p , 4; thus  1, = 

19.4 x Amp. wel l  above the  d.c.  r a t i n g  of 5 x ~ o - ~ A .  It 

was determined experimentally t h a t  a l l  925 diodes could be 

biased a t  lOOOVdc and se lec ted  (low gas )  diodes biased t o  1 6 0 0 ~ d c .  

S u b s t i t u t i n g  V = 1 6 0 0 ~ d c  and assuming 3 = 4 i n  Eq.  ( C - 1 3 )  

y i e l d s  1, = 0.314 Amp. The s u p e r i o r i t y  of t h e  b ip lana r  diode 

i s  evident .  

The c o a x i a l l y  counted b ip lana r  diode was found t o  respond 

-4 l i n e a r l y  (*5$) f o r  c u r r e n t s  ranging from 10 Amp. (minimum 

de tec tab le  l e v e l )  t o  1 . 5  Amps using t h e  Strobe f l a s h  described 

above. Using t h e  ruby l a s e r  a s  t h e  pulsed l i g h t  source t h i s  diode 

responded l i n e a r l y  t o  g r e a t e r  than 3 Amps (vol tage  s i g n a l s  > 375 

v o l t  us ing  a 125 ohm load!) .  The b i a s  vol tage was f ixed  a t  2500Vdc. 

P r i o r  t o  measuring the  l i n e a r i t y  of t h e  c y l i n d r i c a l  925 

phototubes, they  were checked f o r  gas ampl i f i ca t ion  by maintaining 



@ a constant  l i g h t  f l u x  s u f f i c i e n t  t o  y i e l d  a d.c. photocurrent 

of Amp and increas ing  t h e  b i a s  vol tage while simultaneously 

measuring t h e  tube cur ren t .  Most phototubes indica ted  a  l i n e a r ,  

almost hor i zon ta l  I - V  c h a r a c t e r i s t i c  f o r  vol tages l e s s  than 

1100Vdc. Above t h i s  voltage,  a l l  but  one of the  nine tubes 

t e s t e d  showed a sharp increase  i n  current ,  c h a r a c t e r i s t i c  of 

gas ampl i f i ca t ion .  The remaining tube remained l i n e a r  t o  

1 6 0 0 ~ d c .  The c y l i n d r i c a l  diodes were checked f o r  l i n e a r  r e s -  

ponse t o  t h e  pulsed Strobe f l a s h  l i g h t  source a t  b i a s  Voltages 

of 250, 500, 750 and 1000 Volts.  The r e s u l t i n g  diode cur ren t  

vs. t h e  t ransmission of c a l i b r a t e d  n e u t r a l  dens i ty  f i l t e r s  i s  

p l o t t e d  i n  Fig.  (c-3).  From these  r e s u l t s  and the  known b i a s  

vol tage,  values of ' were ca lcula ted  from Eq. (C-12) and a r e  

included on t h e  f i g u r e .  The t h e o r e t i c a l  value of g2 'is c r i t i -  

c a l l y  dependent on t h e  r a t i o  r/ra where ra i s  t h e  r ad ius  of 

t h e  anode cy l inder  and r t h e  radius  t o  t h e  space charge l a y e r  (92) .  

While t h e  values of F* var ied  from 4 ( a t  250 v o l t s )  t o  8 ( a t  

1600 v o l t s )  t h e  r a t i o  r/ra only changes from 3.3 t o  4.5 ( g 2 )  

The f a c t  t h a t  @ *  changes with b i a s  vol tage i s  given only passing 

mention i n  t h e  t h e o r e t i c a l  d iscuss ion  of Langmuir and BlodgetC fg2) .  

The i n t e r e s t e d  reader  should consul t  t h i s  reference f o r  fur the*  

d e t a i l s .  

When t h e  Strobe f l a s h  was replaced with the  Q-switched 

l a s e r  t h e  925 diodes sa tu ra ted  due t o  space-charge cur ren t  

l i m i t i n g  a t  e s s e n t i a l l y  t h e  same poin t  shown i n  Fig. ( C - 3 ) .  





C-6 Laser Beam Sampling 

I n  most experiments, only a small f r a c t i o n  of t h e  inc ident  

l a s e r  beam i s  "monitored" using a beam-spl i t te r .  The beam 

s p l i t t e r  i s  followed by s u i t a b l e  a t t e n u a t o r s  and f i l t e r s  a s  

i n  Fig. 4-1 of chapter  4. Assuming t h e  r e f l e c t i v i t y  of t h e  

beam-spl i t te r  t o  be R, then RPL of t h e  inc ident  l a s e r  power 

PL i s  d i r e c t e d  toward t h e  photodiode where it i s  a t t enua ted  

by an  amount A so  t h a t  t h e  power inc ident  on t h e  photocathode 

is RPL/A. I f  t h e  s e n s i t i v i t y  of t h e  cathode i s  KL Ampshat t  ' 

and t h e  load r e s i s t o r  is RL ohms then  t h e  vol tage ac ross  t h e  

coaxia l  r e s i s t o r  i n  Fig. (C-2) ' w i l l  be V = (RPL/A)KLRL SO 

t h a t  t h e  inc ident  power is  given by 

pL = AV 4 wat ts  (c-14) 
RI(,RLm,) 

We have added a term T ( l L )  i n  (c-14) t o  account f o r  t h e  t r a n s -  

mission of an in te r fe rence  f i l t e r  designed t o  pass t h e  ruby 

wavelength. 

The r e f l e c t i v i e y  of t h e  beam s p l i t t e r  i s  a  c r i t i c a l  

funct ion  of both the  angle  of incidence and t h e  p o l a r i z a t i o n  

of t h e  inc ident  l a s e r  beam. For example, a t  the  usual  45' 

angle  of incidence R = 0.092 f o r  l i g h t  polar ized  perpendicu- 
I 

lar  t o  t h e  plane of incidence while f o r  t h e  p a r a l l e l  case R 

reduces t o  Rll = 0.008 f o r  a s i n g l e  su r face  of g l a s s  with 

index n  = 1.50. 



f 4 )  REFECi'/Y/TY w ANGLE W /N%/DENCE 
FOR GLAS'JZ/DE AND PELLKLEBEAM 



Two types  of beam s p l i t t e r s  were used: ( 1 )  simple g l a s s  

microscope s l i d e s  approximately lrnrn t h i c k  and ( 2 )  p e l l i c l e s  

of co l lodion  membranes, approximately 8 microns th ick ,  s t r e t ched  

over a s u i t a b l e  frame. The r e f l e c t i v i t y  of these  two forms of 

beam-spl i t te r  i s  shown i n  Fig.  (c-4) which, i s  taken from t h e  

work of Hillenkamp (49). Note t h e  r a p i d l y  changing r e f l e c t i v i t y  

near 45' f o r  t h e  p e l l i c l e  beam s p l i t t e r .  The r e f l e c t i v i t y  

changes from approximately R = 0.3 t o  R = 0  i n  l e s s  than  5' 
I I 

f o r  t h e  ruby l a s e r  l i g h t  polar ized  perpendicular  t o  t h e  plane 

of incidence.  Measured r e f l e c t i v i t i e s  of both the  p e l l i c l e  

and t h e  g l a s s  s l i d e  us ing  a He-Ne l a s e r  confirmed these  r e s u l t s .  

Glass s l i d e s  yielded R = 0.20 f o r  plane polar ized  l i g h t  
I 

and Ro = 0.10 f o r  c i r c u l a r l y  polar ized  l i g h t .  The p e l l i c l e s  

yielded R 0.08 and Ro = 2 0.04. Hillenkamp 
I 

(49) p o i n t s  out 

t h a t  p a r t i c u l a r l y  i n  t h e  case of p e l l i c l e  beam s p l i t t e r s ,  t h e  

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

of t h e  l a s e r  beam. For most of the  experiments performed i n  

t h i s  t h e s i s ,  g l a s s  s l i d e s  were used a s  beam s p l i t t e r s .  
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