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ABSTRACT 

D i e l e c t r i c  breakdown and mechanical damage i n  s i l i c a t e  

g l a s s e s  under h igh  i n t e n s i t y  l a s e r  r a d i a t i o n  is i n v e s t i g a t e d  

i n  d e t a i l .  A Q-switched ruby l a s e r  i s  used t o  induce photo- 

c o n d u c t i v i t y  i n  soda g l a s s ,  fused qua r t z  and qua r t z  c r y s t a l .  

The number of charge c a r r i e r s  produced p e r  l a s e r  p u l s e  of 10 27 

-2  -1 photons cm s i s  accounted f o r  by mul t iphoton i o n i z a t i o n  

of nonbridging oxygens i n  the  s i l i c o n  oxygen network. The 

r e l a t i v e  magnitude of t h e  e f f e c t  proves t h a t  t h e  photoconduct iv i ty  

does no t  r e s u l t  from i o n i z a t i o n  of sodium i n  g l a s s  as e x t e n s i v e l y  

quoted i n  l i t e r a t u r e .  The l i f e t i m e  of t h e  charge c a r r i e r s  

produced i s  es t imated  t o  be 1 0 - ~ s .  

From thermoelas t  i c  c o n s i d e r a t i o n s  a c r i t e r i o n  f o r  t h e  

v a l i d i t y  of p o s s i b l e  damage mechanisms i s  e s t a b l i s h e d .  It i s  

shown t h a t  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  cannot g ive  r i s e  

t o  a n  e f f e c t i v e  a b s o r p t i o n  of 50 em-' i n  t he  f o c a l  volume as 

r equ i r ed  by the  t he rmoe la s t i c  c o n s i d e r a t i o n s .  It i s  proposed 

and e s t a b l i s h e d  t h a t  the  mechanical damage i s  caused by t h e  

a c c e l e r a t i o n  of pr imary e l e c t r o n s  produced by mul t iphoton 

i o n i z a t i o n ,  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  i n s t a b i l i t y  

i n  few nanoseconds. A t  t h i s  e l e c t r o n  d e n s i t y  t h e  abso rp t ion  

6 - i n  t h e  f o c a l  volume i s  10 cm ', and i s  r e s p o n s i b l e  f o r  t h e  

complete a b s o r p t i o n  of t h e  l a s e r  pu l se  a t  i n t e n s i t i e s  above 

the  t h re sho ld  f o r  breakdown. The d i f f u s i o n  and recombination 

of e l e c t r o n s  a r e  found t o  be n e g l i g i b l e ,  t h e  on ly  r a t e  l i m i t i n g  



process being the l o s s  of e l e c t r o n  energy t o  the  l a t t i c e .  The 

v a r i a t i o n  i n  the  threshold i n t e n s i t y  f o r  breakdown i n  d i f f e r e n t  

g las ses  i s  due t o  the  v a r i a t i o n s  i n  the  e l a s t i c  s c a t t e r i n g  cross  

s e c t i o n .  The s tudy of the  mechanical damage caused by a l a s e r  

pulse ,  leads  t o  the e s t ima t ion  of the  su r face  energy of the  

2 mate r i a l ,  which i n  the case of soda g l a s s  i s  found t o  be l o 5  ergs/cm . 
The enhancement of the  photoconduct ivi ty  s i g n a l  i s  obtained when 

-4 a second l a s e r  pulse  comes within the  time 1 0 - ~ - 5  x 10 s e e .  of 

the  f i r s t  pu l se .  The a d d i t i o n a l  number of e l e c t r o n s  produced 

by the  second pulse  i s  accounted f o r  by the  i o n i z a t i o n  of the  

color  cen te r s ,  caused by t rapping the  e l e c t r o n s  produced by the 

f i r s t  pu l se ,  
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CHAPTER I 

The r e c e n t  appearance of i n t e n s e  sou rces  of coherent  

e lec t romagnet ic  r a d i a t i o n  i n  t he  o p t i c a l  r eg ion  has  g iven  r i s e  

t o  the  s tudy  of non l inea r  i n t e r a c t i o n s  of r a d i a t i o n  wi th  m a t t e r .  

One of t h e  phenomena of i n t e r e s t  i s  t h e  breakdown process  of 

s o l i d s  caused by i n t e n s e  l a s e r  r a d i a t i o n  and i n  p a r t i c u l a r  t h e  

breakdown of t r a n s p a r e n t  d i e l e c t r i c s .  While t h e  b a s i c  d i f f i c u l t y  

i n  t h e  problem of t h e  breakdown of opaque s o l i d s  l i e s  i n  under- 

s t and ing  t h e  k i n e t i c s  of t h e  breakdown, t he  l i g h t  a b s o r p t i o n  

mechanism be ing  wel l  known, i n  t h e  case  of t r a n s p a r e n t  m a t e r i a l s  

it i s  t h e  very  a c t  of l i g h t  abso rp t ion  and t h e  consequent t r a n s -  

f e r  of t h i s  absorbed energy i n t o  mechanical energy which i s  of 

primary i n t e r e s t .  

D e s t r u c t i o n  of o rgan ic  and ino rgan ic  g l a s s e s  and of many 

o t h e r  t r a n s p a r e n t  d i e l e c t r i c s  has been observed by many workers 

under i r r a d i a t i o n  by Q-switched as wel l  as non Q-switched ruby 

l a s e r  p u l s e s  (1-7). I n  t h e  case  of non Q-swtiched l a s e r  pu l se s ,  

where t h e  peak power i s  s m a l l  b u t  t h e  t o t a l  energy i n  t h e  pu l se  

i s  l a r g e ,  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  

a b s o r p t i o n  of t he  medium i n  q u e s t i o n ( 8 ) .  For a 9-switched l a s e r  

pu l se ,  t he  peak power i s  many o rde r s  of magnitude h igher ,  while 

t he  t o t a l  energy i n  t h e  pu l se  i s  u s u a l l y  ve ry  much sma l l e r  than 

i n  t h e  non Q-switched case  and the  r e s i d u a l  l i n e a r  abso rp t ion  

i s  t o o  s m a l l  t o  account f o r  t h e  energy removed from the  l a s e r  



p u l s e .  Here i t  i s  t h e  h igh  peak power d e n s i t y  which renders  

t he  non l inea r  i n t e r a c t  ions  between e lec t romagnet ic  r a d i a t i o n  

and ma t t e r  impor tan t .  The s tudy  of t h e  s p e c i f i c  non l inea r  

i n t e r a c t i o n s  which l ead  t o  a very high a b s o r p t i o n  of l a s e r  

r a d i a t i o n  w i t n i n  t h e  t r a n s p a r e n t  g l a s s e s  and the  consequent 

t r a m f o r m a t i o n  of t h e  absorbed energy i n t o  t h e  mechanical energy 

l e a d i n g  t o  a d e s t r u c t i o n  of t h e  m a t e r i a l  i s  t h e  main s u b j e c t  

of t h i s  t h e s i s .  

Chapter I1 g ives  a d e t a i l e d  review of t h e  n a t u r e  of t h e  

d e s t r u c t i v e  e f f e c t s  i n  s i l i c a t e  g l a s s e s  where damage occurs  

t y p i c a l l y  a t  ruby l a s e r  power d e n s i t i e s  of 3 x 10' t o  

5 x  l o l o  watts/cm2 depending on t h e  composition, thermal 

h i s t o r y  of t h e  sample as wel l  as the  f-number of t h e  focuss -  

i n g  l e n s .  C r i t e r i a  f o r  t h e  v a l i d i t y  of t he  p o s s i b l e  non l inea r  

abso rp t ion  mechanisms from the rmoe la s t i c  cons ide ra t ions  fol low- 

ing  t h e  t rea tment  of Conners and Thompson (9) a r e  e s t a b l i s h e d  

i n  Chapter 111. Assuming t h a t  t h e  d e s t r u c t i o n  of t h e  m a t e r i a l  

i s  caused by t h e  thermal s t r e s s e s  s e t  up w i t h i n  t h e  m a t e r i a l  

as a consequence of r a p i d  h e a t i n g  caused by t h e  non l inea 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 ,  i t  i s  shown i n  t h i s  t h e s i s  

t h a t  an  e f f e c t i v e  a b s o r p t i o n  c o e f f i c i e n t  of a t  l e a s t  50 cm-l 

i n  t he  f o c a l  r eg ion  i s  r equ i r ed  t o  gene ra t e  s t r e s s e s  exceeding 

t h e  s t r e n g t h  of t h e  m a t e r i a l .  From t h e  na tu re  of t h e  thermal  

s t r e s s e s  genera ted ,  some of t he  f e a t u r e s  of t h e  mechanical 

damage a r e  expla ined .  The e f f e c t  of t h e  pu l se  d u r a t i o n  and 

t h e  peak powers above t h e  th reshold  value a r e  a l s o  cons idered .  



A review of t he  p o s s i b l e  mechanisms f o r  t h e  l a s e r  induced 

mechanical damage i s  g iven  i n  Chapter I V .  The g e n e r a t i o n  of 

a n  i n t e n s e  hypersonic  sound wave by the  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  of the  i n c i d e n t  l a s e r  r a d i a t i o n  was f i r s t  suggested 

by Chiao, Townes and S t o i c h e f f  (lo). Many workers have t r i e d  

t o  e x p l a i n  t h e  var ious  a s p e c t s  of t h e  damage phenomenon us ing  

t h i s  hypothesis(11'7). It i s  shown here  t h a t  i n  m a t e r i a l s  

where 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  i s  observed,  i t  can on ly  

account f o r  an  e f f e c t i v e  a b s o r p t i o n  c o e f f i c i e n t  of 0 . 1  em-'. 

Also, s i n c e  damage i s  observed i n  m a t e r i a l s  l i k e  CaF2, MgO 

e t c .  where no 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  has  been observed, 

o t h e r  mechanisms must be considered even i n  those  cases  where 

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  does occur .  I n  chap te r s  V 

and V I  an  a l t e r n a t i v e  damage mechanism i s  proposed and 

considered i n  cons ide rab le  d e t a i l  f o r  t he  f i r s t  t ime.  

The exper imental  obse rva t ion  of t h e  l a s e r  induced photo- 

c o n d u c t i v i t y  i n  s i l i c a t e  g l a s s e s  by Sharma and Riec khoff (1') i s  

p resen ted  i n  chap te r  V. Rohatgi  (13) i n  1957 observed photo- 

c o n d u c t i v i t y  i n  soda g l a s s  and Pyrex us ing  u l t r a v i o l e t  l i g h t  of 

wavelength 2537H, and explained h i s  r e s u l t s  a s  due t o  t h e  

i o n i z a t i o n  of sodium atoms i n  a 1 0 i  t h i c k  s u r f a c e  l a y e r  of 

g l a s s .  Here i t  i s  shown t h a t  t h e  e l e c t r o n s  a r e  i n  f a c t  l i b e r a t e d  

by the  i o n i z a t i o n  of t h e  b r idg ing  and nonbridging oxygen ions  

i n  t h e s e  g l a s s e s  by t h e  UV l i g h t  o r  by mul t iphoton 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 .  Using t h e  t heo ry  of mul t iphoton ion iza -  

t i o n  developed by Gold and Bebb (14), t h e  number of f r e e  e l e c t r o n s  



l i b e r a t e d  by a  given inc iden t  l a s e r  pulse  has been ca lcu la ted .  

An order  of magnitude agreement w i t h  t h e  experimental r e s u l t s  

i s  obtained.  Our i n t e r p r e t a t i o n  of Rohatgi 'a  experiments i s  

a l s o  presented.  It i s  f u r t h e r  showr, f o r  the  f i r s t  time t h a t  the 

multiphoton ion iza t ion  alonz cdrLnot account f o r  the  e f f e c t i v e  

absorpt ion required,  n t x t  mere l j  provides an  i n i t i a t i n g  mechanism 

and the  e l ec t rons  tn& l i be ra ted  must bui ld  up by some mult i -  

p l i c a t i v e  process t o  a c r i t i c a l  density" 

The mult ipi ic  ;,t,i proc.?sses leading  t o  a f u l l y  developed 

e l e c t r o n i c  i n s  t ab i l   it^ a r e  col;sidered i n  chapter  V I .  Here 

the  high frequency las?r-induced breakdown and the  d i e l e c t r i c  

breakdown experiments with pulsed d .  c ,  e l e c t r i c  f i e l d s  a r e  

compared; the main d i f fe rence  between the  two being the  mechanism 

of a c c e l e r a t i o n  of the  e l ec t rons  by the  appl ied e l e c t r i c  f i e l d s .  

I n  the  case of d , c .  pulsed experi-ments an average e l e c t r o n  picks 

up s u f f i c i e n t  energy during a meal? f r e e  pa th  s o  as  t o  cause 

c o l l i s i o n a l  ion iza t ion  a t  the  end of a  mean f r e e  pa th .  While 

i n  o p t i c a l  frequency EM f i e l d s ,  e l e c t r o n s  absorb photons by 

t h e  inverse bremstrahlung process (15,16) The cross  s e c t i o n  

f o r  such an absorpt ion  when an e l e c t r o n  i s  s c a t t e r e d  by an 

atom or  an ion  i s  ca lcu la ted  from phenomenological considera- 

t i o n ~ ( ' ~ ) .  It i s  shown here t h a t  i n  t h e  case of g l a s s  the 

inverse bremstrahlung cross  s e c t i o n  i n  the  f i e l d  of ions i s  

t e n  times l a r g e r  than t h a t  of atoms. Since the  ion  dens i ty  is 

low i n  the  i n i t i a l  s t ages  of the  bu i ld  up, e l ec t rons  p ick  up 

energy mainly by the  absorpt ion  of photons i n  the  f i e l d  of the 



atoms and cause c o l l i s i o n a l  i o n i z a t i o n .  The ef f e c t  of d i f f u s i o n  

and recombination is  found t o  be n e g l i g i b l e  and t h e  on ly  r a t e  

l i m i t i n g  process  i s  t h e  l o s s  of energy of the  e l e c t r o n s  by 

e l a s t i c  c o l l i s i o n s  wi th  t h e  l a t t i c e .  -4t i n t a n s i t i e s  of t h e  

i n c i d e n t  l a s e r  r a d i a t i o n  where t n e  rat? of g a i n  of energy exceeds 

t h e  r a t e  of l o s s  of energy,  the  multiplication of e l e c t r o n s  t akes  

p l a c e  a t  a very 1-api3 r a t e  and wi th in  a few nanoseconds t h e  

f o c a l  volume i s  c o n p l e t e l y  i on i zed .  4 - f t e r  t h i s  s t a g e  t h e  f r e e  

e l e c t r o n s  s c a t t e r  hnd absorL the  incider!-t r a d i a t i o n  s t r o n g l y  

6 -1 and can g i v e  r i s e  t o  e f f e c t i v e  a b s o r p t i o n  of t he  o rde r  of 10 cm . 
This mechanism a i s o  exp la ins  t h e  s t r o n g  a t t e n u a t i o n  of t he  i n c i d e n t  

p u l s e  observed, when the  mechanical damage occurs .  F i n a l l y ,  t h i s  

absorbed energy i s  t r a n s f e r r e d  t o  t he  l a t t i c e ,  arid t he  sudden 

h e a t i n g  thus  caused l e a d s  t o  mechanical f r a c t u r e  , 

There were some o t h e r  novel  and interesting exper imental  

obse rva t ions  made dur ing  t h e  course  of' t h i s  s t u d y :  

(i) The s u r f a c e  energy of s o l i d  g l a s s  can be es t imated  from 

t h e  breakdown c o n s i d e r a t i o n .  

(ii) An enhancement of t h e  photoconduct iv i ty  s i g n a l  was observed 

when a second l a s e r  p u l s e  comes w i t h i n  a few mi l l i s econds  

of t h e  f i r s t  l a s e r  p u l s e .  If  t h e  second pu l se  comes 

w i t h i n  a few nanoseconds of t h e  f i r s t  pu l se  no such enhance- 

ment i s  observed.  The presence of l i g h t  from a h igh  

p re s su re  mercury lamp a l s o  washed o u t  t h e  enhancement. 

(iii) A change i n  t h e  r e f r a c t i v e  index of' g l a s s  a t  h igh  i n t e n s i t i e s  

was observed.  



F i n a l l y ,  a summary of t h e  in format ion  gained from t h e  experiments 

as wel l  as a d i s c h s s i o n  of p o s s i b l e  impi ic%t3ions  and some sugges t ions  

f o r  f u r t h e r  work i n  t h i s  f i e l d  a r e  g i v m  i~ zhap te r  V I I .  



CHAPTER I1 

THE DAMAGE PHENOMENON 

An i n t r i g u i n g  a s p e c t  of t h e  i n t e r a c t i o n  between l i g h t  

and m a t t e r  i s  presen ted  by t h e  phenomenon of damage induced 

i n  s o l i d s  by l i g h t  of a wavelength a t  which the  m a t e r i a l  i s  

considered t o  be t r a n s p a r e n t .  The l i g h t  i n  q u e s t i o n  i s  usua l ly  

der ived from a h igh - in t ens i ?y  l a s e r  beam such as t h a t  produced 

by a pulsed ruby o r  neodymium l a s e r ,  E y  v i r t u e  of t h e  temporal 

and s p a t i a l  c o h e r e m e  of t hese  l i g h t  sources ,  as evidenced by 

t h e i r  monochromatic c h a r a c t e r  and t h e i r  s m a l l  beam divergence,  

t hey  a r e  capable  of producing a n  extremely h i g h  power d e n s i t y  

when focused.  Power d e n s i t i e s  of lc9 - 1011 watts/cm.2, a r e  

e a s i l y  ob ta ined .  The many e f f e c t s  observable  wi th  such power 

d e n s i t i e s  have g iven  r i s e  t o  new f i e l d s  of i n v e s t i g a t i o n ,  

among them t h a t  of l a s e r  induced damage i n  t r a n s p a r e n t  d i e -  

l e c t r i c s .  

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

( 2 )  s i l i c a t e  g l a s s e s  was measured by Cullom and Waynant . 
Using a Q-switched ruby l a s e r  t hey  determined t h e  t h re sho ld  

power d e n s i t y  by measuring t h e  maximum power d e n s i t y  which 

can be t r ansmi t t ed  wi thout  caus ing  v i s i b l e  damage. Their  

t h r e sho ld  power d e n s i t i e s  va r i ed  from 2  x 10' watts/cm2 t o  

7 x 1011 watts/cm2 f o r  g l a s s e s  of d i f f e r e n t  chemical composi- 

t i o n  having d i f f e r e n t  damage t h r e s h o l d .  Using t h e i r  d a t a  and 

comparing i t  with  t h e  in format ion  from the  manufacturer  

(Corning Glass Co.) it becomes apparen t  t h a t  t h e  t h re sho ld  



f o r  damage i s  dependent on the  h e a t  t rea tment  of t h e  g l a s s  and 

on i t s  e l a s t i c  and thermal  p r o p e r t i e s .  

M i l l e r  and Bore illi (') measured t h e  damage th re sho ld  f o r  

a number of g l a s s e s  wi th  a non Q-switched ruby l a s e r  beam. 

Here t h e  power d e n s i t i e s  a r e  much lower than  i n  the  Q-switched 

case  and what i s  determined i s  t h e  t h re sho ld  energy.  They 

obtained a range of va lues  from 2 .? t o  5 ~oule/cm' f o r  t he  

t h re sho ld  and p r e d i c t e d  a temperature  r i s e  of 1 0 0 0 ' ~  a t  the  

c e n t e r  of t h e  focal r e g i o n  wi th in  80 microsecond a f t e r  t h e  

onse t  of t h e  l a s e r  r a d i a t i o n ,  as t h e  r e s u l t  of t h e  r e s i d u a l  

l i n e a r  o p t i c a l  abso rp t ion .  

Harper (4) i r r a d i a t e d  po l i shed  ~ i e c e s  of Chance-Pilkington 

o p t i c a l  g l a s s  wi th  a non Q-switched ruby l a s e r  beam. Comparing 

the  spectrum of t h e  r a d i a t i o n  from t h e  f o c a l  r eg ion  with  a b l ack  

body type  continuum, he es t imated  a temperature  r i s e  of 5000•‹K 

f o r  an  i n c i d e n t  l a s e r  pu l se  of 10 Jou le  energy.  This high 

temperature  sugges t  t h e  format ion  of a superheated l i q u i d .  I n  

t he  course  of h i s  i n v e s t i g a t i o n s  many samples broke a p a r t .  

Some of t h e  broken samples showed a d a r k  brown o r  b l ack  r i n g  

around t h e  a c t u a l  p o i n t  of focus  and t h i s  was a t t r i b u t e d  t o  t he  

sudden r e l e a s e  of p r e s s u r e  on a superheated l i q u i d ,  r e s u l t i n g  

i n  a s m a l l  amount of v a p o r i z a t i o n  and subsequent d e p o s i t i o n  of 

one o r  more of t he  c o n s t i t u e n t  meta l s  o r  metal  ox ides .  

A s i m i l a r  occurence of h igh  temperatures  by focuss ing  a 

(1) Q-switched ruby l a s e r  i n t o  g l a s s  was f i r s t  repor ted  by Hercher . 



Askindaze e t  a1 (7) observed t h a t  t h e  damage of s i l i c a t e  g l a s s e s  

by a Q-switched ruby l a s e r  beam e x h i b i t s  s h a r p l y  def ined f i l a -  

mentary c h a r a c t e r  . The f i l a m e n t s  were markedly th ickened i n  

the  f o c a l  r eg ion .  The c racks  showed no r e g u l a r  o r i e n t a t i o n  

away from t h e  f o c a l  p o i n t  and were sepa ra t ed  by reg ions  of un- 

damaged m a t e r i a l .  Near t h e  focus  c racks  as a r u l e  formed 

r o s e t t e s  of p lanes  i n t e r s e c t i n g  a long  t h e  beam a x i s .  When 

h igh  ene rg i e s  ( 2  J o u i e )  p e r  pu l se  and l e n s e s  of s h o r t e r  f o c a l  

l e n g t h  ( f  < 30 mmj  were used, t h e  n a t u r e  of t h e  damage changed. 

Under t h e s e  cond i t i ons  c racks  formed a l a r g e  r o s e t t e  a p p a r e n t l y  

as a r e s u l t  of a p o i n t  exp los ion  wi th - in  t he  specimen. The 

l o c a t i o n  of t h e  focus  wi th  r e s p e c t  t o  t h e  boundar ies  of t h e  medium 

had a n  e f f e c t  on t h e  t h re sho ld  and the  n a t u r e  of t h e  damage. 

Three types  of damage could be i d e n t i f i e d :  

( i> Inpu t  i n t e r f a c e  damage. 

This occurs  when t h e  beam i s  focused on t h e  i n p u t  f a c e .  

Damage i s  i n  t h e  form of shal low c o n i c a l  p i t s .  It i s  always 

r e l a t e d  t o  a b r i g h t  spa rk .  The th re sho ld  is low, e . g .  of t h e  

8 2 orde r  of (2-5) x 10  watts/cm . 
(ii) Output i n t e r f a c e  damage. 

This occurs  when t h e  beam i s  focused on the  r e a r  f a c e  

of t h e  sample. It t y p i c a l l y  shows as c i r c u l a r  c o n i c a l  p i t s ,  few 

t e n t h s  of m i l l i m e t e r s  a c r o s s  and deep. It i s  not  always 

accompanied by a spa rk .  The th re sho ld  i s  about twice  t h a t  of 

type ( 1 )  

(iii) I n t e r n a l  damage. 

This i s  the  one which i s  most f r e q u e n t l y  r epo r t ed  and 



occurs  when t h e  beam i s  focused w i t h i n  t h e  sample. The f r a c t u r e s  

obta ined a t  power d e n s i t i e s  j u s t  above t h e  t h re sho ld  a r e  g e n e r a l l y  

composed of one o r  s e v e r a l  s m a l l  d i s c s  0 . 0 1  t o  1 mm i n  diameter .  

The th re sho lds  a r e  h igher  t h a n  f o r  t he  types  (i) and ( i i )  and 

range from 5 x 10' watts:cm2 t o  7 x loi1 watts/cm2 f o r  g l a s s e s  

of d i f f e r e n t  composit ion.  I n  samples which a r e  longer  t han  t h e  

s e l f  focuss ing  l e n g t h  of t h e  l a s e r  beam, t h e  damage appears  as 

a combination of g ros s  f r a c t u r e  and a long  t h i n  f i l a m e n t  made up 

of very s m a l l  bubbles,  extending a long  t h e  l e n s  a x i s .  

A s e p a r a t e  damage phenomenon observed by ~ i u l i a n o ( ' l )  w i l l  

not  be t r e a t e d  h e r e .  It occurs  when g l a s s  shows a d d i t i o n a l  

s p l i t t i n g  of t h e  r e a r  f a c e  of t h e  sample. I n  h i s  experiments 

l i g h t  was passed through a t o t a l l y  i n t e r n a l l y  r e f l e c t i n g  roof 

t op  prism, being r e f l e c t e d  twice  before  l e a v i n g  t h e  pr ism.  

Damage s p o t s  occured not  on ly  where the  l i g h t  l e f t  t h e  pr ism 

b u t  a l s o  a t  t h e  p o i n t s  where it was r e f l e c t e d  i n s i d e .  

F r e c h e t t e  and C l ine  (18) explored t h e  p o s s i b i l i t y  t h a t  t he  

s t a t e  of p o l a r i z a t i o n  of t h e  beam might be of importance i n  

gene ra t ing  the  damage, e s p e c i a l l y  w i t h i n  s t r o n g l y  a n i s o t r o p i c  

m a t e r i a l s .  They focused an  unpolar ized beam i n  a c a l c i t e  c r y s t a l ,  

t r a v e l l i n g  pe rpend icu la r  t o  t h e  rhombohedra1 c leavage p lane  

i n  c a l c i t e .  It was found i n  a number of t r ia l s  t h a t  t h e  e x t r a -  

o r d i n a r y  and o rd ina ry  rays  caused damage of i d e n t i c a l  s e v e r i t y .  

A l l  t h e s e  experiments confirmed t h e  e x i s t e n c e  of a c r i t i c a l  

i n t e n s i t y  of the  Q-switched l a s e r  beam and a c r i t i c a l  energy 

of t he  non Q-switched beam which must be reached be fo re  n o t i c a b l e  



damage occurs .  Mul t ip l e  i r r a d i a t i o n  of t h e  g l a s s  samples below 

the  c r i t i c a l  i n t e n s i t y  a t  i n t e r v a l s  of 2 t o  3 minutes does not  

cause any v i s i b l e  damage. 

I n  summary then ,  we may desc r ibe  t h e  damage phenomenon as 

fo l lows  : 

The focused beam from a non Q-switched ruby l a s e r  h e a t s  

up the  m a t e r i a l  t o  temperatures  as h igh  as 5000~~. , presumably 

as a consequence of t h e  l i n e a r  o p t i c a l  a b s o r p t i o n  i n  some g l a s s e s  

(8) such as c o r n i r g  rumber 1723, 7 7 4 ~ ~  0580 and X95DTA . I n  t h e  

i n t e r a c t i o n  of t h e  &-switched ruby l a s e r  beam wi th  g l a s s e s ,  

i n t e r n a l  and s u r f a c e  damage occurs .  Bubble format ion  and 

incandescence i n d i c a t e  t h a t  he re  a l s o  h igh  temperatures  a r e  

involved.  Open c racks  and c a v i t i e s  i n s i d e  t h e  bu lk  of t h e  

g l a s s e s  i n d i c a t e  y i e l d i n g  t o  t h e  a c t i o n  of h igh  mechanical 

s t r e s s e s .  The f a c t  t h a t  e x t r a o r d i n a r y  and t h e  o rd ina ry  r a y s  i n  

c a l c i t e  a r e  e q u a l l y  damaging, a l though t h e  d i r e c t i o n s  of t h e i r  

e l e c t r i c  f i e l d  v e c t o r s  correspond t o  d i f f e r e n t  packing d e n s i t i e s  

and bonding s t r e n g t h s ,  impl ies  t h a t  no d i r e c t  coupl ing occurs  

between t h e  atoms o r  ions  and t h e  e l e c t r i c  f i e l d  of t h e  beam. 



CHAPTER I 2 3  

ENERGY CONSLDERATIOK F O R  3AMAGE I N  G L A S S E S  

Consider ing the  na tu re  of t h e  damage i t  appears  l i k e l y  

t h a t  non l inea r  a b s o r p t i o n  processes  p l a y  a n  important  r o l e  i n  

t h e  t r a n s f e r  of energy from t h e  l a s e r  beam t o  t h e  s o l i d .  The 

problem w i l l  now be formulated i n  terms of dynamic the rmoe la s t i c  

theory  wi th  a view t o  determine how much energy must be absorbed 

from the  l a s e r  beam by such non l inea r  p rocesses  t o  cause a 

f r a c t u r e .  The energy absorbed from the  l a s e r  beam i s  represen ted  

by a h e a t  source  wi th  a s p e c i f i e d  space and time dependence. The 

t h e r m e l a s t i c  f i e l d  equa t ion  i s  t h e n  solved f o r  t h e  s t r e s s  

d i s t r i b u t i o n .  A fundamental assumption used i n  de r iv ing  t h e  

equa t ions  f o r  t h e  f r a c t u r e  i s  t h a t  t h e  f r a c t u r e  develops a f t e r  

t h e  l a s e r  pu l se  i s  over ( I9) .  By in t roduc ing  a c r i t e r i o n  f o r  

maximum s t r e s s  f r a c t u r e  r e s i s t a n c e  under a p p l i c a t i o n  of a thermal 

shock, cond i t i ons  f o r  which t h e  f r a c t u r e  can be i n i t i a t e d  dur ing 

t h e  i r r a d i a t i o n  process  a r e  ob ta ined .  A l l  of t h e  a b s o r p t i o n  

processes  a r e  r ep re sen ted  by a s i n g l e  parameter which may be 

looked upon as a measure of t h e  average abso rp t ion .  It i s  

assumed t h a t  no s i g n i f i c a n t  a b s o r p t i o n  occurs ou t s ide  t he  f o c a l  

r eg ion  which i s  assumed t o  be a sphere  having a diameter equa l  

t o  a few Ai ry  d i s k  d iameters .  A l l  of t h e  energy i n  t h e  l a s e r  

beam i s  assumed t o  e n t e r  t h i s  r eg ion .  The approach used he re  

i s  approximate bu t  can provide some i n s i g h t  i n t o  how l a r g e  t h e  

non l inea r  e f f e c t s  must be i n  o rde r  t o  account f o r  t h e  observed 

damage phenomena. 



Mathematical Formulat ion 

This problem has been formulated and i n v e s t i g a t e d  i n  d e t a i l  

by Conners and Thompsoni9). We p r e s e n t  he re ,  f o r  t h e  sake of 

completeness t!_<?i-r t r .?d tn is f l t  w i t h  some mcdif i c a t i o n  of pu l se  

width and fracT3,-rz c r i t e r i c ~ ,  Pn t he  absenc? of body f o r c e s ,  

t he  therrnoelast,ic wave equa t ion  i n  terms of t h e  displacement 

where X and p a r e  Lame Is cons t an t s ,  p i s  t he  m a s s  d e n s i t y  and 

B = (31 + 2v) a, a being  t h e  coef f  i c i e n c  of l i n e a r  thermal 

expansion.  The temperature  f i e l d  i s  represen ted  by T. 

Conventions of tensor a n a l y s i s  such as summation over l i k e  i n d i c e s  

apply .  Assumifig t ~ a t  t he  energy of the  focussed l a s e r  beam i s  

absorbed i n  il s p h e r i c a l l y  symmetric reg ion  about t h e  f o c a l  

p o i n t  of t he  beam the  problem can be expressed i n  s p h e r i c a l  

coo rd ina t e s  ( r ,  8, q). Under t he  assumed s p h e r i c a l  symmetry, 

t h e  displacement components u a r e  de r ivab le  from a s c a l a r  i 

p o t e n t i a l  4 as fo l lows  

With t h i s  assumption, the  t he rmoe la s t i c  wave equa t ion  i s  



I n t e g r a t i n g  (3 )  and s e t t i n g  the  cons t an t  of i n t e g r a t i o n  ( i . e .  t h e  

ambient t empera turz )  equa l  t o  zero;  

where c2  = + *P; c being t h e  d i l a t i o n a l  wave v e l o c i t y .  
P 

Evalua t ion  of temperature  f i e l d  T (?, t )  

Since  the  l a s e r  induced temperature  f i e l d  i s  t h e  d r i v i n g  

f u n c t i o n  f o r  t h e  t he rmoe ia s t i c  waves, we use a n  uncoupled theory  

s o  t h a t  the  r a t e  of s t r a i n  t e n s o r  does no t  appear i n  t h e  energy 

equa t ion .  Thus t h e  temperature  f i e l d  i s  expressed i n  terms of 

t he  absorbed l a s e r  energy through the  h e a t  conduction equat ion:  

where q  r e p r e s e n t  t h e  volume h e a t  source  and C i s  t he  h e a t  

capac i ty ,  considered t o  be c o n s t a n t .  Ass:.ming t h e  h e a t  conduct ion 

t o  be n e g l i g i b l e ,  because of t he  low c o e f f i c i e n t  of t h e  h e a t  

2 
conduct ion and t h e  s h o r t  t imes involved,  we may s e t  yV T  = 0 .  

The q u a n t i t y  q  i s  l i nked  t o  t h e  i n t e n s i t y  I of t h e  i n c i d e n t  

r a d i a t i o n  by t h e  equa t ion  

where I i s  energy f l u x  p e r  u n i t  a r e a ,  and 5 is  the  equ iva l en t  

l i n e a r  a b s o r p t i o n  ( i n  em-') i nc lud ing  t h e  e f f e c t s  of a l l  non- 

l i n e a r  a b s o r p t i o n  p roces ses .  On t h e  b a s i s  of t he  d i f f r a c t i o n  



t heo ry  i t  seems reasonable  t o  approximate t h e  i n t e n s i t y  of t he  

l a s e r  r a d i a t i o n  i n  t he  r eg ion  of t h e  f o c a l  p o i n t  by t h e  s p h e r i c a l l y  

symmetric func t ion :  

n 

2na i s  the  l e n s  parameter,  a- t h e  a p e r t u r e  r a d i u s  where v  = - 
X, f 
I 

of t he  l e n s ,  f -  i t s  f o c a l  l e n g t h  and hl i s  t h e  wave-length 

of t h e  ruby l a s e r ,  The time dependence i s  determined by t h e  l a s e r  

pu l se  shape.  Dis regrad ing  the  i n i t i a l  p a r t  of t h e  pu l se  when 

a b s o r p t i o n  i s  n e g l i g i b l e ,  ( s e e  F ig .  2 .1 )  t h i s  time dependence can 

be approximated by a cos ine  f u n c t i o n .  Argument of t h e  cos ine  

f u n c t i o n  i s  he ld  w i t h i n  t h e  limits 0 5 w t  5 n/2. 

Thus i n  terms of t he  approximated space and time dependence 

the  equa t ion  f o r  t h e  r a d i a t i o n  i n t e n s i t y  i s  

Using (7)  and (8)  i n  (6 )  t he  exp res s ion  f o r  T(;, t )  i s  

CI 

I n t e g r a t i n g  (9) and s e t t i n g  t h e  c o n s t a n t  of i n t e g r a t i o n  ( t h e  

ambient temperature)  equa l  t o  zero,  we g e t :  
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I05 where To = - 
C 

U) 

The peak i n t e n s i t y  1(0, 0 )  = I can be expressed i n  terms 0' 

of t he  peak pu l se  energy f l u x  E as: 

Jm? P - 
10 - h: f2  ' p  (11) 

n/2w 

Now the  t o t a l  p u l s e  energy QT = E d t  where E = E cos w t .  S P 

F i n a l  wave equa t ion  

S u b s t i t u t i n g  hnto (4 )  t he  form of t h e  temperature  f i e l d  

To so lve  t h i s  we make t h e  assumption t h a t  t h e  s c a l a r  p o t e n t i a l  

has t he  same t ime dependence as t h e  d r i v i n g  temperature  f i e l d .  

With t h i s  equa t ion  (13) can be w r i t t e n  as 



W where k = - e 
Conners and Thompson solved t ,h is  wave equat ion using Green's 

funct ion ,  under the  assumption t h a t  the  region d i r e c t l y  a f fec ted  

by the l a s e r  pulse  i s  small a s  compared t o  the  t o t a l  dimensions 

of the  sample. They obtained the  fol lowing expression f o r  the 

s c a l a r  p o t e n t i a l :  
P1 

where 

and 

v  x = k r  and n  = -; ~ i ( x )  and ~ i ( x )  a r e  the  s i n e  and cosine i n t e g r a l s .  
k 

Determination of the S t r e s s  f i e l d  

From equat ion ( 2 )  the displacements a r e  

and the  s t r a i n s  a r e  given by 



The s t r e s s e s  i n  %erms of t he  s t r a i n s  a r e  

So we have by s u b ~ t i t u t i n g  equa t ions  ( 1 6 ) - ( 2 1 )  i n t o  ( 2 2 ) :  

R a d i a l  S t r e s s  , 

Hoop s t r e s s e s  i n  t h e  t a n g e n t i a l  d i r e c t i o n :  

Es t imate  of t h e  e f f e c t i v e  a b s o r p t i o n  c o e f f i c i e n t  

To e s t i m a t e  t he  minimum amount of a b s o r p t i o n  r equ i r ed  t o  

cause mechanical breakdown, we use  t h e  exper imental  va lues  of 

Budin and ~ a f f ~ ( ~ ) .  For convenience we w r i t e  t h e  s t r e s s e s  i n  

g l a s s  as 



where ~ ( n ,  x )  and ~ ( n ,  x )  a r e  g iven  by (23)  and ( 2 4 ) .  Budin 

and Raffy  Is (3 )  exper imental  r e s u l t s  i n d i c a t e  t h a t  t he  t h re sho ld  

f o r  t h e  f r a c t u r e  i n  B o r o s i l i c a t e  g l a s s ,  f r e e  of any p la t inum 

i n c l u s i o n s  i s  j u s t  above 3 x 10' w/cm2 o r  90 ~ / c r n ~ .  For a 

Q-switched ruby p u l s e  of 30 n  s e c  focused by a n  f /10 l e n s ,  t h e  

r e l e v a n t  parameters  a r e :  

l-r - TT = 7 .85  x  l o7  s e c  -1 - w =  
2 x p u l s e  width 2 .2  x  10- 

QT = Tota l  energy i n  t he  p u l s e  

= 5.13 x  lo-' Jou le  

where c  i s  t h e  d i l a t i o n a l  v e l o c i t y  i n  B o r o s i l i c a t e  g l a s s ;  

n2a -1 v = l e n s  parameter = - = 9 x  l o 3  cm . 
1, f 

S ince  t h e r e  w i l l  be a maximum i n  t h e  temperature  g r a d i e n t  a t  t he  

edge of t h e  i l l umina ted  r eg ion  we c a l c u l a t e  t h e  value of ~ ( n , x )  

a t  t h e  edge of t h i s  r eg ion .  Thus c a l c u l a t i n g  t h e  value 5 by 



Fig. 2.2 



taking the  s t r e s s  T~~ equal t o  the thermal shock r e s i s t a n c e  of 

B o r o s i l i c a t e  g l a s s  ( ~ p p e n d i x  11) . 

Using t h i s  value of 5 and QT = 6.8 x lo-' Joule f o r  an  i n t e n s i t y  

above threshold,  the  s t r e s s  f i e l d  i s  p l o t t e d  using an IBM 360 

computer system. Figure2.2 i s  a p l o t  of the  r a d i a l  s t r e s s  T~~ 

and the  hoop s t r e s s  T22 vs the  d is tance  from the f o c a l  p o i n t .  

R a d i a l  s t r e s s  i s  compressive and i s  a monotonically decreasing 

func t ion  of d is tance  from t h e  f o c a l  po in t .  The hoop s t r e s s e s  

a re  o s c i l l a t o r y  i n  na ture  and become compressive and t e n s i l e  

p e r i o d i c a l l y  a s  we move away from the  f o c a l  p o i n t .  The amplitude 

of these  o s c i l l a t i o n s  decreases with increas ing  d is tance  from the 

f o c a l  po in t .  Even though the  r a d i a l  s t r e s s e s  a r e  twice a s  high 

as  the hoop s t r e s s e s ,  it w i l l  not  damage the  g l a s s ,  s ince  

the  g lasses  a r e  known t o  be much s t ronger  under compression than 

under t ens ion  (Appendix I) ,  the  compressive s t r e n g t h  of g las ses  

i s  a t  l e a s t  10 times higher  than  the  t e n s i l e  s t r e n g t h .  Thus the  

f r a c t u r e  i s  i n i t i a t e d  a t  the  t e n s i l e  peaks of t h e  s t r e s s  where 

the peak amplitude exceeds the  t e n s i l e  s t r e n g t h .  

Figure 2 . 3  shows the  e f f e c t  of the  pulse width on the  hoop 

s t r e s s e s .  The f u l l  l i n e  curve i s  f o r  the  case when the  pulse 

dura t ion  i s  30 n  s e e .  The dot ted curve i s  f o r  the case when 

the i n i t i a l  p a r t  of the  pulse  i s  not considered and the  pulse 

dura t ion  i s  20 n  sec but  has the same t o t a l  energy. Peak 



Fig.  2.3 F u l l  Line u = 7.85 x 10 7 sec- l ;  k = 139, n = 65 .  
7 Dotted Line UI = 5.23 x 10 sec- l ;  k = 93, n = 96. 



amplitudes a r e  almost equal  but  the  p o s i t i o n s  of t h e  peaks a r e  

s l i g h t l y  s h i f t e d .  A s i m i l a r  s h i f t  occurs f o r  the  radial  s t r e s s e s  

too.  

S t r e s s  f i e l d s  were a l s o  ca lcula ted  f o r  d i f f e r e n t  f-numbers 

of the focusing l e n s .  The na ture  of the  s t r e s s e s  remains the  

same but the amplitude of the s t r e s s e s  increases  with decreasing 

f -va lue  of the focusing l e n s .  The peak amplitude of the  hoop 

s t r e s s e s  a t  the  edge of the A i r y ' s  d i s k  increases  as the  square 

of f -va lue .  Thus i f  the  damage i s  caused by a pulse  when focused 

by an f/10 l ens ,  the  s t r e s s e s  generated w i l l  not  be s u f f i c i e n t  

t o  cause damage when the  same pulse i s  focused by an f / l 5  l e n s .  

While using a l e n s  of smaller  f -va lue  say f /5  the s t r e s s e s  

generated w i l l  be four  times higher thus  d r iv ing  t h e  cracks much 

f a r t h e r .  This expla ins  the  s e v e r i t y  of the damage when l enses  

of s h o r t  f o c a l  lengths  a r e  used. 

I n  t h e  Appendix I the G r i f f i t h  crack theory and Smekal's 

theory of voids were descr ibed.  These theor ie s  assume the 

presence of a l a r g e  number of small  cracks on the su r face  or 

i n  the  i n t e r i o r ,  rupture  being p r imar i ly  conditioned by the 

extens ion  of a crack  a l r eady  e x i s t i n g  and not by the  formation 

of a  new one. The spreading of the  crack i s  accompanied by an 

increase  i n  energy propor t ional  t o  t h e  increase of the  sur face ,  

on the o ther  hand i n t e r n a l  su r face  increases  the  e l a s t i c  deform- 

a b i l i t y  of the ma te r i a l  thus l ead ing  t o  a lower f r e e  energy when 

the  ma te r i a l  i s  sub jec t  t o  a given e x t e r n a l  s t r e s s e s .  

It depends on the  magnitudes and d i r e c t i o n s  of crack and s t r e s s e s  



whether t h e  t o t a l  c o n t r i b u t i o n  i s  nega t ive  o r  p o s i t i v e .  I f  an  

inc rease  of t h e  s i z e  of t h e  c r ack  l e a d s  t o  a diminut ion of t h e  

f r e e  energy,  t h e  system w i l l  become uns t ab l e  and t h e  c r ack  w i l l  

sp read .  From F igu re  2 .2 ,  we see  t h a t  the? f r a c t u r e  i s  i n i t i a t e d  

by t h e  t e n s i l e  peakc of the hoop s t r e s s e s  which occur a t  d i s t ances  

of 0 .03 mm. The c rz sks  i n  t h e  form of a s p h e r i c a l  r i n g  a r e  

forced  open by t h e  r 9 , d i a l  s t r e s s e s , .  Typica l  speeds f o r  t h e  c r ack  

propaga t ion  i n  g l a s s  i s  1/3 of t h e  d i l a t i o n a l  v e l o c i t y ,  s o  t he  

nex t  r eg ion  w i l l  a t t a i n  t h e  f r a c t u r e  s t r e s s  r g p  somewhat e a r l i e r  

i n  time than  the  time needed f o r  t h e  c r ack  t o  reach  t h i s  r eg ion .  

The c racks  w i l l  p ropagate  up t o  a c e r t a i n  d i s t a n c e  u n t i l  a l l  

the  e l a s t i c  energy i s  consumed i n  c r e a t i n g  new f r a c t u r e  s u r f a c e s  

o r  i f  t he  c r ack  meets a, f law o r  a s t e p  i n  t he  m a t e r i a l .  I f  a t  

a f l a w  boundary t h e  s t r e s s  c o n c e n t r a t i o n  i s  high enough i t  may 

l e a d  t o  the  branching of t h e  c r acks .  S ince  the  peak s t r e s s e s  

near  the  f o c a l  p o i n t  a r e  much l a r g e r ,  t h e s e  c racks  W i l l  propagate 

f u r t h e r  and merging of t h e  consecut ive  c r ack  d i s k s  occurs  which 

g ives  t h e  appearance of a p i t  o r  t h e  p u l v e r i z a t i o n  of g l a s s  i n  

t h a t  r eg ion .  

The r e s u l t s  of t h i s  a n a l y s i s  i n d i c a t e  t h a t  t h e r m o e l a s t i c a l l y  

generated s t r e s s e s ,  r e s u l t i n g  from t h e  o p t i c a l  a b s o r p t i o n  hea t ing  

can e x p l a i n  most of f e a t u r e s  of t h z  mechanical damage t o  g l a s s e s  

under i r r a d i a t i o n  by a h igh  i n t e n s i t y  Q-switched ruby l a s e r .  

It must be noted t h a t  t he  a b s o r p t i o n  involved i s  not  o rd ina ry  

o p t i c a l  a b s o r p t i o n  bu t  i nc ludes  energy t r a n s f e r r e d  by non l inea r  

e f f e c t s .  The value of t h e  e f f e c t i v e  a b s o r p t i o n  c o e f f i c i e n t  5 ,  



i s  obtained from the  t e n s i l e  s t r e s s  f r a c t u r e  c r i t e r i o n  and i s  

found t o  be 50 cm'l f o r  the  b o r o s i l i c a t e  g l a s s  and a Q-switched 

ruby l a s e r  pulse  30 n  sec  durat ion,  with peak power dens i ty  

3  x 10' watts/cm2. For inc ident  energy d e n s i t i e s  near threshold 

any nonl inear  mecharism f o r  the  absorpt ion  must account f o r  a 

minimum e f f e c t i v e  absorpt ion  c o e f f i c i e n t  of 50 em-' i n  the f o c a l  

region.  



CHAPTER IV 

POSSIBLE MECHANISMS FOR ENERGY CONVERSION 

The main i n t e r e s t  i n  the  s tudy of the  breakdown process 

of s o l i d s  caused by in tense  l a s e r  r a d i a t i o n  l i e s  i n  the  na ture  

of the  energy t r a n s f e r  mechanism. I n  the  case of opaque mate r i a l s  

the  l i g h t  absorpt ion  mechanism is  well  known. For t r ansparen t  

ma te r i a l s  the  mechanism of l i g h t  absorpt ion  and the  t ransformation 

of the  absorbed energy i n t o  the  breakdown energy i s  not a t  a l l  

c l e a r .  Severa l  q u i t e  d i f f e r e n t  mechanisms have been proposed. 

The t h r e e  bas ic  mechanisms f o r  the  mechanical breakdown of 

g las ses  by a Q-switched ruby l a s e r  pulse  a re :  

(1) E l e c t r o s t r i c t i o n  

( 2 )  Accoustic wave genera t ion  by s t imulated B r i l l o u i n  

s c a t t e r i n g  

( 3 )  Multiphoton i o n i z a t i o n  and plasma formation. 

We w i l l  d i scuss  the  f i r s t  two mechanisms i n  t h i s  chapter  and the  

d e t a i l s  of the  t h i r d  mechanism a r e  presented i n  the following 

chapters .  

1. E l e c t r o s t r i c t i o n  

S t r e s s e s  caused by the  d i r e c t  a c t i o n  of l i g h t  on d i e l e c t r i c s  

a r e  due to:  

(a)  Direck l i g h t  pressure  

( b )  E l e c t r o s t r i c t i v e  pressure  due t o  the  deformations by 

the e l e c t r i c  s t r e s s e s .  



( a )  Direc t  l i g h t  pressure:  This phenomenon i s  cons i s t en t  with 

the  concept of momentum of the electromagnet ic  waves. I f  an 

electromagnetic wave f a l l s  on an absorbing mate r i a l  and i s  not  

r e f l e c t e d ,  then i t s  momentum i s  t ransmi t ted  t o  the  ma te r i a l  i n  

accordance with the  conservat ion l a w  f o r  l i n e a r  momentum. The 

r a t e  of t r a n s f e r  of t h i s  momentum w i l l  be the  f o r c e  experienced 

by the  body and i s  termed the  l i g h t  pressure .  This r a t e  of t r ans -  

f e r  i n  the  case of t o t a l l y  absorbing body w i l l  be the  momentum 

dens i ty  of the  r a d i a t i o n  which i s  equal t o  the  energy dens i ty  

divided by the speed of l i g h t .  Thus the  maximum l i g h t  pressure  

I w i l l  be p  = - . 
C 

9 2 For an energy f l u x  I = 5 x  10 ~ / c m  , we have 

P  = 
5 x l ~ ~ ~ ~ ~ g / c m ~  sec 

3 x 10" cm/sec 

2 .5  p s i  

Thus the  maximum pressure  due t o  the d i r e c t  a c t i o n  of l i g h t  i n  

the case of t r ansparen t  d i e l e c t r i c  w i l l  no t  exceed 2 . 5  p s i ,  which 

i s  very small .  

( b )  E l e c t r o s t r i c t i v e  pressure:  This r e f e r s  t o  the  deformations 

produced by the e l e c t r i c  s t r e s s e s .  Deformation of a  d i e l e c t r i c  

i n  an e l e c t r i c  f i e l d  i s  determined p a r t l y  by the  Maxwell s t r e s s e s  

and p a r t l y  by the  dependence of the  d i e l e c t r i c  constant  upon the  

s t r a i n ,  I n  an e l e c t r i c  f i e l d  a  d i e l e c t r i c  tends t o  assume a 

conf igura t ion  such as  t o  reduce t h e  t o t a l  energy t o  a minimum. 

I f ,  as i s  usua l ly  the  case f o r  g l a s s e s ,  the  d i e l e c t r i c  constant  

increases  a s  the  dens i ty  increases ,  then Maxwell s t r e s s e s  and 



t h e  varying d i e l e c t r i c  c o n s t a n t  consp i r e  t o  make t h e  d e n s i t y  

i n c r e a s e  when t h e  f i e l d  i s  a p p l i e d .  I n  some subs tances  t he  

d i e l e c t r i c  c o n s t a n t  decreases  wi th  i n c r e a s i n g  d e n s i t y .  I n  such 

a case  t h e  s t a t e  of minimum energy may be accompanied by a 

decrease  i n  d e n s i t y .  

These deformat ions ,  and the  r e s u l t i n g  e l e c t r o s t r i c t i v e  

p re s su re  i s  p r o p o r t i o n a l  t o  t h e  square  of t h e  e l e c t r i c  f i e l d  

and is  independent of i t s  d i r e c t i o n .  The e l e c t r o s t r i c t i v e  

p r e s s u r e  can be eva lua ted  by equa t ing  the  work done on t h e  

d i e l e c t r i c  t o  compress i t  t o  t he  change i n  t h e  e l e c t r i c a l  

energy ( 2 2 )  

Consider a condenser of volume V immersed i n  a compressible 

f l u i d .  The change of e l e c t r i c a l  energy when t h e  f l u i d  c o n s t r a c t s  

by an  amount Av i s  

where d c  i s  t h e  change i n  t h e  d i e l e c t r i c  cons t an t  due t o  com- 

p r e s s i o n .  Equat ing t h i s  energy t o  t he  amount of work done on 

t h e  f l u i d  pelAV 

Since  

where p is t h e  mass dens i ty ,  we g e t  



where 

is a constant  having a value 0.6 t o  1 f o r  g l a s s e s .  

Maximum e l e c t r o s  t r i c t  ive Fressure f o r  an inc ident  beam of 

7 
i n t e n s i t y  5 x lo9  w,/cm- w i l l  be ( f o r  y = 1) equal to :  

which i s  aga in  v e ~ y  small  when compared with the  s t r e n g t h  of 

g l a s s e s .  

2 .  Stimulated B r i l l o u i n  S c a t t e r i n g  

I n  the  normal ? r i l l o u i n  s c a t t e r i n g  an  inc ident  l i g h t  beam 

i s  s c a t t e r e d  by thermally exci ted  acous t i c  waves, Sca t te red  

l i g h t  i s  s h i f t e d  i n  ~ a v e l e r ~ g t h  and the  2nergy d i f fe rence  i s  

taken up by the  acous t i c  wave. A cons idera t ion  of the  energy 

and the  phase vector  conservat ion l eads  t o  the  r e l a t i o n s  



where w and k a r e  the  frequency and the  phase vector  of the  

inc ident  l i g h t ;  , kl f o r  the s c a t t ~ r e d  l i g h t  and ws, ks f o r  

the  acous t i c  wave. The well  known E r i l l o u i n  expression f o r  the 

frequency s h i f t  i s :  

2 k ~ - t i J ,  - k a, -. - necsSm& 
C 2 

where vS, c,/'n a r e  the  acolist ic and optical .  phase v e l o c i t i e s  i n  

the medium, n  i s  the  index of r e f r a e t i o n  which w i l l  be e s s e n t i a l l y  

the  same f o r  i n z i d e ~ t  and s c a t t e r e d  l i g h t  rays i n  i s o t r o p i c  

media, and i s  t h e i r  angular sepa ra t ion ,  

These r e l a t i o n s  impiy t h s t  acous t i c  waves can e i t h e r  be 

generated o r  ann ih i l a t ed  i n  the  s c a t t e r i n g  process .  When acous t ic  

waves a r e  generated,  enhancement i n  l i g h t  s c a t t e r i n g  can occur. 

With a weak e x c i t i n g  source enhancement i s  neg l ig ib le  but w i t h  

a Q-switched l a s e r  pulse ,  the  e f f e c t  i s  profound. The process 

then leads  t o  a marked regenera t ive  behavior i . e .  ampl i f ica t ion  

of t h e  s c a t t e r e d  l i g h t .  A b r i e f  ske tch  of the  dynamics of the  I 

st imulated B r i l l o u i n  s c a t t e r i n g  fol lowing Chiao e t  a1 (lo) is 

presented below. 

Coupling of the  l i g h t  waves with the  sound waves i s  due 

t o  e l e c t r o ~ t r i c t i o n ~  the  compression o r  expansion of the  ma te r i a l  

by t h e  e l e c t r i c  f i e l d s  of t h e  l i g h t  wave. Consider two beams 

of l i g h t  a t  s l i g h t l y  d i f f e r e n t  f requencies  i n  the medium 



Let the  sound wave be described by 

The process of e l e c t r o s t r i c t i o n  causes a l o c a l  compression 6V, 

which i n  the presence of a l o c a l  pressure  P due t o  the  sound 

wave does work by an amount 

The average power t r a n s f e r r e d  t o  th?  sound wave per  u n i t  volume 

i s :  

where us i s  t h e  energy dens i ty  of t h e  sound wave 

where B i s  the  bulk modulus of the  ma te r i a l .  Considering only 

the resonant  term equat ion (8)  can be w r i t t e n  a s  

where we have used = gl + Xs, w = UJ 1 + wS and @ = 2 + + Gs 2 

The p o l a r i z a t i o n  produced by the  sound wave gives r i s e  t o  a 

d ipole  moment 6;, which i n  the presence of the  l o c a l  e l e c t r i c  



f i e l d  sl, l eads  t o  an energy t r a n s f e r  of: 

Thus the  average power t r a n s f e r r e d  t o  the  s c a t t e r e d  wave a t  

the  frequency wl i s  

--b -+ 
where p ( r , t ) ,  t h e  induced p o l a r i z a t i o n ,  i s  given by 

Again considering the  resonant  terms only we ge t  

If the  plane of p o l a r i z a t i o n  of the  2 be perpendicular  t o  

the plane of t h e  s c a t t e r i n g  or  of gl, we can wri te :  

and 

The energy dens i ty  of the  sound wave us ( =  -) ' O  w i l l  decrease 2B 

due t o  the  l o s s e s  according t o  



2  
S i m i l a r l y  the  energy dens i ty  of the  s c a t t e r e d  wave u  ( =  

€ l E O  ) 
1 8rr 

w i l l  decrease a s  

For the  build,  up of the  sound wave and the s c a t t e r e d  wave 

ga in  must exceed the l o s s e s  t h a t  i s  

and 

' E, ~,,r "L .  Ed E,, + 7 
16 T B  ' B r  

Multiplying (15) and (16) we g e t  the  threshold condi t ion  f o r  

ga in  a s  e, 

Thus i n  ord.er t o  have a c a t a s t r o p h i c  bui ld  up of sound and the 

B r i l l o u i n  s c a t t e r e d  wave, the  inc iden t  i n t e n s i t y  must be l a r g e  

enough t o  overcome the  l o s s e s .  For the  case of fused quartz  

various cons tants  a re :  (23)  

y = 0.6, 5 = 3 x 10-9 see,  s  = 5 x 10-9 s e e .  

B = 1012 dynes/cm 2 

ur = 10'5 sec  -1 
1 

= l o l o  sec -1 "'s 



€1 is  roughly 2.3, s o  the  threshold energy d.ensity f o r  the 

2  24 s t imulated B r i l l o u i n  s c a t t e r i n g  i s  230 MW/cm . Krol l  i n  

1965 considered the  p rob~em of pho toe las t i c  i n s t a b i l i t y  i n  

quartz  and sapphire  under i l lumina t ion  by an in tense  l a s e r  

pulse .  He solved the  phsRornenological equations,  descr ib ing  

the  p h o t o e l a s t i c  c o u ~ l i n g  b2tween the zlectromagnetic and the  

e l a s  ti,: waves by a Lagracgian dens i t y  

where u r e f e r s  t o  t k e  displacnmects; Di, the e l e c t r i c  d i s -  k 

placement vec tor  and p .  z j k l  i s  t h s  Poc kzl  s e l a s  to-  o p t i c  constant  . 
Resul ts  of h i s  c a l c u l a t i o n  show t h a t  the  growth of a pho toe las t i c  

e x c i t a t i o n  i s  governed p r imar i ly  by an 2xponential  f a c t o r  of 

1/2 x1/2 the  form (1.23 WQ - v s a t ) ,  wher? WQ i s  the  l a s e r  energy 

2  i n  Joules/cm , x i s  the  i n t e r a c t i o n  length ,  vs is  the  sound 

ve loc i ty ,  a  the  a t tenuat ior ,  at sound wavelengths, and t i s  the  

l a s e r  pulse  d.uration. The backward. i n s t a b i l i t y  i s  wel l  developed 

when t h i s  exponent is  of the  order  of t e n  or  more. Krol l  gives  

the fol lowing r e l a t i o n  f o r  the  power c a r r i e d  by the  e l a s t i c  

wave i n  terms of t h e  power c a r r i e d  by the  Stokes s h i f t e d  wave, 

where ws i s  the  e l a s t i c  wave frequency, w the  inc iden t  l a s e r  

frequency, Ps i s  the  acous t i c  power and P  the  power i n  the 1 

Stokes sh i f t ed ,  wave. The bui ld  up of Ply i s  l imi ted  by the  

f a i l u r e  of the  l i n e a r  approximation and i n  p a r t i c u l a r  by the 

r e a c t i o n  back upon the  inc iden t  l a s e r  power. Budin e t  a1 ( 25) 



measured the Stokes l i g h t  power f o r  var ious inc iden t  l a s e r  

energies  f o r  a s i l i c a t e  g l a s s .  From t h e i r  d a t a ,  f o r  a focused 

ruby l a s e r  energy of 0.07 J or 210 ~/cm' the  Stokes s h i f t e d  

power is P - 2000 W .  Using K r o l l f s  c r i t e r i o n  f o r  the  i n s t a b i l i t y  1 -' 

we can c a l c u l a t e  x: 

-4 S u b s t i t u t i n g  a l l  the values we g e t  x = C.30 em. or  t h e  Ps = 2 x 10 W. 

Z This y i e l d s  an ~ z o u s t i c  wave i n t e n s i t y  of approximately 6 W/cm . 
Even i f  we assume t h a t  a l l  t h i s  acous t i c  power is  absorbed i n  

the  f o c a l  volume, the maximum value of the  e f f e c t i v e  absorpt ion  

due t o  t h i s  mezhanism i s  5 - 0.1,  which is  very much smaller  

than the  minimun? e f f e c t i v e  absorpt ion  need.ed f o r  mechanical 

breakd.own a s  d.ecluced, from energy cons id .erat ions . 
Ritus  and. Manenkov i26) i nves t iga ted  the threshold f o r  

s t imula ted  W i l l o u i n  s c a t t e r i n g  and f o r  the  voiume damage i n  

g l a s s ,  fused quartz  and c r y s t a l l i n e  quar tz .  The r e s u l t s  of 

t h e i r  experiments a r e  given below: 

Mater ia l  1 Threshold f o r  I Tihreshoid f o r  
I Stimulated B r i l l o u i n  , I Volume damage - 

S c a t t e r i n g  (pSBS )w/cmZ / ('d,amaBe 1 w/cm 2 

g l a s s  1 10.9 x 10 9 18.9 x 10 9 

Fused quartz  1 11.1 x lo9  1 14.5 x 10' 

Crys t a l i i c e  I 8 . 9 ~ 1 0  9 
quartz  



le glass damage threshold found by us is lower, this discrepancy 

I attributed to the differences in the brand of glass. The 

.ct that the dzmage is observed before tne stimulated Erillouin 

attering threshold is reached indicates that stimulated Brillouin 

attering cannot b? respcnsibie for the damage in glass. If 

i the case of fused cjirzrtz a ~ d  crystalline quartz, where PSBS 

lower than Pd5msgp7 a"d stimulated Srillouin scattering is 
A,- 

le damage mec'ranisrn then the damage thrzshold in crystalline 

.art2 should kc: l o w r  than in fused quartz. 

In addition wc x ~ l g d  that the material fracture is observed 

! crystals of @&F,, MgG and NaCl when subjected to the focused 
C 

.ser radiation ever, when no stimuiated Brillo~in scattering is 

served. Clearly there must be some other mechanism of damage 

erating in these mztcrials. Where stimulated Rrillouin scatter- 

g does occur, tho presence of this mechanism cannot be ignored. 

e details of this xcchanism are given in the following chapters. 



CHAPTER V 

PHOTOCONDUCTIVITY I N  GLASS INDUCED BY 

Q-SWI'2CHED RUBY USER 

is t o r i c a l  Sketch 

Photoconductivity and pho toe lec t r i c  emission induced by 

Lt ravio le t  l i g h t  i n  soda g lass ,  Pyrex and quartz  were observed 

I 1957 by Rohatgi ( 1 3 ) .  Vul (27) and Cul ler  and Rexford (28) 

,served conduct iv i ty  induced by gamma r a d i a t i o n  i n  g l a s s e s .  

' t e r  the  advent of high i n t e n s i t y  l a s e r s  pho toe lec t r i c  

mission under l a s e r  e x c i t a t i o n  w a s  observed i n  metals ( see  

)r example Chang and B i r d s a l l  (*')), semiconductors and d ie-  

2ctr ics  (30) . Laser induced photoconduct ivi ty  i n  s i l i c a t e  

-asses  was f i r s t  observed by Sharma and Rieckhoff (la). The 

lotoemission from metals and semiconductors can be explained 

r multiphoton i o n i z a t i o n  (31) o r  l a s e r  induced thermionic 

~ i s s i o n ( ~ ~ )  . It i s  shown here t h a t  photoconduction under 

: c i t a t i o n  from a Q-switched ruby l a s e r  i n  s i l i c a t e  g las ses  

.n be explained by multiphoton i o n i z a t i o n .  

A l l  ene rge t i c  electromagnetic r a d i a t i o n s  such as gamma 

,ys, X-rays, and u l t r a v i o l e t  l i g h t  i n t e r a c t  with both organic 

d inorganic  g l a s s e s .  I n  each case co lo r  cen te r s  a r e  produced (27333) 

ese cen te r s  a r e  q u a l i t a t i v e l y  s i m i l a r ,  but the  number produced 

d t h e  l i f e t i m e s  vary widely. Radiat ion i s  absorbed i n  d i f f e r e n t  

ys depending upon the  energy of the  quanta. X-rays and u l t r a -  

o l e t  l i g h t  a r e  absorbed p r imar i ly  by photo ioniza t ion  while gamma 



iys may be absorbed by Compton s c a t t e r i n g  or  

1 each case f r e e  e l e c t r o n s  a r e  produced with 

p a i r  production. 

an energy which 

lpends upon the  inc iden t  photon energy. These f r e e  e l ec t rons  

'e respons ib le  f o r  the  production of the changes i n  the  

i ruc tu ra l  u n i t s  of the  g lasses  involved. The changed u n i t s  a r e  

l en t i f i ed  a s  the  var ious types of co lo r  cen te r s  which a r e  

tsponsible f o r  the  induced absorption bands i n  t r ansparen t  

.asses .  For example i n  a l k a l i  s i l i c a t e  g las ses  containing 

) mole % of a l k a l i  metal oxide, an absorpt ion  maximum occurs 

; 3100i when exposed t o  the X-rays or  uv l i g h t ,  i r r e s p e c t i v e  

the  a l k a l i  metal used. A second absorpt ion  maximum i s  a l s o  

]served whose p o s i t i o n  depends upon the  p a r t i c u l a r  a l k a l i  

! ta l  present  i n  the  g l a s s .  It i s  s i t u a t e d  a t  4150i f o r  l i th ium;  

, 45001 f o r  sodium, a t  47501 f o r  potassium, a t  48501 f o r  rubidium 

~d a t  4900i f o r  cesium. The exact  p o s i t i o n  of the  absorpt ion  

bak a t  31001 depends upon the  a l k a l i  oxide concent ra t ion  and 

l i f t s  t o  lower wavelength with decreasing a lka l i  metal con- 

~ n t r a t i o n ,  while the  absorpt ion  peaks around 4500A do not  

bpend upon concent ra t ion .  The absorpt ion  peak a t  31001 i s  

,kr ibutable  t o  nonbridging oxygens which have 10s t an e lec t ron ,  

l i l e  the  peak around 45001 i s  due t o  the  i n t e r s t i t i a l  a l k a l i  

ltal c a t i o n  which has captured a n  e lec t ron ,  and thus i t s  p o s i t i o n  

, r i e s  depending upon t h e  a l k a l i  metal used. These absorpt ion  

,nds a r e  bleached by hea t ing  o r  by sh in ing  l i g h t  on them. 

The energy of photons produced i n  ruby l a s e r s  i s  1 .78 ev.  

l is  i s  far  below the  energy needed t o  produce a f r e e  e l e c t r o n  



1 g l a s s e s  of t h i s  k ind.  However, a t  h igh  photon f l u x  d e n s i t i e s  

10" photons - see-', t h r e e  o r  f o u r  of t h e  ruby l a s e r  

lotons can be absorbed s imul taneous ly .  (IQ) They t h e n  produce 

le same e f f e c t  which i s  observed under i l l u n i n a t i o n  by X-rays 

r u l t r a v i o l e t  l i g h t ,  a i though  t h e  e f f i c i e n c y  of t h i s  p rocess  

: very  small by e o m p a r i s o ~ .  We p r e s e n t  here t h e  r e s u l t s  of 

cperiments i n  which the  c o n t r i b u t i o n  of khc e l e c t r o n s  produced 

J such a process  t o  t h e  e l e c t r i c a l  c o n 3 u c t i v i t y  of t h e  g l a s s e s  

lder  s t u d y  i s  observed.  

cperimental  A r r a n g e m e ~ t  

F igure  5.1 akow the  b a s i c  exper imental  s e t  up. The l a s e r  

;ed is  a Raytheon LEI5 l a s e r  head wi th  a h igh  q u a l i t y  60' ruby 

r y s t a l ,  s i x  inches  long  and 3/8 i nch  i n  d iameter .  Vanadium 

~ t h a l o c y n a n i n e  i n  b e n z e ~ e  was used as a pas s ive  Q-switch and a 

lo  pr ism as an end r e f l e c t o r .  The l a s e r  c a v i t y  was cooled by 

ry, cold  n i t r o g e n  t o  a temperature  of - 5 ' ~ .  This temperature  

zs  he ld  cons t an t  t o  w i t h i n  1•‹C i n  o rde r  t o  o b t a i n  reproduc ib le  

zser  p u l s e s .  This was achieved by a t t a c h i n g  a d i s c  t h e r m i s t o r  

lB31J) t o  t h e  ruby c r y s t a l  ho lde r  and us ing  t h i s  i n  one a r m  of 

?e Wheat Stone b r idge  c i r c u i t  shown i n  f i g u r e  5 .2 .  The b r idge  

~s balanced at; -5'~ by a d j u s t i n g  t h e  1K po ten t iome te r .  Any 

Luctuations i n  t h e  c a v i t y  temperature  w i l l  v a ry  t h e  r e s i s t a n c e  

E the  t h e r m i s t o r  and w i l l  produce corresponding changes i n  

3 l t age  a t  t h e  p o i n t s  A and B. These vo l t age  changes a r e  fed  
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n t o  a picopower comparator r e l a y  (DDC type PPC-1.A) as shown 

n  f i g u r e  5.3, which provides t h e  contac t  c losure  when the 

nput vbl tage i s  1/2 m i l l i v o l t  g r e a t e r  than the  reference  

o l t age .  This r e l a y  then  a c t u a t e s  a solenoida l  valve thus 

onnecting or  c u t t i n g  off  t h e  flow of cooled, d.ry n i t rogen  

o  the l a s e r  cav i ty .  A s m a l l  flow of d.ry n i t rogen  i s  main- 

ained through the  l a s e r  c a v i t y  t o  przvent the  s i l v e r  from 

e t t i n g  t a rn i shed .  Th? l a s e r  output was monitored using a 

icroscope s l i d e  as beam s p l i t t e r .  Four per  cent  of the 

ncident pulse  energy was r e f l e c t e d  and a t tenuated  by a 

o lu t ion  of Nickel S u l f a t e  i n  water and. n e u t r a l  d.ensity 

i l t e r s  before h i t t i n g  the  photocathode of an RCA 925 photo- 

i0d.e. The output of the  l a s e r  cons is ted  of pulses  of 20 nanio- 

3cond. h a l f  wid.th and a peak power of 2-3 megawatts. The l i g h t  

rom the  Q-switched ruby l a s e r  was p a r t i a l l y  focused i n  t h e  

zmple by a 10 cm f o c a l  l eng th  l e n s .  The diameter of the  beam 

?cid.ent on the  sample was about 1 mm. A corning g l a s s  f i l t e r  

-60 was used t o  prevent s h o r t  wavelength l i g h t  from the  l a s e r  

lmp from r e a c h i ~ g  the  sample. The samples used. were rec tangular  

ieces of s 0 d . a  g l a s s ,  fused, quartz  and quartz  c r y s t a l ,  with 

l ickness 0.15 cm t o  0.20 cm. The spacing between the  e lec-  

:od.es was 0.7 cm. To make e l e c t r i c a l  contac ts  t o  the  g l a s s  

le samples were cleaned with hydrof luor ic  acid,  and gold. wire 

?ads were s tuck  t o  the  s ides  with the  a i d  of high p u r i t y  

ldium. S i l v e r  was then evaporabed on the  s i d e s  t o  give a 

liform f i e l d  across  the  sample a s  shown i n  the f i g u r e  5.4. 

~ t t e r i e s  were used, t o  apply the  d..c. vol tage across  the sample. 



o el iminate  cond.uction along the  su r face  of the samples, a 

round.ed e1ectrod.e surround.ing the  a r e a  of i r r a d i a t i o n  was 

vaporated onto the  s u r f a c e .  The appl ied f i e l d .  i n s i d e  the 

Lmple w i l l  i n  p r i n c i p l e  be a l t e r e d  by t h e  presence of t h i s  

~ a r ~  r i n g  a s  well  a s  the  f r a c t i o n  of t h e  charges reaching the  

1 e c t r o d . e ~ .  I n  a r r i v i n g  a t  our f i n a l  r e s u l t s  we can neglec t  

ne presence of the  guard r i n g  f o r  the  fol lowing two reasons: 

1) the  d .e ta i led  geometry of the  sample decreased the  inf luence 

€' t h e  guard r i n g  ins ide  the  sample; ( 2 )  we ob ta in  i d e n t i c a l  

2sul t s  when using samples without guard r i n g s .  I n  o ther  words 

l a r d  r i n g s  merely pr0vid.e assurance t h a t  the  su r face  e f f e c t s  a r e  

~t important. P o l a r i z a t i o n  e f f e c t s  due t o  the  migrat ion of t h e  

2bile ~ a +  were neglected. (34) s i n c e  a l l  experiments were done 

I times s h o r t  compared with the  time need.ed t o  produce such 

~ l a r i z a t i o n s  . Our experiments a r e  performed. a t  room temperature 

1d i n  l i g h t .  Any e l e c t r o n s  trapped a s  co lo r  cen te r s  w i l l  be 

Leached, i n  the  time i n t e r v a l  of 3-5 minutes between successive 

Lser s h o t s .  

For stud.ies of the i n t e n s i t y  d.ependence of t h e  e f f e c t s ,  

~ r n i n g  g l a s s  f i l t e r s  were used, as a t t e n u a t o r s  i n  the l a s e r  

?am. While stud.ying the  i n t e n s i t y  d.epend.ence of the  photo- 

m d u c t i v i t y  ind.uced, by t h e  l a s e r  i t  was noticed, t h a t  the 

)nd.uct ivi ty  gave r i s e  t o  a s i g n a l  many ord.ers of magnitud.e higher 

Ian usual  i f  the  i n t e n s i t y  was high enough t o  cause mechanical 

Image. This provided, an easy c r i t e r i o n  t o  assure  t h a t  the  

Lser power was always kept below the  l e v e l  a t  which the  d . i e l e c t r i c  

-eakdown e f f e c t s  such as sparking e t c .  occurred.. 



[perimental Resul t s  

Figure 5 .5  shows a t y p i c a l  s i g n a l  obtained.  The upper 

'ace shows t h e  vol tage across  EL resul t i r .g  from the photo- 

~ r r e n t .  The co l l ec ted  charge Q i s  obtained from the  a r e a  under c  

le lower curve.  The l i f e  Time of the  charge c a r r i e r s  7 i s  r 

~und from t h e  shape of the  lower curve.  Knowing Qc and T~ 

le number of e l ec t rons  n generated by the  l a s e r  pulse  can be 
0 

i tained. I n  f i g u r e  5.5, the sample i s  a quartz  c r y s t a l ,  the 

s e r  power i s  2.9 MW corresponding t o  a n  inc iden t  ' f lux on the  

-1 .mple of 1 .28 x loe7 photon emm2 -s and the  t o t a l  charge 

d l e c t e d  Qe i s  6.38 x 10 -13 Coulomb o r  4 x l o 7  e l e c t r o n s .  A 

o t  of t h e  t o t a l  charge col lec ted .  Qc (Coulombs) a g a i n s t  the  

~c id .ent  photon f l u x  S (photons 2 / cm s j i s  given i n  f i g u r e  5.6, 

Ir t h e  c a s e - o f  soda g l a s s ,  fused quartz  and quartz c r y s t a l .  

.e s t r a i g h t  l i n e s  a r e  obtained by a l e a s t  squares f i t  of the 

m , ta.  This gives a, r e l a t i o n  Q S and the  s lopes  of the  l i n e s  

.ve the  values f o r  m, which are 

g l a s s  fused quartz  quar tz  x - t a l  

m = 3.4 0 . 8  3.8 k 0.4  3.6 * 0.6  

e  shape of t h e  current  pulse  was t.he same i n  a l l  th ree  cases .  

e  time delay between the  peak of the  l a s e r  pulse  and the peak 

the  photocurrent  is  dependent on the time constant  of the  

para tus  7 a '  

To ob ta in  an  expression f o r  the  photocurrent I ( t ) ,  we 

ns ide r  a sample with a d is tance  h' between the e l ec t rodes  and 



Fig .  5.5 

Typical S igna l .  Upper t r ace ,  Q spoi led  

l a s e r  pulse  t = 40 ns/div. Lower t r a c e ,  

amplified s i g n a l  vol tage across  R ~ ( =  1 M Q )  

t = 0 . 1  ms/div., and s e n s i t i v i t y  0 . 1  V/d iv .  



O Quartz crystal 
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luminated a t  the  cen te r .  Yr~e i l lumina t ion  produces no 

sc t rons  i n  a time of 20 ns .  Let be the  mobi l i ty  of these  

ectrons and ' r t h e i r  l i f e t i m e  i n  the  c o ~ d u c t i o n  band. We 

sume t h a t  the  r ecornb ina t io~  prozess i s  l i n e a r  and can be 

z rac te r i zed  by a sirigle l i f e t i m e .  This i s  j u s t i f i e d  i n  

2w of the  very iarge cocc2nt ra t ion  of recombination cen te r s  

ch a s  m e t a l l i c  i o r s ,  oxygec v a c a ~ c i e s ,  e t c .  Under the  e f f e c t  

an appl ied e l e c t r i c  f i e l d  E, the,se e l ec t rons  d r i f t  towards 

e anode. They  ill a l s o  d i f f u s e .  We now der ive  an expression 

r the  cu r ren t  dens i ty  using phznomenological parameters: 

Consider the  one dimeneion&i motion of e l e c t r o n s .  The 

r r e n t  dens i ty  tak ing  i n t o  accouri t  d r i f t  and d i f f u s i o n  of 

r r i e r s  i s  

e r e  D i s  the  d . i f fus ion  c o e f f i c i e n t ,  p i s  t h e  mobi l i ty  of 

ec t rons ,  n ( t )  the  number of e l ec t rons  a t  time t a f t e r  the 

l s e ,  E the  e f f e c t i v e  f i e l d ,  and e the  e l e c t r o n i c  charge. 

r e  Eo is  the  applied.  f i e l d  El i s  t h e  f i e l d  d,ue t o  t h e  e l ec t rons  

ven by 

e r e  s i s  the  d . i e l e c t r i c  cons tant .  From the  con t inu i ty  

u a t  ion  



? r e  T~ i s  t h e  l i f e t i m e  of t h e  e l e c t r o n s .  S u b s t i t u t i n g  f o r  

i n  (4 )  

r convenience we assume a Gaussian d i s t r i b u t i o n  i n  x f o r  

e e l e c t r o n s .  The h a l f  width of t h e  Gaussian i s  assumed t o  

1/4 t imes t h e  f o c a l  d iameter  of t h e  beam because of t he  

ur  photon n a t u r e  of e l e c t r o n  g e n e r a t i o n  

e r e  o i s  t h e  h a l f  width .  Then from ( 6 )  

2 aE1 an a n  b s t i t u t i n g  f o r  - - axJ 2 ,  ax and D = - IJkT , we o b t a i n  
ax e 



e r e l a t i v e  magnitude of t h e  var ious  terms i n  t h e  square  b racke t s  

g l e c t i n g  t h e  i h s t  term i n  t h e  square  b r a c k e t s  and i n t e g r a t i n g  

) we g e t  

b s t i t u t i n g  f o r  n  i n  (1) 



4 ,w t can  have a maximum va lue  of lo7 ,  which i s  10- s ee ,  s o  

le c u r r e n t  d e n s i t y  t o  t h i s  approximation becomes 

As i s  t h e  r equ i r ed  oexpress ion  f o r  t h e  c u r r e n t  d e n s i t y .  The 

large c o l l e c t e d  by the  e l e c t r o d e s  w i l l  be e  i f  a n  e l e c t r o n  

' ave l s  r i g h t  a c r o s s  t h e  sample, (35) b u t  i f  t h e  e l e c t r o n  t r a v e l s  

ex d i s t a n c e  x  oniy,  t h e  charge measured w i l l  be T .  The d i s t a n c e  

' ave l led  i n  u n i t  t ime is  x  = WE. Thus t h e  charge de l ive red  t o  

.e e l e c t r o d e s  i n  u n i t  t ime i s  

PE I(t) = no e tT) e 
- - I, e-'rh . (12)  

e  measuring c i r c u i t  and i t s  equ iva l en t  c i r c u i t  a r e  shown i n  

gure  5.7. Here C s  i s  t he  sample capac i tance ,  R ( t )  i s  i t s  

s i s t a n c e ,  RL i s  t h e  load  r e s i s t a n c e  and C i s  t h e  d i s t r i b u t e d  

. pac i ty .  Cur ren t  f lowing  through RL produces t h e  s i g n a l  vo l t age .  

le t ime dependence of t h i s  vo l t age  w i l l  be t he  time dependence 

' ~ ( t ) ,  (g iven  by ( 1 2 ) )  modified by t h e  response of t h e  RLC 

r c u i t .  I f  t h e  impedance of t h e  ( R ~ c )  p a r t  i s  very  s m a l l  as 

~mpared wi th  t h a t  of t h e  sample, t h e  magnitude of t h e  c u r r e n t  

.11 be c o n t r o l l e d  by t h e  sample impedance. The c i r c u i t  5 . 7 ( a )  

duces t o  a n  e q u i v a l e n t  c i r c u i t  shown i n  f i g u r e  5 . 7 ( b ) .  This 

.ves t h e  vo l t age  drop a c r o s s  RL 

" i l l  

,,J,,gr~V "Yfiu 
p 



Fig .  5.7 



e r e  T~ = BLC, tne  time cons tant  of the apparatus .  The t o t a l  

arge co l l ec ted  w i l l  be 

I ob ta in  r _  from the  shape of t h e  s i g n a l  we consid.er 

lere 
7 = 

.e value of 7 i s  found by the b e s t  f i t  t o  the  experimental 

.rve.  Since we know the  value of T ~ ,  T~ i s  found t o  be of t h e  

d e r  of 10-'s. The values of T~ do not  d i f f e r  much i n  the  

Lree cases inves t iga ted . .  From t h e  p o s i t i o n  of the  maximum of 

t )  on the  t r a c e  the  es t imate  of T~ can be j u s t i f i e d .  I f  

s 0 . 1  T~ the  maximum would occur e s s e n t i a l l y  with a time 

l a y  of r 0.2 ra .  For r r  n 0.9 ra the  maximum would not be 

'en on the time s c a l e  used on the  photographs. Since the 

.ximum d.oes i n  f a c t  occur with e x c e l l e n t  r e p ~ o d u c i b i l i t y  

:tween these  extremes we ob ta in  t h e  above mentioned value 

'r from a  b e s t  f i t  of our d a t a .  For comparison of the  



3 l a t i v e  magnitude of t h e  e f f e c t  i~ var ious  m a t e r i a l s ,  we c a l c u l a t e  

m ne p r o p o r t i o n a l i t y  c o n s t a n t  a i n  t h e  r e l a t i o n  no = as f o r  a n  

x i d e n t  photon f l u x  of 6 .3  x 10" photoons/(cm2 - s e e )  and assum- 

?g m = 4 f o r  a l l  t h e  ca ses  we f i n d :  

a = (1.20 A C.03) x 19 -95 F u e d  quar tz  

= (1 .08 0.05) x 10 -96 Quar tz  Crystal  

is cus s i o n  
IV Mi 

u d 

I* 

To i n t e r p r e t  t h e  r e s u l t s  i t  i s  a p p r o p r i a t e  t o  r e f e r  t o  I) 

*" 1) 

Ir unders tanding of t h e  s t r u c t u r e  of s i l i c a t e  g l a s s e s  (Appendix p IY 

I I 

) I n  the  non i r r ad i a t ed .  s t a t e  qua r t z  c r y s t a l ,  fused. qua r t z  

~d g l a s s  do n o t  absorb i n  t h e  v i s i b l e  r eg ion .  The a b s o r p t i o n  
Y 

u *I 1 1  

lM,'*e- u" 

~ e c t r a  shows a hump around 2350i i s  fused  qua r t z  and a fundamental 

) s o r p t i o n  around 18ooi  and. below i n  fu sed  qua r t z  and qua r t z  

~ y s t a l .  K a t s  and. S t e v e l s  (33) a l s o  found such a hump i n  sbda 

Lass. I n  t h e  ca se  of g l a s s  a b s o r p t i o n  s tar ts  a t  3100i - 2600i 

?pending upon t h e  composi t ion ( f i g u r e  5 .8) .  The a b s o r p t i o n  

; 2300i r e s u l t s  from t h e  t r a n s i t i o n  of a n  e l e c t r o n  from a non- 

?id.ging oxygen t o  t h e  conduct ion band and t h e  fund.amenta1 

) s o r p t i o n  a t  1800i i n  fused  qua r t z  and quar tz  c r y s t a l  r e s u l t s  

: t h e  l i b e r a t i o n  of a n  e l e c t r o n  from t h e  b r i d g i n g  oxygens (33) .  

~r qua r t z  c r y s t a l  wi th  a more p e r f e c t  l a t t i c e  t han  fused qua r t z  

le a b s o r p t i o n  a t  2300i i s  hidd.en under t h e  t a i l  of t he  fund.amenta1 





sorpt ion ,  ind. icat  irig t h a t  t h e  number of nonbridging oxygens 

c r y s t a l s  i s  do.wn by approximately an order  of magnitude. The 

nbridging oxygen3 i n  s0d.a g l a s s  w i . 1 1  emit an  e l e c t r o n  und.er 

c i t a t i o n  by e l e c  tromagnctic r ad ia t ion ,  i . e  . an e l e c t r o n  i s  

berated.  by the r e a c t i o n  

t e r  the  e l e c t r o n  has been ejected.  then  N a t  bscomes mobile 

.d, t h e  d.-c cond.uctivity w i l l  be increased, a ~ d ,  t h e  more 

. e rge t i c  e l e c t r o n s  may be observed a s  pho toe lec t f i c  emission 

om g l a s s ,  Because the  i o n i z a t i o n  energy of Sodium atoms i s  

1 ev and thus near  the  energy of photons X = 2300i, Rohatgi (13) 

kr ibuted t h i s  pho toe lec t r i c  emission t o  t h e  i o n i z a t i o n  of 

dium atoms, assuming the  presence of 1013 sodium atoms per  

2 i n  a 1 0 i  t h i c k  sur face  l a y e r  of g l a s s .  However, the  

d i m  i n  g l a s s  i s ,  i n  f a c t ,  p resent  a s  a charge compensating 

n .  It i s  c l e a r l y  shown by the  x-ray d i f f r a c t i o n  experiments 

.at the  bonding between the  oxygen ions and sod.ium ians  i s  

ghly i o n i c .  These sodium ions could. not be ionized. aga in  by 

e u l t r a v i o l e t  l i g h t  used i n  these  experiments. The increase  

. d-c conduct iv i ty  observed by Rohatgi must be a r e s u l t  of the  

d s s i o n  of e l e c t r o n s  from nonbridging oxygen ions,  whereaf t e r  



le sodium ions,  no longer  required as  charge compensators 

!come mobile. 

The r e l a t i v e  magnitude of photoconductivity induced by 

le l a s e r  beam a l s o  suggest  t h a t  the  e l e c t r o n  i s  not  l i b e r a t e d  

the  i o n i z a t i o n  of sodium i n  g l a s s .  We observed a y ie ld  from 

lsed quartz (<  1$ Ka or  o the r  a l k a l i n e  metals)  almost an order 

' magnitude higher than  t h a t  from soda g l a s s  (13% ~ a ) .  The 

-eld i n  quartz  c r y s t a l  was smaller  thar, t h a t  i n  e i t h e r  g l a s s  

a fused quar t z .  This i s  not  s u r p r i s i n g  i n  view of the  s c a r c i t y  

' nonbridging oxygem i n  a more p e r f e c t  l a t t i c e  a s  evidenced 

the  absence of the absorpt ion  peak around 2300i .  We i n t e r p r e t  

le observed photoconduct ivi ty  under l a s e r  e x c l t a t i o n  as  mult i -  

loton e x c i t a t i o n  of an e l e c t r o n  i n t o  the  conduction band. The 

n g l e  photon energies  needed t o  induce such a  t r a n s i t i o n  from 

le nonbridging oxygens i s  5.36 ev and from bridging oxygens 

86 ev. The number of ruby photons of energy 1 .78  ev needed 

induce these  t r a n s i t i o n s  w i l l  be f o u r .  Thus i n  both cases 

le e l e c t r o n  e x c i t a t i o n  p r o b a b i l i t y  should be propor t ional  t o  

That i n  f a c t  a smaller  f i g u r e  i s  observed experimentally 

In e a s i l y  be understood, considering the width of the  absorpt ion  

?aks.  There can be no doubt t h a t  the re  e x i s t s  a considerable  

lmber of oxygens loca ted  i n  surroundings such t h a t  the  energy 

>r l i b e r a t i o n  of an e l e c t r o n  i s  reduced t o  below 5.34 ev, i n  

l ich case t h r e e  ruby photons w i l l  be s u f f i c i e n t  t o  produce 

lotoconduct ivi ty ,  s ince  the  t a i l  of the absorpt ion i n  quartz  



tends well  below 5.34 ev. I n  g l a s s  the re  i s  a very s t rong  

s o r p t i o n  below 5.34 ev, but the  e f f e c t  observed is  smaller  

a n  t h a t  i n  fused quartz  and s t i l l  shows the  same power 

pendence on the  i n t e n s i t y  of the  inc ident  l i g h t .  This i s  

cause the s t rong  absorpt ion  i n  g lasses  a t  longer  wavelengths 

due t o  the  va r i ab le  valency m e t a l l i c  ions (such as ~e '+)  

. our samples which a l s o  gives a greenish  t i n g e  t o  the  g l a s s .  

i s  i s  not a c o n t r a d i c t i o n  of our mechanism i f  one i n t e r p r e t s  

e  s t rong  absorpt ion  below 5.34 ev i n  g l a s s  a s  a r i s i n g  e s s e n t i a l l y  

om exci ted  s t a t e s  of the  impur i t ies  present ,  which do not  

Intribute t o  t h e  photoconduct ivi ty  by e i t h e r  s i n g l e  or  mult i -  

oton processes .  Rohatgi (13) d i d  not observe photoconduct ivi ty  

. t h i s  reg ion  of the  spectrum i n  g l a s s e s .  

To ob ta in  an es t imate  f o r  the  c ross  s e c t i o n  a f o r  a  mult i -  

oton absorp t ion  process l i b e r a t i n g  an  e l e c t r o n  from the  oxygen 

l e t  N be equal t o  t h e  dens i ty  of the  ionizable  atoms  r ridging 
22 3 non br idging  oxygens) which i s  - 10 /cm . V i s  the  f o c a l  

dune. Then the  number of e l ec t rons  n  generated by t h e  photon 

ux of S photons/cm2 sec i n  the  time A t  i s  

ie values obtained f o r  a i n  the  t h r e e  samples, with a  photon 

ux of 6 .3  x  photons/cm3 a r e  



Glass Fused Quartz Quartz Crys ta l  

3  x  10-30cm2 1 0 - ~ ' c m ~  10-30cm2 

i f a c t  we expect a t o  be roughly the  same f o r  these  cases  and 

ie  number of nonbridging oxygens t o  be the  va r i ab le  quan t i ty .  

llt i ~ h o t o n  i o n i z a t i o n  

From general  cons idera t ions ,  the behaviour of an atom i n  

s t rong  r a d i a t i o n  f i e l d ,  whose energy of i n t e r a c t i o n  with the  

tomic e l ec t rons  approaches the energy of i n t e r a c t i o n  of 

Lectrons with nucleus, w i l l  d i f f e r  q u a l i t a t i v e l y  from the  usual  

3haviour predic ted  by the  pe r tu rba t ion  theory of quantum 

rans i t ions  . For these  f i e l d  i n t e n s i t i e s  t h e  condi t ion  f o r  

3sonance t r a n s i t i o n s  derived i n  the  f i r s t  approximation of 

x t u r b a t i o n  theory  i s  v i o l a t e d .  I n  t h i s  case,  from the  po in t  

F view of pe r tu rba t ion  theory,  many-photon processes become 

~ m i n a n t  and take p lace  with a  p r o b a b i l i t y  comparable t o  t h a t  

F s i n g l e  photon processes a t  ordinary l i g h t  l e v e l s .  I f  the  

i t e r a c t i o n  time of the  atom with the  r a d i a t i o n  f i e l d  i s  s u f f i c i e n t l y  

mg, then t h e  most probable process i s  the ion iza t ion  of the  

tom and not i t s  e x c i t a t i o n  t o  a bound e l e c t r o n  s t a t e ,  even 

iough t h e  quantum of the  f i e l d  hw i s  many times smaller  than  

i e  i o n i z a t i o n  p o t e n t i a l .  An example of such a process i s  the 

nch s tudied  i o n i z a t i o n  of t h e  hydrogen atoms i n  a  constant  

Lectr ic  f i e l d .  ( 3 6 )  The p o t e n t i a l  energy of the e l e c t r o n  i n  

he e x t e r n a l  f i e l d  when added t o  i t s  p o t e n t i a l  energy wi th in  



le atom, has an  e f f e c t  su:h t h a t  the  r e g i o ~  of poss ib le  

) t i o n  f o r  t h e  e l e c t r o n  (wYiose t o t a l  e rergy  E i s  negat ive)  

~ c l u d e s ,  besides  t h e  region i n s i d e  t h s  &tom, the  region  of 

krge d is tances  from the  nucleus i n  the  d i r e c t i o n  of the  anode. 

lese two regionsare separated by a p o t e n t i a l  b a r r i e r ,  whose 

idth diminishes a s  the  f i e i d  increases .  Qmntum mechanically 

leaking, t h e r e  i s  a  f i n i t e  p r o b a b i l i t y  that a p a r t i c l e  w i l l  

? n e t r a t e  the  p o t e n t i a l  b a r r i e r ,  i . e .  t h e  e l e c t r o n  w i l l  emerge 

-om t h e  region  w i t h i r ,  t.he atom and t h i s  i s  simply the  ioniza-  

ion of the  a t  am. 

annelling Theory 

Kel d.ys h ( 3 7 )  consid,ered t h i s  tunne l l ing  of the e l ec t rons  

1 t h e  f i e l d  of a  s t rong  electromagnetic wave. H e  calculated.  

le t r a n s i t i o n  p r o b a b i l i t y  from t h e  ground s t a t e  t o  the 

mtinuous spectrum viz:  

; t h e  matr ix  element between t h e  i n i t i a l  ground 



~d t h e  f i n a l  s t a t e  
tA 2 - e F s ~ , t ~ , ~ - / ( p + & ~ w e ) ~ ]  

0 
t2l 

le main d. i f ference between t h i s  proced.ure and, the  usual  

? r t u r b a t i o n  theory i s  the  f a c t  t h a t  here  w e  c a l c u l a t e  the  

- o b a b i l i t y  of t r a n s i t i o c  not t o  a s t a t i o n a r y  f i n a l  s t a t e  but  

I a s t a t e  ~ ( r , t )  t h a t  a l r eady  takes  account of the  a c c e l e r a t i o n  

' f r e e  e l e c t r o n s  i n  the  e l e c t r i c  f i e l d . .  

Solving t h i s  i n  the  l i m i t  ( t u n n e l l i n g  frequency i s  much 

i a l l e r  than l a s e r  frequency) 

g e t  the  p r o b a b i l i t y  of i o n i z a t i o n  by the  absorpt ion  of 

? v e r a l  photons: 

w e 2 ~ 2  
e r e  I = I (1 i- ) (I  being the  i o n i z a t i o n  p o t e n t i a l )  0 0 

2mwm%ts mass, w the  ruby l a s e r  frequency . e l e c t r o n i c  charge, 

~d F i s  t h e  e f f e c t i v e  f i e l d  i n  the  pulse .  A i s  a constant  of 

ie order of u n i t y  and the  angular  brackets  means t h a t  the  q u a n t i t y  

lclosed i s  approximated t o  the  n e a r e s t  i n t e g e r .  The func t ion  

' 2 )  i s  Dawsonls p r o b a b i l i t y  i n t e g r a l  defined as 



, i n g  equa t ion  (22)  we can e s t i m a t e  t he  c r o s s  s e c t i o n  f o r  

I 0  l l t i pho ton  i o n i z a t i o n  t a k i n g  a value of $ f o r  ( F~ + 1 ) .  

le q u a n t i t y  

,n be w r i t t e n  as 

lere S i s  t h e  photon f l u x .  For a n  i n c i d e n t  photon f l u x  of 

2  3 x  photons/cm s e e .  we g e t  f o r  t h e  i o n i z a t i o n  p r o b a b i l i t y  

-6 
, = 1 . 5  x  10 s e e .  o r  t h e  c r o s s  s e c t i o n  f o r  i o n i z a t i o n  pe r  

l i t  i n c i d e n t  f l u x  we g e t  
-35 

g - = -  cmz4 
C 
3 

~mparing t h i s  wi th  t he  exper imenta l  va lue  of equa t ion  (19) 

see  t h a t  t h i s  t h e o r e t i c a l  value  i s  t h r e e  o r d e r s  of magnitud.e 

lo s m a l l  t o  account  f o r  our  observakions . 

r t u r b a t i o n  theo ry  

Now we c a l c u l a t e  t h e  c r o s s  s e c t i o n  f o r  mul t iphoton a b s o r p t i o n  

i n g  h ighe r  o rde r  p e r t u r b a t i o n  theo ry .  Following Gold and 

bb14 us ing  a s e m i c l a s s i c a l  fo rmula t ion  f o r  t h e  i n t e r a c t i o n  

tween a n  atom and a r a d i a t i o n  f i e l d  of f requency w and r e t a i n -  

~ g  on ly  t h e  lowes t  o rde r  nonvanishing ; - term, t h e  t r a n s i t i o n  



ip l i tude  af ( N )  t o  a f i n a l  s t a t e  f from i n i t i a l  s t a t e  g  i s  given 

1 t h e  Nth - order  p e r t u r b a t i o n  theory by 

? r e  t h e  var ious m run over a l l  the  poss ib le  intermed.iate s t a t e s  i 

the  atom whose energies  with r e spec t  t o  the  ground s t a t e  a r e  

given 

HI 
+ 

lere is  the  wave vec tor  of the  r ad ia t ion ,  c* t h e  u n i t  polar iza-  

 on vector  and ,c t he  e l e c t r o n i c  momentum opera tor .  Since the  

l e c t r a l  s t r u c t u r e  of brid.ging and, nonbrid.ging oxygens is n o t  

lown, we d.o not  assume the  presence of any near resonances; 

l ther  we assume t h a t  the  intermediate  s t a t e  energies  Aw 
mig 

ly be replaced by some appropr ia te  average An ind.epend.ent 

? the  s t a t e .  With t h i s  approximation a l l  the  lower sums can be 

l l led,  out of the  summation s i g n  and, the  N summations can be 

~ l l a p s e d ,  down t o  one by using t h e  c losure  p r o p e r t i e s  of the  

1termed.iate s t a t e s .  The f i n a l  s t a t e  i s  approximated, by a 

.ane wave of wave f e c t o r  2.  Following Gold and 13ebd,14 the  

~ t a l  cross  s e c t i o n  f o r  t h e  Nth ord.er i o n i z a t i o n  becomes 



: re  r i s  the  c l a s s i c a l  e l e c t r o n  radius ,  h w  t h e  i o n i z a t i o n  0 0 
-1 ~ t e n t i a l  and S the  photon f l u x  i n  photons sec . The 

i t r i x  element I M I ' between the  ground s t , a t e  and the  f i n a l  

.ane wave s t a t e  i s  approximated by 64na3 where a i s  the atomic 

idius14; 0 has everywhere bee r  s e t  equal t o  wo f o r  the  atom 

:cause the exact  excited,  s % a t e s  of t h e  nonbrid.ging oxygens a r e  

)t known and, the  approximation mad.e w i l l  appear reasonable f o r  

1 ord.er of magnitud.e e s t ima te .  Using t h i s  formula, the  

l e o r e t i c a l  value f o r  the  cross  s e c t i o n  i s  

1 view of the  approximations made, the  agreement between 

[periment and theory appears t o  be as good as  could reasonably 

: expected, and, we conc1ud.e t h a t  the  photocond.uctivity we 

)served, i s  i n  f a c t  due t o  multiphotonabsorption process 

i ther  than  a h igh- f i e ld  tunne l l ing  mechanism. 

It i s  important t o  note here t h a t  the  photoconduct ivi ty  

)served i s  a bulk phenomenon and does not  a r i s e  from a few 

~ r f a c e  l a y e r s  only. I f  the  l a t t e r  were the case,  a l l  of the 

.ectron genera t ion  would have t o  take p lace  with i n  about 

) 0 i  of the su r face .  Even with t h i s  generous assumption t h a t  

le su r face  e f f e c t s  dominate over such a l a r g e  thickness ,  it 

-11 requ i re  a multiphoton i o n i z a t i o n  cross  s e c t i o n  which i s  

6 
) times l a r g e r  than pred.icted. by the  theory,  and, can not  be 

:counted, f o r  by any p r e s e n t l y  imaginable process .  



CHAPTER VI 

PLASMA FORMAT I O N  AND ENERGY ABSORPTION 

A l l  m a t e r i a l s  conduct e l e c t r i c i t y  t o  a g r e a t e r  o r  l e s s e r  

e x t e n t  and a l l  s u f f e r  sone form of breakdown i n  s u f f i c i e n t l y  

s t r o n g  e l e c t r i c  f i e l d s .  The t y p e s  of breakdown which s o l i d  

e L e l  ? c t r l c r  u~ .de rgo  can l o o s e l y  be  c l a s s i f i e d  as i n t r i n s i c ,  thermal  

o r  avalanche breakdown. 

The i n t r i n s i c  breakdown occurs  a t  low tempera tures .  The 

magnitude of t h e  breakdown f i e l d  s t r e n g t h  is  cons t an t  over  a 

wide range of exper imenta l  c i rcumstances  such as t h e  s i z e  and 

shape of t h e  sample, o r  t h e  m a t e r i a l  and c o n f i g u r a t i o n  of t h e  

e l e c t r o d e s .  Th i s  t ype  of breakdown i s  c a l l e d  i n t r i n s i c ,  s i n c e  

it i s  regarded as be ing  c h a r a c t e r i s t i c  of t h e  d i e l e c t r i c  on ly  

a t  some g iven  temperature .  S ince  t h e  breakdown f i e l d  s t r e n g t h  

i s  no t  a  f u n c t i o n  of t h e  v o l t a g e  waveform from d . c .  t o  s i n g l e  

impulses w i th  microsecond r i s e  t imes ,  it i s  i n f e r r e d  t h a t  t h e  

breakdown occurs  i n  a t ime of t h e  o rde r  of a  microsecond o r  

l e s s .  I n t r i n s i c  breakdown i s  observed i n  many d i e l e c t r i c s  e .  g. 

a l k a l i  h a l i d e s ,  g l a s s ,  mica and most polymers. 

The exper imental  concept  of the rmal  breakdown depends on 

t h e  p e r i o d  of a p p l i c a t i o n  of t h e  a p p l i e d  vo l t age  and t h e r e  a r e  

two extreme c a s e s :  The f i r s t  c a s e  i s  t h a t  i n  which t h e  a p p l i e d  

f i e l d  i s  inc rea sed  ve ry  slowly.  I t s  c h i e f  c h a r a c t e r i s t i c s  a r e :  

It occurs  a t  h i g h  tempera tures .  The breakdown f i e l d  

s t r e n g t h  depends on t h e  s i z e  and shape of t h e  sample, t h e  geometry 

and thermal  p r o p e r t i e s  of t h e  e l e c t r o d e s  and t h e  ambient medium. 



The t ime r equ i r ed  f o r  breakdown i s  a t  l e a s t  a mi l l i s econd  and i n  

most c a s e s  very  much longer .  

The o t h e r  l imi t i r l g  ca se  of thermal  breakdown occurs  when 

t h e  f i e l d  i s  a p p l i e d  r a p i d l y .  It i s  u s u a l l y  termed Impulse 

thermal br.eb~down and i t s  d i s t i n g u i s h i n g  f e a t u r e s  a r e  : 

It occurs  a t  rligk te r r~pera tures ,  Breakdown f i e l d  s t r e n g t h  

does not depend g r e a t l y  on t h e  s i z e  a ~ d  shape of t h e  sample, 

out v a r i e s  with ult' t ime of a p p l i c a t i o i i  of t h e  f i e l d , b e i n g  

l a r g e r  f o r  a r i  L,,C L -<.a v ~ l  tag? pulse of s h o r t  du ra t ion .  

i n  whit!: i t  i s  ti ~ ~ t ~ d  i n  the same manner as a n  e l e c t r i c a l  . u h  f l  

l i  

I is 

discharge i n  a gas.. Ir; 3 t a  s imples t  form t h e  t heo ry  of avalanche I 

~reakdowc  c:sasiders t h e  c o n d i t i o n s  i r i  which a s i n g l e  e l e c t r o n ,  

3r a few e i sc ; t runs ,  can cause an avalanche of e l e c t r o n s  of 

suf'f Fc ierit s i,. ze t c  2es  i ~ i j y  tlie i-nsula'i iiig p-u.apex3t i e s  of t h e  

i i e l e c t n b i c ,  If', a t  a given a p p l i e d  f i e l d ,  a s i n g l e  e l e c t r o n  

:an succeed i n  producing ano the r  conduct ion e l e c t r o n  by c o l l i s i o n a l  

i o n i z a t i o n  and thesz two produce two more e t c . ,  an  avalanche 

2f 2i e l e c t r o n s  w i l l  be  produced i n  i gene ra t ions .  I f  t h e  

x i t i c a l  s i z e  for such an avalanche can be es t imated ,  t hen  a 

rnowledge of t!>e me&n f r ee  pa tn  f o r  c o l l i s i o n a l  i o n i z a t i o n  would 

z ive  the i n t e r e l e c t r o d e  d i s t a n c e  r e q u i r e d  i n  o rde r  t h a t  such 

%n avalanche may b u i l d  up. Th i s  e l e c t r o n i c  i n s t a b i l i t y  must 

lave thermal  consequences, s o  n e i t h e r  i n t r i n s i c  nor  impulse 

therrnal t heo ry  a lone  can complete ly  e x p l a i n  t h e  breakdown whose 

Clrst s t e p  i s  t h e  development of an  e l e c t r o n i c  i n s t a b i l i t y .  



I n  t h e  case of d i e l e c t r i c  breakdown under high i n t e n s i t y  

l a s e r  r ad ia t ion ,  where t h e  high frequency vol tage pulse  i s  

-8 appl ied  f o r  a  shor t  i n t e r v a l  of time (10 sec.  ), t h e  complete 

process  cannot be explained by t h e  avalanche theory alone.  The 

breakdown can be explained i f  the  e l e c t r o n i c  i n s t a b i l i t y  i s  

f u l l y  developed ( i . e .  t h e r e  should be a t  i e a s t  10% of t h e  atoms 

ionized)  i n  a  time much l e s s  than  t h e  pulse  durat ion,  t h e  f r e e  

e l e c t r o n s  absorb s u f f i c i e n t  energy from t h e  remainder of t h e  pulse 

and t r a n s f e r  it to t h e  l a t t i c e  t o  cause thermal breakdown. 

A t  low i n t e n s i t i e s  of t h e  l a s e r  r a d i a t i o n  it i s  'shown i n  

Chapter V t h a t  t h e  f r e e  e l e c t r o n s  may be produced by multiphoton r " I*,, 

.I* 

* / "  

i on iza t ion  of t h e  br idging  a s  wel l  a s  nonbridging oxygens i n  I 

! I  

soda g lass ,  fused quartz  and quartz  c r y s t a l .  The number of f r e e  ll 

e l e c t r o n s  l i b e r a t e d  by t h e  multiphoton ion iza t ion  a t  t h e  break- 
, / 

3 2 down i n t e n s i t i e s  (5 x  10' W/cm ) w i l l  be 2 x  1017 electrons/cm , kl 

or  during t h e  f i r s t  qua r t e r  of t h e  pulse  dura t ion  t h e r e  w i l l  be 1 I/ 
- 

3 -5 x 10l6  electrons/cm present  i n  t h e  f o c a l  volume. Thus a t  

breakdown i n t e n s i t i e s  t h e r e  must be some m u l t i p l i c a t i o n  of 

these  e l e c t r o n s  leading  t o  a f u l l y  developed e l e c t r o n i c  i n s t a b i l i t y  

3 -8 (lo1' - electrons/cm ) i n  l e s s  than  10 sec.  

Mul t ip l i ca t ion  i s  a l s o  observed i n  t h e  case of D. C. 

breakdown. Haworth and Bozorth ( 3 8 )  s tud ied  t h e  D.C. prebreakdown 

phenomena i n  g l a s s  and observed a noisy  prebreakdown cur ren t  

which grew so r a p i d l y  i n  magnitude t h a t  a s  t h e  f i e l d  w a s  increased 

t h e  breakdown cur ren t  u s u a l l y  appeared as a d i s c o n t i n u i t y  on 

t h i s  r i s i n g  prebreakdown cur ren t .  



T h i s  t h e o r y  r e q u i r e s :  

(1) F i e l d s  must be h igh  enough t h a t  a s i n g l e  e l e c t r o n  can p ick  

up s u f f i c i e n t  energy t o  cause  c o l l i s i o n a l  i o n i z a t i o n .  

-8 ( 2 )  A t  breakdown r ' i e l d s  of such s h o r t  d u r a t i o n  ( 2  x 10  s e c ) ,  

t h e  e l e c t r o n  r e n s i % y  rnust r e sch  a c r i t i c a l  va lue  t o  g ive  

r i s e  t o  an  e f i ee t ;ve  a b s o r p t i o n  c o e f f i c i e n t  of a t  l e a s t  

-i 50 crn . 

In  t h e  next  s e ~ t i c n  we d i s c u s s  t n e  rneckianisrns by which t h e  

f r e e  e1ectkLcil, - r ,  -,bs, rb eAer&y f " ~  crr, tilt high f requency l a s e r  

r a d i a t  isn. 

8 .. ,> \ 

Minck in i i  j?,adot3'/ bpp l i ed  the c i a s s i c a l  microwave approach 

t o  t h e  breakdohn i t 1  g a s s s  under high i r i t e n s i t y  l a s e r  r a d i a t i o n .  

A t  l a s e r  Xnteu:sjtZ;-) for whit.h tne pLc,tc-)rl d z r , s i t y  pe r  mode i s  

l a r g e ,  i t  i s  val i d  (4C) t o  u se  t h e  concept of an  e l e c t r i c  f i e l d .  

The energy t r a n s f e r r e d  from t h e  f i e l d  t o  t h e  e l e c t r o n  can be 

de r ived  by  cons ide r ing  t h e  motion of an  e l e c t r o n  a c c e l e r a t e d  by 

a harmonic f i e l d  Ed C G S  w t  ar.a e l a s t i c a l l y  s c a t t e r e d  a t  f requency 

vc. The  t i n e  average energy t r a n s f e r  p e r  e l e c t r o n  pe r  second 

where e I s  t h e  e l e c t r o n i c  charge,  m t h e  mass of t h e  e l e c t r o n  w 

t h e  las5r angu la r  f requency and vc t h e  c o l l i s i o n a l  frequency.  



Rela t ing  E~~ t o  t h e  i n t e n s i t y  of t h e  r a d i a t i o n  f i e l d  I by 

we ge t  

A s  wel l  a s  ga in ing  energy from t h e  e l e c t r i c  f i e l d ,  t h e  e l e c t r o n  

communicates a f r a c t i o n  $ of i t s  energy t o  an atom of mass M 

a t  each c o l l i s i o n ,  The the r a t e  a t  which t h e  e l e c t r o n  gains  I f  

energy i s  given by (I 

One u s u a l l y  assumes t h a t  vc i s  t h e  frequency of e l a s t i c  c o l -  I a /I I 

I I 

.I FEjl,,, 

l i s i o n s ,  but  s t r i c t l y  speaking t h e  c o l l i s i o n  is  not e l a s t i c  s ince  

t h e r e  i s  an exchange of energy with t h e  r a d i a t i o n  f i e l d .  We 

w i l l  use an e f f e c t i v e  value of Vc, which can be ca lcu la ted  from 

a  cons idera t ion  of t h e  d.c .  breakdown phenomenon i n  g l a s s e s  a s  

fol lows : 

We c a l c u l a t e  t h e  value of Tc, most appropr ia te  t o  our 

problem from the  experimental  da ta  on d i e l e c t r i c  breakdown in 

g l a s s e s  under vol tage pulses  of microsecond dura t ion  i n  which 

a l l  t h e  f e a t u r e s  can be explained by an avalanche theory of 

breakdown. In  t h e  s i n g l e  e l e c t r o n  avalanche theory an e l e c t r o n  



1 must pick up s u f f i c i e n t  energy during a  time T ( Z  r) from t h e  
vc 

appl ied  e l e c t r i c  f i e l d  t o  cause an ioniz ing  c o l l i s i o n  a t  t h e  

end of t h e  mean f r e e  l i f e  time 7. The r a t e  a t  which t h e  e l e c t r o n  

p icks  up energy from -the appl ied  e l e c t r i c  f i e l d  i s  given by 

where E i s  t h e  appl ied  e l e c t r i c  f i e l d ,  A t  t he  breakdown values 

of t h e  app l i ed  f l e l d  E t h e  increase  i n  the  e l e c t r o n  energy IiY 

AW during a  time T skould be somewhat h igher  than t h e  ion iza t ion  
' l ' t  i b  

energy t o  cause a  c o l l i s i o n a l  ion iza t ion  of t h e  oxygens i n  g l a s s :  I, 

I 

1 I 

The breakdown will occur when t h e  average e l e c t r o n  i s  a b l e  t o  I 
I 

Wlr l  I 6 1  

pick up energies  of the  order  of Wn from t h e  e l e c t r i c  f i e l d  1 1  

V 

i n  t h e  time between two c o l l i s i o n s .  ~ e i t z ( ~ ' )  pointed out 
I I 

t h a t  t h e  experimental ly  observed value of t h e  breakdown f i e l d  

EB is  determined not by t h e  average behaviour of t h e  e l e c t r o n s  

but by t h e  f l u c t u a t i o n s  from t h i s  average,  He ca lcu la ted  t h e  

e f f e c t  of f l u c t u a t i o n s ,  i n  which those e l e c t r o n s  making no, o r  

a t  t h e  most a very s m a l l  number of c o l l i s i o n s  form t h e  important 

f r a c t i o n  which determines t h e  breakdown. I n  these  condi t ions  

t h e  breakdown f i e l d  EB w i l l  a t  l e a s t  be lowered t o  a value 0.2 EH, 

where EH is  determined by assuming t h a t  t h e  average behaviour 

of e l e c t r o n s  i s  important. Even f u r t h e r  lowering of t h e  break- 



down f i e l d  w i l l  occur i f  t h e  intermediate  cases  a r e  involved. 

Thus t h e  value EB = 0.2 EH may be viewed a s  g iv ing  a lower l i m i t  

t o  t h e  importance of f l u c t u a t i o n s .  Typical  values of t h e  

breakdown f ' ie ld  EB f o r  soda g l a s s  under pulses  of micro- 

second dura t ion  a r e  11.5 MV/cm (42 ) . Kudenko and Tsvetkov (43) 

inves t iga ted  t h e  s t r e n g t h  of d i e l e c t r i c s  subjec t  t o  nanosecond 

vol tage pulses .  The value of t h e  breakdown f i e l d  was found t o  

vary slowly as t h e  pulse dura t ion  was increased from 10 ns  t o  

1 y see.  For pulses  s h o r t e r  than 10 ns, t h e  value of t h e  break- 

down f i e l d  increases  sharp ly  with t h e  decreasing pulse durat ion.  

In  view of these  f ind ings  we t ake  a  value of E equal  t o  twice B 

t h e  value obtained by Vermeer f o r  a pulse  dura t ion  of 10  n  see.  

Thus using EB = 23 ~ ~ / c m ,  and EH = 115 MV/cm and tak ing  Wo = 7ev 

-16 we ge t  from equation ( 6 )  t h e  value T = 7.75 x  10 see.  I n  

appendix III we c a l c u l a t e  t h e  value of 7 f c r  d i f f e r e n t  models 

of non-polar and polar  d i e l e c t r i c s  by considering t h e  s c a t t e r i n g  

of e l e c t r o n s  by l a t t i c e  v ib ra t ions .  A l l  those models a r e  f o r  

idea l i zed  s i t u a t i o n s .  I n  t h e  case of g l a s s  where t h e  s c a t t e r i n g  

i s  enhanced on account of t h e  impur i t i e s  we should expect a 

much smaller  value of T, The above ca lcu la ted  value of 

T ( =  7-75 x 10-16 s e e )  thus  seems reasonable.  

Using t h i s  value of 7 ,  t h e  e l e c t r o n s  w i l l  pick up only 

1.6 x 10'' ev/sec. even a t  t h e  breakdown l a s e r  i n t e n s i t y  of 

9 2  5 x 10 watts/cm . A s  a  r e s u l t  of c o l l i s i o n s  with the  atoms i t  

w i l l  a l s o  l o s e  energy a t  t h e  r a t e  -10" ev/sec. when i t s  

energy i s  near t h e  ion iza t ion  energy. Thus we see t h a t  t h e  



e l e c t r o n s  w i l l  l o s e  energy a t  a s i g n i f i c a n t  r a t e  and t h e  avalanche 

w i l l  not be a b l e  t o  b u i l d  up r a p i d l y  and t h i s  mechanism has t o  

be ru led  out.  

ABSORPTION BY INVERSE BREMSTRAHLUNG 

In  t h e  c l a s s i c a l  approach we ca lcu la ted  t h a t  an e l e c t r o n  

-4 energy would change by  he order  of 10 ev during each cycle,  

whereas the  energy of a  ruby l a s e r  photon i s  1 , 7 8  ev. While a t  

microwave frequeacies ,  us ing  t h i s  approach, t h e  e l e c t r o n  energy 

change during each cycle  of the  appl ied  f i e l d  i s  of t h e  order  

of  t h e  microwave photon energy. Hence any theory of breakdown 

a t  o p t i c a l  f requencies  must be based on quantum mechanics a s  

t h e  c l a s s i c a l  theory i s  not app l i cab le  when t h e  energy of each 

quantum is  g r e a t e r  than t h e  c l a s s i c a l  energy change. Here we 

consider  a  small number of e l e c t r o n s  i n  t h e  f o c a l  region of t h e  

l a s e r  beam produced by t h e  multiphoton ioniza t ion .  Each of these  

e l e c t r o n s  ga ins  energy from t h e  r a d i a t i o n  f i e l d  by t h e  inverse  

process  of bremstrahlung, i n  which an e l e c t r o n  can acqui re  

t h e  energy of a photon provided it i s  i n  t h e  f i e l d  of an  atom or 

an ion, so t h a t  momentum may be conserved. This  process  i s  

respons ib le  f o r  the  absorpt ion  of photons by f r e e  e l e c t r o n s  i n  

t h e  presence of atomic hydrogen i n  t h e  photosphere of t h e  

sun (44). In t h i s  way t h e  e l e c t r o n  energy b u i l d s  up i n  a  s e r i e s  

of d i s c r e t e  s t eps .  Af ter  accumulating an energy s u f f i c i e n t  f o r  

ion iza t ion  t h e  e l e c t r o n  ion izes  t h e  atom producing another  

f r e e  e l e c t r o n  which begins t h e  same process.  



Cascade ion iza t ion  of a gas a t  t h e  focus of a l a s e r  beam 

i s  t h e  sub jec t  of t h e o r e t i c a l  papers by Y a .  B. Zeldovich and 

~ a i z e r ( ~ ~ ) ;  Wright (I7), Ryutov (46> , Askarayan and Rubinovich (47) 9 

Phelps (48), Browne and Young and Hercher ( 5 0 ) .  According 

t o  t h e  genera l  n o t i ~ n s  developed t h e r e  t h e  process  proceeds a s  

follows : 

I n  t h e  r e g i o ~ s  with l a r g e  l o c a l  f i e l d s ,  multiphoton ioniza-  

t i o n  causes t h e  f i r s t  priming e l e c t r o n s  t o  appear a t  t h e  beginning 

of t h e  l a s e r  p:u;lse, 'Ikese f r e e  e l e c t r o n s  absorb l i g h t  quanta by 

inverse bremstz-ahlur~g w i t h  t h e  atoms o r  ions and ionize  

c o l l i s o n a l l y ,  Thz m e r g y  of the  e l e c t r o n  i n  t h e  random 

i n t e r a c t i o n s ,  changes a l t e r n a t e l y  i n  one d i r e c t i o n  than 

f u r t h e r  

a c t s  of 

i n  

another  so t h a t  t n c  energy v a r i a t i o n  nas i n  t h e  main t h e  cha rac te r  

of a one dimensional d i f f u s i o n  along energy a x i s .  The l a r g e r  

t h e  quanturn f l u x  t h e  f a s t e r -  t h i s  process.  Af ter  accumulating an 

energy somewhat higher  than t h e  ionizat ior l  p o t e n t i a l  t h e  e l e c t r o n  

ionizes  t h e  atom with a. high p robab i l i ty .  A s  a r e s u l t  of t h i s  

process  one e l e c t r o n  g ives  r i s e  t o  two e l e c t r o n s  with lower 

energy which begin t h e  e n t i r e  cyc le  anew. Quantum mechanical 

c a l c u l a t i o n s  of inverse bremstrahlung absorpt ion  r a t e s  as free-  

f r e e  t r a n s i t i o n s  i n  hydrogen and noble gases a r e  surveyed by 

Johnston (15)* A s a t i s f a c t o r y  t reatment  of f r e e - f r e e  absorpt ion  

i n  t h e  f i e l d  of ions o the r  than  hydrogen would requ i re  extensive 

numerical t rea tments  us ing  f o r  example Hartree-Fock ion ic  s t a t e s  

per turbed by t h e  continuum of e l e c t r o n i c  s t a t e s .  A s  ye t  no 

such d e t a i l e d  t rea tments  even f o r  ions i n  gases ( N ~ ,  O2 e t c )  a r e  



ava i l ab le .  I n  view of t h e  l ack  of understanding about t h e  s t a t u s  

and t h e  na ture  of e l e c t r o n i c  s t a t e s  and of ions  i n  g l a s s e s  we 

use t h e  phenomenological approach of wright(17)  t o  ob ta in  t h e  

f r e e - f r e e  absorpt ion  r a t e s  i n  terms of t h e  electron-atom c o l l i s i o n  

c r o s s  sec t ion .  

3 If t h e r e  a r e  N atoms/cm , S photons/cm2 sec each of energy 

hw and n  electrons/cm3 a t  time 7 ,  then t h e  time f o r  an e l e c t r o n  

t r a v e l l i n g  a t  a speed v  cm/sec between successive s c a t t e r i n g  
2 

events  by an  atam i s  of order  where ~ ( c m  ) i s  t h e  e l e c t r o n  v  

atom c o l l i s i o n  e rossec t  ion. The p r o b a b i l i t y  of a photon 

c ross ing  t h e  a r e a  0 during t h i s  time is, 

Since each e l e c t r o n  i s  s c a t t e r e d  NOV t imes per  second, t h e  

r a t e  of absorpt ion  cf energy by each e l e c t r o n  i s  

where qa(. o 5 / 2 )  i s  t h e  f r e e - f r e e  absorpt ion  c ross  s e c t i o n  per  

atom. Here we a r e  only considering %he absorpt ion  of photons 

when e l e c t r o n s  a r e  s c a t t e r e d  i n  t h e  f i e l d  of t h e  atoms. 

There i s  another  important mechanism f o r  t h e  a c c e l e r a t i o n  

of e l ec t rons ,  namely t h a t  of inverse  bremstrahlung absorpt ion  

i n  t h e  f i e l d  of t h e  ions. A convenient though rough measure 

of t h e  r e l a t i v e  importance of ions i n  t h e  f r e e - f r e e  t r a n s i t i o n s  



i s  provided by t h e  work of F i rsov  and Chibisov (16). The r a t i o  

of t h e  two c ross  sec t ions  i s  given by 

where Q i  i s  t h e  f r s e - f r e e  absorpt ion  c ross  s e c t i o n  per  e l e c t r o n  

per  ion, i s  t h e  e l a s t i c  s c a t t e r i n g  c r o s s  s e c t i o n  i n  u n i t s  of 

10- ern 2 , 8 i s  t h e  e l e c t r o n  temperature i n  ev and hv i s  t h e  

photon energy, Using a value cf 8 equal t o  t h e  average e l e c t r o n  

? ,  

The r a t e  of absorpt ion  of energy by each e l e c t r o n  i n  t h e  f i e l d  

of ions w i l l  bz 

where Ni i s  t h e  d e n s i t y  of ions.  Because of the  low dens i ty  

of ions, t h i s  process  w i l l  not  be important i n  t h e  i n i t i a l  

s t ages  of t h e  development of breakdown. 

While e l e c t r o n s  a r e  ga in ing  energy b y t h e  inverse brem- 

s t rahlung mechanism, they  a r e  a l s o  l o s i n g  energy by e l a s t i c  

c o l l i s i o n s  with t h e  l a t t i c e ,  The average r a t e  of l o s s  of energy 

t o  t h e  l a t t i c e  from each e l e c t r o n  i s  given by 
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where W i s  t h e  average e l e c t r o n  energy which i s  equal  t o  h a l f  

of t h e  ion iza t ion  energy.  fro^ (8)  and (12)  we can c a l c u l a t e  

t h e  value of t h e  photon f l u x  a t  which t h e  average r a t e  of ga in  

of energy i s  bslanced by t h e  average r a t e  of l o s s .  Equating 

(8 )  and (12)  we get 

27 Thus we see t ? ~ a  t cr a pnoton f l z x  cf 1.24 x 10  photons 

2 per  sec c$ ( o r  2 x lo8 w/cm ) tile average e l e c t r o n  w i l l  not  

gairl enough eneygy frcrn t h e  r a d i a t i o n  f i e l d  t o  cause c o l l i s i o n a l  

ion iza t ion  and t h u s  the threshold  interLs i t y  f o r  t h e  d i e l e c t r i c  

breakdown w i l l  nave t o  be higher  than t h i s  value,  

TI-l,E EFFECT OF IN1T IA ' I ' ING ELECTRONS -4ND ELECTRON MULTIPLICATION 

To s tudy the  e f f e c t  of primary e l e c t r o n s  on t h e  breakdown 

threshold  and t o  i n v e s t i g a t e  t h e  threshold  f o r  e l e c t r o n  mult i -  

p l i c a t i o n  we performed t h e  fol lowing experiments. 

Photoconductivity i n  soda g l a s s  was observed by Rohatgi ( l 3 )  

under i r r a d i a t i o n  by l i g h t  of wavelength 2537A. We used a  high 

pressure  mercury a r c  lamp t o  produce t h e  i n i t i a t i n g  f r e e  e l e c t r o n s ,  

Photoconductivity response i n  our exaxples a t  d i f f e r e n t  c o l l e c t i n g  

vol tages  i s  shown i n  f i g u r e  6.1. From t h e  s teady s t a t e  value of 

t h e  photocurrent and using t h e  value of e l e c t r o n  mobi l i ty  

obtained by Rohatgi, we est imated t h a t  2 x 1012 f r e e  electrons/cm 3 
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s r e  produced a t  t h i s  e x c i t a t i o n  i n t e n s i t y  used. If t h e r e  i s  

some m u l t i p l i c a t i o n  of e l e c t r o n s  due t o  t h e  f r e e - f r e e  absorpt ion  

i n  the  f i e l d  of t h e  atoms, than  a t  low i n t e r x i t i e s ,  where t h e  

ion dens i ty  i s  low, these  primary e l e c t r o n s  produced by t h e  

u l t r a v i o l e t  l i g h t  should absorb energy and g ive  r i s e  t o  a 

m u l t i p l i c a t i v e  process ,  To check t h i s  we monitored t h e  photo- 

conduct iv i ty  s i g n a l  with t h e  u l t r a v i o l e t  l i g h t  on and a l s o  with 

the  u l t r a v i o l e t  l i g h t  o f f .  The experimental arrangement i s  

shown i n  f i g u r e  5.2, U l t r a v i o l e t  l i g h t  f r o n  a 200 W mercury 

lamp i s  focuse  d on t h e  f r o n t  f a c e  of t h e  sanple  us ing  quar tz  

op t i c s .  The s i z e  of t h e  uu f o c a l  spot  w a s  309 t imes t h e  s i z e  of 

the  l a s e r  f o c a l  spo t ,  The number of e l e c t r o ~ s  generated by t h e  

l a s e r  pulse  i s  est imated i n  t h e  same fashion  as discussed i n  

chapter  5. The photoconduct ivi ty  pu l se  shape was t h e  same i n  

both cases .  The number of e l e c t r o n s  generated i n  the soda g l a s s  

a s  a funct ion  of the  inc ident  l a s e r  i n t e n s i t y  i s  shown i n  

f i g u r e  6.3,  f o r  t h e  cases  when t h e  uv l i g h t  i s  on ancl when it i s  

o f f .  From t h e  graph we note  t h a t  up t o  t h e  inc ident  f l u x  

27 hotons d e n s i t i e s  of 5 x 10 t h e r e  is  no m u l t i p l i c a t i o n  
cm see. 2 occuring. Betwesn 5 t o  6 x loz7 photons/cm sec. we n o t i c e  

s sharp increase  i n  t h e  photoconduct ivi ty  s igna l .  It i s  of 

i n t e r e s t  t o  note  t h a t  no v i s i b l e  damage t o  t h e  g l a s s  sample 

was observed a t  these  i n t e n s i t i e s .  While a t  i n t e n s i t i e s  higher  

than t h i s  t h e  photoconduct ivi ty  s i g n a l  i s  many orders  of magnitude 

Larger and mechanical damage i s  a l s o  observed. 

The overlap between t h e  p o i n t s  obtained when t h e  u l t r a v i o l e t  



l i g h t  i s  on and when it i s  of f  should be noted. We did  not  

observe any increased e l e c t r o n  genera t ion  by t h e  l a s e r  pulse  

when 1012 electrons/cm3 a r e  present .  A t  t h e  i n t e n s i t i e s  where 

some m u l t i p l i c a t i o n  is  observed, t h e r e  w i l l  be about 10  14  

3 electrons/cm produced by multiphoton ioniza t ion ,  so t h e  r o l e  of 
2 

1012 electrons/cm-' produced by t h e  u l t r a v i o l e t  l i g h t  i s  masked. 

To v e r i f y  t h a t  t h i s  i s  i n  f a c t  t h e  case we checked t h e  e f f e c t  

of uv l i g h t  on t h e  threshold  i n t e n s i t y  f o r  breakdown i n  soda 

g l a s s .  The threskald i n t e n s i t y  with t h e  uv l i g h t  on was found 
n 

t o  be (2-5) x 10' watts/cmL and with no uv l i g h t  it w a s  

9 2 (3-5.5) x 10  watts/cm . The l a r g e  s c a t t e r  i n  t h i s  d a t a  i s  

a t t r i b u t e d  t o  t h e r m l  and e l a s t i c  inhomogeneities i n  t h e  mater ia l .  

For l a s e r  induced breakdown i n  gases Young and Hercher ( 5 O )  

d i d  not  see any d i f fe rence  i n  t h e  breakdown threshold  i n  helium 

o r  argon with an e x t e r n a l  source of ion iza t ion ,  

ABSORPTION OF RADIATION I N  THE FOCAL VOLUME 

We have seen t h a t  t h e  n e t  r a t e  of ga in  of energy by an 

e l e c t r o n  by f r e e - f r e e  absorpt ion  i n  t h e  f i e l d  of an atom i s  

Since i s  a funct ion  of energy it i s  not  poss ib le  t o  i n t e g r a t e  

this equat ion a n a l y t i c a l l y .  A t  t h e  breakdown photon d e n s i t i e s  

( ~ v w ~ / s ~ ~ / ~ ~ w M )  i s  apprec iably  l e s s  than  u n l t y  and we replace  

t h i s  quan t i ty  by the  appropr ia te  mean value. In teg ra t ing  (14) 



one f i n d s  t h e  time td t o  a t t a i n  t h e  e x c i t a t i o n  p o t e n t i a l  energy 

Wo from some low value of energy i s  

where o = 4.3 x 10  -16 2 Wo 
'm and f;; = 4. A t  inc ident  photon f l u x  

2 d e n s i t i e s  of 1.2% x ~ C J * ~  photons/cm sec., td w i l l  be equal  t o  

3 x 10  -12 sec. and i n  a time l e s s  than  a nanosecond t h e  f o c a l  

region w i l l  be completely ionized. Now i f  @a i s  t h e  absorpt ion  

c ross  s e c t i o n  f o r  f r e e - f r e e  absorpt ion  i n  tPe system ( e l e c t r o n  + 
atom) and @i i s  t h a t  f o r  t h e  system ( e l e c t r o n  + p o s i t i v e  ion) ,  

then t h e  l i n e a r  absorpt ion  c o e f f i c i e n t  f o r  t h e  g l a s s  i n  t h e  f o c a l  

volume i s  

where N, Ni  and N, a r e  t h e  d e n s i t y  of atoms, i ons and e l e c t r o n s  

r e spec t ive ly .  It w a s  shown e a r l i e r  Q i  -- 10 Qa and s ince  i n  

l e s s  than  a  nanosecond most of t h e  atoms a r e  ionized, t h e  

e f f e c t i v e  absorpt ion  c o e f f i c i e n t  becomes 

22 5 /2  S u b s t i t u t i n g  t h e  values of Ne = N .  = 10 , and Qi = 105  we 
1 



So we see t h a t  a t  f l u x  d e n s i t i e s  above t h e  t h r r s h o l d  f o r  break- 

down t h e r e  w i l l  be very s t rong  absorpt ion.  This  s t rong  

absorpt ion  has been not iced  by many wcrkers iri t h i s  f i e l d  (7,191 

and shows i t s e l f  as a complete ebsorpt ion  ef t h e  l a s e r  pulse .  

A t r a c e  of t h e  inc ident  and tl-e,rlsxittea pulse  shhpe i s  shown i n  

f i g u r e  2.1. ':'his a t t m ~ ~ a t i o n  of t h e  incidknt  pulse  i s  p a r t l y  

due t o  the  s t rong  s c a t t e r i n g  by t h e  f r e e  e l ec t rons .  Dupont, e t  

a l .  (19) observed t h a t  about 3% oi  t h e  isciderit  r a d i a t i o n  was 

s c a t t e r e d  i n  t h y  ;orwara d i r e c t i o n  i n  the  e&se of l a s e r  inauced 

i n t e r n a l  damage ill b c r o s i l i c h t e  g lass .  Ymr-g, e t  a l .  (61) 

found s i m i l a r  r e s u l t s  i n  the  case of l a s e r  ir~duced breakdown i n  

a i r .  No such a t t e n u a t i o n  or s c a t t e r i r g  of t he  pulse  i s  observed 

a t  i n t e n s i t i e s  below t h e  threshold  f o r  breakdown. 

The phenomenon under cons idera t ion  i s  unique in t h a t  t h e  

r a t e  of hea t ing  i s  so  rap id  xnat d i f f u ; i x L  dr r e c m b i n a t i o n s  

do not  have time t o  occur. Ths e l e c t r o n  loss due t o  d i f f u s i o n  

d r i f t  from t h e  beam focussing volume w i l l .  decrease the  e l e c t r o n  
No 

L 

dens i ty  a t  a r a t e  ---, where T i s  t h e  averags time an e l e c t r o n  
'D D 

s t a y s  i n  a volume of r ad ius  r. This  ~ i m e  i s  apprcximately equal  
n 

t o  T~ = r ~ q )  where 7 i s  t h e  e l e c t r o n  sca t t e r i r ig  time. For 

8 t h e  e l e c t r o n s  of i n t e r e s t  v  - 10 crn/sec. 7 = 7.75 x 10 -I6 see.  

-6 and r = l o w 3  cm one ob ta ins  T~ = 4 x 10  sec.  Thus even during 

t h e  f u l l  du ra t ion  of t h e  l a s e r  pulse  s e c . )  most of t h e  

e l e c t r o n s  w i l l  s t a y  i n  t h e  f o c a l  region. The mean f r e e  l i f e  

time of t h e s e  e l e c t r o n s  i s  sec. ,  thus  recombination w i l l  

not a f f e c t  the  e l e c t r o n  dens i ty  e i t h e r .  



Thus it i s  shown t h a t  f o r  photon d e n s i t i e s  l e s s  than  2 x 

2 8 2 photons/cm sec. ,  ( 1 . 6 ~ 1 ~  W/cm ) t h e r e  w i l l  not be any m u l t i p l i c a t i o n  

o r  s t rong  absorpt ion  of t h e  l a s e r  r a d i a t i o n  in t h e  f o c a l  volume. 

While f o r  photon d e n s i t i e s  of Lhe order  of 1.2 x  photons/ 

2 9 2 cm sec, (5x10 W/cm ) tb.e e l e c t r o n i c  i n s t a b i l i t y  w i l l  be f u l l y  

developed wi th in  t h e  f i r s t  few nanoseconds and s t rong  absorpt ion  

w i l l  occur. The experimental ly  obs2rved value of t h e  breakdown 

9 2 threshold  i s  (3-5) x 10 W/cm . It should be noted t h a t  a  

breakdown threshold. cf l e s s  th;n 6 x l z 8  w/cm2 has never been 

reported i n  t h e  l i t e r a t u r e .  Ln the? case of fused quar tz  and 

quar tz  c r y s t a l ,  t h e  breakdown threshold  i s  f=ound t o  be higher  

than g lass .  This inc1,ease i n  t h e  breakdown threshold  can be 

explained by considering t h e  e f f e c t  of t h e  e l e c t r o n  s c a t t e r i n g  

cross-sec t ion  on t h e  threshold  i n t e n s i t i e s .  It was es t ab l i shed  

i n  Chapter V t h a t  e l e c t r c n s  a r e  l i b e r a t e d  i n  g las s ,  fused quar tz  

and quar tz  c r y s t a l  b y  t h e  four  photon ioniza t ion .  These primary 

e l e c t r o n s  a r e  then  acce le ra ted  by t h e  inverse  bremstrahlung 

absorpt ion  mechanism and breakdown threshold  i s  determined by t h e  

average r a t e  of l o s s  of energy. From equat ion (13) we see t h a t  

t h e  breakdown threshold  i s  p r o p o r t i o ~ a l  t o  o -3P. The value of 

0 most appropr ia te  t o  our problem was obtained from t h e  consider-  

a t i o n s  of t h e  D.C. breakdown experiments. Using equat ion ( 6 )  

i n  (13) we ge t  - 312 
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Where Pdanlage i s  t h e  threshold  power d e n s i t y  f o r  damage and 

Eg i s  t h e  experimental ly  observed value of the  d.c. breakdown 



f i e l d .  Values of t h e  i n t r i n s i c  breakdown f i e l d  i n  g lass ,  fused 

quartz  and quartz  c r y s t a l  a t  room temperature a r e  9.2 MV, 7MV 

and 5MV per  cm. r e spec t ive ly .  Thus from t h i s  da ta  we would 

expect t h e  damage threshold  i n  fused quartz  and quar tz  c r y s t a l  

t o  be higher  by f a c t o r s  of 1.5 and 2.5 r e s p e c t i v e l y  which i s  i n  

f a i r  agreement with t h e  experimental ly  observed va lues  of 

R i tus  and Manenkov We 
Thus we see  t h a t  multiphoton ion iza t ion  i s  capable of 

providing i n i t i a t i n g  e lec t rons .  These primary e l e c t r o n s  pick 

up energy from t h e  r a d i a t i o n  f i e l d  of t h e  l a s e r  pulse  by t h e  

inverse bremstrahlung process  and mult iply.  The breakdown 

threshold  i s  determined by t h e  r a t e  of absorpt ion  of energy by 

t h e  above mentioned mechanism and t h e  r a t e  of l o s s  of energy 

due t o  e l a s t i c  c o l l i s i o n s  with l a t t i c e .  A t  i n t e n s i t i e s  above 

the  threshold  t h e  r a t e  of ga in  of energy w i l l  exceed t h e  r a t e  

of l o s s  of energy by a t  l e a s t  a f a c t o r  of t e n  and e l e c t r o n s  

w i l l  r a p i d l y  ga in  energies  h igher  than t h e  ion iza t ion  p o t e n t i a l ,  

l eading  t o  f u l l y  developed i n s t a b i l i t y  i n  few nanosecond. 

A t  t hese  e l e c t r o n  d e n s i t i e s  t h e  l a s e r  beam i s  s t rong ly  

absorbed i n  t h e  f o c a l  volume. The d i f f u s i o n  and recombinations 

a r e  found t o  be very slow and do not a f f e c t  t h e  e l e c t r o n  mul t i -  

p l i c a t  ion process.  Due t o  t h e  multiphoton ioniza t ion ,  t h e  

e f f e c t  of an e x t e r n a l  source of ion iza t ion  is  masked. 

I l l  I 



CHAPTER VII 

FURTHER W03K, DISCUSSION AND CONCLUSIONS 
P 

During t h i s  i n v e s t i g a t i c n  of t h e  darcag3 mechanism i n  

s i l i c a t e  g l a s s e s  many i n t e r e s t i n g  obser ;a t icns  were made. Some 

of t h e s e  l e a d  t o  a whole zom~lzx cf r.?d q u e s t i o n s  a s  t o  t h e  

d e t a i l s  of t h e  e i e c t r cn  ~ecombi r i a t i ons ,  t P s  e f f e c t  of t he  

primary e l e c t r o n s  on th5  o p t i c a l  prcper+,Ees of g l a s s  and on 

t h e  cascade developmmt,  e t c ,  Thd-s s few sugges t ions  f o r  

f u r t h e r  work may h e  a p p r o p r i a t e  here, 

(i) Enhancement of FlrlotocorLd~-ctivi-ty -- 

E a r l i e r  i n  Chaptsr V it  was descr ibed  how photoconduct iv i ty  

can be induced i n  silicate. g l a s s ~ s  Ly k1gl-i i r , t % n s i t y  r a d i a t i o n  

from a ruby l a s e r ,  The photoconduct iv i ty  s i g n a l  w a s  found 

t o  va ry  roughly a s  t h e  f o u r t h  power of t h e  l a s e r  i n t e n s i t y .  

A t  i n t e n s i t i e s  below t h e  tkresilolci PCY bxedkdowri, th21.e were 

no phys i ca l  c r  s t r u c t u r a l  changes caused &s -das eT;idenced by 

t h e  r e p r o d u c i b i l i t y  of t h e  photoconduct iv i ty  s i g n a l s  taken a t  

i n t e r v a l s  of 3 t o  5 micutes  and i n  room l i g h t .  Xhen t h e  

ruby l a s e r  opera ted  wi th  a pass ive  z h e ~ i c a l  Q-switch was 

pumped s u f f i c i e n t l y  h igh  above t h e  t h re sho ld ,  a double l a s e r  

pu lse  w a s  ob ta ined  wi th  a  t ime s e p a r a t i o n  of 1 .5-  3 x 10 
-4 

seconds.  The second pu lse  was u s u a l l y  of  h ighe r  i n t e n s i t y  

than  t h e  f i r s t .  Using t h e  exper imenta l  a n m g e m e n t  shown i n  

Figure  5.1, t h e  photoconduct iv i ty  induced by such double 

pu l se s  w a s  s t u d i e d .  On account of the  i n t e n s i t y  dependence 

of t h e  photoconduct iv i ty  s i g n a l ,  t h e  second pu lse  always 



Fig.  7.1 

Upper t race  l a s e r  pulses 50p sec/div., .005V/div. 

Lower t race  .05V/div., 0 .1  m sec/div. - 





F i g .  7.3 Upper t r a c e  100 n s / d i v . ,  5 mV/div. 

Lower t race 0 .1  m s e c / d i v . ,  .05 V/div. ,  
a m p l i f i c a t i o n  2 0 .  
De lay  be tween  p u l s e  , 2 5  n s  

R - . R e f l e c t e d  p u l s e ,  T - T r a n s m i t t e d  p u l s e  

(T+R) R e f l e c t e d  and T r a n s m i t t e d .  



yie lded  a h igher  s i g n a l  t han  t h e  f i r s t .  The excess  number of 

e l e c t r o n s  genera ted  by t h e  second pu l se  could no t  be accounted 

f o r  wholly on t h e  b a s i s  of t h i s  i n t e n s i t y  dependence. F igure  

7 . 1  shows t h e  e f f e c t  of a double p u l s e  on the  photoconduct iv i ty  

s i g n a l .  The upper t r a c e  i s  the  l a s e r  ou tpu t .  The l a s e r  was 

-4  pumped above t h e  t h r e s h o l d  t o  g ive  two p u l s e s  3 x  10 s e c .  

a p a r t .  Each p u l s e  has a peak power of 2.7 MW and a d u r a t i o n  

of 40 n  s e e .  The lower t r a c e  i s  t h e  pho toconduc t iv i ty  s i g n a l ,  

t he  f i r s t  sha rp  r i s e  was t h e  r e s u l t  of t h e  f i r s t  l a s e r  p u l s e  

and t h e  second sharp  r i s e  r e s u l t e d  from t h e  l a s e r  p u l s e  

-4 a r r i v i n g  3 x 1 0  s e c .  l a t e r .  The shape of t h e  photoconduc- 

t i v i t y  s i g n a l  i s  t h e  same i n  bo th  c a s e s .  Even though t h e  

peak power i n  bo th  p u l s e s  i s  equa l ,  t h e  second l a s e r  p u l s e  

produced almost  twice  as many e l e c t r o n s  as the  f i r s t  one.  

There was no dependence of t h e  excess  number of e l e c t r o n s  

genera ted  on the  time de lay  between t h e  p u l s e s  i n  t h e  range 

-4 from 5 x t o  5 x 10 s e c .  However, when a s i n g l e  p u l s e  

was s p l i t  i n t o  two p a r t s  by a beam s p l i t t e r  and brought  t o  

t h e  sample a f t e r  a de l ay  of about  24 n  s e c .  had been i n t r o -  

duced between the  p a r t s  by t h e  arrangement shown i n  F igure  

7 .2 ,  no enhancement of pho toconduc t iv i ty  was observed.  

F igure  7 .3  shows t h r e e  pho toconduc t iv i ty  s i g n a l s  obta ined 

by a r e f l e c t e d  l a s e r  pu l se ,  a t r a n s m i t t e d  l a s e r  p u l s e  and 

t h e  t h i r d  one by combining t h e  two. It was a l s o  no t iced  t h a t  

i n  t h e  presence  of l i g h t  from a mercury a r c  lamp t h e  enhance- 

ment o therwise  observed i n  a second p u l s e  w i l l  d i s appea r .  



These r e s u l t s  can be understood q u a l i t a t i v e l y  by consider- 

i n g  the  recombination mechanism of t h e  e l e c t r o n s .  Free 

e l e c t r o n s  crea ted  i n  g l a s s  by u l t r a - v i o l e t  l i g h t  o r  X-rays or  

by the  multiphoton i o n i z a t i o n  a r e  t r a p ~ e d  by impur i t i e s  and 

give r i s e  t o  co lor  bands. These color  bands can be bleached 

by sh in ing  l i g h t  i n  the  v i s i b l e  region of t h e  spectrum onto 

the  g l a s s .  In  t h e  s i n g l e  pulse photoconductivity experiments, 

color  bands were bleached by room l i g h t  a t  room temperature i n  

t imes of t h e  order  of 3 t o  5 minutes. In  t h e  double pulse 

experiments where the  second pulse comes wi th in  l e s s  than a  

milisecond of the  f i r s t  one, not  only a r e  e l e c t r o n s  removed 

from the  br idging  and nonbridging oxygens but a l s o  from the  

color -centers  (and with g r e a t e r  e f f i c i e n c y  on account of the  

reduced energy requirement) thus  l i b e r a t i n g  the  a d d i t i o n a l  

number of e l e c t r o n s  observed. If the  second pulse a r r i v e s  

within a few nanoseconds of t h e  f i r s t  pulse,  e l e c t r o n  f r e e  

l i f e  time being sec .  t h e r e  w i l l  be a s  ye t  no s i g n i f i c a n t  

number of e l e c t r o n s  trapped by t h e  impur i t ies ,  and 

consequently t h e r e  i s  no enhancement. The presence of l i g h t  

from a mercury a r c  lamp bleaches these  color  bands immediately 

thus  e l imina t ing  the  con t r ibu t ion  from impur i t i e s  under these  

circumstances a t  any t ime. It i s  important t o  note  t h a t  with 

the  l a s e r  i n t e n s i t i e s  used i n  these  observat ions no mul t ip l i ca -  

t i o n  of e l e c t r o n s  w a s  observed. 

A s i m i l a r  observat ion was made i n  fused quar t z .  

For the  complete understanding of the  recombination 



mechanism of t h e  e l e c t r o n s  gecerated i n  g l a s s e s  and the  

p o s s i b i l i t y  of some shor t  l i v e d  mic ros t ruc tu ra l  changes 

induced by t h e  subthreshold l a s e r  pulsss ,  more work should be 

done along t h e  fo l lowicg  l i n e s :  

(1) Enhancement of tAe photoconductivity s i g n a l  should be 

s tudied  a t  d i f f e r e n t  temperatures and f o r  the  complete range 

-4 of time de lays  from LO ns  t o  10 see .  

( 2 )  An e l e c t r o n  microscope should be used t o  study the  

p o s s i b i l i t y  of mic ros t ruc tu ra l  shanges induced by t h e  l a s e r  

pulse below the  threshold  f o r  macroscopic damage. 

(ii) Induced Change In Refrac t ive  Index 

To es t imate  t h e  con t r ibu t ion  of f r e e  e l e c t r o n s  generated 

by t h e  multiphoton i o n i z a t i o n  i n  a  g l a s s  t o  i t s  r e f r a c t i v e  

index we t r i e d  t h e  fol lowing experiment. 

When a  l i g h t  beam s t r i k e s  the  boundary from the  s i d e  of 

an o p t i c a l l y  dense medium, the  t ransmi t ted  l i g h t  i s  a  funct ion 

of t h e  angle of incidence.  Near t h e  c r i t i c a l  angle of 

incidence t h e  t ransmi t ted  i n t e n s i t y  i s  a s t rong funct ion  of 

t h e  r e f r a c t i v e  index. This f a c t  was explo i ted  t o  measure 

t h e  small  induced change i n  the  r e f r a c t i v e  index of g l a s s  a t  high 

i n t e n s i t i e s .  Using a He-Ne gas l a s e r  a s  a  source f o r  the  

reference beam we observed a decrease i n  the  t ransmi t ted  

i n t e n s i t y  when a  3.6 MW, 40 n see .  ruby l a s e r  pulse  was 

focused on t h e  same spot  where t h e  reference  beam emerged 



from the  g l a s s  sample f i l l e d  with a  l i q u i d  of matching index 

of r e f r a c t i o n .  This decrease i n  t h e  reference  beam i n t e n s i t y  

was not  coincident  with t h e  l a s e r  pulse and a f t e r  about 100 n 

sec .  i t  re turned  back t o  normal l e v e l .  No mechanical damage 

was observed a t  the  su r face .  This decrease i n  the  reference  

beam's t ransmi t ted  i n t e n s i t y  when t r a n s l a t e d  i n t o  t h e  

corresponding change i n  the  angle of r e f r a c t i o n  yielded a  value 

@n -4 f o r  - = 4 x 10 where no i s  t h e  ord inary  r e f r a c t i v e  index. 
no 

This i s  a  r a t h e r  l a r g e  change i n  r e f r a c t i v e  index. A t  t he  

i n t e n s i t y  of t h e  ruby l a s e r  pulse used, the  con t r ibu t ion  from 

e l e c t r o s t r i c t i v e  e f f e c t s  w i l l  be " and from the  f r e e  

-8 e l e c t r o n s  generated by multiphoton i o n i z a t i o n  w i l l  be 10 . 
If t h e  g l a s s  sample was heated up and the  change was due t o  

temperature r i s e ,  we w i l l  expect the  t ransmi t ted  s i g n a l  t o  

s t a y  a t  the  decreased l e v e l  f o r  a  much longer  time, because of 

the  low thermal conduct iv i ty  of g l a s s .  The l a r g e  change i n  

- deduced above only on t h e  b a s i s  of t h e  e f f e c t s  i n  g l a s s  may 
no 
however be due t o  the  changes occuring i n  the  l i q u i d  used 

i n s i d e  t h e  sample. Tkis l i n e  of i n v e s t i g a t i o n  was not  pursued 

any f u r t h e r  s ince  the  main i n t e r e s t  i n  t h i s  work was the  

damage mechanism. However t o  study t h e  change i n  r e f r a c t i v e  

index wi th  t h i s  method, we propose t h a t  s o l i d  prism should be 

used. Monitoring the  change i n  r e f r a c t i v e  index by t h e  above 

mentioned technique one can study the  induced po la r i za t ion  a t  

d i f f e r e n t  wavelengths which i s  given by 



where E, i s  th- icciden: l a s e r  e l e c t r i c  f i e l d  and pL i s  the  
1 

nonlinear  s u ; c e p t i b i l i t y  of the  nedia  a i d  E i s  the  e l e c t r i c  
W 

f i e l d  of re ference  ligh+ beam. The study of the  induced 

po la r i za t ion  s h o ~ l d  he lp  i n  d e t e r m i ~ i n g  t h e  cont r ibut ion  from 

the  f r e e  e l e c t r o n s  generated by m u l t i p h o t o ~  i o n i z a t i o n .  

(iii) Estirnacion of Surfacz Esergg of Glass 

Surface energy of a  s o l i d  or  a 1Pqul.d phase of a  su'bstance 

i s  defined a s  t h e  amount of work done t o  increase  i t s  sur face  

by one square cent imeter .  In  p r inc ip le ,  any experiment which 

changes the  sur face  a r e a  of t h e  m a t e r i a l  can be used t o  der ive  

i t s  sur face  energy i f  t h e  amount of ecergy spent f o r  t h i s  

change i n  sur face  a r e a  can be measured. We est imated the  sur- 

f ace  energy of soda g l a s s  us ing  a  ruby l a s e r  pulse of i n t e n s i t y  

above t h e  threshold  f o r  breakdown t o  c r e a t e  new surface  i n  the  

bulk m a t e r i a l .  The amount of inc iden t  energy absorbed t o  

cause f r a c t u r e  can be est imated from t h e  known a t t enua t ion  of 

the  inc iden t  l a s e r  pulse .  Since the  thermal s t r e s s e s  s e t  up 

wi th in  t h e  m a t e r i a l  develop very f a s t  we assume t h a t  t h e  l o s s e s  

due t o  p l a s t i c  flow a r e  n e g l i g i b l e .  Comparison of t h e  spectrum 

of t h e  r ad ia ted  energy with a black body l eads  t o  an es t imate  

of t h e  temperatures reached i n  the  f o c a l  volume. Knowing t h i s  



temperature, the  r a d i a t i o n  and conduction l o s s ~ s  can be 

est imated.  Thus ope can compare t h e  energy absorbed with 

t h e  energy used i n  c r e a t i n g  nex sur faces  wi th ia  the  ma te r i a l  

where y I s  the  ~ v ~ r f a c 3  2 L ~ r g y  2nd A i s  t;ke arriomnt of surface 

drea  crea ted .  Usirig t h i s  spproach w e  o?~t&lned a raiue of 
3 

= l o 5  ergs/cmL fo r  soda glsss. Piis agraes  we l l  with the  

(iv) E f f + c t  of I r m ~ r y  E lec t rocs  OYL t,hs Sr?ak<own Thrsshold 

It was sho*m i n  Chapter v7 thd t  tke d i f f u > i o n  and r e -  

combinations do riot a f f e c t  t k e  cievelop?ent of t h e  e l e c t r o n  

zascade, only the  l o s s  of energy by e l a s t i c  c o l i i s i o ~ s  con t ro l s  

the e l e c t r o n  douLllng process arid k n L e  tke  threshold  f o r  

bre&kdowrL, we sLggest t h e  use of cer ta i rL c r y s t a l s  where 

the e lec t ron-a ton  collisrEorl c ross  sec t ion  i s  r e l a t i v e l y  small 

but t h e  i o n i z a t i o n  p o t e n t i a l  i s  1 m  erou@ t o  generate  s u f f i c i e n t  

1,mber of e l e c t r o n s  by multiphoton ior.ization t o  gi-(re r i s e  t o  

m e f f e c t i v e  absor r t ion  e x c e e d i ~ g  that; reqdirecl from thermo- 

e l a s t i c  cons idera t ions .  Thus t h e  SreaKdown threshold i n  such 

a case w i l l  not be determined by t h e  e l e c t r o c  doubling process 

but by the  multiphoton i o n i z a t i o n .  Some of the  semiconductor 

c r y s t a l s  may q u a l i f y  f o r  t h i s  such as CdS or  ZnTz, maybe used. 



( v )  Conclusions 

From the  d i s c ~ s s f o n s  of the  preceding chapters  one can 

a r r i v e  a t  the  fol lowing summary of d e f i n i t e  and t e n t a t i v e  

conclusions : 

(1) D i e l e c t r i c  breakdown and mechanical damage i s  caused i n  

t ransparent  m a t e r i a l s  a t  l a s e r  i n t e n s i t i e s  of 5 x l o 9  - 10 11 

watts/cm2 due t o  the  f a i l u r e  of ma te r i a l  t o  withstand the  

thermal s t r e s s e s  s e t  up 'by t h e  nonl inear  absorpt ion of the  

l a s e r  rad ia t , ion .  A!i e f f e c t i v e  absorpt ion of 50 cm-l must 

occur i n  the  f o c a l  volume t o  generate  thermal s t r e s s e s  of 

d e s t r u c t i v e  magnitude, Tne r e s i d u a l  l i n e a r  absorpt ion of 

the  ma te r i a l ,  d i r e c t  l % g h t  pressure of r a d i a t i o n  o r  e l e c t r o -  

s t r i c t i v e  pressure o r  the  s t imulated B r i l l o u i n  s c a t t e r i n g  of 

the  l a s e r  r a d i a t i o n  cannot account f o r  the  e f f e c t i v e  absorpt ion 

or  the  s t r e s s e s  requi red  t o  cause mechanical damage and hence 

a r e  ru led  out a s  poss ib le  mechanisms. 

(2) It i s  e s t ab l i shed  t h a t  even a t  l a s e r  i n t e n s i t i e s  below 

the  threshold  f o r  damage photoconductivity i s  induced i n  

s i l i c a t e  g l a s s e s .  The number of f r e e  e l e c t r o n s  generated a re  

accounted f o r  by the  multiphoton i o n i z a t i o n  of br idging  and 

nonbridging oxygens i n  t h e  s i l i c o n  oxygen network. The mean 

f r e e  l i f e  time of these  e l e c t r o n s  i s  see .  A t  l a s e r  

i n t e n s i t i e s  above t h e  threshold  f o r  breakdown, these  e l e c t r o n s  

absorb energy by an inverse  bremstrahlung process .  The 

c ross  sec t ion  f o r  t h e  inver se  bremstrahlung absorpt ion i n  the  

f i e l d  of ions  i s  t e n  t imes more than i n  the  f i e l d  of the  atoms. 



Since the  dens i ty  of ions  i s  small i n  the  i n i t i a l  s t ages  of 

the  bu i ld  up, e l e c t r o n s  a r e  mainly acce le ra ted  by inverse  

bremstrahlung absorpt ion i n  the  f i e l d  of t h e  atoms only.  The 

r a t e  a t  which the  a l e c t r o n  dens i ty  b u i l d s  l ~ p  i s  governed by 

the  r a t e  of l o s s  of energy t o  the  l a t t i c e  v ia  e l a s t i c  c o l l i s i o n s ,  

recombination ard d i f f u s i o n  being n e g l i g i b l e ,  A t  the  i n t e n s i t i e s  

where the  rate of gain of energy exceeds the  r a t e  of l o s s  of 

energy by an avsrage e l e c t r o n ,  the  m u l t i p l i c a t i o n  of e l e c t r o n s  

t akes  place a t  =t r ap id  r a t e ,  and wi th in  few nanoseconds, the  

f o c a l  volwne i s  completely ioriized. Aftzr  t n i s  s tage  the  f r e e  

e l e c t r o n s  absorb tne  i rLcident  rad ia t ior i  s t rongly  and  inverse  

bremstrahlung absorpt ion i n  the  f i e l d  of ions  l ?ads  t o  

+6 -L absorpt ion c o e f f i z i e n t s  of the  order  1G em . The absorbed 

energy i s  used i n  hea t ing  up of t h e  l a t t i c e ,  and t h i s  sudden 

hea t ing  g ives  r i s e  t,o thzrmal s t r e s s z s  f a r  exceeding the  

s t r eng th  of trie g l a s s  involved. The v a r i a t i o n  i n  the  threshold 

i n t e n s i t y  f o r  breakdown i n  d i f f e r e n t  g l a s s e s  i s  due t o  the  

v a r i a t i o n  i n  electron-atom c o l l i s i o n  cross  s e c t i o n ,  

( 3 )  Free e l e c t r o n s  produced i n  t h e  g l a s s e s  a r e  trapped by 

the  impur i t i e s  and If a  second l a s e r  pulse cones within 10 -5 

L O  5 x sec .  of the  f i r s t  pulse,  i t  ion izes  not  only the  

br idging  and nonbridging oxygens but a l s o  impuri ty  atoms thus  

l ead ing  t o  an enhancement of the  photoconductivity s i g n a l .  

( 4  A d i r e c t  method f o r  the  es t imat ion  of sur face  energy 

of g l a s s e s  and o the r  t r ansparen t  m a t e r i a l s  i s  given and the  
2 uurface'energy of g l a s s  i s  found t o  be l o 5  ergs/cm . 



APPENDIX I 

STRUCTURE OF GLASS 

The g lassy  s t a t e  i s  a p a r t i c u l a r  case of t h e  amorphous 

s t a t e  of matter,  a t t a i n e d  under z e r t a i n  condi t ions  i n  t h e  t r a n s i -  

t i o n  from t h e  l i q u i d  t o  t h e  s c l i d  s t a t e .  The number of g l a s s  

forming systems and t h e  v a r i e t y  of poss ib le  s t r u c t u r e s  a r e  

tremendous, e s p e c i a l l y  i f  w? adopt t h e  d e f i n i t i o n  t h a t  any s o l i d  

substance which has a  s t r u c t u r e  without long range order  i s  a 

g l a s s .  It i s  m r e  s s u a l  t~ impose t h e  a a 3 i t i c n a l  r e s t r i c t i o n  t h a t  

t h e  s o l i d  should be obta inable  by quenching a c e r t a i n  amount 

of melt; i f  no c r y s t a l l i n i t y  could be de tec ted  by o p t i c a l  

inspect  ion o r  by X-ray d i f f r a c t  ion, t h e  sample would by d e f i n i t i o n  

be a g l a s s .  We w i l l  r e s t r i c t  our cons idera t ions  only t o  s i l i c a t e  

g l a s s e s  such a s  fused quar tz  and a l k a l i  s i l i c a t e  g las ses .  

Glass appears  t o  have many of t h e  f e a t u r e s  of a normal so l id ,  

such a s  s t rength ,  hardness, e t c . ,  bu t  c l o s e r  examination shows 

t h a t  con t ra ry  t o  c r y s t a l l i n e  s o l i d s  it has an extended melting 

range and X-ray a n a l y s i s  i n d i c a t e s  a molecular s t r u c t u r e  ak in  

t o  t h a t  of  a  l i q u i d  a t  low temperature.  Zachariasen (51) proposed 

t h a t  t h e  atomic o r  molecular arraxigement i n  t h e  g l a s s  l i k e  s t a t e  

i s  an extended network which l acks  symmetry and p e r i o d i c i t y .  

He l a i d  down a  number of simple r u l e s  r e l a t i n g  t h e  way, t h e  oxygen 

anions and c a t i o n s  must l i n k  together  t o  form an oxide t o  e x i s t  

i n  the g lassy  s t a t e .  Br ief ly ,  t h e  g l a s s  forming c a t i o n s  

(e.g.  B~+, sib, p5+) a r e  surrounded by polyhedra of oxygen 

ions i n  t h e  form of t r i a n g l e s  o r  t e t r ahedra .  The oxygen ions 



a r e  of two k inds  v i z  br idging  oxygen i cns  (wnich l i n k  two 

polyhedra) and nonbridging oxygen ions, each cf which belongs 

t o  only one polyhedron. Such a system b \ r i l l  produce a polymer 

l i k e  s t r u c t u r e  with long chaics  c ross l inked a t  i n t e r v a l s .  In 

such a  s t r u c t u r e  t h e r e  are r e g i m s  of ~ n h a l a n c e d  negat ive charge 

where t h e  oxygen icns  are ccfikridging. Cations of low p o s i t i v e  

+ .  charge and l a r g e  s i z e  ( e . g .  a , K ~a++, ~ g + + )  may e x i s t  i n  

holes  between the  oxygen where t h z y  c ~ x p e ~ x a t e  t h e  excess negat ive 

charge of t h e  rAcribridgicg oxygen ions. Oxides forming t h e  b a s i s  

of a g l a s s  a r e  known a s  n e s w r k  formers and those which a r e  

so luble  I n  t he  Letwork a r e  t ~ r n s d  as network modifiers.  Some 

oxides cannot be e&sLly c l s s s i f i e d  i~ t h i s  way and a r e  termed 
(52) 

intermediates .  3ci\ advanced a thecry  that  g l a s s e s  a r e  only 

formed from those oxides i n  whim t h e  bond s t r e n g t h  between t h e  

oxygen and the  c a t  ion reache 3 a c e r t a i n  sinimurn value. Oxides 

with lower bond s t r e n g t h  :ray .act as netwcrk modif iers  o r  

intermediates  arid not  as network formers. The bond s t r e n g t n  

( M  - 0 )  cf  a l l  g l a s s  f o r x e r s  i s  g r e a t e r  than 80 Kcal. per  

Avogadro bond, t h a t  of in ta-media tes  ( 6 ~  - 80) Kcal aad of 

modif iers  l e s s  than  60 Kcal pe r  Avogadro bond. This t r a n s i t i o n  

i s  continuous and t h e  c l a s s i f  i ~ a t  ion i s  somewhat a r b i t r a r y .  

The g lassy  s t a t e  i s  a t t a i n &  under c e r t a i n  condi t ions  i n  

t h e  t r a n s i t i o n  from t h e  l i q u i d  t o  s o l i d  phase. Together with 

enforced ~ n d e r c o o l i r ~ g  of a substance i n  t h e  l i q u i d  s t a t e  below 

the m l t i n g  poin t ,  g l a s s  f o r m t i o n  i s  favored by high v i s c o s i t y  

wliich according t o  ~ a m r n ( ~ ~ )  hinders  t h e  s r y s t a l l i z a t i o n  process  



which n e c e s s i t a t e  t h e  t o t a l  regrouping of t h e  p a r t i c l e s .  This 

high v i s c o s i t y  i s  phys ica l ly  determined by t h e  long r e l a x a t i o n  

t imes of t h e  atomic processes  i n  t h e  corresponding l i q u i d  systems. 

In  t h e  processes  t ak ing  p lace  i n  conJemed systems it i s  necessary 

t o  t ake  i n t o  acccunt t h e  f x c e  c o n s t a r t s  cha rac te r i z ing  t h e  

r i g i d i t y  of t h e  bonds be twlse~ atoms arid ions.  I n  substances of 

ionic  s t r u c t u r e ,  t h e r e  i s  a p p r e c i a b l \ ~  d i f f u s i o n  of ions i n  t h e  

c r y s t a l  and t h e  expansion c o e f f i c i e n t s  a r e  high. These processes 

r equ i re  low a c t i v a t i o n  energies .  Act iva t ion  energies  a r e  lowered 

owing t o  t h e  overlapping of t h e  lo2g range e l e c t r o s t a t i c  coulomb 

f i e l d s  c rea ted  by t h e  combination of ions i n  a  condensed system. 

It follows t h a t  i n  g l a s s e s  reduced f l u i d i t y  and. r e l a t i v e l y  low 

expansion c o e f f i c i e n t s  a r e  a t t r i b u t a b l e  t o  the  predominance of 

s h o r t  range l o c a l i z e d  covalent  bonds between t h e  atoms. This 

prevents  t r a n s i t i o n s  of t h e  s t r u c t u r a l  elements i n  t h e  melt i n t o  

t h e  s t a t e  of complete readiness  f o r  c r y s t a l l i z a t i o n  thus  favor ing  

t h e  formation of g l a s s .  

X-ray d i f f r a c t i o n  experiments a l s o  t e l l  u s  about t h e  na ture  

of t h e  chemical binding fo rces  (51i). In t h e  case of pure fused 
2-  s i l i c a  ( s ~ o ~ ) ,  it i s  incor rec t  t o  t a l k  of sib and 0 ions 

s ince  X-ray d i f f r a c t i o n  experiments snow t h a t  t h e  n u c l e i  of 

cxygens a r e  surrounded by a lower e l e c t r o n  dens i ty  than t h a t  

2-  would correspond t o  t h e  quantum s t a t e  0  . The e l e c t r o n  d e n s i t y  

4+ around t h e  s i l i c o n  i s  h igher  than  t h a t  would correspond t o  s i  . 
This dev ia t ion  from t h e  i d e a l  ionic  s t r u c t u r e  has been a t t r i b u t e d  

t o  p a r t i a l  covalency meaning t h a t  t h e  quantum s t a t e  i s  somewhere 



Si atoms 

Bridging oxygens 

Nan bridging oxygens 

Na or K atoms 

Fig. 1.1 Schematic two-dimensional representation of 

(a) Quartz crystal (b) Fused quartz 

( c )  Soda glass 



between ions and n e u t r a l  atoms. The anomalously small d i s t ance  

(1.60H) between S i  - 0 atoms i s  t h e  r e s u l t  of t h e  shortening 

of t h e  ionic  bond by p a r t i a i  covalency. 

The s t r u c t u r e  of s i l i c a t e  g l a s s e s  i s  determined by t h e  

presence of Si-o-Si bonds. Uni and b i v a l e n t  ca t ions  form purely 

ion ic  bonds and tend t o  b e surrounded by coordinat ion 

polyhedra of s i n g l e  bonded oxygen ions.  Tfius i n  t h e  case of 

t y p i c a l  sodium s i l i c a t e  g lass ,  t h e  s i l i c o n  atoms a r e  surrounded 

by oxygen t e t r ahedra .  S o ~ e  of t h e  oxygens a r e  nonbridging. The 

sodium ions a r e  he ld  i n  t h e  var ious holes  i n  t h e  Si-0 network 

and a r e  surrounded on the average by s i x  oxygen atoms. A two 

dimensional s t r u c t u r e  of t h e  soda g l a s s  and fused quartz  i s  shown 

i n  f i g u r e  1.1. Increas ing  t h e  a l k a l i  metal component i n  g lasses  

has  a marked e f f e c t  on t h e  network s t i f f n e s s  and hence t h e  

mechanical p r o p e r t i e s ,  Because of t h e i r  tendency t o  be surrounded 

by nonbr idgirlg oxygens, increase  of a l k a l i  content w i l l  Sncrease 

t h e  number of nonbr idging oxygens. 

E l e c t r i c a l  P r o ~ e r t i e s  : 

Pure s i l i c a  i s  one of t h e  b e s t  e l e c t r i c a l  i n s u l a t o r s  with 

a volume e l e c t r i c a l  conduct iv i ty  as low a s  10-18 ohm-' cm-l and 

it i s  very l i k e l y  t h a t  even t h i s  low conductance i s  not  i n t r i n s i c  

but i s  a r e s u l t  of unavoidable contaminations. This high 

i n s u l a t i n g  power of pure s i l i c a  i s  t h e  r e s u l t  of two f a c t o r s .  

A l l  b inding f o r c e s  a r e  s t rong  and t h e  g l a s s  contains  no m j o r  

concent ra t ion  of s i n g l y  charged ions. In complex g lasses  such 



a s  sodium s i l i c a t e  g l a s s  t h e  conduct iv i ty  i s  p r imar i ly  t h e  

r e s u l t  of ~ a +  migration. Sodium ions  a r e  t h e  most mobile 

2 -  components of g l a s s  where a s  0 ions with which they  a r e  

a s soc ia ted  i n  S i  - 0 random network a r e  not mobile a t  normal 

temperatures.  Thus i f  e l e c t r i c a l  conduct ion  by a l k a l i  ions occurs 

it w i l l  g radual ly  cease as t h e  a l k a l i  ions migrate i n  t h e  g l a s s  

and a negat ive space charge grows a t  the  anode while a N a  + 

space charge grows a t  t h e  cathode. The e l e c t r i c a l  conduct iv i ty  

of g l a s s  increases  as t h e  temperature i s  r a i s e d  because of the  

g r e a t e r  ease with which t h e  ions can move when thermal a g i t a t i o n  

has weakened t h e  f o r c e s  binding them t o  t h e  s i l i c a  network. 

T r a n s ~ a r e n c v  of Glass:  

The e l e c t r i c a l  na tu re  of g l a s s  which l acks  e l e c t r o n i c  

canciuctivity on _account of t h e  t i g h t  binding of t h e  e l e c t r o n s  

i n  t h e  s t r u c t u r e ,  i s  respons ib le  f o r  t h e  lack  of i n t e r a c t i o n  with 

an electromagnetic wave i n  t h e  v i s i b l e  region of t h e  spectrum. 

Perfec t  c r y s t a l s  of an ion ic  (NaC1) or  covalent na ture  with 

s t rong ly  bound e l e c t r o n s  a r e  t r ansparen t .  On t h e  o ther  hand 

c r y s t a l s  which have m e t a l l i c  bonding a r e  opaque due t o  t h e  

presence of f r e e  e l ec t rons .  Elements such a s  copper, cobal t ,  

chromium, i ron,  n ickel ,  manganese, e t c .  produce deeply colored 

g lasses .  Such colored g l a s s e s  a l s o  possess  some transparency. 

The exact  reason f o r  t h e  appearance of co lo r s  i s  connected with 

t h e  valency and valence change, p o l a r i z a t i o n  e f f e c t s  and 



chemical as wel l  as e l e c t r i c a l  na ture  of these  compounds. Thus 

t h e  blue co lo r  of i ron  g l a s s e s  conta in ing  both d iva len t  and 

t r i v a l e n t  ions is t h e  r e s u l t  of an  e l e c t r o n i c  t r a n s i t i o n  

involving two ions of t h e  same element but  d i f f e r e n t  valency. 



A P P E N D I X  I1 

NOTE ON THE S T R E N G T H  O F  G L A S S  

A t  o rd inary  temperatures g l a s s  can respond t o  mechanical 

f o r c e s  i n  d i f f e r e n t  ways describer", as i t s  e l a s t i c i t y ,  delayed 

e l a s t i c i t y  and f r a c t u r e ,  E l a s t i c i t y  irlvolves r e v e r s i b l e  changes 

of some interatomkc d i s t a c c e s  : 7Sar.t i c l e s  r e t u r n  t o  t h e i r  

o r i g i n a l  p o s i t i o n s  as soon as t n c  s p p l i e d  s t r e s s  i s  re leased .  

A t  low temperatures (< 400" C )   glass?^ obey Hooke's law. 

Most g l a s s e s  d l s c  shox tke phccornenon of i n t e r n a l  f r i c t i o n  

o r  delayed e l a s t i c i t y :  R e s p o : i ~ ~  t o  t h e  app l i ed  s t r e s s e s  i s  no t  

instantaneous,  time i s  requi red  fzr s m e  atoms t o  reach new 

equi l ibr ium p o s i t i m . s  kwen s tress  i:: appl ied  as well  as when it 

i s  released.  This  phenomenon a r i s e s  when t h e  new equi l ibr ium 

p o s i t i o n s  a r e  separated from the  o r i g i n a l  ones by energy b a r r i e r s  

of t h e  order  of kT. 

Fracture  d i f f e r s  from e l a s t i c i t y  inasmuch a s  it i s  an  

i r r e v e r s i b l e  process.  It i s  t h e  nost  important proper ty  of g l a s s  

from engineering as we13 a s  our poin t  of view. I n  g l a s s e s  t h e  

amount of permanent deformation preceding f r a c t u r e  i s  n e g l i g i b l e  

and it i s  termed " b r i t t l e "  f r a c t u r e .  Frac ture  i s  l inked  t o  a 

number of mechanical p roper t i e s ,  such a s  e l a s t i c i t y ,  su r face  

s t r u c t u r e ,  and s t r u c t u r a l  inhomogene it i e s .  

The e l a s t i c  behaviour of a  homogenous g l a s s  can be f u l l y  

descr ibed by two independent moduli, The most commonly used 

e l a s t i c  moduli a r e :  

K = Modulus of compress ib i l i ty  or  bulk modulus 



G - Modulus of r i g i d i t y  or  shear mcd-ulus 

E  = Young's modulus r e l a t e d  t o  t h e  elongat ion of a  g l a s s  

under u n i a x i a l  t e n s  ion. 

p = Poissonss r a t i o  = r a t i o  of l a t e r a l  ( c c n t r a c t i o n )  t o  

longi tudnal  s t r a i n  (e longat  i c n )  u n - 3 ~  u n i a x i a l  t e n s i l e  

s t r e s s .  

From t h e  view poin t  of l a t t i c e  dynanics K a3d G a r e  t h e  most 

fundamental moduli. For g l a s s  p has s c h a r a c t e r i s t i c  value, 

which i n  t u r n  causes o the r  nodul i  t o  show a c h a r a c t e r i s t i c  

r e l a t i o n s h i p  : 

p = 0.25 

G W 0.4 E 

K w 0.67 E 

E l a s t i c  moduli of some of g lasses ,  measured by Kee (55) a r e  given 

below. 

Type a ( 1 0 ' ~  cm/cmF) E ( P s i  x 1 C .  6 ) p Thermal Shock 
Resis tence O F  

Soda Lime 5, 1 lc.48 0.20 117 

B o r o s i l i c a t e  3.4 13.34- G. 21  288 

Aluminos i l i c a t e  2.7 12.% C. 25 243 

Fused S i l i c a  0.31 1~~4.8 0.15 2250 

A simple way of c a l c u l a t i n g  t h e  expected breaking s t r e s s e s  

of a p e r f e c t  s o l i d  i s  due t o  Orewan(-' "1. It i s  only a  crude 

es t imate  bu t  has t h e  advantage of being app l i cab le  t o  a l l  

s o l i d s  whatever t h e  d e t a i l e d  na ture  of t h e  interatomic forces .  

I f  we at tempt  t o  p u l l  a  p e r f e c t  s o l i d  a p a r t  a t  abso lu te  zero t h e  



r e s t r a i n i n g  f o r c e s  between two adjacent  atomic planes must vary 

with d i s t ance  a s  shown i n  Figure 11.1. 

Fig .  (11.1) 

A t  equi l ibr ium separa t ion  of t h e  atomic planes ao, t h e  fo rce  

i s  zero. It must r i s e  t o  a maximum and then  f a l l  t o  zero. The 

exact form of t h e  curve depends upon t h e  na tu re  of t h e  i n t e r -  

atomic forces .  The a r e a  under t h e  curve m ~ s t  represent  t h e  

work of f r a c t u r e .  The work of f r a c t u r e  cannot be l e s s  than t h e  

sur face  energy of two new sur faces  c rea ted  when t h e  s o l i d  

breaks.  A simple form t o  assume f o r  v a r i a t i o n  of r e s t r a i n i n g  

fo rce  with d i s t ance  i s  t o  w r i t e  t h e  s t r e s s  o a s  

U- = C S h  K C X - -  a,) Gt 

when (x  - a )  i s  very s m a l l  



where E i s  t h e  Young's modulus of t h e  s o l i d  

We do not  know t h e  value of ! a f  which i s  a measure of 

t h e  "range of interatomic forces" .  To evalua te  ' a f  following 

Orewan (56) we s e t  t h e  arsa under t h e  curve equal t o  t h e  sur face  

energy of t h e  two new surfae,s c r e a t ~ 3  
6 +& 

J o - d l  - - 2~ . 

a0 

where y i s  the  sur face  energy. 

The t h e o r e t i c a l  breaking s t r e s s  onAx i s  given by t h e  maximum 

value of i n  equat ion (1) 

'a1 w i l l  be approximately eq-dal t o  ao, t h i s  g ives  a rough 

es t imate  of E, from equat ion (5)  



which i s  t h e  r i g h t  order  of magnitude of t h e  measured value. 

2 Using t h e  exper inenta l  value of 3 - 7 x ldl dynea/cm we can 

es t imate  t h e  maximum strsss 

1- 

rwi &x *-- '--.w E 
r;r 

- - 2 , ~  1;' d2ne4/mz 

r 3 r r n b p s i  
This  value f o r  gmdx i s  v e r y  high. A l l  commercially a v a i l a b l e  

g l a s s e s  have a s t r e n g t h  of only 2: x lo3  p s i .  Even c a r e f u l l y  

prepared s a q l z s  where s p e c i a l  p&ina a r z  tzkzn t o  draw rods 

without making mate r i a l  contac t  with t h e  surface,  show a maximum 

5 t e n s i l e  s t r e n g t h  of only 4 x 10  p s i .  G r i f f i t h  proposed t h a t  

one can account f o r  t h i s  no to r ious ly  low s t r e n g t h  of g l a s s  by 

assuming t h e  presence of submicroscopic crack l i k e  flaws as a 

normal c h a r a c t e r i s t i c  of t h e  g l a s s .  Because of t h e  s t r e s s  

concent ra t ing  e f f e c t  of these  microcracks, t h e  o v e r a l l  s t rength  

of t h e  ma te r i a l  i s  decreased. Removal af t hese  cracks by etching 

or  c a r e f u l  production of t h e  ma te r i a l  does increase  i t s  s t rength .  

I n  a d d i t i o n  t o  t h e s e  sur face  f laws Smekal assumed t h a t  t h e  bulk 

of t h e  g l a s s  a l s o  develops an extensive system of cracks with 

-6 dimensions of t h e  order  of 10  cm. He  descr ibes  t h i s  system 

of f i s s u r e s  o r  h igh ly  s t r e s s e d  regions wi th in  t h e  g l a s s  a s  

" n a t w a l  inhomogenety of t h e  g lass" .  These flaws determine 

t he  s t r e s s  d i s t r i b u t i o n  wi th in  t h e  sample and a l s o  a f f e c t  the  



propagation of a crack, i t s  fork ing  and t h e  b r i t t l e n e s s  of 

g las s .  Important experimental  evidence f o r  t h e  presence of 

these  voids comes from t h e  observat ion of an increase  i n  t h e  E 

moduli with increas ing  temperat.ur? in  g l a s s e s  (55'. From t h i s  

observat ion one may conclude t h a t  i n  g l z s s e s  t h e  number of 

bonds per  u n i t  c ross  a sc t ion  increases  with heat ing.  

In  vizw of t h e  c ~ e r i o d i c i t y  and t h ~  heterogenei ty  of g lasses ,  

i s o l a t e d  measurements have l i t t l e  zeaning. I n  s p i t e  of a l l  t h e  

precaut ions taken t o  provide uni forn  t z s t  p i eces  t h e  s t r e n g t h  

values s c a t t e r  widzly. This  f e a t u r e  m k e s  experimentation very 

d i f f i c u l t  . 
Kee (55) ma,, a  c z r t f u l  maasura::tnt of t h e  mechanical 

p r o p e r t i e s  of' some g lasses .  Usi:lg t h i s  d a t a  on t h e  mechanical 

p r o p e r t i e s  one can c a l c u l a t e  t h e  s u s c e p t i b i l i t y  t o  thermally 

caused s t r e s s e s .  These s t r e s s e s  a r e  of two types:  s t eady-s ta t e  

s t r e s s e s  caused by temperature gradierits  wi th in  t h e  g l a s s  p a r t  

and t r a n s i e n t  s t r e s s  caused by sudden hea t ing  o r  cooling. The 

magnitude of s t r e s s e s  r e s u i t i n g  f r o n  thermal g rad ien t s  depends on 

t h e  r e s t r a i n t s  imposed on t h e  sample p a r t  by t h e  e x t e r n a l  

mounting o r  by o the r  por t ions  of t h e  g l a s s  p a r t .  men t h e  g l a s s  

p a r t  i s  completely constrained,  t h e  cooler  s i d e  w i l l  be i n  tens ion  

and t h e  maximum s t r e s s  can be ca lcu la ted  with t h e  formula: 

where AT i s  t h e  d i f fe rence  i n  temperature, a l i n e a r  expansion 

zoeff i c i e n t ,  y - t h e  Poisson ' s  r a t i o  and E i s  t h e  Young1 s 



modulus. T h e r m l  shock f r o ~ i .  sudden cool ing w i l l  cause more f a i l u r e  

than  from sudden heat ing,  because coc l ing  induces t e n s i l e  s t r e s s e s .  

These s t r e s s e s  increase  p ropor t iona l ly  with t h e  expansion coef- 

f i c i e n t  of t he  g l a s s  ar.d i n  a dfloect but  e m p l e x  way with t h e  

thickness .  Kee (55) masure?  t h a  tkerrral shock r e s i s t a n c e  f o r  

Thus t h e  maxir.urr~ th-srmally causzd t m s i l e  str=.ss t h a t  g l a s s  can 

withstand i n  c m l i n g  i s  589: p s i .  Te_y_sil;. an,? corripressive 

s t r e n g t h s  of var ious glass:$ & r c  l i s t 5 d  i n  t h e  In tn rna t iona l  

c r i t i c a l  tables, @orripz~-;.:iv-~ s t ~ e c g t h s  azc higkeu b y  a f a c t o r  

of 10 t o  15  than ths t e n s i l e  s t r eng th ,  I n  t h z  laser induced 

mechanical d m x ~ , ,  i t s  t h e  sudden hea t ing  whick s e t s  up 

compressive r a d i a i  th-rmal s t r 3 s s e s  an3 o s c i l i z t o r y  Hoop s t r e s s e s  

rvhich bo th  t z n s i l z  2nd c o ~ p r  3ssive. TLus s-6 zechanical  damge 

i n  t h i s  case i s  caused by t ; k  hoop s t r e s s e s  ss scon a s  t h e i r  

t e n s i l e  va lue  exceeds t h e  s t r e w t h  - of the  glass. 



APPENDIX 111 

EVALUATION OF TIIE; SCAT'I'ERING CROSS SECTION 

In  a l l  t h e o r i e s  of breakdown t h e  e l e c t r o n  l a t t i c e  s c a t t e r -  

techniques Lave Seen emploj-sd i n  the  t reatment  of the  e lec t ron-  

l a t t i c e  interaetLoc. ,  (41,57,60) i?P~e sources of i n t e r a c t i o n  energy 
( & - ,  

have been l i b -%sad  by ; , L ~ L ~ : L I ~  u.d ~ e i t z ' ~ ' ,  Wio d i b t i n g ~ i s i l  

t h r e e  poss ib le  ecr i t r iSut iocs  t o  i t  f o r  the  case i n  which the  

e l e c t r o n  has ir1;-~ff 'icient er-zrgy t o  causz i o n i z a t i o n  from 

the  valence band. 

(i) I n t e r a c t i o n  w i t h  a  d i p o l a r  f i e l d  a r i s i n g  from the  l a t t i c e  

v i b r a t i o n s  of an i o n i c  c r y s t a l  considered a s  a  l a t t i c e  of 

point  charges.  Thus a l o n g i t u d i n a l  mode of v i b r a t i o n  of 

such a  l a t t i c e  i s  a  l o n g i t u d i n a l  wave of e l e c t r i c  polar iza-  

t i o n ,  

(ii) I n t e r a c t i o n  with a d i p o l a r  f i e l d  which a r i s e s  from the  

d i s t o r t i o n  of the e l e c t r o n  s h e l l s  associa ted  wi th  t h e  

v i b r a t i o n  of the  l a t t i c e  proper ,  This i n t e r a c t i o n  i s  

c lose ly  r e l a t e d  t o  ( j - ) .  

(ti&) I n t e r a c t i o n  with a shor t  range non-dipolar component of 

the  f i e l d  a r i s i n g  from the  d i s t o r t i o n  of the  e l e c t r o n  

s h e l l s .  

In polar  i r y s t & l ~  a l l  t he  t h r e e  i n t e r a c t i o n s  occur, while 

i r i  non polar  c r y s t a l s  t h e r e  a r e  no d ipo la r  f i e l d  c o n t r i b u t i o l ~ s .  



Various models of c r y s t a l s  account d i f f e r e n t l y  f o r  these  th ree  

con t r ibu t ions .  In  %he cass  of polar  c r y s t a l s ,  if the  l a t t i c e  

i s  t r e a t e d  a s  a sst of poic-c charges each having the i o n i c  

charge and mass90nly the  h t , ? r a c t i o n  c o n t r i t ~ t i o c  (i) i s  

cons5d3red 593 trLz d i s t o r t i o n  of the 2 l z c t r o c  s h e i l s  i s  

neglected.  P i i s  - pc in t  2haLpg? approx l~mt ion  i s  good only when 

zhe most I - T ~ C Y T ~ ~ L  ~ : c m ~ i ~ ! ~ x ? C q .  icTV/oL~i? shor t  range 

p o l a r i z a t i o n  wd,vss of tbz l a t t i c e .  Acotker model of polar  

L c r y s t a l s  f:onsjder; sZa 7 ~ L b r , ~ t ~ o f i s  t o  i le those of a continuum 

of knowL high 3rd ,o-~- f req-~er-cy dizlzetric constant and 

l a t t i c e  viSx at1o.r.i f r ~ q u e r , . c i e ~ ,  IrA th2s  way i n t e r a c t i o n s  (ii) 

and (iii) ara taken iritc account ~c EI, mumer wnich l eads  t o  a 

good approximatior, &eri t h e  ifiost irnpor -cant processes involves 

p o l a r i z a t i o n  wavss of long wavalmgtL. 

The genera l  results obta inable  from the  app i i ca t ion  of 

pe r tu rba t ion  th-o:J s1.e s;mmdrized below: Consider a  s ingle  

e l ec t ron  m t e r a c s i n g  with a  d i e l e c t r i c  medium which i s  

represented by a  set of h a r ~ o n i c  o s c i l l a t o r s  whose angular 

frequency i.= a fu_rictio~l of therir wave number w e  The hamilton- 

ian may be written as 

If one confines  a t t e n t i o n  t o  t r a n s i t i o n s  i c  which only one 

quaritum of l a t t i c ?  v i b r a t i o n a l  energy i s  absorbed o r  emitted 

the  t r a n s i t i o n  p r o b a b i l i t y  can be w r i t t e n  as 



where w i s  the  wave vec tor  of the  l a t t i c e  o s c i l l a t o r  involved 

i n  t h s  t r a n s i t i o ~ ,  M i s  the matr ix  element of H i n t  between t h e  

ZnTtial  and final ; tare< a ~ d  

?-ere k  i s  the e lec t ror ;  -flave vec tor ,  f f ~  the  i a t t i_ce  quantum and 

nw the  average number ~f l a t t i c e  quanta of wave vector w.  The 

primed and the  unprimed q u a n t i t i e s  r e f e r  t o  the  i n i t i a l  and 

f i n a l  s t a t e s  r e s p e c t i T ~ e l y .  Conservation of energy i s  ensured 

by t h e  6-function, The square of t h e  matr ix  element i s  given 

by 

f o r  the  cases  i n  which wave number i s  conserved 

k  + w = k t  (absorpt ion)  
(5)  

k - k t  + w (emission) 

me functior! of G ( w )  depends on the  i n t e r a c t i o n  p o t e n t i a l  be t -  

weer i  t he  e l e c t r o n  t h e  l a t t i c e  v i b r a t i o n s ,  The i n t e r a c t i o n  



constant  ~ ( w )  has  been ca lcu la ted  f o r  two s p e c i a l  models of 

po la r  c r y s t a l s .  In  t h e  continuum model t h e  c r y s t a l  i s  represented 

by a  continuous d i e l e c t p i c  medium of volume V with low and high 

frequency d i e l e c t r i c  cons tants  co and and having a  s ing le  

angular frequency u, which i s  independent of t h e  wave number 

w f o r  long i tud ina l  p o l a r i z a t i o n  waves. Then G ( w )  a s  ca lcula ted  

by Frohl ich,  Pelzer  and Zienan (58) i s  given by 

This method of c a l c u l a t i o n  should give s a t i s f a c t o r y  r e s u l t s  f o r  

the  long p o l a r i z a t i o n  waves ( i . e .  w << a,  where a  i s  the  l a t t i c e  

c o n s t a n t ) .  

In  t h e  point-charge model the  l a t t i c e  i s  represented by 

a  d i s c r e t e  s e t  of point  charges a l t e r n a t e l y  +e and -e with 

i o n i c  masses M+ and M - . ~ r o h l i c h ( ~ ' )  shows t h a t  

1 1 where M i s  the  reduced mass given by M = (- + )-I. This 
M+ - 

form of i n t e r a c t i o n  should be s a t i s f a c t o r y  f o r  w - a .  The 

r e l a t i o n s  6 and 7 have t h e  same f u n c t i o n a l  dependence on w 

but  due t o  the  point  charge model G ( w )  i s  about 3 t imes 

l a r g e r  i n  (6)  a s  compared with (7). 



If t h e  energy change per  i n e l a s t i c  c o l l i s i o n  i s  much 

sma l l e r  than  t h e  e l e c t r o n  energy we can d e f i n e  a r e l a x a t i o n  

t ime T(E ,  To) f o r  a conduction e l e c t r o n  s u b j e c t  t o  c o l l i s i o n s  

wi th  t h e  l a t t i c e  Sy 

where x r e f e r s  co some s p e d f l e d  d i r e c t i o n  and nk;je i s  t h e  

mean change i n  kx i n  one c o l l i s i o n  wi th  o s c i l l a t o r  w.  In  a l l  

ca ses  t h e  s ~ p e r s c r i p t s  a acd e  r e f e r  t o  abso rp t ion  and emission 

r e s p e c t i v e l y .  Nou ~ k Z ' ~ ( u )  = w cos'k w\ cos 6 as shown from 
\ - '  / e , a  

F igure  111.1. Using t h e  ccnse rva t ion  of energy we g e t  

F i g .  III,1 

Using (2), ( 4 )  and (9) i n  (8) and reduc ing  t h e  sum t o  an  

i n t e g r a l  



where the  i n t e g r a t i o n  i n  each casz is over t he  appropr ia te  region 

of l a t t i c e  waT~en~.ma-pso k fu~rher sinrpiif ' ication i s  poss ib le  

f o r  the  case of high eKeygy e l e c t r o n s .  I n  t h i s  case t h e  

phonons which lead  to l a r g e  acgle  s c a t t e r i n g  w i l l  .be those of  

l. l a r g e  wavenunbeer Iri z3 f s  ease ~ r d  - and 
a 

Using (7)  and (11) i n  (10) we obtain 

The lower l i m i t  on w can be put equal  t o  zero s ince  the  l o w  

wavenunbers do not  appreciably. cont r ibute  and t h e  upper l i m i t  

can be determined from the  Debye condit ion 



where N i s  t h e  nunber of u n i t  c e l l s  per  u n i t  volume. For 

a l k a l i  h a l i d s s  N = - ' where a i s  +,he n e a r e s t  neighbour 
r 3 i a  

d i s t a n c e ,  s o  t h a t  

Such a  l a r g e  valw of ~j;_ can an'; te u s ~ d  as t h e  upper l i m i t  
u 

of i n t e g r a t i o n  prcvided tha*; t h e  e l e c t r o n  i n t e r a c t i n g  wi th  

t h e  phonon has s ~ f ' f i c i a n t  m e r g j  T O  satisr";. t h e  requirement 
\n: 
0 of conserva t ion  of' mmeritum, Tkis m a n s  t h a t  k > o r  i n  
- 

terms of e n e r g i e s  E > 3: where 
C 

which i s  an energy of s e v e r a l  e l e c t r o n  volts. For E > E t h e  
0 

i n t e g r a t i o n  i n  (11) then  gi-ges 

If E < Eo then  the  upper l i m i t  i n  t h e  i n t e g r a l  i s  jus t  2k 

and 



For t h e  case of E < Eo, t h a t  i s  f o r  low energy e l e c t r o n s  it 

i s  more appropr ia te  t o  use the  expression (6 )  f o r  G ( w ) .  The 

upper l i m i t  w i l l  s t i l l  be 2k. Calculat ion of T(E,To)  f o r  

t h i s  case gives 

Non Polar Crys ta l s  : 

The t reatment  of t h e  e l e c t r o n - l a t t i c e  i n t e r a c t i o n  i s  based on 

the  work of S e i t z  ('I) i n  which the  i n t e r a c t i o n  energy i s  

introduced i n  t h e  same way a s  i n  the  conduction theory of 

metals  using t h e  deformable atom hypothesis .  Considering the  

s c a t t e r i n g  of t h e  e l e c t r o n  t o  be t h e  r e s u l t  of i n t e r a c t i o n  

with accous t i ca l  l a t t i c e  modes only, adopting a  l i n e a r  r e l a t i o n  

between frequency and wavenumber 

where s i s  the  v e l o c i t y  of sound, and using per turba t ion  theory 

i n  a  way s i m i l a r  t o  the  case of polar  c r y s t a l s  y i e l d s  f o r  the  

t r a n s i t i o n  p r o b a b i l i t y  



where C i s  the  i n t e r a c t i o n  constant  (of order  of 1 eV f o r  

many non polar  c r y s t a l s ,  M i s  the  atomic mass and N t h e  number 

of atoms per u n i t  volume and 5 i s  given by (3 ) .  For the  low 

energy e l e c t r o n s  (of energy of order of s e v e r a l  koTo) the  

conservation of wavenumber w i i l  then permit i n t e r a c t i o n  only 

with modes of low wave n u m e r .  For such modes 

Calculat ions s i m i l a r  t o  the  previous cases  show t h a t  t h e  

average r e l a x a t i o n  time f o r  an e l e c t r o n  of energy E i s  given 

by 

I - - - 442 c2kDz 4~ 
92 ki 

TC! ) 77 4 2 r/ lh" ---E (21) 

It should be noted t h a t  the  use of per turba t ion  theory i s  we l l  

j u s t i f i e d  f o r  the  case of slow e l e c t r o n s  i n  non polar  c r y s t a l s  

but  t h e  value of t h e  i n t e r a c t i o n  constant i s  unknown. 

Values of 7 f o r  t h r e e  d i f f e r e n t  e l e c t r o n  energies  a re  

summarized i n  t h e  t a b l e  below 



M O D E L  

P o l a r  C r y s t a l s  

( ~ i g h  energy approximation) 

P o l a r  C r y s t a l s  

(LOW energy approximation) 

Continuum Model 

Phonon wave v e c t o r  << a- 
- ( l a t t i c e  spac ing)  

Non P o l a r  c r y s t a l s  

I n t e r w t i o n  c o n s t a n t  
C = 100 eV 

- - 

7 i n  u n i t s  of 10 s e c  

E l e c t r o n  energy 

1 eV 2 eV 3 eV 
- 
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