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A. B S T R A C T

ïlic development of the s tudy  of l i g h t  s c a t t e r i n g ,  from th e  e a r l y  

work of S tokes  and Ik iyleigh to tlie modern i n v e s t i g a t i o n s  of n o n - l i n e a r  

s t i m u l a t e d  s c a t t e r i n g  p r o c e s s e s  has been reviewed.

Tiic conv en t io n a l  t h e o ry  of s t i m u l a t e d  s c a t t e r i n g  has  been ex tended 

to  d e s c r ib e  t h e  s c a t t e r i n g  of an in dependen t  probe l a s e r  beam. Ttiis 

s c a t t e r i n g  i s  the  r e s u l t  of th e  e f f e c t  on th e  r e f r a c t i v e  index  of  a 

medium of the  e l e c t r i c  f i e l d  due to  two o p p o s i t e l y  d i r e c t e d ,  h igh  i n t e n 

s i t y  l i g h t  beams. Tlie s t a n d in g  wave of  e l e c t r i c  f i e l d ,  g e n e ra t e d  by 

th e s e  beams, s p a t i a l l y  modula tes  the  r e f r a c t i v e  index  of th e  medium by 

é l e c t r o s t r i c t i o n ,  the  Kerr  e f f e c t  and a b s o r p t i v e  h e a t i n g ,  a l l  of  which 

a r e  p r o p o r t i o n a l  to  th e  mean square  of the  l o c a l  f i e l d .  When th e  beams 

a r e  of s l i g h t l y  d i f f e r e n t  f requency  the  s t a n d i n g  wave,  and th e  r e s u l t i n g  

m odu la t ion ,  t r a v e l  th rough  the  medium w i th  a v e l o c i t y  p r o p o r t i o n a l  to  

t h a t  d i f f e r e n c e .  Under t h e s e  c i rc u m s ta n c e s  the  m odu la t ion  and the  

s t a n d i n g  wave t r a v e l  th rough  th e  medium w i th  t h e  same v e l o c i t y  b u t  w i th  

d i f f e r e n t  phase as  a r e s u l t  of t h e  i n e r t i a  a s s o c i a t e d  w i th  each of 

th e  above mechanisms.  Tlie u s u a l  s t i m u l a t e d  s c a t t e r i n g  i s  de te rmined  

e n t i r e l y  by th e  ou t  of phase component of th e  r e f r a c t i v e  index  modula

t i o n  w hi le  th e  probe s c a t t e r i n g  d e s c r i b e d  i n  t h i s  t h e s i s  i s  de te rmined  

by th e  whole am pl i tude  of  t h a t  m odu la t ion .

A Q-switched  ruby l a s e r  has  been used  to  g e n e r a t e  such modu la t ions  

in  a l i q u i d  and th e s e  have been d e t e c t e d  by th e  s c a t t e r i n g  of  a f requency
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doubled  p o r t i o n  of Ihc ruby l a s e r  beam and of an independen t  argon l a s e r  

beam. The r e l r a c l i v e  index modula t ion  a s s o c i a t e d  w i th  Lho tem pera tu re  

modula t ion  induc(ul by absor] ) t ion  of tlie ruby l a s e r  l i g h t  has  been i n v e s 

t i g a t e d  in  some d e t a i l  and the l i f e t i m e s  of  such modula t ions  i n  a number 

of media have been measured.

Other r e l a t e d  n o n - l i n e a r  s c a t t e r i n g  p r o c e s s e s  have been i n v e s t i 

ga ted  u s in g  a v a r i e t y  of exper im en ta l  t e c h n i q u e s ,  p a r t i c u l a r l y  i n t e r e s t 

ing  r e s u l t s  be ing  o b ta in e d  in  the  s tudy  of  n o n - l i n e a r  f l u o r e s c e n c e  from 

s a t u r a b l e  a b s o r b e r s .
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C H A P  T V] R I  

Dl'FVEl.OHMl'NT OF THE STUDY ())'' LIGHT SCATTERING

1.1 EMILY WORK

The f i r s t  s c i e n t i f i c  s t u d i e s  of the  s c a t t e r i n g  of l i g h t  by m a t e r i a l  

media were made in  th e  second h a l f  of th e  19^^  ̂ c e n t u r y ,  p a r t i c u l a r l y  by 

S to k es (^ )  and H ay le igh^^ ) .  S tokes  s t u d i e d  tlie f requency  s h i f t e d

f l u o r e s c e n c e  which occurs  when c e r t a i n  a b s o rb in g  media a r e  s t r o n g l y  

i l l u m i n a t e d .  He d i s c o v e r e d  e m p i r i c a l l y  t h a t  t h i s  l i g h t  i s  always depo la 

r i z e d  and t h a t  i t s  spect rum i s  a band of comparable width  to  the  a bso rp 

t i o n  band,  b u t  w i th  i t s  maximum always a t  a lower f r equency  than  the  

maximum of th e  a b s o r p t i o n  band.  Tliesc o b s e r v a t i o n s  r e c e i v e d  a s a t i s f a c 

t o r y  and simple e x p l a n a t i o n  only  on th e  development of t h e  quantum the o ry .  

Lord Rayle igh  c o n s id e re d  from a c l a s s i c a l  t h e o r e t i c a l  p o i n t  of view the  

s c a t t e r i n g  of l i g h t  from very  small  p a r t i c l e s .  He was ab l e  to  show t h a t  

the  s c a t t e r i n g  i s  e s s e n t i a l l y  u n s h i f t e d  i n  f requency  and p r o p o r t i o n a l  to  

th e  i n v e r s e  f o u r t h  power of th e  wavelength  of th e  i l l u m i n a t i n g  l i g h t  and 

thus  ex p la in e d  th e  b lu e  c o lo u r  of  th e  sky.

(3 )The n e x t  major  development was a ch ieved  by B r i l l o u i n  i n  1922 
- / 1 \

who used  D e b y e ' s '  ' method of a n a l y s i n g  th e  random f l u c t u a t i o n s  of  a 

medium i n t o  i t s  a c o u s t i c  modes to  show t h a t  th e  l i g h t  s c a t t e r e d  from 

such a medium w i l l  be s h i f t e d  up or  down i n  f requency  by a Doppler  s h i f t  

due to  the  v e l o c i t y  of  th e  a c o u s t i c  waves. This  s p l i t t i n g  was d e t e c t e d

(5 )by Gross^ i n  1930. The th e o ry  was developed  i n  more d e t a i l  by 

M a n d e l s h t a m ^ ( l 9 2 6 )  and Landau and P la c z e k ^ ^ '^ ^  ( l9 3 4 )  who showed t h a t  

i n  a d d i t i o n  to  t h e  ' B r i l l o u i n  d o u b l e t '  t h e r e  e x i s t s  s c a t t e r i n g ,  due to 

non p ro p a g a t in g  en t ropy  f l u c t u a t i o n s ,  which i s  u n s h i f t e d  i n  f requency .

This i s  u s u a l l y  known as  the  'R ay le ig h  l i n e '  . S c a t t e r i n g  from induced

— 8 —
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(o)  (lO)
u l l r a s o i i i c  waves was a l s o  demons L ra tcd '   ̂ and t h e o r e t i c a l l y  a n a l y s e d '  .

In the  mean Li me Raman  ̂  ̂  ̂  ̂ 1928 had d i s c o v e re d  an e n t i r e l y

new type of m o lecu la r  s c a t t e r i n g  (ihu.ian s c a L t c r i n g ) .  Like the  f l u o r e 

scence i n v e s t i g a t e d  e a r l i e r  hy S tokes  i t  was p redom inan t ly  d ow n-sh i f ted  

i n  f requency  b u t  u n l i k e  f l u o r e s c e n c e  i t  was s t r o n g l y  p o l a r i z e d .  F u r t h e r 

more th e  spcctr imi of t h e  s c a t t e r e d  l i g h t  c o n s i s t e d  of sharp  l i n e s  reduced 

i n  f requency  from th e  i l lu j i i i n a t i n g  l i n e s  by i n t e g r a l  m u l t i p l e s  of c e r t a i n  

f i x e d  f r e q u e n c i e s  c h a r a c t e r i s t i c  of th e  medium. There were a l s o  much 

f a i n t e r  l i n e s  of i n c r e a s e d  f r equency .  This s c a t t e r i n g  he c o r r e c t l y  

ex p la in e d  i n  te rms of th e  quantum t h e o r y ,  th e  f requency  s h i f t s  be ing  

de te rmined  by th e  d i f f e r e n c e  between energy  l e v e l s  of t h e  molecu le .

(13 )At th e  same t ime Raman and Krishnan  ' c o n s id e r e d  th e  problem of 

s c a t t e r i n g  from a n i s t r o p i c  molecu les  and showed t h a t ,  as  d i s t i n c t  from 

th e  case  of t h e  R ay le igh  l i n e  and B r i l l o u i n  d o u b l e t ,  a d e p o l a r i z a t i o n  of  

th e  s c a t t e r e d  l i g h t  o ccu r s .  Ib i r th e r  w o r k ^ ^ ^  showed t h a t  the  

d e p o l a r i z e d  l i g h t  c o n t r i b u t e s  a b road  wing to  t h e  l i g h t  s c a t t e r i n g  

spect rum ( th e  Rayle igh  wing) w i th  a f requency  s p re a d  which i s  th e  i n v e r s e  

of th e  m o le c u la r  r e - o r i e n t a t i o n  t im e .

This wing was ve ry  d i f f i c u l t  to o b s e rv e ,  t h e  r e s u l t s  o b ta in e d  

o f t e n  be ing  c o n t r a d i c t o r y .  The f i r s t  d e f i n i t e  o b s e r v a t i o n  was p rob

ab ly  t h a t  of Gross^^^) .

1 .2  IMPLICATIONS OF LIGHT SCATTERING OBSERVATIONS

The Raman s c a t t e r i n g  was soon w e l l  i n v e s t i g a t e d ^ ^ ^  and shown

to  be a power fu l  t o o l  i n  s p e c t ro s c o p y  a l lo w in g  ve ry  p r e c i s e  measurement 

of  m o lecu la r  energy l e v e l s .  Along w i th  i n f r a - r e d  u l t r a - v i o l e t  ab so rp 

t i o n ,  and n u c l e a r  magnetic  re sonance  s p e c t r a  i t  has  been used  p r i m a r i l y  

as  a d i a g n o s t i c  t o o l  i n  p h y s i c a l  c h em is t ry .

-  9 -



The cx is lo i ico  of the  t i n e  s t r u c t u r e  of the  Rayleigh  s c a t t e r i n g  

(Rayle igh  l i n e ,  Ihiyleigii vj rig and B r i l l o u i n  d o u b le t )  was showii by a number

(5 16 20-'^'^)of w orke r s '  ’ ' i n  the t h i r t i e s  and f o r t i e s  , though q u a n t i t a t i v e

work was made very  d i f f i c u l t  by tlie l a ck  of s p e c t r o s c o p i c  r e s o l u t i o n  and 

th e  f e e b l e  l i g h t  sources  a v a i l a b l e .  The p r a c t i c a l  work was however 

a c c u r a t e  enough to  dem ons t ra te  the  inadequacy of the  then  c u r r e n t  hydro-
(23 )

dynamic t h e o ry  of l i q u i d s ' ^ '   ̂ which p r e d i c t e d  a square law dependence of 

so mid a b s o r p t i o n  on f r equency .  Using t h i s  r e l a t i o n s h i p  e x t r a p o l a t i o n  

of th e  u l t r a s o n i c  d a t a  to  th e  f r e q u e n c i e s  in v o lv ed  i n  B r i l l o u i n  s c a t t e r 

ing  shows such a h igh  sound a b s o r p t i o n  t h a t  the  B r i l l o u i n  l i n e s ,  whose 

wid ths  a r e  de termined  by a b s o r p t i o n ,  would be much ivlder  th a n  t h e i r  

s e p a r a t i o n  and t h e r e f o r e  i n d i s t i n g u i s h a b l e .  C lea r  B r i l l o u i n  l i n e s  were 

however e a s i l y  o b s e rv a b le .

(24 2 5 )The problem was r e s o l v e d  i n  1937 by Mandelshtam and L eon tov ich '  ' ^

who proposed  th e  r e l a x a t i o n  th e o ry  of  l i q u i d s .  Th is  shows th e  same 

f e a t u r e s  a t  low f r e q u e n c i e s  as  th e  e a r l i e r  t h e o ry  b u t  shows t h a t  a t  h igh  

f r e q u e n c i e s  t h e  s t a t i c  ' c o n s t a n t s ’ a r e  m o d i f ied  due to  t h e i r  f i n i t e  

r e l a x a t i o n  t im es .

The r e l a x a t i o n  t h e o r y  however,  a l s o  im p l i e s  a d i s p e r s i o n  i n  th e  

v e l o c i t y  of  sound which had  n o t  been found a t  t h a t  t ime .  I t  th u s

remained a m a t t e r  of c o n t ro v e r s y  u n t i l  such d i s p e r s i o n  had  been  e x p e r i 

m e n ta l l y  dem ons t ra ted  p a r t i c u l a r l y  by th e  B r i l l o u i n  s c a t t e r i n g  measure

ments of  F a b e l i n s k i i  and co -workers^^^  i n  th e  f i f t i e s .

One f u r t h e r  source  of  c o n t ro v e r s y  was the  non-observance  of 

B r i l l o u i n  l i n e s  i n  v i s c o u s  l i q u i d s .  This  r e s u l t  a l s o  was i n  c o n t r a d i c 

t i o n  w i th  the  r e l a x a t i o n  th e o ry  b u t  was shown by F a b e l i n s k i i ^ ^ ^ ^  to  be

— 10 —



due only to experimenta l  d i f f i c u l t i e s  when he observed  th e  B r i l l o u i n

d o u b le t  of g ly c e r i  n o . th e  r e l a x a t i o n  th eory  then  ad e q u a te ly  exp la in ed

the  l i g h t  s c a t t e r i n g  phenomena observed  a t  t h a t  t i m e ^ ^ ^ \  ( though l a t e r

more d e t a i l e d  i n v e s t i g a t i o n s  of B r i l l o u i n  s p e c t r a  have r e q u i r e d  i t  to be

( 31 )m odif ied  f o r  high  v i s c o s i t y  l i q u i d s '

1 .3  THE DEMCbOBMENT OF ttlE lASI'lll

This s i t u a t i o n ,  w i th  the  phenomena of l i g h t  s c a t t e r i n g  b ro ad ly  

unders tood  b u t  im p o ss ib le  to  i n v e s t i g a t e  i n  g r e a t  d e t a i l ,  was to be 

d r a m a t i c a l l y  changed by th e  development of the  l a s e r .

The f i r s t  s t i m u l a t e d  em iss ion  dev ice  was th e  maser developed  by

( 3 2 )Townes' ' i n  1954. Tli is ,  employed the  f a c t  t h a t  th e  t r a n s i t i o n

c o e f f i c i e n t s  f o r  a s t i m u l a t e d  t r a n s i t i o n  between two energy l e v e l s  a r e  

equal  i n  each d i r e c t i o n .  thus  i f  the  m a j o r i t y  of  the  atoms i n  a medium 

can be p u t  in  an upper s t a t e  th e  medium w i l l  am p l i fy  microwaves (o r  

l i g h t )  a t  a f requency  where i t  normal ly  abso rbs  them. In  a s u i t a b l e  

r e s o n a t o r  t h i s  a m p l i f i c a t i o n  can r e s u l t  i n  o s c i l l a t i o n s  i n  one or  a 

number of modes of t h e  o s c i l l a t o r  n e a r  the  peak of th e  ga in  (ground 

s t a t e  a b s o r p t i o n )  curve .

A l a s e r ,  an i d e n t i c a l  dev ice  excep t  t h a t  t h e  em iss ion  i s  i n  th e
( 'Z'Z )

o p t i c a l  r e g i o n ,  was f i r s t  c o n s t r u c t e d  by Maiman i n  1960^ . He used

a small  ruby rod  surrounded  by a h e l i c a l  f l a s h  tube  which produced a 

t r a i n  of  3 kW, 2 (isec p u l s e s  l a s t i n g  abou t  1 msec.  The power a v a i l a b l e  

was soon ex tended i n t o  th e  megawatt  r e g i o n  p a r t i c u l a r l y  by th e  work of 

H e l lw ar th^^^)  wlio developed  th e  t e ch n iq u e  of  Q -sw i tch ing .  In  t h i s  t e c h 

n ique  a l a r g e  p o p u la t i o n  i n v e r s i o n  b u i l t  up i n  th e  l a s e r  m a t e r i a l  i n  a 

l o s s y  c a v i t y  which was then  swi tched  to  h i g h e r  g a i n  by e l e c t r o - o p t i c  

means.  A l l  the  s t o r e d  energy  th e n  appea red  as  a s i n g l e  ' g i a n t  p u l s e '
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of liiogawatf ill fen s i  Ly and some t e n s  of nanoseconds d u r a t i o n .

At the  same lime the  con t inuous  He] iiim-Ncon l a s e r  vas  developed
( ' rf )

by Javan  ̂ . Ivtiiie th e  power of t h i s  l a s e r  was l e s s  than  a m i l l i w a t t

the  d iv e rg e n c e ,  s p e c t r a l  width  and bccun d iam ete r  were much s m a l l e r  than

(32  )t hose  of the  ruby l a s e r .  In  1962 Kleinman'  sugges ted  improvement 

of the  s p e c t r a l  o u tp u t  of a l l  type s  of l a s e r  by u s in g  a r e s o n a n t  r e f l e c 

t o r  in  p la ce  of the  o u tp u t  m i r r o r ,  to  ensure  s i n g l e  l o n g i t u d i n a l  mode 

o p e r a t i o n ,  and t h i s  was ach ieved  by v a r io u s  workers^^^^ \  The t e c h 

n ique  of Q sw i tc h in g  was g r e a t l y  s i m p l i f i e d  i n  1964 by the  development

(41 4 2 )by Sorokin  of the  p a s s i v e  Q -sw i tch '  ’ . Tliis employs a h ig h l y

a b s o rb e n t  dye i n s i d e  th e  r e s o n a t o r  which b le a c h e s  when th e  l a s e r  p u l s e

s t a r t s  to  develop .  Ibe ga in  of th e  r e s o n a t o r  th u s  i n c r e a s e s  suddenly 

and a g i a n t  p u l s e  occu rs .

Another  im p o r ta n t  development i n  t h a t  y e a r  was the  achievement of

(43 4 4 )mode lo c k in g  by Hargrove e t  a l  '  ’ who synch ron ized  th e  phase of the

l o n g i t u d i n a l  modes of a gas l a s e r  by m odu la t ing  t h e  c a v i t y  l o s s e s  a t  the  

d i f f e r e n c e  f r equency .  Tliis c o n v e r t e d  the  o u tp u t  to  a t r a i n  of h igh  

power p u l s e s  of p ic osecond  d u r a t i o n  s e p a r a t e d  by the  c a v i t y  loop t ime.  

S im i l a r  r e s u l t s ^ ^ w e r e  o b ta in e d  i n  ruby  and neodjonium l a s e r s  s imply 

by u s in g  a s u i t a b l e  ( f a s t  r e l a x a t i o n )  b l e a c h a b l e  dye (and Brew s te r  

ang led  s u r f a c e s  to  av o id  mode s e l e c t i o n ) .  A new te ch n iq u e  f o r  measure

ment of t h e s e  p icosecond  p u l s e s  was developed  by G i o r d m a i n e ^ ^ ^ u s i n g  

th e  f a c t  t h a t  two such p u l s e s  o v e r l a p p in g  produce more two photon f l u o r e s 

cence ( see  S e c t io n  1 . 5 )  than  two a c t i n g  s e p a r a t e l y .

Arakelyan

Transve rse  mode s e l e c t i o n  has  s in c e  been developed  by Sonc in i  and

, 50 ) 

( 5 1 )

(49 5 0 )S v e l t o '  ’ '  and t r a n s v e r s e  mode lo c k in g  was r e c e n t l y  r e p o r t e d  by
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A fu r  Hier udvarico was achi oved i Ji 1966 wi th  Lho dovcl opinent of the

(54 55 )P u lse  TransjiiLss i on Mode Laser  ’ . Here a Pockels  c e l l  i s  used  in

c o n ju n c t io n  with  a Gian Thompson pr ism to  g ive  f i r s t  a low Q c a v i t y  to 

b u i l d  up popula Li on i n v e r s i o n ,  then  a very high Q c a v i t y  to t r a n s f e r  the  

cnerg}’’ from the  i n v e r t e d  popui a t i o n  to the  photon f l u x ,  then  back to  the  

f i r s t  s i t u a t i o n  w i th  the  l i g h t  energy swi tched  out  of the  c a v i t y .  This  

r e s u l t s  in a p u ls e  l e n g th  of  the  o rde r  of the  c a v i t y  loop t ime and can 

be used  in  c o n ju n c t io n  w i th  mode lo c k in g  to  g ive a s i n g l e  p icosecond  

p u l s e ^ ^ ^ )  of very  high  power.

The ' s t a t e  of the  a r t '  a t  p r e s e n t  i s  t h a t  th e  powers a v a i l 

ab le  a r e  up to  10̂  ̂ w a t t s  con t inuous  (COg l a s e r ) ,  10^ w a t t s  p u l s e d  (PT M 

Neodymium l a s e r )  and 10^^ w a t t s  i n  p icosecond  p u l s e s .  D i f f r a c t i o n  

l i m i t e d  d ive rgence  has been o b ta in e d  f o r  bo th  con t inuous  and p u l s e d  

l a s e r s .  L o ng i tud ina l  and t r a n s v e r s e  mode s e l e c t i o n  a l lo w  l i n e  w id ths

-3  °of  10 A f o r  p u l s e d  l a s e r s  and a few c y c l e s  p e r  second f o r  c a r e f u l l y  

s t a b i l i z e d  con t inuous  l a s e r s .  P u l s e s  of a few nanoseconds can be 

o b ta in e d  from mode s e l e c t e d  l a s e r s  w h i le  mode loc ked ,  n o n - l i n e a r  o p t i c a l l y

(55 115)s h o r t e n e d ,  p u l s e s  can be l e s s  th a n  one p ic osec ond  ' . A wide v a r i e t y

of m a t e r i a l s  a l lo w  l a s i n g  a t  f r e q u e n c i e s  th roughou t  th e  o p t i c a l  spectrum 

w hi le  t h e  dye l a s e r  developed  by S o r o k i n ^ h a s  the  f u r t h e r  advantage  of 

be ing  c o n t in u o u s ly  t u n a b le  over a range of  f r e q u e n c i e s .

The development of t h e s e  l i g h t  sources  has  a f f e c t e d  l i g h t  s c a t t e r 

ing  s t u d i e s  i n  two main ways ; F i r s t ,  an enormous improvement i n  the  

accuracy  and ease  of spontaneous  l i g h t  s c a t t e r i n g  expe r im en t s ,  and 

secondly  t h e  development of  th e  e n t i r e l y  new f i e l d  of  n o n - l i n e a r  o p t i c s .
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J . h SPONTANEOUS L K llU ’ SCAT BERING S I’EDTES U S I N G LASERS

The* ci'udo l o a l u r ’L's of the i i g l i t  s c i i t t e r i i i g  spectrum had a l r e a d y

(57 220)been worked out  by 1959 . The development of the l a s e r  has  how-

(*ver i n c r e a s e d  the accuracy  of measurejiient by many o r d e r s  of magnitude 

and l e d  to the d i s c o v e ry  of some e n t i r e l y  new f e a t u r e s ,  Tlie s p e c t r a l  

p u r i t y  of the  con t inuous  gas l a s e r  has  made i t  the main exper im en ta l  to o l  

f o r  spon taneous  s c a t t e r i n g  s t u d i e s  i n  s p i t e  of the  h ig h e r  powers a v a i l 

ab l e  from s o l i d  s t a t e  l a s e r s .

Tlie h igh  power a rg o n - io n  l a s e r  has a l lowed  Raman s c a t t e r i n g  to be 

developed as  a very  conven ien t  s p e c t r o s c o p i c  t o o l .  Fur thermore  i t  i s

(58 59)now p o s s i b l e  to  make a b s o l u t e  measurements of  Raman c r o s s - s e c t i o n s '  ’ '

while  s t u d i e s  of l i n e - w i d t h s  and c o r r e l a t i o n  co u n t in g  has  g iven new 

in fo rm a t io n  on i n t e r m o l e c u l a r  f o r c e s  and o p t i c a l  phonon p r o p e r t i e s ^ ^ ^  \

The f i r s t  s t u d i e s  of th e  spontaneous  B r i l l o u i n  s c a t t e r i n g  u s in g  

he l ium/neon l a s e r s  were done i n  1964 by Benedek e t  a l^^^^  f o r  the  case  of 

s o l i d s  and by Chiao and S t o i c h e f f  f o r  l i q u i d s ^ T h e s e  t o g e t h e r  w i th  

f u r t h e r  work^^^ 70 ,74)  pyoyi^ed  a c c u r a t e  knowledge of  hy p e r so n ic  v e l o c i t y  

i n  a l a r g e  range  of media.  Such measurements A\nere ex tended  to  gases  by

( 71 )the  work of Eastman e t  a l  i n  1966 . With the  improved s p e c t r a l  r e s o 

l u t i o n  a v a i l a b l e  i t  was a l s o  p o s s i b l e  to  measure th e  w id th  of the  B r i l l o u i n  

l i n e s  and hence deduce th e  h y pe r son ic  a b s o r p t i o n  c o e f f i c i e n t .  This was

(72 )f i r s t  done by Mash e t  a l '  '  i n  1965 and a q u a n t i t y  of a c c u r a t e  in fo rm a

t i o n  was soon a v a i l a b l e ^ \

In  th e  meanwhile i n v e s t i g a t i o n s  had been c a r r i e d  ou t  on th e  s c a t t e r 

ing  i n  th e  Ray le igh  l i n e  and wing. The a n g u l a r  dependence of such 

s c a t t e r i n g  was i n v e s t i g a t e d  f i r s t  by George e t  a l^^^^  i n  1965 and then  

by L e i t e  e t  a l^^^^  who found good agreement w i th  th e o ry .  The
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( l ( ' j ) ü i a r l i o n  of lho d i f f e r e n t  p a r t s  of the  s c a t t e r i n g  spectrum vci-e
/ '7'7_'70 \

i n v e s t i g a t e d  by v a r io u s  workers^ . The e x ac t  f requency  dependence

(80—83 )t u d ied  p a r t i c u l a r l y  by S ta r a n o v '   ̂ from I 963 onward, who waswas s

f i r s t  to d i s c o v e r  a f i n e  s t r u c t u r e  in the  d e p o l a r i z e d  Rayle igh  wing 

s c a t t e r i n g  s p e c t i ’uin of l i q u i d s ^ ^ ^  ^^^(196?)  which he i d e n t i f i e d  as  the  

r e s u l t  of t r a n s v e r s e  or  s h ea r  waves.

The s p e c t r a l  width  of the  c e n t r a l  Rayle igh  l i n e  was f i r s t  measured 

i n  1964 by Cummins c t  a l^^^^  f o r  the case  of a s o l u t i o n  of macromolecules 

The homodyne and Heterodyne l i g h t  b e a t i n g  t e c h n iq u e s  developed  f o r  t h i s  

exper iment a r e  capab le  of a few c y c l e s  pe r  second r e s o l u t i o n  and were 

soon a p p l i e d  to  de termine  the  w id th  of the  c e n t r a l  Ray le igh  l i n e  i n  pure 

gases^^^)  and l i q u id s ^ ^ ^ ^  and a t  th e  c r i t i c a l  p o in t^ ^ ^ ^ .

In a d d i t i o n  to  t h e s e  g r e a t l y  r e f i n e d  measurements an e n t i r e l y  new

f e a t u r e  of the  s c a t t e r i n g  spec trum o r i g i n a t i n g  i n  t h e  r e l a x a t i o n  of the

shea r  and volume v i s c o s i t i e s  was p r e d i c t e d  by Mountain i n
( 9 7 )

and d i s c o v e re d  by Gornal e t  a l '  ' l a t e r  t h a t  y e a r .  This  c o n s i s t e d  of 

a b road  peak c e n t r e d  on t h e  i n c i d e n t  f requency  b u t  d i s t i n g u i s h e d  from th e  

Rayle igh  wing by be ing  com ple te ly  p o l a r i z e d .

F u r t h e r  i n v e s t i g a t i o n s  of t h e  c e n t r a l  l i n e  s c a t t e r i n g  promise to  

r e v e a l  th e  e x i s t e n c e  of second sound i n  s o l i d s .  The c o n d i t i o n s  f o r  

such an exper iment to  succeed  have been d i s c u s s e d ^ ^ ^ '^ ^ ^  b u t  no s u c c e s s 

f u l  o b s e rv a t i o n s  have y e t  been r e p o r t e d .

Tlie o v e r a l l  spectrum of the  spontaneous  s c a t t e r i n g  as knoim a t  

p r e s e n t  i s  shown i n  th e  upper curve of  F i g . 2 . 3 .^^^^^ .  The spectrum 

shown i s  t h a t  of the  p o l a r i z e d  s c a t t e r i n g .  In  th e  d e p o l a r i z e d  spectrum 

th e  sharp  peaks due to  t h e  Rayle igh  l i n e ,  B r i l l o u i n  d o u b le t  and Raman 

s c a t t e r i n g  a r e  a b s e n t  l e a v i n g  a b road  band c e n t r e d  on o)j .̂ The
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sjxïcCriuii can bo ana ly se d  as tlic sujii of the  s c a t t e r i j i g  duo to the  Rayleigh 

l i n e .  Rayle igh  wing,  B r i l l o u i n  d o u b le t  a n d  lUuuan l i n e . l l iese a rc  due 

to  f l u c t u a t i o n s  in  r e f r a c t i v e  index  a s s o c i a t e d  with  v a r i a t i o n s  of en t ro p y ,  

a n i s o t r o p y ,  d e n s i t y  and m o lecu la r  p o l a r i z a b i l i t y  r e s p e c t i v e l y .  Each 

r e s u l t i n g  component of tlie curve r e p r e s e n t s  the s o l u t i o n  ( i n  terms of the  

f requency  dependence of lunpi i t u d e ) of the  e q u a t io n  of a damped r e s o n a n t  

system. the so  components a re  of th e  form:

I  oc  -----------------    -
1 _ Ao) Y  (2 TAo)^

/  \  s f

[Tlirougliout t h i s  t h e s i s  the  v a r i a b l e s  in t r o d u c e d  a r e  d e f in e d  i n  the  

Appendix a t  th e  b ack . ]

cj nf'r*iir* ■Fnr* •nT*nr«oacf»<a -xatIi n v r» ^The c e n t r a l  peaks occur f o r  p r o c e s s e s  where ^  > ^f2, and the  double

peaks where Tliis s imple p i c t u r e  i s  i n  f a c t  com pl ica ted  by the

f a c t  t h a t  r e l a x a t i o n  th e o ry  shows t and 2 a r e  th em se lves  f requency  

dependent .

Tlie v a r i o u s  spontaneous  s c a t t e r i n g  p r o c e s s e s  have been w e l l  reviewed 

by a nu,aber of  authors^^O .62,69  ,7b , 9 3 , 9 4 , 9 5 . 9 6 ,100)_

1 .5  NON-LINEAR OPTICS

Before the  l a s e r  was i n v e n te d  the  p o s s i b i l i t y  of  l i g h t  changing th e  

r e f r a c t i v e  index of a medium by th e  Ker r  e f f e c t  had been s ugges ted  by 

B u c k i n g h a m ^ \  b u t  t h i s  p o s s i b i l i t y  seemed so remote t h a t  t h e r e  was 

no f u r t h e r  p r a c t i c a l  or  t h e o r e t i c a l  i n v e s t i g a t i o n  of th e  phenomenon. 

However t h e  h i g h  power and s p e c t r a l  b r i g h t n e s s  of  t h e  l a s e r  soon made 

t h i s  a very  a c t i v e  s u b j e c t .  The phenomena observed  may be d iv i d e d  i n t o  

two c a t e g o r i e s .  Those in v o l v in g  th e  p o l a r i z a t i o n  of th e  medium under  

th e  i n f l u e n c e  of a number of waves and th ose  in v o l v in g  on ly  th e  t r a n s i 

t i o n s  induced  i n  i n d i v i d u a l  molecu les  by th e  l i g h t  f l u x .  Both type s  of
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plM'iiojiioiia woro f i r s t  observed  in  I 96I . Wo s h a l l  c o n s id e r  the l a t t e r  

c a teg o ry  f i r s t  as  l e s s  work has been done in  t h i s  f i e l d .

The f i r s t  exper iment of t h i s  s o r t  was the d e t e c t i o n  by K a ise r  and 

( 1 02 )G a r r e t t '  ' of the e f f e c t  of n o n - l i n e a r  two photon a b s o r p t i o n .  In  t h i s  

phenomenon a molecule  abso rbs  two photons of ruby l a s e r  l i g h t  though th e r e  

i s  no r e a l  energy l e v e l  a t  the  photon energy.  Quantum m e ch an ic a l ly  the  

p ro ces s  depends on a t r a n s i t i o n  to a v i r t u a l  l e v e l  fo l lowed  r a p i d l y  by a 

second induced t r a n s i t i o n  which a l low s  energy c o n s e r v a t io n .  Ihe abso rp 

t i o n  was r e v e a l e d  by the  b lue  f l u o r e s c e n c e  due to  the  t r a n s i t i o n  back to 

the  ground s t a t e  from t h e  two photon l e v e l .  Such a b s o r p t i o n  was d i r e c t l y  

measured by Giordmaine and llowe^^^^^ i n  19^3• In  1964 Sorok in  e t  al^^^^  

used the  r e v e r s i b l e  b l e a c h i n g  of cyanine  dyes to  Q-switch a ruby l a s e r .

Ill t h i s  p roces s  the  r a t e  of  a b s o r p t i o n  i s  such t h a t  th e  p o p u la t i o n s  of th e  

ground and f i r s t  s i n g l e t  s t a t e  become e q u a l i z e d  th u s  r ed u c in g  the  abso rp 

t i o n .  This  phenomenon has  s in c e  been e x t e n s i v e l y  i n v e s t i g a t e d  exper iment

a l l y  and t h e o r e t i c a l l y ^ ^ ^ ^ a n d  Mack has demonst ra ted^^^^^  t h a t  

under  some c i rc u m s tan c es  i t  can even r e s u l t  i n  a m p l i f i c a t i o n  of a beam 

which would u s u a l l y  be absorbed .  Gibbs i n  196?^^^^^ used  th e  f l u o r e s 

cence t e ch n iq u e  of K a i s e r  and G a r r e t t  to  dem onst ra te  e x c i t e d  s t a t e  

a b s o r p t i o n .  In  the  Q -sw i tch ing  dyes t h e r e  i s  an energy l e v e l  a t  the  

s i n g l e  photon energy and a second a t  the  two photon l e v e l .  Molecules 

can be s u c c e s s i v e l y  e x c i t e d  from ground to  f i r s t  and f i r s t  to second 

l e v e l s .  The r e a l  energy  l e v e l  d i s t i n g u i s h e s  t h i s  p ro c e s s  from two photon 

a b s o r p t i o n  and the  power dependence of  the  f l u o r e s c e n c e  i s  a l s o  d i f f e r e n t .  

The e x t e n s i o n  of such f l u o r e s c e n c e  s t u d i e s  to  a number of o th e r  dyes and 

s o l v e n t s  i s  r e p o r t e d  i n  t h i s  t h e s i s ^ ^ ^ ^ ^ .

The f i r s t  n o n - l i n e a r  p o l a r i z a t i o n  e f f e c t  d e t e c t e d  was the  f requency  

doub l ing  of l i g h t  i n  a p i e z o e l e c t r i c  c r y s t a l .  This  was observed  by 

Franken e t  al^^^^^  i n  I 96I .  T h i s ,  and n o n - l i n e a r  e f f e c t s  i n  g e n e r a l ,  may 

be u nders tood  as  a r e s u l t  of  the  f a c t  t h a t  the  ma themat ica l  ex p re s s io n
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i'üj* Lho ])0 1 a r i za t i  on of a iiiodiiuii c o n t a in s  terms in  the  s q u a re ,  cube,  e t c ,  

of Llie a p p l i e d  f i e l d ,  i n  add! Li on Lo the  l i n e a r  term^^^^^\ The c o e f f i 

c i e n t s  of Lhese terms a r e  so sma11 t h a t  they  were n e g l i g i b l e  f o r  the  

o p t i c a l  f i e l d  s t r e n g t h s  a t t a i n a b l e  b e fo re  th e  use  of l a s e r s .  With the 

h igh  f i e l d s  produced by l a s e r s  i t  i s  n e c e ss a ry  to take  i n t o  account  the  

e f f e c t  of th e se  te n u s .  When the a p p l i e d  f i e l d  i s  s i n u s o i d a l  the  exp re s 

s ion  f o r  the  p o l a r i z a t i o n  i s  a siun which may c o n ta in  terms a t  a l l  i n t e g r a l  

m u l t i p l e s  of the  fundcuiiental f requency .  I f  two or  more f i e l d s  a r e  a p p l i e d  

a l l  the  simi and d i f f e r e n c e  f r e q u e n c i e s  can a l s o  occur .

In  centrosyimiietr ic  media t h e r e  can be no asymmetric terms in  the  

p o l a r i z a b i l i t y  and t h e r e f o r e  th e  e x p re s s io n  f o r  th e  p o l a r i z a t i o n  can con

t a i n  no terms in  even powers of th e  magnitude of e l e c t r i c  f i e l d .  Thus only 

odd m u l t i p l e s  of the  a p p l i e d  f requency  can occu r .  Th i rd  harmonic gene ra 

t i o n  was d e t e c t e d  in  such media by Terhume e t  a l^^^^^  1962.

Tlie p ro d u c t io n  of harmonics i n  t h i s  way i s  l i m i t e d  by any d i s p e r s i o n  

in  th e  medium. This causes  the  fundamenta l  and second harmonic beams to  

g e t  ou t  of phase so t h a t  f u r t h e r  p r o d u c t io n  of  th e  second harmonic i s  sub

t r a c t e d  from t h a t  a l r e a d y  produced.  This problem was i n g e n io u s ly  overcome 

by Maker e t  al^^^^^  i n  1962,  who used  th e  f a c t  t h a t  f o r  a p a r t i c u l a r  angle 

of p ro p a g a t io n  i n  some b i r é f r i n g e n t  media th e  o r d in a r y  r e f r a c t i v e  index  a t  

the  fundamental  f requency  i s  equal  to  th e  e x t r a o r d i n a r y  r e f r a c t i v e  index  

a t  the  second harmonic .  Using t h i s  t e chn ique  c onve r s ion  e f f i c i e n c i e s  w i th  

g i a n t  p u l s e  l a s e r s  of up to  20^ were soon ob ta ined^^^^^  and even second 

harmonic g e n e r a t i o n  induced  by a 1 mW con t inuous  He-Ne l a se r^ ^ ^ ^ ^  was

d e t e c t e d .  Much l a t e r  i t  was dem ons t ra ted  t h a t  under  c e r t a i n  c o n d i t i o n s  

t h i r d  harmonic g e n e r a t i o n  may a l s o  be phase matched^^^^) .

The m u l t i p l e  of  t h e  f requency  by zero  of course  r e p r e s e n t s  a D.C. 

p o t e n t i a l .  Such a p o t e n t i a l  (o r  more p r e c i s e l y  a pseudo-D.C. p o t e n t i a l  as  

th e  t o t a l  l i g h t  p u l s e  d u r a t i o n  was ~  10"^ s e c s )  was observed  by Bass e t  

a l ( l l ^ )  i n  1962.
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D if f e r e n c e  freqiu 'ncy  gen ( ' r a t i o n  was observed  i n  1963 by Niebubr^^^  ̂

who uscnl a l a s e r  o s c i l l a t i n g  in  two modes to  g e n e ra te  the  two i n c i d e n t  

f r e q u e n c i e s ,  hdien such d i f f e r e n c e  frequency g e n e r a t i o n  o c c u r s ,  energy con

s e r v a t i o n  demands t l i a l  one plioton a t  the h ig h e r  f requency  i s  d e s t ro y ed  

w hile  one i s  c r e a t e d  a t  a lower f requency  and a n o th e r  a t  the  d i f f e r e n c e  

f requency .  Thus i f  th e  lower f requency  s i g n a l  i s  much weaker than  the  main 

'pump* l i g h t  i t  can be g r e a t l y  a m p l i f i e d  a t  th e  same t ime as p roduc ing  the

' i d l e r '  d i f f e r e n c e  f requency .  H i is  p r o c e s s ,  known as p a r a m e t r i c  a m p l i f i c a -
( l i s )t i o n ,  which has long been IcnoAm a t  lower f r e q u e n c i e s '  ' was ach ieved  in  

t h e  o p t i c a l  r e g io n  by P e t e r s o n  and Y a r iv  in  1 9 6 4 ^ Wi t h th e  n o n - l i n e a r  

m a t e r i a l  in  a feedback  c a v i t y  t h i s  a m p l i f i c a t i o n  can r e s u l t  i n  o s c i l l a t i o n  

w i th o u t  any s ig n a l  i n p u t  and the  phase match ing  c o n d i t i o n s  a l low  t h i s  to
(129 121)be used  as a tu n a b le  source  of co h e re n t  r a d i a t i o n '  ' .

I t  i s  i n t e r e s t i n g  t h a t  the  p a r a m e t r i c  o s c i l l a t o r  ment ioned was con

s t r u c t e d  t h r e e  y e a r s  b e fo re  s tudy  of the  u n d e r ly i n g  p a r a m e t r i c  f l u o r e s -
(199 123)cence by Akhanov e t  a l '  ^ ' i n  1967. They examined th e  l i g h t  em i t t e d

f o r  v a r io u s  d i r e c t i o n s  of t h e  i n c i d e n t  and r e s u l t a n t  beams when no f e e d 

back was p r e s e n t .

A l l  t h e s e  n o n - l i n e a r  p o l a r i z a t i o n  p r o c e s s e s  have undergone e x haus t ive  

t h e o r e t i c a l  e x a m i n a t i o n ^ ^ ^ ^ p a r t i c u l a r l y  i n  t h e  work of 

Bloembergen from 1962 onward,  and i n  con fe rence  p r o c e e d i n g s ^ \

A n o n - l i n e a r  p o l a r i z a t i o n  phenomenon of a r a t h e r  d i f f e r e n t  k in d ,  

i n v o l v in g  a change i n  the  bu lk  r e f r a c t i v e  index  of t h e  medium was p r e d i c t e d  

by Askaryan i n  1962^^^^^.  When an i n t e n s e  l i g h t  beam p ro p a g a t e s  i n  a 

medium i t  i n c r e a s e s  the  r e f r a c t i v e  index  by é l e c t r o s t r i c t i o n  and th e  Kerr  

e f f e c t .  Tliis i n c r e a s e  i s  g r e a t e r  i n  th e  r e g io n s  of h ig h e r  f i e l d  r e s u l t i n g  

i n  a c o n c e n t r a t i o n  of  t h e  l i g h t  i n t o  t h e s e  r e g i o n s .  When t h e  i n t e n s i t y  i s  

so h ig h  t h a t  t h i s  e f f e c t  overcomes d i f f r a c t i o n ,  t h e  l i g h t  s e l f - f o c u s e s  and

i s  f i n a l l y  s e l f - t r a p p e d  i n t o  long  narrow f i l a m e n t s .  The caused  by

such f i l a m e n t s  i n  a t r a n s p a r e n t  s o l i d  was observed  by Hercher  i n  1964^^^^^

and th e  f i l a m e n t s  themselves  by P i l i p e t s k i i  e t  a l  i n  1965^^^^^.
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Tliis t l i o s i s  c o n t a in s  some s tudy  of sucli f i l a m e n t s  under taken  in

o rde r  to i n v e s t i g a t e  the i n t e r e s t i n g  s c a t t e r i n g  p rocess  which t a k e s
(2' i5)

p la ce  when two such f i l a m e n t s  i n t e r s e c t

The p r e c i s e  e x p la n a t io n  of such s e l f - t r a p p i n g  has been the  s u b j e c t  

of some c o n t ro v e r s y (^ ^ ^  1 ' - )  r e c e n t l y  renewed a f t e r  i n v e s t i g a t i o n  of 

the  s e l f - t r a p p i n g  of p icosecond  p u l s e s ^ ^ ^ ^ ' ^ ^ ^ ) .  Tlie o p p o s i t e  phenomenon 

of d e focus ing  has a l s o  been observed^^^^ l i 8 )  ^ r e s u l t  of t h e  dec rease  

in  r e f r a c t i v e  index  w i th  i n c r e a s e d  te m pera tu re  when the  l i g h t  beam 

pa s s e s  through an abso rb in g  medium. S i m i l a r l y  s e l f - b e n d i n g  has  been 

observed  w i th  a non-un ifo rm i n c i d e n t  bean^^

The bu lk  change of  r e f r a c t i v e  index c a u s in g  t h e s e  phenomena has 

been q u a n t i t a t i v e l y  de termined  by Gires  e t  a l  i n  1964^^^^ 153) 

measured th e  r o t a t i o n  i+ induces  i n  th e  a x i s  of e l l i p t i c a l l y  p o l a r i z e d

( 154)l i g h t .  Longaker and L i t v a k '  '  have r e c e n t l y  used  one l a s e r  to  take  

Mach-Zender i n t e r f e r o m e t e r  p i c t u r e s  of t h e  d i s t u r b a n c e  of r e f r a c t i v e  

index induced  by a n o t h e r .  This  t e c h n iq u e  has  the  advantage  of  a l low ing  

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

1 .6  STIMULATED SCATTERING

Another remarkab le  consequence of n o n - l i n e a r  o p t i c s  was d i s c o v e re d  

a c c i d e n t a l l y  i n  1962 by Woodbury and Ng^^^^^ b u t  was soon u nders tood  

and i n v e s t i g a t e d  by Eckhard t  e t  al^^^^^  and o th e r  workers^^^

This phenomenon was s t i m u l a t e d  Raman s c a t t e r i n g .  The ve ry  weak wave 

produced  by Raman s c a t t e r i n g  b e a t s  w i th  t h e  main l a s e r  wave a t  the  

d i f f e r e n c e  f r equency .  This  f requency  i s  of  course  th e  c h a r a c t e r i s t i c  

f requency  of the  atom which gave r i s e  to  the  Raman s c a t t e r i n g  i n  t h e  

f i r s t  p l a c e .  A ve ry  s t r o n g  i n t e r a c t i o n  can t h e r e f o r e  occur  w i th  the  

Raman s c a t t e r e d  wave and th e  atomic e x c i t a t i o n  be ing  a m p l i f i e d  a t  the
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ox])iniso of ilu'  'pump’ wave in  a v a r i a t i o n  of the  paréunet r ic  a m p l i f i c a t i o n  

p r o c e s s . Any small  a i ib is tokes  s h i f t e d  s ig n a l  i t s e l f  a c t s  as  a pump 

wave and t h e r e  i s  t h e r e f o r e  induced  a b s o r b t i o n  a t  these  f r e q u e n c i e s ^ ^  

tbough s t i m u l a t e d  a n t i  s tokes  g e n e r a t i o n  can occur  as a r e s u l t  of more

T  , , r , i . , , •  ( 110 , 104 , 166 , 167)complIca ted  fo u r  photon i n t e r a c t i o n s '

I t  i s  a c c e p te d  t h a t  each of the  c o n t r i b u t i o n s  to th e  spontaneous 

s c a t t e r i n g  c u rv e ^ ^ ^ ' ^ ^ * ' ^ ^ ^ )  can under a p p r o p r i a t e  c o n d i t i o n s ,  give r i s e  

to s t i m u l a t e d  s c a t t e r i n g  ( though t h i s  may be obscured  by co m p e t i t io n  

between the  p o s s i b l e  p r o c e s s e s ) .  Tlie ga in  c o n t r i b u t e d  by each p ro ces s  

i s  a f u n c t i o n  of the  d i f f e r e n c e  i n  f requency  between the  a m p l i f i e d  l i g h t  

and pump l i g h t  of t h e  form:
2TA(o

G . ---------------8! ------------------
Aco^V /2rAu)'®

■ 2= /  W

where t h e  c o n s t a n t s  a re  t h e  same as th ose  i n  the  a p p r o p r i a t e  spontaneous  

s c a t t e r i n g  cu rve .  The o v e r a l l  ga in  curve^^^^^ sho^m i n  F i g . 2 .3  i s  a 

sura of such te rm s .  Tlie g a in  curve f o r  a s i g n a l  p o l a r i z e d  p e r p e n d i c u l a r l y  

to  t h e  pump of c o u r s e ,  c o n t a in s  on ly  th o s e  te rms which e x i s t  i n  the  

d e p o l a r i z e d  s c a t t e r i n g  spectrum.

When th e  s t i m u l a t e d  s c a t t e r i n g  b u i l d s  up from spontaneous  n o i s e  

u s u a l l y  on ly  the  f requency  w i th  th e  h i g h e s t  ga in  iv l l l  occur .  Under 

v a r io u s  c o n d i t i o n s  t h i s  can be due to  th e  d i f f e r e n t  s c a t t e r i n g  p r o c e s s e s .

A complete p i c t u r e  of the  ga in  curve i s  however more e a s i l y  o b t a in e d  by 

g e n e r a t i n g  th e  s h i f t e d  f requency  s e p a r a t e l y  and s u b j e c t i n g  i t  t o  a 

r e l a t i v e l y  small  a m p l i f i c a t i o n .  (Tliis t e c h n iq u e  was f i r s t  developed  i n  

1964 by B re t  and Meyer^^^^^ to  measure s t i m u l a t e d  Raman g a i n . )

The n e x t  s t i m u l a t e d  s c a t t e r i n g  e f f e c t  observed ,  d i s c o v e re d  i n  s o l i d s  

by Chiao e t  a l  i n  1964^ ^^ ^ ’^^^ '^ ^^^  was s t i m u l a t e d  B r i l l o u i n  s c a t t e r i n g
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l u  t h i s  p ro ces s  a hyperso inc  wave t a k e s  the  p la c e  of th e  atomic 

e x c i ta tL o n  ami. coap l i t ig  i s  p rov ided  hy é l e c t r o s t r i c t i o n .  Ex tens ive  

w o r k ^ w a s  soon c a r r i e d  out  on t h i s  p ro c e s s  i n c l u d i n g  obse rva 

t i o n s  in  l i q u i d s ^ ^ ^ ^ )  and gases^^^^^ .  A major d i f f i c u l t y  of  t h i s  work 

was t h a t  focused  l i g h t  was n e c e s s a ry  to ach ieve  the i n t e n s i t i e s  r e q u i r e d ,  

however Brewer in  1965^^^^^ was a b l e  to  observe the  s t i m u l a t e d  B r i l l o u i n  

s c a t t e r i n g  in  an unfocused  beam, a l lo w in g  much more p r e c i s e  exper im en ta l

. . 1 , .  (162 ,163 ,178-189)and t h e o r e t i c a l  i n v e s t i g a t i o n '

In 1965 a n o th e r  s t i m u l a t e d  s c a t t e r i n g  p r o c e s s ,  t h a t  of  t h e  Rayle igh  

wing was observed  by Mash e t  a l ^ ^ ^ * \  The p o l a r i z a t i o n  of t h i s  s c a t t e r 

in g  was p e r p e n d i c u l a r  to  t h a t  of the  l a s e r  l i g h t  a l lo w in g  s e p a r a t i o n  from 

o t h e r  s c a t t e r i n g  p r o c e s s e s .  Tlie d e p o l a r i z e d  s c a t t e r i n g  has  been f u r t h e r  

s t u d i e d ^ 189)  the  s p e c i a l  case  of s t i m u l a t e d  s c a t t e r i n g  from shea r

waves has been observed  i n  s o l id s ^ ^ ^ ^ ^ .

With the  d i s c o v e ry  of  s e l f - f o c u s i n g  i t  became n e c e s s a r y  to  r e 

i n t e r p r e t  the  q u a n t i t a t i v e  s i g n i f i c a n c e  of most of  t h e s e  ex p e r im en t s .

In p a r t i c u l a r  th e  use  of t h e  s t i m u l a t e d  a m p l i f i e r  t e c h n iq u e  was n e c e s s a r y  

as  lower powers can be used  w i th  t h i s  method.  Comprehensive r e s u l t s  

were o b ta in e d  on bo th  s t i m u l a t e d  B r i l l o u i n  and s t i m u l a t e d  R ay le igh  wing 

s c a t t e r i n g  by B re t  and Denaricz  u s in g  t h i s  t e c h n i q u e P o h l  

e t  were ab le  to  use  i t  to  e s t i m a t e  th e  l i f e t i m e  of t h e  phonons

in vo lved  i n  t h e  s t i m u l a t e d  B r i l l o u i n  p r o c e s s .

The l a s t  s t i m u l a t e d  s c a t t e r i n g  to  be d i s c o v e re d  was t h a t  a s s o c i a t e d  

w i th  th e  Rayle igh  c e n t r a l  l i n e .  The r e a s o n  f o r  t h i s  was t h a t  c o u p l in g  

of t h e  l i g h t  wave to  th e  en t ropy  wave i s  no rm al ly  p ro v id e d  by th e  very  

weak e l e c t r o c a l o r i c  e f f e c t ^ ^ ^ ^  193) r e s u l t i n g  i n  ve ry  smal l  g a i n s .

This problem was avo ided  by Bespalov  and Kubarev i n  1967^^^^^ who used
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a mi xi,ii.ro of l i qu i ds  and obsorv(‘d stini iilaLod Ilaylcigl i  s c a t t e r i n g  from the  

co iico ii t rat i  on f l u c t u a t i o n s .  In the siune y e a r  Z a i t s e v  e t  observed

s t i m u l a t e d  the rmal  s c a t t e r i n g  due to th e  e l c c t r o c a l o r i c  e f f e c t  i n  a pure 

l i q u i d .  Both th e se  methods invo lved  exper im en ta l  d i f f i c u l t i e s  and the 

very  small  S tokes  f requency  s h i f t  of about  h a l f  the l a s e r  l i n e - w i d t h  was 

no t  measured.  The f requency  s h i f t  i n  gases  i s  much l a r g e r  and t h i s  

AVcis l a t e r  measured in  hydrogen by Mash e t  a l ^ ^ ^ " ^ \

At the  same t ime Herman and Gray^^^^^ c o n s id e re d  the  m o d i f i c a t i o n  

of  the  s c a t t e r i n g  p ro c e s s  i n  an a b s o rb in g  medium. Tliere i s  i n  t h i s  

case  a very  s t r o n g  c o u p l in g  between the  l i g h t  and t e m p e ra tu re  waves which 

has  the  unusual  f e a t u r e  t h a t  th e  energy t r a n s f e r r e d  to  t h e  medium by 

a b s o r p t i o n  r e s u l t s  i n  a ga in  f o r  th e  a n t i  s to k e s  r a t h e r  th a n  th e  Stokes  

s c a t t e r i n g .  I b i s  type  of s c a t t e r i n g  and i t s  ve ry  small  f requency  

s h i f t  -vvras immedia te ly  d e t e c t e d  by Rank e t  a l  i n  l i q u i d s ^ 199) ^^d

l a t e r  i n  g a s e s T l i e  t ime and f requency  dependence of th e  the rm al  

Rayleigh ga in  was i n v e s t i g a t e d  by Pohl e t  a l^^^^^  who a l s o  d e t e c t e d  a

( 202)change i n  the  s t i m u l a t e d  B r i l l o u i n  g a i n '  '  a s  p r e d i c t e d  by Herman and 

Gray.

The use of p icosecond  p u l s e s  to  s t i m u l a t e  R ay le igh  s c a t t e r i n g  

o f f e r r e d  i n t e r e s t i n g  p o s s i b i l i t i e s .  E a r l i e r  exper im en ts  by Shapiro

(203 )e t  a l '  '  had shoivn s t r o n g  i n h i b i t i o n  of s t i m u l a t e d  Raman and B r i l l o u i n  

s c a t t e r i n g  under  th e se  c o n d i t i o n s .  Tlie s t i m u l a t e d  Ray le igh  s c a t t e r i n g  

u s u a l l y  observed  depends on th e  change i n  r e f r a c t i v e  index  w i th  en t ropy  

a t  c o n s t a n t  p r e s s u r e .  For such s h o r t  p u l s e s ,  because  of  t h e  i n e r t i a  of 

t h e  medium, th e  change would be a t  c o n s t a n t  d e n s i t y .  An exper iment of 

t h i s  type was performed by Mack i n  1968^"'^^^ b u t  i t  has  s in c e  been

( 205)p o in t e d  out  by P o h l '  ' t h a t  owing to  h i s  use  of  a p u l s e  t r a i n ,  n o t  a
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sin<rl(; p icosocoud pvilso, the coudi l i o n s  would have to bo much more 

s t r i c t l y  c o n t r o l l e d  to  n u l l i f y  the  deiisJ t y  change e f f e c t .

Wliile th e s e  fiindiuiiental s c a t t e r i n g  p ro c e s s e s  were under  s tu d y ,  more 

com pl ica t ( ‘d i n t e r a c t i o n s  in v o l v in g  t h r e e  and fo u r  pho tons had been d i s -  

covered^^^^ In  19^5 Maker and Terhune^^^^^ g e n e ra te d  a f requency

a t  a) + Aco from i n p u t  f r e q u e n c i e s  of oo and w -  Aw by t h r e e  wave

mixing in  a medium where Aco was no t  a c h a r a c t e r i s t i c  f requency  and 

Bio ember gen e t  showed t h a t  the  p ro c e s s  cou ld  i t e r a t i v e l y  produce

a very  l a r g e  number of s id e  bands.  Carman e t  al^^^^^  observed  a degene

r a t e  fo u r  photon  i n t e r a c t i o n  which s c a t t e r e d  l i g h t  w i th o u t  change of
(211 )

f requency  and Chaban^ p r e d i c t e d  a breakdown of the  F re s n e l  r e f l e c t i o n

laws f o r  a s i m i l a r  r e a s o n ,

Another  form of f o u r  photon i n t e r a c t i o n  can be used  to  overcome a 

major inadequacy of  a l l  preAdLous s t i m u l a t e d  s c a t t e r i n g  i n v e s t i g a t i o n s .  

Tliis inadequacy l a y  i n  t h e  f a c t  t h a t  only  t h e  tAvo o p t i c a l  waves i n  the  

s c a t t e r i n g  p ro c e s s  were measured w h i le  the  d i s tu r b a n c e  of  the  medium had 

to  be i n f e r r e d  from thenr. I f  t h e  medium i s  a p p r o p r i a t e l y  p robed  Avith 

an independen t  l i g h t  source  t h i s  d i s tu r b a n c e  can be d i r e c t l y  measured  a t  

the  same t ime as  th e  i n c i d e n t  and s c a t t e r e d  beams. The f i r s t  exper iment

( 212)of t h i s  type  was performed by Giordmaine and K a i s e r  i n  1966^ '  Avho

probed th e  e f f e c t  of s t i m u l a t e d  Raman s c a t t e r i n g  i n  c a l c i t e  u s in g  a 

f requency  doubled  p o r t i o n  of  t h e  l a s e r  beam as  the  probe l i g h t .  A 

r e l a t e d  exper iment was performed by Boersch and E ich le r^ ^^ ^^  who used  an 

argon  l a s e r  t o  probe v a r i a t i o n s  of p o p u la t i o n  i n v e r s i o n  i n  a ruby .  

Experiments of t h i s  type  can be viewed simply as  Bragg r e f l e c t i o n  of t h e  

probe l i g h t  from th e  p e r i o d i c  r e f r a c t i v e  index g en e ra te d  i n  th e  medium 

by th e  main s c a t t e r i n g  p r o c e s s .  Bragg r e f l e c t i o n  of  th e  l i g h t  of  an 

He-Ne l a s e r  by th e  phase g r a t i n g  g e n e ra te d  i n  th e  s t i m u l a t e d  B r i l l o u i n
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p r o c e s s  was observed  in  19^7 by Walder and Tang^^^^^ and in  1968 by

( 219)Winter  I i ng and l l e in ick  ' used a de layed  probe a t  th e  fundamental  

f requency  to d i r e c t l y  measure plionon l i f e t i m e s  in  q u a r t z  a t  very  low 

tempera t a r e s .

The e x t e n s io n  of  t h i s  techn ique  to s tudy  in  d e t a i l  the  p r o p e r t i e s

of the  d i s tu r b a n c e  in v o lv e d  in  the  v a r io u s  s c a t t e r i n g  p ro c e s s e s  i s  the

( 249 )main aim of the  work r e p o r t e d  in  t h i s  t h e s i s  .

Comprehensive rev iews  concerned  w i th  s t i m u l a t e d  s c a t t e r i n g  

have been w r i t e n  by D l o e m b e r g e n ^ ^ \  F a b e l i n s k i i ^ ^ ^ ^  and

(1 3 1,1 3 2,1 6 8,2 1 6,2 2 3) , , . .o t h e r s  ' and have a l s o  been g iven  in  conference

( 127- 129)p ro c e e d in g s '  .

-  25 -



C II A P T E 11 IT  

THEORETICAL ASPECTS OF THE INTMHACTION OF LIGHT AMD MATTER

2 . 1  QUANTUM PROCESSES

F i g . 2 .1  shows an energy'' l e v e l  diagram i n d i c a t i n g  s c h e m a t i c a l l y  the  

most im p o r tan t  l i n e a r  and n o n - l i n e a r  i n t e r a c t i o n s  between e l e c t ro m a g n e t i c  

r a d i a t i o n  and m a t t e r ^ S u c h  a diagram i s  h e l p f u l  i n  v i s u a l i z i n g  

c e r t a i n  a s p e c t s  o t  t h e s e  p r o c e s s e s ,  e s p e c i a l l y  the  invo lvement of the  

energy s t a t e s  of the  medium, b u t  of course  c o n t a in s  no in fo rm a t io n  con

c e rn in g  th e  phases  of t h e  waves invo lved .

In  Rayle igh  s c a t t e r i n g  i t  can be seen t h a t  t h e r e  i s  no r e s u l t a n t  

e f f e c t  on th e  medium and the  photon f requency  i s  unchanged.  Wlien the  

d i r e c t i o n  of  t h e  Avave v e c t o r  i s  a l s o  unchanged,  th e  diagram corresponds  

to  o r d in a r y  p ro p a g a t io n .

The case  of  r e s o n a n t  s c a t t e r i n g  can be viewed as a b s o r p t i o n  of  th e  

photon fo l low ed  by em iss ion  a t  unchanged f r equency .  The em iss ion  has  

random d i r e c t i o n  and phase so t h e r e  i s  a l o s s  from th e  fo rw ard  beam.

This p ro c e s s  i s  c l o s e l y  r e l a t e d  to  f l u o r e s c e n c e  i n  which a b s o r p t i o n ,  which 

e x c i t e s  a molecule  t o  an energy band, is fo l low ed  by a n o n - r a d i a t i v e  t r a n s i 

t i o n  b e fo re  r e - e m i s s i o n .  Thus i n  f l u o r e s c e n c e  t h e  e m i t t e d  pho ton i s  

lower i n  f requency  than  th e  absorbed  one. When t h e r e  i s  a l o n g - l i v e d  

s t a t e  of lower energy than  the  a b s o r p t i o n  band,  p o p u l a t i o n  i n v e r s i o n  can 

b u i l d  up between t h i s  s t a t e  and th e  ground s t a t e  r e s u l t i n g  i n  l a s e r  

a c t i o n ( 3 2 ' 3 3 ) .

The Raman s c a t t e r i n g  (which may be taken  to  in c lu d e  B r i l l o u i n  and 

Rayle igh  vring s c a t t e r i n g  A>rhere the  e x c i t e d  s t a t e s  c o r re spond  to  phonons 

and m o lecu la r  r o t a t i o n s  r e s p e c t i v e l y )  i n v o l v e s ,  i n  th e  Stokes  c a s e ,  

e x c i t a t i o n  from th e  ground,  s t a t e  t o  a v i r t u a l  l e v e l  fo l low ed  by em iss ion
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. , , , , ( 1 1 ,1 2 ,1 1 0 ,1 2 6 ,1 6 4 )  ,on ro <Airiii lip; to a r e a l  e x c i t e d  s t a t c ^  ’ ’ ’ ’ . Tlie r e l a t e d

a n t i s t o k c s  p ro c e s s  can occur  only  l o r  those molecu les  i n i t i a l l y  in  the 

e x c i t e d  s t a t e  and i s  t h e r e  l o r e  much weaker.  S t im u la t e d  Hainan s c a t t e r i n g  

i s  r e p r e s e n t e d  by the same diagram b u t  in  t h i s  case th e  t r a n s i t i o n  from 

the  v i r t u a l  to tlie r e a l  e x c i t e d  l e v e l  i s  s t i m u l a t e d  by th e  p re s en ce  of 

r a d i a t i o n  a t  t h a t  frequency  in  a manner analogous  to  l a s e r  a c t i o n .

Harmonic and d i f f e r e n c e  f requency  g e n e r a t i o n  i s  seen to  be the  

r e s u l t  p u r e ly  of the  n o n - l i n e a r  p o l a r i z a b i l i t y  of  the  medium w i th o u t  

in v o l v in g  i t s  r e a l  energy s t a t e s ^ ^ ^ ^ T h e  same i s  t r u e  of the  

degene ra te  f o u r  photon i n t e r a c t i o n  and s id eband  p r o d u c t i o n  r e p r e s e n t e d

i n  the  diagram though in  ge n e ra l  t h e s e  p r o c e s s e s  can in v o lv e  r e a l  l e v e l s

. . . . .  (132 ,104 ,208 )as  i n t e r m e d i a t e  or  f i n a l  s t a g e s  . ’

Two photon a b s o r p t i o n  i s  s i m i l a r  to t h e  s i n g l e  photon case  excep t  

t h a t  t h e  h igh  i n t e n s i t i e s  a l lo w  co u p l in g  of  two photons  v i a  a  v i r t u a l  

t r a n s i t i o n  to  ach ieve  a r e a l  e x c i t e d  s t a t e ^ ^ ^ ^ ' ^ ^ ^ ' ^ ^ ^ ) .  The subsequen t  

t r a n s i t i o n s  and f l u o r e s c e n c e  a re  e n t i r e l y  analogous  to  l i n e a r  f lo u re s c e n c e ,  

Ex c i ted  s t a t e  a b s o r p t i o n  on th e  o t h e r  hand ,  p roceeds  by two s u c c e s s iv e  

e x c i t a t i o n s  between r e a l  energy  l e v e l s  o r  bands^^^^  106)^ The subsequen t  

f lu o r e s c e n c e  i s  very  s i m i l a r  to  t h a t  from two photon  a b s o r p t i o n .  E x c i t e d  

s t a t e  a b s o r p t i o n  has  been observed  i n  b le a c h a b l e  dyes and can be d i s t i n 

gu ished  from two photon a b s o r p t i o n  by th e  change of  t h e  dependence of  

f l u o r e s c e n t  on i n c i d e n t  i n t e n s i t y  when th e  f i r s t  e x c i t e d  s t a t e  of  t h e  dye 

becomes s a tu r a t e d ^

The i n t e n s i t y  of  two photon f lu o r e s c e n c e  i s  d i r e c t l y  p r o p o r t i o n a l  to  

th e  square  of  the  i n c i d e n t  i n t e n s i t y  f o r  a l l  a c c e s s i b l e  power l e v e l  

The i n t e n s i t y  of  f l u o r e s c e n c e  due to  e x c i t e d  s t a t e  a b s o r p t i o n  can be 

d e r iv e d  by c o n s i d e r a t i o n  of F i g . 2 . 2 ^ ^ ^ ^ \
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At e q u i l i b r i u m  the  number o t  t r a n s i t i o n s  p e r  u n i t  t ime ending in  a 

p a r t i c u l a r  s t a t e  must equal tbe number s t a r t i n g  from t h a t  s t a t e .  Hence, 

c o n s i d e r i n g  tbe  ground and second s t a t e :

No " o i l  = N J i ^ I  +

^2^21 ^2^20

b u t  Hoi ~ H10 and H j_2 = ^̂ 21 > 

and N = No + + Ng t h e r e f o r e :

N 3________________________________________________

N -  I3^J:(3Bo ^I + A,o + A , J  + (Agi + A , J ( 2 D „ ^ I  + ) '

In r e a l  c a s e s  the  f i r s t  e x c i t e d  s t a t e  has a much lo n g e r  l i f e t i m e  than

th e  second so A21 + A20 »  , th e  dyes c o n s id e r e d  are b le a c h a b le  so

B »  B „ and the  power l e v e l s  a t t a i n a b l e  are much lower than th o se  r e e l  12 ^

q u ired  to  s a tu r a t e  th e  second e x c i t e d  s t a t e  so Bg^+BgQ» A ^ l .^ ^ ^ ^  1 0 6 ,2 2 i )

The e x p r e ss io n  thus b e c o m e s B  -
Boi  12 _■ . -r2

M ^  A + Ag _ 01_____ 21_____ 20
Ni “ , 2B^iI

1
I®

N, ^
“  1 . 2 f

A
Where 1^ = oc ——-ÿ— i s  t h e  i n t e n s i t y  r e q u i r e d  to  s a t u r a t e  t h e  f i r s t  

01 1 1
e x c i t e d  s t a t e .

2 .2  SPONTANEOUS SCATTERING

I t  i s  i n s t r u c t i v e  to  c o n s id e r  t h e  same p r o c e s s e s  from th e  c l a s s i c a l  

p o i n t  of  view. The d e s c r i p t i o n  of  t h e  spontaneous  s c a t t e r i n g  i s  g r e a t l y  

s i m p l i f i e d  by the  f a c t  t h a t  i n  any f l u i d  t h e  f l u c t u a t i o n s  of  p r e s s u r e ,  

e n t ro p y ,  a n i s o t r o p y  and m o le c u la r  p o l a r i z a b i l i t y  a r e  s t a t i s t i c a l l y  i n d e -  

p e n d e n t ^ ^ ' ^ ' ^ ^ ) .  The spontaneous  s c a t t e r i n g  can th u s  be c o n s id e r e d  as  

th e  sum of th e  s c a t t e r i n g s  caused  s e p a r a t e l y  by th e  f l u c t u a t i o n s  i n
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r c  (bac Li vc i n d ( ' X  a s s o c i a t e d  with  (;ach of the  above f l u e  t u a l i o n s . These 

w i l l  be seen to r e s u l t  i n  the B r i l l o u i n  d o u b le t ,  the  Ihiyleigh c e n t r a l  

l i n e ,  the Baylei gb wing and the Bamau s c a t t e r i n g  r e s p e c t i v e l y .

The p ro ces s  of B r i l l o u i n  s c a t t e r i n g  i s  the  most e a s i l y  unders tood.  

The p r e s s u r e  f l u c t u a t i o n s  in  the  medimii may be F o u r i e r  ana lyzed  as the  

sum of p lane a d i a b a t i c  sound waves p ro p ag a t in g  in  the medium -with a l l

1 1 1 - 4 - 1 r ( 3 , 1̂, 3 6 , 100)p o s s i b l e  d i r e c t i o n s  and f r e q u e n c ie s  ’  ̂ \  We may now cons ide r

the e f f e c t  of any one of  th e se  sound waves on a l i g h t  wave t r a v e r s i n g  the 

medium. The p lane  wavef ron ts  of the  sound wave a re  a s s o c i a t e d  with  a 

modulat ion of r e f r a c t i v e  inde x ,  and th us  r e f l e c t  a small  f r a c t i o n  of  the 

l i g h t  i n c i d e n t  upon them. Only when the  l i g h t  r e f l e c t e d  from consecu t ive  

w avef ron t^ i s  i n  phase i s  t h e r e  a s i g n i f i c a n t  r e s u l t a n t  r e f 1ec t ion^^

Tlie c o n d i t io n  f o r  t h i s  i s  i d e n t i c a l  to  the  Bragg c o n d i t i o n  f o r  e l e c t r o n  

d i f f r a c t i o n ,  i . e . ;

^ s  2n s i n  — ̂  >

As the  somid wave 'mirror*  i s  moving w i th  a v e l o c i t y  v t h e r e  w i l l  be a 

Doppler s h i f t  i n  frequency of :

^ B  . n ■ 1  = ± 2 n  — sin-g-(0  ̂ VC

while  the  f requency of t h e  sound wave invo lved  i s  :

0) = 4% I T— j s i n "2 6 .

Thus i t  i s  seen t h a t  a l though  the  l i q u i d  c o n ta in s  sound of a l l  f r e q u e n c i e s  

and d i r e c t i o n s  the  l i g h t  s c a t t e r e d  i n  any d i r e c t i o n  i s  a f f e c t e d  only  by 

sound of one p a r t i c u l a r  f requency  and d i r e c t i o n .

This a n a l y s i s  i s  f o r  an i d e a l  undamped sound wave. In  genera l  we 

must c o n s id e r  the  v a r i a t i o n  of  r e f r a c t i v e  index w i th  d e n s i t y ,  the  d e n s i ty  

f l u c t u a t i o n s  be ing  de termined  by the  a c o u s t i c  wave equa t ion :
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vlioro the fo rce  term U i s  a random f l u c t u a t i o n  c o n t a in in g  a l l  f r eq u en c ie s  

and waveieugLhs. For t h a t  F o u r ie r  component of R w ith  frequency  O) and 

wave vecCor k , A p  i s  a wave with  the  same f requency  and wave v e c to r  and 

an funpli tude:

AP
________ 1

llie ampli tude  r e f l e c t e d  from each wave i s  p r o p o r t i o n a l  to AP and when

0 w Dk = 2kj  ̂ s i n  — = —  the  am pli tudes  from each wave add i n  phase the  r e s u l t 

ing  i n t e n s i t y  be ing  p r o p o r t i o n a l  to |Ap|^.  Tlie l i g h t  r e f l e c t e d  from

such a f l u c t u a t i o n  i s  changed in  f requency  by an amount O) so th e  spec-
(03 qq 99(\\

trum of the  s c a t t e r e d  l i g h t  i s  given by ’ ’ “ ^ .

1

Ao)^ (  2r p A ü ) \  2

Transverse waves can occur  in  s o l i d s  (and a l s o  i n  l i q u i d s  as can be 

seen wiien th e  r e l a x a t i o n  of  shea r  v i s c o s i t y  i s  taken  i n t o  account)^^^

There i s  no change of d e n s i t y  a s s o c i a t e d  w i th  th e se  shear  waves b u t  in  

a n i s o t r o p i c  media,  and l i q u i d s  w i th  i s o t r o p i c  m o lecu le s ,  t h e r e  i s  a 

change in  p o l a r i z a b i l i t y  as the  p r i n c i p l e  p o l a r i z a t i o n  d i r e c t i o n s  undergo 

r o t a t i o n .  There i s  th us  a d e p o l a r i z e d  s c a t t e r i n g  w i th  a spectrum s i m i l a r  

to  t h a t  of the  B r i l l o u i n  s c a t t e r i n g  b u t  u s u a l l y  w i th  sm a l l e r  v e l o c i t y  and 

g r e a t e r  damping. Thus cOg i s  sm a l l e r  and T^ l a r g e r .  ' I n  c o n t r a s t  to 

the  sharp B r i l l o u i n  l i n e s  a r a t h e r  d i f f u s e  d o u b le t  occurs  which i s  hard  

to d i s t i n g u i s h  from the  d e p o l a r i s e d  Rayleigh  w ing^ ^^ '^ ^ ) .

This wing may be s u b -d iv id e d  i n t o  two p o r t i o n s .  There i s  a c o n t r i 

b u t io n  due to  r o t a t i o n a l  Brownian motion and an o th e r  as a r e s u l t  of t h e i r  

angu la r  o s c i l l a t i o n  in  the  l o c a l  f i e l d s  of ne ighbour ing  m o lecu le s^^^^ .

The f l u c t u a t i o n s  of a n i s o t ro p y  can be ana ly sed  as a randomly d r iv en
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r o t a t i o n  or o s c i l l a t i o n  with  v iscous  (hunping. The s o l u t i o n  of the  

damped resonance erpiat ion g ives  the  frequency  dependence of the  molecula r

1110 t i on  and hence of the r e s u l t a n t  d e p o l a r i z e d  s c a t t e r i n g .  The r e s u l t i n g

(80)equa t ions  :

1 oc-------------------------    f o r  Brownian r o t a t i o n‘ - Hf-)’ • (éj
1 oc-------------------   —  f o r  o s c i l l a t i o n  ,

and

V. J

are  of the  same form as those  f o r  th e  B r i l l o u i n  s c a t t e r i n g .  However, 

mo lecu la r  r o t a t i o n s  and o s c i l l a t i o n s  a re  h e a v i l y  danped because ^ » 1 a 

and the  maximum s c a t t e r i n g  occurs  a t  Ao) = 0.

Mii le  the  main s c a t t e r i n g  p ro c e s s e s  a r i s e  from th e  f l u c t u a t i o n  of 

independent  paramete rs  the  shear  wave, molecu la r  r o t a t i o n  and m olecu la r  

o s c i l l a t i o n  s c a t t e r i n g  a l l  in vo lve  v a r i a t i o n  of  the  o r i e n t a t i o n  of a n i s o 

t r o p i c  molecule s .  They a re  thus  n o t  t r u l y  independen t  e f f e c t s  which can 

be simply added b u t  they  a re  n e v e r t h e l e s s  d i s t i n g u i s h a b l e  by th e  d i f f e r e n t  

f requency  dependence of t h e i r  c o n t r i b u t i o n s  to  th e  d e p o l a r i z e d  wing.  The 

shear  waves give  a d i f f u s e  doub le t  of  very  small  f requency  s h i f t  w h i le  the  

Brownian r o t a t i o n  g ives  a broad  c e n t r a l  peak.  The f a s t e r  molecu la r  

o s c i l l a t i o n s  give even g r e a t e r  f requency s h i f t s  and a r e  r e s p o n s i b l e  f o r  

the  rem o tes t  p a r t  of the  w i n g ^ ^ ^ \

Tlie the rmal  or  en t ropy  f l u c t u a t i o n s  r e s p o n s i b l e  f o r  the  c e n t r a l  

Rayleigh l i n e  decay bu t  do no t  p r o p a g a t e ^ ^ * ^ ^ '^ ^ '^ ^ ^ ) .  (Tliey do i n  f a c t  

tend  to  propaga te  i f  the second sound c o r r e c t i o n  i s  in t ro d u c e d  i n t o  the 

h e a t  c o n d u c t iv i t y  e q u a t i o n ^ ) The h a l f  w id th  of th e  f requency 

spread  induced i n  the  l i g h t  s c a t t e r i n g  i s  the  i n v e r s e  of the  l i f e t i m e  of 

th e  waves of s u i t a b l e  l e n g th  to  g ive Bragg r e f l e c t i o n  and i s  g iven by:
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= k"D = 4 n ^l)k^ siji" .

(y!i 0 5 )
Tlio spoctriun of ilic s c a t t e r e d  l igliL i s : ^  ’ ’

Aco

■

The f requency  dependence of the  Hainan s c a t t e r i n g  i s  dependent  on th e  l i n e  

shape of the  s t a t e s  to  be e x c i t e d .  This  canno t  be d e r iv e d  on a c l a s s i c  

b a s i s  b u t  i s  u s u a l l y  v e i l  r e p r e s e n t e d  by a L o re n t z ia n  so th e  s c a t t e r e d  

spect rum i s  r e p r e s e n t e d  by:
1

A(u® V  Y  ®1 -
(1 ' 2  J  \  CO

llam^ ^ Ram

Tlie sum of the  l i g h t  s c a t t e r e d  by a l l  t h e se  mechanisms g iv e s  the  spon tan 

eous s c a t t e r i n g  spectrum (upper  curve of F i g . 2 . 3 ) .

2 .3  NON-LINEAR OPTICS

When ve ry  h igh  e l e c t r i c  f i e l d s  a r e  a p p l i e d  t o  m a t t e r  t h e  u s u a l  

l i n e a r  p o l a r i z a t i o n  l a v  b r e a k s  dovn and has  to  be r e p l a c e d  by the  more 

c om pl ica ted  e x p r e s s io n i

P = %E + X̂ E X̂ E® . . . .

This i s  v e i l  knovn f o r  D.C. and l o v  f r equency  A.C. f i e l d s  and i s  th e  

cause of such phenomena as  th e  Ker r  e f f e c t .  The i n c l u s i o n  of  t h e  non

l i n e a r  terms i n  M a x v e l l ' s  e q u a t io n s  makes them in c a p a b le  of g e n e ra l  

a n a l y t i c a l  s o l u t i o n .  Hovever a number of  c o n c l u s i o n s  a r e  e a s i l y  de r ived .

We may d e f in e :

and c o n s id e r  t h e  p r o p e r t i e s  of . Taking th e  l o v e s t  o r d e r  te rm:

Pnl = x . e  ̂ .

Let  us c o n s id e r  th e  case :

E = Ai cos(ki% -  co^t) + A 2 c o s (k  X -  co t )
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Til (Ml

’ ’n ï . “

+

1 . 2  2 V
-o- ( a  ̂ +A  ) c o s ( 2 k ^ x -  2 Wit) + ^  A^cos(2k 2X - 2 W g t )

A ^ \  cos^ (k^+  k g ) x -  ( o)i+ % ) t ^  + Xi A^A^cosjfk^- k g ) * -  ( %  - %  )̂
Tlie n o n - l i n e a r  p o l a r i z a t i o n  has a D.C. component,  components a t  double 

each i n c i d e n t  f requency  and components a t  the  sum and d i f f e r e n c e  f r e q u e n 

c i e s .  In genera l  may be f requency  dependent  and which term i s  most

s i g n i f i c a n t  depends on the  c o n d i t i o n s  of the  exper iment .

Each component of p o l a r i z a t i o n  of the  medium emits  l i g h t  a t  i t s  

own f requency .  The v e l o c i t y  of  the  l i g h t  e m i t t e d  i n  t h i s  way i s  d e t e r 

mined by the  l i n e a r  r e f r a c t i v e  index  of the  medium which i s  a f u n c t i o n  of 

f requency .  In g e n e r a l ,  f o r  t h i s  r e a s o n ,  a f t e r  a c e r t a i n  d i s t a n c e  the  

l i g h t  of new f requency  be ing  produced  g e t s  ou t  of phase w i th  t h a t  produced

e a r l i e r  i n  t h e  medium and i n t e r f e r e s  d e s t r u c t i v e l y  w i th  i t ,  l i m i t i n g  the

1 , .  1 , . 11 (1 1 0 ,112 ,124 ,218 )  .1 1 . .  . ,,r e s u l t i n g  f l u x  o b ta in a b le ^  ' ’ ’ ' ,  When th e  v e l o c i t y  a t  th e  new

frequency  i s  th e  same as  t h a t  a t  t h e  o r i g i n a l  f requency  a ve ry  much g r e a t e r

convers ion  o ccu r s .  This  s i t u a t i o n  i s  known as  phase matching  and can

sometimes be ach ieved  i n  a n i s o t r o p i c  c r y s t a l s  when th e  d i s p e r s i o n  of

v e l o c i t y  w i th  f requency  can be compensated ,  i n  a p a r t i c u l a r  d i r e c t i o n ,  by

th e  v e l o c i t y  v a r i a t i o n  due to  b i r e f r i g e n c e .

In  cen t resym m etr ic  media i n  g e n e ra l  and f l u i d s  i n  p a r t i c u l a r  t h e r e  

can be no te rm p r o p o r t i o n a l  to  i n  t h e  p o l a r i z a t i o n  as  t h i s  would l e a d

to  a d i f f e r e n t  va lue  of p o l a r i z a t i o n  a c c o rd in g  to  t h e  d i r e c t i o n  of  th e

For such media l e t  us c o n s id e r  t h e  e f f e c t  of  the

n e x t  term :

^NL “  ’

when E = A^cos(k^x- co^t) + Agcos (k x_ togt) + AgCos(k x -  cü . t ) .  Then :
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Tlio f i r s t  group of te rms in  t l i i s  e x p r e s s io n  a r e  a t  the  o r i g i n a l  

f requency  and co r respond  to a change in  th e  p o l a r i z a b i l i t y  and th e r e f o r e  

of tlie r e f r a c t i v e  ind(?x of t h e  medium. The most  im p o r ta n t  r e s u l t  of 

th e s e  terms i s  t h a t  a t  s u f f i c i e n t l y  h igh  i n t e n s i t i e s  th e  i n c r e a s e  in  

r e f r a c t i v e  index  in  th e  more i n t e n s e  p a r t s  of th e  beam a c t s  as  a l e n s  \

c o n c e n t r a t i n g  the  l i g h t  i n t o  a number of narrow f i l a m e n t s  i n  which i t  

remains t rapped^^^^  l i 3 ) ^  i f  i s  i n t e r e s t i n g  to no te  t h a t  s i n c e  the  

change i n  r e f r a c t i v e  index  f o r  th e  wave of  f requency  i s  p r o p o r t i o n a l

to  :

and t h a t  f o r  Wg to :

+ 2A= + 2A=

As + 2 A i + 2A® ,

i f  » Ag , Ag the  change a t  cô  i s  tw ice  t h a t  a t  . Thus the

weaker wave ex p e r i e n c e s  a g r e a t e r  r e f r a c t i v e  index  change th a n  th e
( P081

s t r o n g e r  ( t h i s  i s  loio^m as weak wave r e t a r d a t i o n ) ^  .

The second group of  te rms simply  r e p r e s e n t s  t h i r d  harmonic g ene ra -  

t i o n ^ ^ ^ ^ )  which occurs  f o r  each wave in d e p e n d e n t l y  of  th e  o t h e r s .

The t h i r d  group can be s u b - d iv id e d  i n t o  t h o s e  te rm s  in v o l v i n g  sum 

f r e q u e n c i e s  of  t h e  type  (2Wg+ co^) and th o s e  w i th  d i f f e r e n c e  f r e q u e n c i e s  

l i k e  (200-2 Tlie second type  a r e  of  p a r t i c u l a r  i n t e r e s t  as  may be

seen by c o n s id e r i n g  th e  case  and oog= col + A. The d i f f e r e n c e

terms i n  oô  and oOg a r e  th e n  co ^  + 2 A and co^ -  A. This  shows t h a t

when two s l i g h t l y  d i f f e r e n t  f r e q u e n c i e s  a r e  p r e s e n t  i n  t h e  medium s i d e 

band f r e q u e n c i e s  a r e  produced  which can of  course  them se lves  i n t e r a c t  

w i th  COL to  produce a l a r g e  number of  f u r t h e r  b a n d s ^ ^ ^ ^ '^ ^ ^ ) .

The l a s t  group of te rms c o n s i s t s  of  th o s e  i n v o l v i n g  cô  , co g and :C0g 

Tlie sum f requency  i s  produced  and a l s o  each f r eq u en cy  can be changed by 

th e  d i f f e r e n c e  between the  o t h e r  two so i f  two a r e  c l o s e  t o g e t h e r  s i d e 
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bands can bn produced i n  tbe  t h i r d .

For e f f i c i e n t  g e n e r a t i o n  a t  any of  tlie se f r e q u e n c i e s  phase matching 

must be ach ieved .  The c o n d i t i o n  f o r  t h i s  i s  t h a t  f o r  the  new wave w i th  

f requency  and wave v e c t o r  k  ̂ ;

and

“ 4 = ± “ i  -  “ j  -  \  ’

k = ± k . ± k . ± k, . -> 1 J k

As we a re  d e a l i n g  with  cent resyrmnetr ic  media t h i s  cannot  be a ch ieved  in  

th e  same way as f o r  th e  second o rd e r  n o n - l i n e a r  p r o c e s s e s .  In  t h e  s ide  

band p ro d u t i o n  however t h e  f requency  s h i f t s  can be very  small  and the

d i s p e r s i o n  and phase mismatch may t h e r e f o r e  be n e g l i g i b l e ,  a l lo w in g

. . . .  ( 2 0 6 , 208 ) e f f i c i e n t  g e n e r a t i o n  i n  t h i s  case

2 .4  STIMULATED SCATTERING

Tlie above a n a l y s i s  has th roughou t  c o n s id e r e d  as  e x a c t l y  d e t e r 

mined by th e  i n s t a n t a n e o u s  va lue  of  t h e  f i e l d  and as  a f i x e d  q u a n t i t y

independen t  of t ime.  In  r e a l  media %  ̂ i s  de te rm ined  by th e  v a r i a t i o n  

of  o th e r  p a ram e te r s  on which th e  r e f r a c t i v e  index  depends .  In  p a r t i c u l a r  

t h e r e  a r e  changes i n  d e n s i t y  due to  é l e c t r o s t r i c t i o n ,  changes i n  tempera

t u r e  due to  a b s o r p t i o n ,  changes i n  a n i s o t r o p y  due to  r e a l i g n m e n t  of  mole

c u l e s  and changes of m o le c u la r  p o l a r i z a b i l i t y  due t o  t h e  n o n - l i n e a r  

r esponse  of th e  molecu les  t h e m s e l v e s ^ ^ ^ I t  w i l l  be 

shown t h a t  t h e  i n e r t i a  and damping in v o lv e d  i n  changing  t h e s e  p a r a m e te r s  

g ive r i s e  t o  s t i m u l a t e d  s c a t t e r i n g  p r o c e s s e s  a s s o c i a t e d  w i th  each of  th e  

spon taneous  s c a t t e r i n g s  d i s c u s s e d  e a r l i e r ^ ^ ^ ' ^ ^ ^ ' ^ ^ ^ ) .

Tlie changes i n  t h e  p a ram e te r s  of  t h e  medium mentioned  a r e  a l l ,  a t  

e q u i l i b r i u m ,  p r o p o r t i o n a l  t o  the  square  of t h e  e l e c t r i c  f i e l d ^ ^ ^ ^ ^ .  

C ons ider ing  th e  f i e l d  due to  two waves t r a v e l l i n g  i n  o p p o s i t i o n  d i r e c t i o n s ,

E = A j ^ c o s ( k ^  -  (Ü j t )  + Ag c o s ( -  k ^  -  cot) .
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(This  e x p re s s io n  i s  cpii te  general,  wi Lliout phase terms s in c e  th e  o r i g i n s  

of X and t  a r e  a r b i t r a r y . )  Then :

lf= A (a%A^ )+ j A ‘̂ cos(2k^x-2o)^ t )+2’ A%os(2k2X-2üÜ2 t )+ A ^ 2 C o s f  (k^-k2)x-(co j+Wg ) t

+ A ^Agcosl (k^+kg )x-(w^-Wg ) t

As w i l l  be dem ons t ra ted  when s p e c i f i c  e f f e c t s  a r e  c o n s id e r e d  only 

the  term cos((kj^ + Icg )x -  (o)  ̂ -  oog ) t )  i s  of s u f f i c i e n t l y  low f r e 

quency to s i g n i f i c a n t l y  a f f e c t  the pa rm ne te r s  of t h e  medium. Tlie eq u a t io n s  

govern ing  th e s e  p a ram ete rs  w i l l  be shown to  imply t h a t  the  s t e a d y  s t a t e  

r esponse  to  t h i s  wave i s  a wave of t h e  same f r equency  and wave number bu t  

w i th  a phase t h a t  may be d i f f e r e n t .

Tlie r e s u l t i n g  d i e l e c t r i c  c o n s t a n t  change may t h e r e f o r e  be ex p res sed

Ae = Ae' cos^(k^ +kg)x -  (oô  ) t ^  + Ae"sin  ^(k^+k^ )x - (u q  -  Wg)t^ .

Maxwell 's  wave e q u a t io n ,  i n c l u d i n g  n o n - l i n e a r  t e rm s ,  may be w r i t t e n  i n  

the  f o r m h lO .1 2 4 ,1 3 9 ,1 6 4 )^

a®E n® a=E 1 a°Ae • E
"ax" ^  at" " '  ^  at"

S u b s t i t u t i n g  th e  above e x p r e s s io n s  f o r  E and Ae and e q u a t in g  c o e f f i 

c i e n t s  of the  terms on each s id e  of  t h e  e q u a t io n  w i th  th e  same dependence 

on X  and t  g ive s  the  e x p r e s s io n s :

5A^ Ae"ki
. A 2 ,dx  4^2

dA Ae"k 2

Thus A^ e x p e r i en ces  a g a in  and Aq a l o s s  o r  v i c e  v e r s a  a c c o rd in g  to  

t h e  va lue  of A e", ( N egative  Ae" im p l i e s  ga in  f o r  Ag as  i t  i s  a 

backward going beam.)
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We may now c o n s id e r  tho o f f e c i  of the  e l e c t r i c  f i e l d  on s p e c i f i c  

pa ram ete r s  of the medium and f i n d  under  what c i rc im is tances  t h e r e  i s  a 

s i g n i f i c a n t  gain  in  ( t a k i n g  A^ as the  am pl i tude  of  the  l a s e r  f i e l d )

Under th e se  c i rc um s tanc es  s t i m u l a t e d  s c a t t e r i n g  due to a m p l i f i c a t i o n  of 

any spontaneous  s c a t t e r i n g  a t  th e  f requency  cĉ  can take  p l a c e .

Temperature and d e n s i t y  v a r i a t i o n s  w i t h i n  the  medium under  the

(93 196 99%)in f l u e n c e  of  th e  e l e c t r i c  f i e l d  a r e  governed  by th e  e q u a t i o n s '  ' '

)2 ad a AT Y a"E"
a"Ap V® flAP ZL £ ! A i _ _ 4 _ 6 p =
" 7 "  ■ ax" ■ Po a t  ax"  c p / ° v  ° a x" 8^^
at" P'

dx

Tlie se a r e  l i n e a r  d i f f e r e n t i a l  e q u a t io n s  so s o l u t i o n s  can be found s e p a r 

a t e l y  f o r  each component of Ê . For  any component

= A cos (kx  -  cot) ,

t h e r e  a r e  s o l u t i o n s :

Ap = Ap 'cos(kx  -  cot) + Ap"s in (kx  -  cot)

and
AT = AT'cos(kx -  cot) + AT"sin(kx -  cot).

Now the  change i n  r e f r a c t i v e  index  due to  t h e  e f f e c t  of  t e m p e ra tu r e  on 

m o lecu la r  p o l a r i z a b i l i t y  i s  n e g l i g i b l e  compared to  t h e  change due to  t h e  

e f f e c t  of  t e m p era tu re  on d e n s i ty t^ ^ G )  need  on ly  c a l c u l a t e  Ap" to

f i n d  th e  va lu e  of  Ae" r e s u l t i n g  from b o th  t h e  a b s o r p t i v e  and e l e c t r o 

s t r i c t i v e  mechanisms. S o lu t i o n  of  t h e  above e q u a t io n s  g iv e s :

and '' ''' I

2 2 1
|Ap I = A m" • ^

(S3 - r ) "  + CO
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Ill Older to  s i  nip l i l y  t h e s e  oxprossio i i s  we make use of th e  f a c t  t h a t  

r  « Kg « = kv. 11 le e x p re s s io n s  above thus  have r e s o n a n t  maxima i n  the

re g io n  |co | and a r e  n e g l i g i b l e  o u t s i d e  t h i s  r e g io n .  We need t h e r e 

f o r e  c o n s id e r  only  th o s e  components of i f  i n  which ^  v. The only 

term f o r  which t h i s  can be t r u e  i s  the  one f o r  which A = A^Ag , 

w = wq -  Wg = Ao), k = k^ + kg ~  2k^. We may now e v a l u a t e  |Ap |  ̂ and 

p" i n  th e  r e g io n s  of t h e i r  maxima.

When a  = 0 the  e x p r e s s io n s  a r e  n e g l i g i b l e  excep t  a t  o) ~  ± K ^ .

Tlien:

and

"ü) b " /  ^  \ " 7 ? "

where

But

T]k^
CÜJJ = kv and Tg = ^  , 

Ae = ^  Ap ,

t h e r e f o r e ;

J _  _ _ _ 2 Z ____________ A®
^  ax 5 2 „ „ " v " P o  ' A  i ü L V

This Stokes  (cOj_ > cOg im p l ie s  o) > O) g a in  i n  t h e  backward go in  wave , 

p r o p o r t i o n a l  to  t h e  i n t e n s i t y  of  t h e  fonward go ing  one i s  t h e  cause of  

t h e  S t im u la t e d  B r i l l o u i n  S c a t t e r i n g .

When CL ^  0 the  v a lu e s  of  |Ap | and p" a r e  s i g n i f i c a n t  i n  two 

r e g io n s  :
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TUF IM'UION w ~ ü

where :

and

,, a  p Po
P ~ >1 % k"K

Ü)
Rn.

.

n c a  PPg\ 2

K 1 +
w \ T  A i A : ,

r ii
t h e r e f o r e

I r  Kl( where Pp = -------R Po Cp

1 ^ ^ 2  c g (3 Y kg
0)
Tr

Aa ax 16 % k ^ K n  1 +
AW_\2 1 »

Tliese e x p re s s io n s  d e s c r i b e  th e  a n t i s t o k e s  s h i f t e d  s t i m u l a t e d  

thermal  Rayle igh  s c a t t e r i n g .

IIIE REGION o) K

In  t h i s  r e g i o n  t h e r e  i s  t h e  s t i m u l a t e d  B r i l l o u i n  te rm which i s  t h e  same 

as  i n  t h e  case  f o r  a  = 0 p l u s  a n o th e r  term dependent  on a.  This  g ives

A p" =
nc a p  

4 Cp k V

0) 
Ü) 3

1 -

Ü)

cog' A 4 As

1 -
Ü) 2 P g  Ü) \  2 

COB̂

and:

-  (^)
1 d As

As dx

1 -

B

0)

2 P g O )  \  2

o)B

cô

16 7C Cp lev n
1 -

oy
Ü)

2 r  g  co\ 2

2
A i /

B /  \  w g

This  d e s c r i b e s  t h e  s t i m u l a t e d  the rm al B r i l l o u i n  s c a t t e r i n g  o r ,  more s t r i c t l y  

th e  the rm al m o d i f i c a t i o n  of t h e  s t i m u l a t e d  B r i l l o u i n  s c a t t e r i n g .

The pa ram e te r s  r e s p o n s i b l e  f o r  t h e  R ay le igh  wing and Raman s c a t t e r 

in g  a r e  governed by r a t h e r  d i f f e r e n t  e q u a t io n s  from th o s e  concerned  \n .th
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te m pera tu rc  and. d e n s i t y .  The m o lecu la r  r o t a t i o n s  o s c i l l a t i o n s  and

v i b r a t i o n s  r e s p o n s i b l e  l 'or th e s e  p ro c e s s e s  occur  more or l o s s  inde penden t ly

f o r  each molecule  and the  a s s o c i a t e d  cliange in  r e f r a c t i v e  index  i s  t h e r e -
( 012)

f o r e  governed by an e q u a t io n  of th e  f o r m ; ' ^  '

-  + Y  As — S2" k E " .
at

Hence 2Vud

|Ae|® = K" ; ------------— i - ------ —  a " a " ,
2\2 / 2 r « \ 2  ^ "

1 - ^ 1  +

2 To) 1

J _  ^  ; ___________ sf__________ ' 3
^  dx  4 n^ /  co^\ 2 / 2 P w

 ̂ K^/ ^ V

I n d i c a t i n g  a S tokes  g a in  f o r  t h e s e  p r o c e s s e s . .

For s t i m u l a t e d  Raman s c a t t e r i n g  K and I  a r e  the  f requency  and 

l i n e w id th  of th e  e x c i t e d  s t a t e ,  w h i le  K i s  p r o p o r t i o n a l  to  t h a t  p a r t  of 

th e  Ker r  c o e f f i c i e n t  due to  t h e  n o n l i n e a r  p o l a r i z a b i l i t y  f o r  which th e  

v i b r a t i o n  a t  f requency  2 i s  r e s p o n s i b l e .  The t o t a l  h ig h  f r equency  Kerr  

c o e f f i c i e n t  a t  a f requency  w ^  i s  equa l  t o  t h e  sum of t h o s e  p a r t s  

in v o lv ed  i n  a l l  t h e  Raman t r a n s i t i o n s  f o r  which 2 > üüĵ . In  ge n e ra l  K » P 

and a sharp  maximum i n  t h e  ga in  cu rve i s  o b s e r v e d ^ 13,156)

For Rayle igh  wing s c a t t e r i n g :  

p == _L
31

f o r  t h e  r o t a t i o n a l  mechanism

f o r  t h e  o s c i l l a t o r y  mechanism.
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v l i i l c  K i s  p r o p o r t i o n a l  to  t h a t  p a r t  of the  Kerr  c o e f f i c i e n t  due to mole

c u l a r  r e o r i  eniation^^^^ ' 1 8 8 )  ̂ por  media wi th h i g h l y  a n i s o t r o p i c  molecu le s  

t h i s  i s  app rox im ate ly  equal  tlie t o i a l  low f r equency  Ker r  c o e f f i c i e n t .

The s t i m u l a t e d  Rayle igh wing ga in  c u rv e ,  l i k e  the  spontaneous  s c a t t e r i n g  

i s  c o n t r o l l e d  by the r o t a t i o n a l  mechanism in  th e  r e g i o n  | ( j o  | .< and by

th e  o s c i l l a t o r y  m e c h a n i s m ^ ^ ^ w h e n  |oo | .> — . S ince  i n  bo th  cases

r  » K the  two mechanisms l e a d  to  two d i f f u s e  maxima in  t h e  ga in  cu rv e ,

6k T , U , . ,th e s e  be ing  a t  00 = -----  and w = — r e s p e c t i v e l y .

Tlie o v e r a l l  curve of ga in  a g a i n s t  f r equency  s h i f t  ( t h e  lower curve 

of F i g . 2 . 3 ) r e p r e s e n t s  th e  sum of t h e  ga in s  d i s c u s s e d  i n  t h i s  s e c t i o n ^ ^ ^ ^ \

2 .5  PROBE SCATTERING

The s t i m u l a t e d  s c a t t e r i n g  d e s c r ib e d  i n  t h e  p r e v io u s  s e c t i o n  i s  the  

r e s u l t  of th e  a c t i o n  of  an induced  r e f r a c t i v e  in dex  wave on th e  e l e c t r o 

magnet ic waves p roduc ing  i t .  Thi s  r e f r a c t i v e  index  v a r i a t i o n  w i l l  a l s o

(241 246 249)a f f e c t  any independen t  l i g h t  beam t r a v e r s i n g  t h e  medium' ’ '

The r e f r a c t i v e  index  v a r i a t i o n  a c t s  as  a phase g r a t i n g  i n  i t s  e f f e c t  on 

th e  probe l i g h t .  From each l a y e r  of  t h e  g r a t i n g  (one w ave leng th  of the  

r e f r a c t i v e  index  wave) a small  p o r t i o n  of  t h e  probe  l i g h t  i s  r e f l e c t e d .  

When th e  ang le  of i n c id e n c e  i s  such t h a t  th e  r e f l e c t e d  p o r t i o n s  from 

a d j a c e n t  l a y e r s  add i n  phase a maximum o v e r a l l  r e f l e c t i v i t y  i s  r eac h ed .

The c o n d i t i o n  f o r  t h i s  i s  t h e  Bragg c o n d i t i o n :

P -1 \ a  ^ r
®max = P 5 7  " ! r -  '

where p i s  any i n t e g e r .  We need only  c o n s id e r  p = 1 because  i n  

t h e  exper im en ta l  case  where Xj. i s  t h e  wave le ng th  of  ruby l a s e r  l i g h t  

(6943 A) and Xa i s  t h a t  of  argon  l a s e r  l i g h t  (4880 Â) th e  on ly  v a l u e s  

of  p g iv in g  r e a l  v a lu e s  of  0 a r e  u n i t y  and t h e  t r i v i a l  s o l u t i o n  zero .
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Tluî r c r i o c i L v i l y  ol: a lon^Ui L of phase g r a t i n g  f o r  l i g h t  i n c i d e n t

a t  any ang le  0 i s  given h y :

Tjj /  2 n̂ . A n,  ̂ L \  g /  s i n ( k ^  n.  ̂ cos 6 -  k̂ . n^.)L\s

h  V 8 c o /  0 11̂  / V  ( k( i  »a c o s O  ‘  " r ) L

[ s e e  Aj)pendix of r e f e r e n c e  2A9 en c lo se d  w i th  t h i s  t h e s i s ]

wliere An^ i s  the  d i f f e r e n c e  between the  inaxiniimi and minimum r e f r a c t i v e  

index f o r  the  probe l i g h t .

When 6 = 0 :  ,  ̂  ̂  ̂ n

I l / m a x  V2 cos® 0,„.max

where :
^  _ ^̂ r _ The number of wavelengths  of th e  r e f r a c t i v e  index 

“ Xp "  modula t ion  w i t h i n  the  i n t e r a c t i o n  r e g io n .

and:

•

The an i i l a r  wid th  a t  h a l f  r e f l e c t i v i t y  i s :

4 X 1-39
60 =

t a n 8

Now A n^ has been d e f in e d  as the  d i f f e r e n c e  between maximum and 

minimum r e f r a c t i v e  i n d e x ,  i . e .  tw ice  th e  am pl i tude  of the  r e f r a c t i v e  

index modu la t ion  ivhereas |As | was d e f in e d  i n  th e  p r e v io u s  s e c t i o n  as the  

a n p l i t u d e  of the  d i e l e c t r i c  c o n s t a n t  v a r i a t i o n .  Thus :

and

'

Tlie v a lu e s  of |Ae or  |Ap due to  v a r i o u s  i n t e r a c t i o n  mechanisms 

were d e r iv e d  i n  th e  l a s t  s e c t i o n .  These can now be i n t r o d u c e d  i n t o  the  

r e f l e c t i v i t y  eq u a t io n  i n  o rd e r  to  c a l c u l a t e  the  p r o p o r t i o n  of  argon l a s e r  

l i g h t  r e f l e c t e d ,  i n  te rms of th e  i n t e n s i t i e s  of the  fo rw ard  and backw^ard
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going rnby l a s c r - b o m n s , Lho freqiKMicy s h i f t  between them, th e  known 

]u-oi)erbies of tlie iiiedliun and the  l e ng th  of the i n t e r a c t i o n  r e g io n .

Thus f o r  ab s o rb in g  media,  when œ ~  0 ; 

/  % NcipY

/max \ g  k% n t  cos^G^^^ K iC  /  , /  o)r  r  max a

and f o r  n on -abso rb ing  media,  when :

2 \ 2

1 +
rii

i i j \  (
------------------------------------  .  J  1

I j / n a x  \ 4  p v^n^ n^c cos^A J /  2 \ 2  /o-n . . \ 2   ̂ ^

w hile  a t  (O ~  oop i n  a b s o rb in g  media t h e r e  i s  the  a d d i t i o n a l  the rm al 

B r i l l o u i n  term:

% Nap Y Y  1
\  I iy i i i a x  V 1 . 1 .  .

'* Po Cp 4 ‘=«s"emax*‘r " r V  %  " Y  ®

COB/ \

The a n i s o t r o p y  and n o n l i n e a r  p o l a r i z a b i l i t y  of  th e  m olecu le s  of  the  medium 

g ive  r i s e  to  a d d i t i o n a l  terms of th e  form

1 - - r )  + '  2 ^ “
I . I

^l /max kn^ n^c cos 6 /  f  ccP Y  ^

sfV ' \  0=

co r re sp o n d in g  to R ay le igh  wing and Raman s c a t t e r i n g .

These formulae show t h a t  th e  probe  s c a t t e r i n g  has  th e  same depen

dence on f requency  s h i f t  (o f  one ruby l a s e r  beam from th e  o t h e r )  as  th e  

dependence on f requency  s h i f t  of  s p o n taneous ly  s c a t t e r e d  l i g h t  ( s ee  

F i g . 2 . 3 ) .  I t  does n o t  have t h e  same f requency  dependence as  th e  s t im u

l a t e d  s c a t t e r i n g  ga in  because  t h a t  i s  a f u n c t i o n  on ly  o f  t h e  ou t  of  phase 

p a r t  of th e  r e f r a c t i v e  index^ ' ' ’ ^change whereas  probe

s c a t t e r i n g  depends on th e  am pl i tude  of th e  whole change.
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C II A T K H, I I I  

EQUIPMMNT IJSFI) IN illF S(^ATTL’UINd I'^XPERIMENTS

3 . 1  h lG IlT  OUTPUT MEASimilMl'lNT SYSTJ!>1S

Throe o s c i l l o s c o p e s  were used  i n  the  exper im en ts  to  be d e s c r ib e d .

A r e l a t i v e l y  slow ( r i s e  t ime ^  13 n s e c )  T ek t ro n ic  551 o s c i l l o s c o p e ,  

t r i g g e r e d  from the  ruby l a s e r  d r iv e  u n i t  was used  to  measure th e  long  

term ( m i l l i s e c o n d )  c h a r a c t e r i s t i c s  of t h e  ruby l a s e r  o u tp u t .  In  most  of 

th e  exper iments  the  purpose  of t h e  o s c i l l o s c o p e  was to  make su re  t h a t  a 

s i n g l e  g i a n t  p u l s e  was b e in g  g e n e ra t e d  by th e  ruby  l a s e r .

A ve ry  f a s t  ( r i s e  t ime ~  *3 n s e c )  T e k t ro n ix  519 o s c i l l o s c o p e  was 

used  to  g ive  a h igh  t ime r e s o l u t i o n  d i s p l a y  of t h e  ruby l a s e r - p u l s e s .  

U n f o r tu n a t e ly  th e  p h o t o m u l t i p l i e r  used  to  d e t e c t  t h e  Bragg r e f l e c t e d  

p u l s e s  of argon l a s e r  l i g h t  i n  t h e  probe  s c a t t e r i n g  exper iment 

( c h a p t e r  V I I ) d id  n o t  g ive  enough s i g n a l  t o  be d i s p l a y e d  on t h i s  o s c i l l o 

scope,  th e  s e n s i t i v i t y  of  which was on ly  10 V cm"!. Th is  s i g n a l  was 

d i s p l a y e d  on a f a s t  ( r i s e  t ime 2^  n s e c )  T ek t ro n ix  454 o s c i l l o s c o p e  which 

had a b u i l t  i n  a m p l i f i e r  system g iv i n g  a maximum s e n s i t i v i t y  of 5 mV/cm. 

This i n s t r u m e n t  had th e  added advan tage  of  a two channe l  i n p u t  so t h a t  

th e  ruby ,  and Bragg r e f l e c t e d  a rg o n ,  l i g h t  p u l s e s  co u ld  be d i s p l a y e d  on 

the  same t r a c e  b u t  w i th  d i f f e r e n t  g a in .  The p u l s e s  were s e p a r a t e d  i n  

t ime simply by u s in g  a knoivn l e n g th  of de l a y  c a b l e .

In  t h e  argon probe s c a t t e r i n g  exper im en ts  (C hap te r  V I I , F i g . 7 . l )  t h e  

o u tp u t  of  t h r e e  d iodes  had to  be d i s p l a y e d  v i a  Channel 1 of t h e  o s c i l l o 

scope w h i le  t h a t  of t h e  p h o t o m u l t i p l i e r  was d i s p l a y e d  v i a  Channel 2. ..

To do t h i s  w i th o u t  i n t r o d u c i n g  e l e c t r o n i c  d i s t o r t i o n ,  d e l a y  c a b l e s  

of  50 2 c h a r a c t e r i s t i c  impedance were u sed .  Tlie l o n g e s t  c a b l e  was t h a t  

t o  th e  p h o t o m u l t i p l i e r ,  c a u s in g  i t s  p u l s e  to  appea r  l a s t  on t h e  t r a c e .
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The tlirc'o pho tod iodes  were connec ted  a t  i n t e r v a l s  d i r e c t l y  to  a s h o r t e r  

l e ng th  of  c a b l e .  The i n t e r n a l  impedance of the  d iodes  was very  l a r g e  so 

t h e s e  co n n ec t io n s  d id  n o t  cause mis-match  i n  th e  c a b l e .  Both c a b l e s  

were t e rm in a t e d  w i th  a 50 ^ impedance where th e y  were j o i n e d  to  th e  

o s c i l l o s c o p e  and th e  c a b l e  to  which th e  d iodes  were connec ted  was 

s im u l a r ly  t e rm in a t e d  a t  th e  o th e r  end.  The o s c i l l o g r a m s  o b ta in e d  

showed no sp u r io u s  p u l s e s  due to  mis-match .

The T ek t ron ix  454 o s c i l l o s c o p e  had ,  i n  a d d i t i o n  to  i t s  two channel  

i n p u t ,  a ve ry  c o n v en ien t  double t r i g g e r  system, Tlie *A' t r i g g e r  was 

o p e ra t e d  by a s i g n a l  from t h e  l a s e r  t r i g g e r  u n i t  and ,  a f t e r  an a d j u s t 

a b l e  d e l a y ,  p r e p a re d  th e  'B '  t r i g g e r  f o r  opera t ion . .  The B t r i g g e r  

was o p e ra t e d  by th e  i n p u t  to  Channel 1 of t h e  scope and d i s p l a y e d  a 

t r a c e  on th e  s c r e e n .  At t h e  same t ime a s y n c h r o n i z a t i o n  p u l s e  appeared  

a t  a n o th e r  t e rm in a l  and was d i s p l a y e d  on th e  551 o s c i l l o s c o p e .  This 

system g r e a t l y  reduced  s p u r io u s  t r i g g e r i n g  of  t h e  454 scope ( t h e r e  i s  a 

l a r g e ,  t r a n s i t  e l e c t r o m a g n e t i c  s i g n a l  when th e  l a s e r  d i s c h a r g e  tube  i s  

t r i g g e r e d ) .  I t  a l s o  a l low ed  d i s p l a y  of  t h e  454 t r i g g e r i n g  on one t r a c e  

of t h e  551 o s c i l l o s c o p e  ( t r i g g e r e d  by th e  l a s e r  t r i g g e r  u n i t )  w h i l e  th e  

long te rm c h a r a c t e r i s t i c s  of  t h e  l a s e r  o u tp u t  were d i s p l a y e d  on th e  

o th e r  to  check s i n g l e  p u l s e  o u tp u t .

An a b s o l u t e  measurement of  t h e  energy  of  th e  ruby  l a s e r  beam was 

o b ta in e d  u s in g  a c a l i b r a t e d  c a l o r i m e t e r  (L ase r  A s s o c i a t e s  Model 42 ) .

In  t h i s  c a l o r i m e t e r  was a p o l i s h e d  copper cone i n t o  which th e  l i g h t  was 

d i r e c t e d .  The shape of  t h e  cone was such t h a t  a f t e r  m u l t i p l e  r e f l e c 

t i o n s  on i t s  s u r f a c e s  v e ry  l i t t l e  of  t h e  i n c i d e n t  l i g h t  escaped  from i t .  

The h e a t  produced by a b s o r p t i o n  of  t h e  l i g h t  was d e t e c t e d  by an a r r a y  of 

thermocouples  on th e  o u t e r  s u r f a c e  of th e  cone.  These were connec ted  

t o  a m i l l i v o l t m e t e r  c a l i b r a t e d  i n  te rms of beam energy  and a l lowed

-  49 -



measurements a c c u ra te  to  aljout one t e n th  of a j o u l e .  Tlie r e s u l t s  of 

tlie c a lo r i i iu ' te r  measurements were used  to  c a l i b r a t e  a p h o t o e l e c t r i c  

d e t e c t i o n  system c o n s i s t i n g  of an EM I Photodiode Typo 9648B connected  

to  a T ek tro n ix  519 or 454 o s c i l lo s c o p e .  The l i g h t  in p u t  to  th e  pho to 

d iode was o b ta in e d  by r e f l e c t i o n  from a beam s p l i t t e r  and a t t e n u a t e d  by 

a d i f f u s i n g  sc re e n  and f i l t e r s .  Using th e  519 o s c i l lo s c o p e  t h i s  d e te c 

t i o n  system had a r i s e  tim e of abou t two nanoseconds.

The con t in u o u s  Argon l a s e r  o u tp u t  was measured u s in g  a c a l i b r a t e d  

pho tod iode  and v o l tm e te r  (S p e c t r a  P h y s ic s  Type 401B). The p u ls e  of 

argon l a s e r  l i g h t  Bragg r e f l e c t e d  in  th e  probe s c a t t e r i n g  experim ent 

( c h a p te r  V I I ) was re c o rd e d  u s in g  a M ulla rd  56 AVP p h o to m u l t i p l i e r  and 

T e k tro n ix  454 o s c i l lo s c o p e  hav ing  a combined r i s e  tim e of abou t 7 n sec .  

This system was c a l i b r a t e d  by chopping a co n tin u o u s  beam of known power 

and r e f l e c t i n g  th e  chopped p u ls e s  in t o  th e  p h o to m u l t i p l i e r  w ith  a 50^ 

beam s p l i t t e r  p la c e d  i n  th e  p o s i t i o n  of th e  i n t e r a c t i o n  r e g io n  of th e  

Bragg r e f l e c t i o n  experim en t.  This c a l i b r a t i o n  was n o t  e n t i r e l y  s a t i s 

f a c t o r y  as i t  was n o t  p o s s i b l e  to  ensu re  t h a t  th e  s e n s i t i v i t y  o f d e te c 

t i o n  was th e  same f o r  th e  Bragg r e f l e c t e d  p u ls e  as  f o r  th e  v e ry  much 

lo n g e r  chopped p u l s e .  Red l i g h t  was exc luded  from th e  p h o to m u l t i p l i e r  

by Jena  BG 18 green  f i l t e r s  and e x tra n eo u s  b lu e  l i g h t  from th e  l a s e r  

f la sh lam p  m inim ised  by a narrow  band (20 Â) f i l t e r  w ith  peak  t r a n s 

m iss io n  a t  th e  argon  l a s e r  w aveleng th .

3 .2  THE RUBY LASER

The ruby l a s e r  u sed  f o r  th e  experim en ts  d e s c r ib e d  i n  t h i s  t h e s i s ,  

was a model 351 s u p p l ie d  by G and E B rad ley  i n  1966, I t  i s  shown i n  

th e  F r o n t i s p ie c e  and i n  F i g . 3 .1 .

The l a s e r  head c o n s i s t e d  of a 6 j"  x % "  ruby ro d  and a  f l a s h  tube  

a t  th e  two f o c i  of a h ig h ly  p o l i s h e d  e l l i p t i c a l  aluminium c a v i t y .  The
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rod  and f l a s h  tube were w a te r  coo led  a l lo w in g  f a i r l y  r e p ro d u c ib le  f i r i n g  

of th e  l a s e r  abou t once every  two m in u te s .  Tlie d is c h a rg e  th rough  the  

f l a s h  tube had an energy of up to  10,000 J ,  s u p p l ie d  by a v o l ta g e  of up 

to  3000 V on a 2400 mJ? c a p a c i t o r  baidc. The d is c h a rg e  was t r i g g e r e d  by 

a p u ls e  of abou t 15 kV l a s t i n g  a few m icroseconds a p p l ie d  to  th e  same 

te rm in a l s  as th e  main v o l t a g e .  At th e  same tim e as th e  t r i g g e r  p u ls e  a 

small p u ls e  was g e n e ra te d  a t  a n o th e r  te rm in a l  to  sy n ch ro n ize  o s c i l lo s c o p e s  

and o th e r  a p p a ra tu s  ( F i g . 3 .2 ) .

Feedback in  th e  l a s e r  c a v i ty  was p ro v id e d  a t  one end by a d i e l e c t r i c

m i r ro r  c o a ted  to  r e f l e c t  100^ of l i g h t  of 6943 A in c i d e n t  upon i t  and a t

th e  o th e r  end by th e  q u a r tz  window of th e  w a te r  j a c k e t ,  which had a

r e f l e c t i v i t y  of 10^ f o r  th e  ruby l a s e r - l i g h t .  U n fo r tu n a te ly  th e  d es ig n

was such t h a t  th e  ruby f a c e s  were immersed in  th e  c o o l in g  w a te r  which

caused  some beam d e t e r i o r a t i o n  and in c r e a s e d  th e  p o s s i b i l i t y  of n o n - l i n e a r
(41 42 )

e f f e c t s  w i th in  th e  l a s e r  c a v i ty .  The l a s e r  was p a s s iv e l y  Q -sw itched i * ’

by means of a c e l l  c o n ta in in g  a s o lu t i o n  of c ry p to c y a n in e  i n  m ethanol 

i n s e r t e d  i n  f r o n t  of th e  100^ m i r r o r .

The o u tp u t  of t h i s  system  was a p u ls e  of p la n e  p o l a r i z e d  l i g h t  of 

about 200 M.W. power, 20 nsec d u r a t io n  and 8 m .rad .  d iv e rg e n c e .

The most s e r io u s  d e f e c t  of th e  system  as  s u p p l ie d  by th e  manufac

t u r e r s  was t h a t  i t  o p e ra te d  in  a l a r g e  number of l o n g i tu d in a l  and t r a n s 

v e rs e  modes. S in g le  lo n g i tu d in a l  mode o p e ra t io n  was o b ta in e d  w ith o u t  

lo s s  of power by in c lu d in g  a second Q -sw itch w i th in  th e  c a v i t y  and p ro 

v id in g  feedback  a t  th e  o u tp u t  end of th e  c a v i ty  w i th  a  p r e c i s e l y  p a r a l l e l  

p a i r  of q u a r tz  f l a t s  i n s t e a d  of th e  w a te r  j a c k e t  window (s e e  F i g . 3 . l ) ^ ^ ^ ’^^) 

The number of t r a n s v e r s e  modes cou ld  be reduced  by i n s e r t i n g  a sm all a p e r 

tu r e  in  th e  feedback  c a v i ty ^ ^ ^ ^ ^ . However t h i s  te c h n iq u e  reduced  th e
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o u tp u t  power to  such an e x te n t  t h a t  i t  was im p ra c t i c a b le  to  use  i t  and 

la c k  of t r a n s v e r s e  mode c o n t ro l  rem ained  th e  main sou rce  of e r r o r  in  

th e  experim en ts  to  be d e s c r ib e d .

Tlie l a s e r  c h a r a c t e r i s t i c s  were i n v e s t i g a t e d  u s in g  th e  arrangem ent 

shown s c h e m a t ic a l ly  in  F i g . 3-3* The s ig n a l  d e t e c te d  by th e  pho tod iode  

was d is p la y e d  s im u l ta n e o u s ly  on two o s c i l l o s c o p e s .  The s ig n a l  on th e  

T ek tro n ix  551 o s c i l lo s c o p e  was f i r s t  p u t  th rough  an i n t e g r a t i n g  c i r c u i t  

w ith  a re sp o n se  time of 10*5 s e c s .  Tliis c o n v e r te d  the  v e ry  s h o r t  l a s e r  

p u ls e s  in to  r e l a t i v e l y  slow p u ls e s  v i s i b l e  on one t r a c e  of th e  551 o s c i l 

lo sco p e .  This  had a tim e base  of *2 msec/cm and was t r i g g e r e d  by th e  

l a s e r  t r i g g e r  u n i t .  The T ek tro n ix  519 o s c i l lo s c o p e  was t r i g g e r e d  by th e  

in p u t  s ig n a l  which was d i s p la y e d  d i r e c t l y  on th e  scope t r a c e .  The tim e 

base  of t h i s  t r a c e  was v a r i e d  between 20 and 200 n s e c .  Each tim e th e  

519 scope was t r i g g e r e d  a s y n c r o n iz a t io n  p u ls e  was g e n e ra te d .  This was 

i n t e g r a t e d  and d is p la y e d  on th e  second t r a c e  of th e  551. In  t h i s  way th e  

whole p u ls e  t r a i n  was s h o w  on th e  551 w h ile  th o s e  p u l s e s  which t r i g g e r e d  

th e  519 were d is p la y e d  i n d i v i d u a l l y ,  th e  second t r a c e  o f th e  551 i n d i c a t 

in g  which p u ls e s  th e s e  w ere . At th e  same tim e th e  spectrum  of th e  l i g h t  

o u tp u t  was a n a ly se d  w i th  a 1 cm F a b ry -P e ro t  i n t e r f e r o m e t e r  (S e c t io n  3 .5 )  

and th e  energy  of th e  p u ls e  t r a i n  measured w i th  a c a l o r im e te r .

T yp ica l r e s u l t s  o b ta in e d  a r e  shown i n  F i g s . 3 .4  and 3 .5 .  (The 

s c a le s  have been changed by th e  p h o to g ra p h ic  r e p r o d u c t io n  to  th o s e  shoifu 

w i th  th e  d ia g ra m .)

F i g . 3 .4  shows th e  l a s e r  o u tp u t  w i th  th e  f l a s h  lamp d is c h a rg e  

chosen to  be th e  t h r e s h o l d  v a lu e  f o r  l a s i n g  when amounts of dye i n  th e  

Q -sw itch were as  shown. I t  i s  seen t h a t  a t  low dye c o n c e n t r a t i o n s  t h e r e  

was a l a rg e  number of f e e b l e  p u ls e s  of long  d u r a t i o n .  At g r e a t e r  concen

t r a t i o n  a  s i n g l e  pow erfu l p u ls e  was g e n e ra te d  which became s t i l l  s h o r t e r
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and liioro poworl'ul w ith  in c r e a s in g  conccMitration. The s p e c t r a l  o u tp u t  

was broad when th e re  was a l a rg e  number of p u ls e s  b u t  narrow  enough 

(abou t ‘002 Â) to  i n d i c a t e  s in g le  lo n g i tu d in a l  mode o u tp u t  when th e re  

was only  one p u ls e .

F i g . 3 .5 shows th e  o u tp u t  when th e  f l a s h  lamp d is c h a rg e  remained 

c o n s ta n t  and Uie dye c o n c e n t r a t io n  was v a r ie d .  At low c o n c e n t r a t io n s  

th e  d is c h a rg e  was f a r  above th r e s h o ld  and enormous numbers of p u ls e s  

were g e n e ra te d .  With i n c r e a s in g  c o n c e n t r a t io n  th e  number of p u ls e s  

d e c re a se d ,  w h ile  th e y  become s h o r t e r ,  more p o w e rfu l ,  and of p u re r  

s p e c t r a l  com posi tion .  E v e n tu a l ly  a s in g le  p u ls e  was o b ta in e d  which 

cou ld  be of s u f f i c i e n t l y  h ig h  power to  cause  s t im u la te d  B r i l l o u i n  

s c a t t e r i n g  in  the  Q -sw itch . When t h i s  was th e  case  th e  F a b ry -P e ro t  

showed th e  c h a r a c t e r i s t i c  f requency  s h i f t  as  i n  th e  low es t  pho tograph  

of F i g . 3 . 5 .

I f  th e  mode s e l e c t i n g  e lem ents  in  th e  c a v i ty  were removed and a 

B rew ster an g led  ruby ro d  u se d ,  mode lo c k in g  of th e  l a s e r  system  co u ld  be 

ach iev ed .  F i g . 3*6 shows p a r t l y  mode locked  and non-mode locked  o u tp u t  

from th e  ruby and a schem atic  diagram of th e  p a s s iv e  mode lo c k in g

( 227 )mechanism' ' .  When th e  l i g h t  i n t e n s i t y  i s  s l i g h t l y  m odulated  due to  

th e  p re sen ce  of ( sa y )  two modes i n  th e  c a v i ty  th e  s a tu r a b l e  a b s o rb e r  

t r a n s m i ts  a g r e a t e r  p ro p o r t io n  of th e  peak i n t e n s i t y  th an  of th e  minimum 

i n t e n s i t y .  In t h i s  way th e  i n t e n s i t y  becomes more and more s h a rp ly  

modulated w ith  more s id e -b a n d  f r e q u e n c ie s  b e in g  g e n e ra te d  t i l l  ev en tu 

a l l y  a s e r i e s  of sharp  p u ls e s  may be e m it te d .

In  g e n e ra l  th e  p re se n c e  of more th a n  one mode i n  th e  o u tp u t  w i l l

r e s u l t  i n  a m odu la tion  of th e  p u ls e  envelope a t  th e  mode s e p a r a t io n

freq u en cy .  This i s  th e  f requency  of th e  m odu la tion  of th e  lower p u ls e

in  F i g . 3 .6  so th e  smoothness of th e  p u ls e  i s  an a d d i t i o n a l  check on th e  

s in g l e  mode o u tp u t .
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3 .3  G/VS lA S m S

IVo gas l a s e r s  wore used  in  th e s e  ex p e r im en ts .  One was a simple 

helium neon l a s e r  ( E l l i o t t  model 315) g iv in g  a one m i l l i w a t t  co n t inuous  

beam a t  6528 A. Tliis was used  to  a l i g n  th e  co m p lica ted  o p t i c a l  a r r a n g e 

ments in v o lv ed  in  th e  ex p er im en ts .  The he lium -neon  l a s e r  beam was 

d i r e c t e d  no rm ally  through th e  back m i r r o r  (a  lOOfo r e f l e c t o r  a t  6943 A bu t 

n o t a t  6328Â) of th e  ruby l a s e r  and th u s  t r a c e d  ou t d i r e c t l y  th e  p a th  of 

th e  ruby l a s e r  beam, g r e a t l y  f a c i l i t a t i n g  a l ig n m en t .

Tlie o th e r  gas l a s e r  was a S p e c t ra -P h y s ic s  a rg o n - io n  l a s e r ,  model 142 

( F r o n t i s p i e c e ) .  In  t h i s  l a s e r  th e  plasm a in  a loop of e l e c t r o d e l e s s  

q u a r tz  d is c h a rg e  tube  a c te d  as  th e  secondary  c o i l  of a r a d io  f requency  

t r a n s fo rm e r .  Tlie gas p r e s s u r e  and hence th e  plasm a d e n s i ty  were k e p t  a t  

an optimum le v e l  by an au to m atic  r e f i l l i n g  system  which r e p la c e d  gas l o s t  

in to  th e  w a l l s  d u r in g  th e  d i s c h a rg e .  This lo s s  was m inim ized  by m agnetic  

fo c u s in g  of th e  d isc h a rg e  keep ing  th e  dense p a r t  of th e  p lasm a away from 

th e  w a l l s .  One s id e  of th e  loop was a s t r a i g h t  tu b e  abou t one m e tre  long  

and 2 mm in  d iam ete r  w ith  B rew ste r  a n g led  windows a t  i t s  ends .  Feedback 

m ir ro rs  were p ro v id ed  o u ts id e  th e s e  windows and l a s e r  a c t i o n  o c c u rre d  

a long  th e  s t r a i g h t  tu b e .

In  an argon ion  plasma l a s i n g  can occur a t  a number of f r e q u e n c ie s  

and th e  t o t a l  o u tp u t  in  a l l  l i n e s  was abou t 3 W of l i g h t  p o l a r i z e d  i n  th e  

p lan e  p e rp e n d ic u la r  to  t h a t  of th e  B rew ste r  window. For th e  experim en ts  

to  be d e s c r ib e d  a s in g le  f req u en cy  i s  r e q u i r e d  and t h i s  was a ch iev ed  by 

i n s e r t i n g  a d i s p e r s io n  p r ism  i n  f r o n t  of th e  r e a r  feedback  m i r r o r .  By 

r o t a t i n g  th e  p r ism  l a s i n g  cou ld  be ach iev ed  a t  a number of f r e q u e n c ie s  th e  

p r i n c i p a l  o u tp u ts  b e in g  abou t 1 W a t  4880 A and 5145 A. The long  

narrow  l a s i n g  tube  ensu red  s in g le  t r a n s v e r s e  mode o p e r a t io n  g iv in g  a 1 mm 

d iam ete r  beam w ith  G aussian  i n t e n s i t y  d i s t r i b u t i o n  and d i f f r a c t i o n  l i m i t e d
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cli vergoiicc of abou t 1 m .rad .  L o iig itud iiia l  modo s e l e c t i o n  cou ld  n o t  be 

acliicved wi th o u t  lo s s  of power and was no i u sed  s in c e  th e  la c k  of ruby 

t r a n s v e r s e  mode c o n t ro l  was a source  of g r e a t e r  e r r o r  (C hap te r  W I I ).

Tlic l a s e r  o u tp u t  was measured w ith  a c a l i b r a t e d  p h o to c e l l  and m eter 

su p p l ie d  by S p e c tra  P h y s ic s  and was found to  be s t a b l e  to  w i th in  a few 

p e rc e n t  over s e v e ra l  hours  a f t e r  an i n i t i a l  s t a b i l i z i n g  p e r io d  of abou t 

one hour.

3 .4  KINimTICALLY DESIGNED OPTICAL STANDS

In  th e  experim en ts  to  be d e s c r ib e d ,  e s p e c i a l l y  i n  th e  probe s c a t t e r 

in g  e x p e r im en ts ,  a number of l a s e r  beams had to  be a l ig n e d  w ith  an accuracy  

of 1 m .rad .  or b e t t e r .  The com plex ity  of th e  system  and th e  f req u en cy  of 

damage to  o p t i c a l  c o m p o n e n t s ^ ^  by th e  v e ry  h ig h  l a s e r  powers 

made i t  ve ry  d e s i r a b l e  t h a t  in d i v id u a l  mountings shou ld  be as  m obile  and 

v e r s a t i l e  as  p o s s i b l e .

For th e s e  re a s o n s  a number of k in e m a t i c a l ly  d es ig n ed  o p t i c a l  t a b l e s  

were c o n s t r u c te d .  The 'F a b ry -P e ro t*  f r o n t  m i r r o r  o f th e  l a s e r  ( F i g . 3 , l )  

and th e  A.D.P. c r y s t a l  (C hap te r  VI) were su p p o r te d  on k in e m a tic  m ountings 

of s ta n d a rd  d e s i g n ^ T h e  r e a r  m i r r o r  of th e  l a s e r  cou ld  be removed 

and r e p la c e d  w ith o u t  r e - a d j u s t m e n t ,  i t s  s ta n d  h av in g  th r e e  grooves i n  th e  

base which r e s t e d  on t h r e e  s t e e l  b a l l s , f i x e d  on th e  main l a s e r  t a b l e .

This t a b l e ,  and th u s  th e  whole ruby  l a s e r  s e t  up was f u l l y  m o b i le ,  hav ing  

s ix  thumb screws a l lo w in g  a d ju s tm e n t  i n  a l l  p o s s i b l e  d eg rees  of freedom.

The most im p o r ta n t  development was however th e  's p e c t r o m e te r  t a b l e '  

s u p p o r t in g  th e  s c a t t e r i n g  c e l l  (C h ap te rs  V I ,V I I ) and th e  components round 

i t  ( F i g s . 3 .7  and 3 . 8 ,  and F r o n t i s p i e c e T h e  c r u c i a l  f e a t u r e  of 

t h i s  system was th e  novel a rrangem ent of th e  b a l l  b e a r in g s  f i x e d  to  th e  

removable arms« The two b a l l s  on th e  u n d e r s id e  of th e  arm r e s t e d  in  th e
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c i r c u l a r  fi;roovo of V shaped c r o s s - s e c t i o n  in  th e  b a s c - p l a t e .  The 

b a i l  on th e  \i])per s u r f a c e  of th e  arm r e s t e d  a g a i n s t  a f la n g e  on the  

c e n t r e  column which was r i g i d l y  f ix e d  to  th e  b a s e - p l a t e . llie f iv e  p o in ts  

c o n ta c t  p ro v id ed  by t h i s  a rrangem ent a l low ed  one degree of freedom wliich 

was of cou rse  r o t a t i o n  around the  a x i s  of th e  t a b l e .  So long as the  

c e n t r e  of g r a v i t y  of th e  arm and su p p o r ted  components la y  o u ts id e  the  

c i r c u l a r  g roove ,  t h i s  a rrangem en t was k e p t  p e r f e c t l y  s t a b l e  by g r a v i ty  

though th e  arm cou ld  be e a s i l y  removed as  shown in  F i g . 3 .7 .  A v e rn ie r  

a t tach m en t showed th e  a n g u la r  p o s i t i o n  to  one t e n th  of a degree w hile  

in c re m en ta l  a d ju s tm e n ts  of as  l i t t l e  as  *1 m .rad .  cou ld  be a c c u ra te ly  

made u s in g  th e  m icrom eter  ad ju s tm e n t .

Tlie p robe  s c a t t e r i n g  c e l l  was mounted on th e  c a r r i a g e  on th e  c e n t r a l  

t a b l e .  Two b a l l s  on th e  u n d e rs id e  of t h i s  c a r r i a g e  r e s t e d  in  the  

s t r a i g h t  groove in  th e  c e n t r a l  t a b l e  w h ile  a t h i r d  r e s t e d  on i t s  p lane  

s u r f a c e .  Tliis a l low ed  l i n e a r  movement of th e  c e l l  a long  th e  ruby l a s e r  

beam.

Angles between l i g h t  beams w i th in  th e  l i q u i d  in  th e  c e l l  cou ld  be 

d i r e c t l y  m easured . This was ach iev ed  by mounting a h o r i z o n ta l  b a r  on 

a v e r t i c a l  ro d  su p p o r ted  by one of th e  moveable arms. The h o r iz o n ta l  

ba r  c ro s s e d  th e  a x i s  of th e  arm’ s r o t a t i o n  and a t  t h i s  p o in t  an o p t i c a l  

t a b l e  was mounted on i t s  u n d e r s id e ,  A one inch  square  of beam s p l i t t e r  

was s tu c k  by i t s  edge to  th e  s u r f a c e  of th e  t a b l e .  This beam s p l i t t e r  

was th u s  in  th e  v e r t i c a l  p la n e  c o n ta in in g  th e  a x i s  of th e  system and 

cou ld  be r o t a t e d  about t h a t  a x i s .  I t  cou ld  be low ered in to  th e  l i q u i d  

o r r a i s e d  and removed when n o t  in  u se .  The an g le  between two l i g h t  

beams was sim ply  th e  an g le  by which th e  arm was r o t a t e d  to  move th e  beam 

s p l i t t e r  between p o s i t i o n s  normal to  each beam.

The b a s e - p l a t e  of th e  system , i t s e l f  had th r e e  grooves on th e  under

s id e  which r e s t e d  on th r e e  a d j u s t a b l e  thumb screws in  th e  lower b a s e - p la te .
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The pleine of r o t a t i o n  of th e  movable arms cou ld  th u s  be made p a r a l l e l  to

the  p lane  c o n ta in in g  th e  argon and ruby l a s e r  beams ( i . e .  th e  h o r iz o n ta l

p lane ).

3 .5  THF FABhY-Fl'hOT SYSTFM

In th e  e a r l y  experim en ts  a s im ple 1 cm F a b ry -P e ro t  system was used 

to  m on ito r  th e  spectrum  of th e  ruby l a s e r  beam. L a te r  when more accu

r a t e  knowledge of the  mode s t r u c t u r e  of th e  beam was wanted a new system 

was c o n s t r u c t e d  which co u ld  ta k e  a sp ace r  of up to  5 cms. The use of 

t h i s  in s t ru m e n t  confirm ed  t h a t  a s i n g l e  mode cou ld  be o b ta in e d  b u t  was 

in c o n v en ien t  because  when a second mode does occur i t  i s  u s u a l l y  s h i f t e d  

by th e  f req u en cy  of th e  s t im u la t e d  D r i l lo u im  s h i f t  which i s  very  n e a r ly  

equal to  th e  f r e e  s p e c t r a l  range  of a 5 cm F a b ry -P e ro t ,  For t h i s  reason  

the  spectrum  was u s u a l l y  m on ito red  w ith  th e  1 cm in s t ru m e n t .

In  th e  experim en ts  of Chapter V I I I ,  i t  was n e c e s s a ry  to  m onitor

s e p a r a t e ly  th e  fo rw ard  and backward t r a v e l l i n g  ruby  l a s e r  beams. For 

t h i s  re a so n  th e  system  shoim i n  F i g s . 3 .9 ,  3 .10  and F r o n t i s p ie c e  were 

devcloped^^^^).

F i g . 3 .9  shows s c h e m a t ic a l ly  th e  p r i n c i p l e  of th e  system. The 

forw ard ( l e f t  to  r i g h t )  and backward going beams were bo th  p o la r i z e d  in  

a p la n e  p e rp e n d ic u la r  to  th e  p a p e r .  The backward beam was r e f l e c t e d  by 

th e  beam s p l i t t e r  d i r e c t l y  in to  th e  F a b ry -P e ro t .  The forw ard  beam, 

r e f l e c t e d  i n  th e  o p p o s i te  d i r e c t i o n  p as sed  th rough  a q u a r t e r  wave p l a t e ,  

was r e f l e c t e d  from a 100^ m i r r o r  and p assed  ag a in  through  th e  q u a r t e r  

wave p l a t e .  This  beam was th u s  p o la r i z e d  i n  th e  p lan e  of th e  paper  and 

most of i t  p a s se d  th rough  th e  beam s p l i t t e r  in to  th e  F a b ry -P e ro t .  Cones 

of l i g h t  of each p o l a r i z a t i o n  were c r e a te d  by in t e f e r e n c e  in  th e  u su a l  

way and th e s e  were fo cu sed  by th e  camera to  form r in g s  on th e  pho tograph ic  

f i lm ,  A com posite  p o l a r o i d  d i s c  ivas p la c e d  j u s t  in  f r o n t  of th e  f i lm
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so t h a t  ajaccMit q u a d r a n t s  of th e  d i s c  t r a n s m i t t e d  l i g h t  of perpend icu la r  

p o l a r i z a t i o n s .  The d i s c  was a d j u s t e d  so t h a t  the  l i g h t  from the  for\vrard 

and backward going beams appeared  in  s e p a r a t e  quad ran t s .  The photographs 

in F i g . 3 .9  sliow th e  p i c t u r e s  o b ta in e d  f o r  t h e  forward beam a lone ,  backward 

beam alone and f o r  th e  two to g e t h e r .  Tlie s e p a r a t i o n  of the  two beams i s  

obviously  very  e f f e c t i v e .

The F a b r y - P e r o t  system was a t t a c h e d  d i r e c t l y  to the  end of a 76 cm 

te lepho to  l e n s  in  t h e  manner shown in  F i g . 3 .10 .  At the  o th e r  end of the 

lens  were th e  p o l a r o i d  q u a d ra n t s  and a camera u s in g  p o l a r o i d  410 f i lm .

Tlie whole a r rangem en t  a l low ed  F a b ry -P e ro t  pho tographs  to  be taken  very 

conven ien t ly  and th e  use of p o l a r o i d  410 f i l m ,  while  caus ing  a s l i g h t  loss  

of r e s o l u t i o n ,  meant  t h a t  p i c t u r e s  were immediate ly  a v a i l a b l e .  This was 

very im p o r tan t  s i n c e  th e  main purpose  of the  F ab ry -P ero t  system was to 

check the  mode s t r u c t u r e  of th e  l a s e r  ou tp u t  r a t h e r  than  to  take  q u a n t i 

t a t i v e  measurements.
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h . l  IMIflY LASER SELF-FOCUSING

At tlio t ime t h a t  t h e  exper im en ts  d e s c r ib e d  i n  Chapters  6 and 7 of 

t h i s  t h e s i s  wore be ing  p r e p a r e d  th e  phenomenon of s e l f - f o c u s i n g  was 

widely d i s c u s s e d  in  the  l i t e r a t u r e ^ l i i ) ^  Advantage was taken  of the 

usual  l iold-ups  due to  exp e r im e n ta l  and equipment d i f f i c u l t i e s  i n  the  main 

progr;uiune to make a b r i e f  i n v e s t i g a t i o n  of s e l f - f o c u s i n g ,  w i th  p a r t i c u l a r  

r e fe rence  to  th e  s c a t t e r i n g  p r o p e r t i e s  of s e l f - f o c u s e d  beams^^^^^

F i g . 4 . l ( i )  shows a s e l f - t r a p p e d  f i l a m e n t  produced when a 20 nsec 

ruby l a s e r  p u l s e  of  abou t  100 MW was focused  (from l e f t  t o  r i g h t )  i n  a 

c e l l  of w a te r .  The h igh  l i g h t  i n t e n s i t y  a t  t h e  f o c a l  p o i n t  in c r e a s e s  (by 

é l e c t r o s t r i c t i o n  and th e  Kerr  e f f e c t )  th e  r e f r a c t i v e  index i n  t h a t  reg ion  

to such an e x t e n t  t h a t  t h e  l i g h t  i s  t o t a l l y  i n t e r n a l l y  r e f l e c t e d  and 

propagates  as  a t h i n  p e n c i l .

The f i r s t  unusua l  f e a t u r e  of  s e l f - t r a p p i n g  i n  w a te r  t h a t  was 

no t i ced  was t h a t  t h e  p ho tog raphs  ( t a k e n  i n  l i g h t  s c a t t e r e d  normal ly to  

the beam i n  th e  p la n e  of  i t s  p o l a r i z a t i o n )  appeared very  d i f f e r e n t  in  

d i f f e r e n t  samples of  w a t e r .  This  i s  c l e a r l y  seen by comparison of

Figs.  4 . l ( i i )  and 4 . l ( i i i ) .  Each of  th e s e  photographs  shows two

cross ing  s e l f  t r a p p e d  beams g e n e r a t e d  as shown i n  F i g . 4 .2 .  The condi

t i o n s  under which each was ta k en  were i d e n t i c a l  except  t h a t  the  water  

used when F i g . 4 . l ( i i )  was t a k e n  was f r e s h l y  d i s t i l l e d  w hi le  t h a t  used 

fo r  F i g . 4 . l ( i i i )  had s to o d  i n  t h e  l a b o r a t o r y  f o r  some days.  The reason  

fo r  the  d r a m a t i c a l l y  d i f f e r e n t  s c a t t e r i n g  i n  th e se  two cases  i s  probably  

t h a t  i n  t h e  f r e s h l y  d i s t i l l e d  w a te r  th e  very  high  l i g h t  i n t e n s i t y  caused 

d i s so lved  a i r  to  be r e l e a s e d  as  t i n y  bubble s  Avith consequent  i n t e n s e
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( 1 78 ^lo c a l i s e d  s c a t t e r i n K  . The w ate r  which had s tood  f o r  some days con

ta in ed  l e s s  a i r  ( t h e  a i r  d i s s o lv e d  in  d i s t i l l a t i o n  tended to be r e l e a s e d  

as bubbles  on the  s id e s  of a v e s s e l  c o n t a in in g  the w a te r )  and gave a 

uniform d i f f u s e  s c a t t e r i n g .

Wlien the two d i f f u s e l y  s c a t t e r i n g  beams of F i g . 4 . l ( i i i )  i n t e r s e c t e d  

there  was a d i s t i n c t  l o s s  of i n t e n s i t y  from th e  upper ,  more pow erfu l ,  

beam. (A. s i m i l a r  l o s s  probab ly  occured in  F i g . 4 . l ( i i )  b u t  i s  no t  obvious 

because of th e  non-uniform s c a t t e r i n g . )  Chaban has shown^^^^^ t h a t  when 

two high  i n t e n s i t y  l i g h t  beams over lap  a phase g r a t i n g  i s  produced in  

such a way t h a t  th e  beams r e f l e c t  l i g h t  i n t o  each o th e r .  The pe rcen tage  

of l i g h t  r e f l e c t e d  from each beam i s  the  same so t h e r e  i s  a n e t t  l o s s  of 

power from th e  more powerful  beam. The accompanying i n c r e a s e  i n  power 

of the  weaker beam i s  n o t  obvious i n  th e  pho tograph.  Tliis i s  p robab ly  

because o th e r  l o s s e s ,  such as  s t i m u l a t e d  s c a t t e r i n g  and r e f l e c t i o n  from 

the in c r e a s e d  r e f r a c t i v e  index  i n  th e  i n t e r s e c t i o n  r e g i o n ,  a c c e n tu a t e  the 

loss  from th e  more powerful  beam w hi le  c o u n t e r a c t i n g  any power in c r e a s e  

in  the  weaker-beam.

In  th e  f o c a l  r e g io n  th e  lower beam s p l i t  i n t o  two p a r t s ,  (F ig s .  

4 . l ( i i i )  and 4 . l ( i v ) ) t h e  weaker of which bends back towards the  s t r o n g e r  

(The l i g h t  s t r e a k  in  F i g . 4 . l ( i v )  i s  due to  a damaged p l a t e ) .  The 

reason f o r  t h i s  i s  p robab ly  th e  very  non-uniform i n t e n s i t y  d i s t r i b u t i o n  

of the  lower beam g en e ra te d  by the  ap p a ra tu s  of F i g . 4 .2 .  I t  i s  

known(^^^*^^^) t h a t  such a d i s t r i b u t i o n  can cause s e l f  bend ing due to  the  

genera t ion  of a non-uniform r e f r a c t i v e  index  d i s t r i b u t i o n  a c ro s s  th e  beam.

F i g s . 4 . l ( v )  and 4 . l ( v i )  show r e f l e c t i o n  and r e f r a c t i o n  of s e l f  

t r apped beams. In  F i g . 4 . l ( v )  the  ruby l a s e r  beam i s  focused  j u s t  be fo re  

i t  i s  i n c i d e n t  on t h e  u n d e r s id e  of the  wate r  s u r f a c e .  Tlie angle  of 

inc idence  i s  s u f f i c i e n t  to  g ive  t o t a l  i n t e r n a l  r e f l e c t i o n  and a d i s t i n c t
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r e f l e c t e d  s e l f - t r a p p e d  f i l a m e n t  can be seen.  (The s p la s h  seen a t  the 

surface i s  i l l u m i n a t e d  by the  ruby l a s e r  f l a s h l a m p . I t  could  no t  move 

so f a r  du r ing  the  20 nsec ruby l a s e r  p u l s e . )  The f i l a m e n t  shoivn in  

F i g . 4 . l ( v i )  passed  r i g h t  through the  g l a s s  p r i s m ,  be ing  r e f r a c t e d  i n  

the usua l  way. l l ie re  was severe  danage t o  th e  p r i sm ,  a s e r i e s  of con

c e n t r i c  r i n g s  on th e  s u r f a c e  i n d i c a t i n g  the  e f f e c t  of a powerful  shock 

wave. I b i s  cou ld  e a s i l y  have been caused by é l e c t r o s t r i c t i o n  showing 

th a t  t h i s  i s  a powerful  e f f e c t  i n  s e l f - t r a p p e d  f i l a m e n t s  though the  Kerr  

e f f e c t  may be more im por tan t  as  t h e i r  cause^^^^  142)^

4.2 AIIGON LASER DEFOCUSING

While t h e  é l e c t r o s t r i c t i o n  and Ker r  e f f e c t  due to  a l a s e r  g i a n t  

pulse cause s e l f  fo c u s in g  the  dec re a se  i n  d e n s i t y  due to  a b s o r p t i o n  of a 

continuous l a s e r  beam has  th e  o p p o s i te  e f f e c t  of d e f o c u s i n g ^ 148)^

The f a r  f i e l d  p a t t e r n  of  the  argon l a s e r  beam, a f t e r  t r a n s m is s i o n

through a 5 cm c e l l  of a s o l u t i o n  of  i o d in e  i n  n i t r o b e n z i n e  w i th  an

—1absorp t ion  c o e f f i c i e n t  of about  *05 cm i s  sho^m i n  F i g s . 4 .3  and 4 .4 .

Tlie pho tographs  i n  F i g . 4 .3  show th e  s t a b l e  p a t t e r n  s e t  up a f t e r  some 

time when th e  argon  l a s e r  beam had th e  powers shown i n  t h e  diagram. At 

low powers defocus ing  was i n s i g n i f i c a n t  and good c o l l i m a t i o n  was r e t a i n e d .  

As the  power was in c r e a s e d  th e  spo t  became a d i f f r a c t i o n  p a t t e r n  of 

in c re a s in g  s i z e  and com plex i ty ,  r e t a i n i n g  an a lmos t  c i r c u l a r  shape i n  

the lower h a l f  and becoming i n c r e a s i n g l y  f l a t t e n e d  a t  th e  top .

F i g . 4 .4  shows th e  t ime development of t h e  p a t t e r n  when a «6 ¥  beam 

vas suddenly i n c i d e n t  on th e  c e l l .  As th e  l i q u i d  i n  th e  beam p a th  was 

heated th e  t r a n s m i t t e d  spo t  sp read  i n t o  an i n c r e a s i n g  number of c i r c u l a r  

f r inges  u n t i l  convec t ion  of the  h e a t e d  l i q u i d  began to  occur i n  th e  c e l l .  

When t h i s  happened the  r i n g s  no lo n g e r  i n c r e a s e d  i n  s i z e  and number b u t
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became d i s t o r t e d  as t h e r e  was a r e f r a c t i v e  index  g r a d i e n t  in the  lower 

par t  of the  beam, where cool  l i q u i d  was dra^vn i n ,  bu t  much l e s s  g r a d i e n t  in  

the upper p a r t ,  wbere the  h ea ted  l i q u i d  flowed away.

4.3 RESIDUAL RUBY GAIN AND MULTIPT̂ E STIMUIATED SCATTMIING

In s t i m u l a t e d  s c a t t e r i n g  p ro c e s s e s  l a s e r  l i g h t  i s  r e f l e c t e d  from a 

d is tu rbance  caused by i t s  own wave f r o n t .  For t h i s  r ea s o n  the s c a t t e r e d  

l i g h t  forms a beam in  p r e c i s e l y  the  r e v e r s e  d i r e c t i o n  to the  i n c i d e n t  

beam. Any d ive rgence  i n  the  i n c i d e n t  beaiii i s  r e p l a c e d  by convergence in  

the s c a t t e r e d  beam which thus  e n t e r s  the  l a s e r  w i th  the  same d iamete r  as 

the i n i t i a l  h e J ^ ? !  .172 ,174,178)  _

In  th e  experiment i l l u s t r a t e d  i n  F i g . 4 .5  the  d i s t a n c e  of the  c e l l  

(which c o n ta in e d  e t h e r )  from the  l a s e r  was such t h a t  the  l i g h t  beam s c a t 

t e re d  from the  c e l l  a r r i v e d  a t  the  ruby a f t e r  the  end of th e  i n i t i a l  g i a n t  

pu lse .  (As the  v e l o c i t y  of l i g h t  i s  about  one f o o t  p e r  nanosecond and the

pulse d u r a t i o n  about  20 nsec the  c e l l  had to  be a t  l e a s t  t e n  f e e t  from

the l a s e r . )  This  l i g h t  i n c i d e n t  on th e  ruby rod  immedia te ly  a f t e r  the  end

of the  g i a n t  p u l s e  se rved  as a measure of the  r e s i d u a l  ga in  l e f t  i n  the  

rod. The r e s i d u a l  ga in  i n  the  rod  i s  p r o p o r t i o n a l  to  the  r e s i d u a l  popu

l a t i o n  i n v e r s i o n  which can be shown to  be g iven  by the  e q u a t io n ^ ^ ^ ^ ^ :

This,  as  shown in  F i g . 4 .6  has  t h e  t r i v i a l  s o l u t i o n  n^ = n^ which ho lds

so long as l a s i n g  has n o t  been i n i t i a t e d  and a r e a l  s o l u t i o n  where n^

i s  a s h a rp ly  d e c re a s in g  f u n c t i o n  of  n ^ . (n^ cannot  be g r e a t e r  than

so n£ = i s  th e  only  r e a l  s o l u t i o n  when n̂ <̂ n ^ , i . e .  no l a s i n g  

can occur.  This  i s  of  course  p h y s i c a l l y  o b v io u s . )
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F i g s . 4 .7  and 4 .8  show the  r e s u l t s  of an experiment to  check t h i s  

p r e d i c t i o n ,  ( the  s h o r t  t r a c e  i s  t h a t  of the  T ek t ron ix  551,  not  shown in  

F ig . 4 . 5 ,  which checks t h a t  a s i n g l e  g i a n t  p u l s e  o c c u r s ) .  Wlien the  gain  

in the  rod was g r e a t e r  tl ian the  l o s s e s  i n  th e  r e s t  of the  system the  

s c a t t e r e d  p u l s e  was r e - a m p l i f i e d  and r e - s c a t t c r c d  with  i n c r e a s e d  power. 

Each r c - a m p l i f i c a t i o n  dec re a se d  the  i n v e r s i o n  l e f t  i n  the  rod  so t h a t  

even tua l ly  the  power dec re ase d  t i l l  the  D r i l l o u i n  t h r e s h o l d  was reached  

and the p ro c e s s  ceased .

In  F i g . 4 .7  the  r e s u l t s  o b ta in e d  w i th  a very  s t r o n g l y  and very  weakly 

Q-switched g i a n t  p u l s e  a r e  s h o w .  With the  s t r o n g l y  Q-switched p u lse  

there  was very  h igh  i n i t i a l  and consequen t ly  very  low f i n a l  p o p u la t i o n  

inve rs ion .  The ga in  i n  the  ruby rod  was thus  small w hile  th e  l o s s  i n

the Q-switch was l a r g e .  As a r e s u l t  only one s t im u la t e d  B r i l l o u i n  pu lse

occurred.  In  the  weakly swi tched  case  t h e r e  was enough r e s i d u a l  i n v e r 

sion to  give a ga in  between su c c e s s iv e  p u l s e s  of about  2^  t imes  even 

a f t e r  a l l  t h e  l o s s e s  i n  th e  system. A l a r g e  number of p u l s e s  occur red  

before th e  ga in  i n  th e  ruby  rod  was reduced and the  p u l s e s  faded  away.

(The l a t e r  p u l s e s  a r e  obscured  by e l e c t r o n i c  r i n g i n g  the  f u l l  number 

being about  f i f t e e n . )

In F i g . 4 .8  th e  r e s u l t s  a t  i n t e r m e d i a t e  Q -switch ing  l e v e l s  a r e  shown.

A steady d ec re ase  i n  ga in  and number of p u l s e s  produced i s  observed  w i th

inc reas ing  i n i t i a l  i n v e r s i o n .

Feedback of t h i s  k in d  can occur i n  a l l  s t i m u l a t e d  s c a t t e r i n g  

experiments and can be most  c on fus ing .  I t  should  i n  p r i n c i p l e  always 

be e l im in a te d  b u t  th e  only  r e l i a b l e  way to do t h i s  i s  to  use  a Faraday 

iso la to r^^ ^ ^*^ ^^ )  which i s  t e c h n i c a l l y  d i f f i c u l t  and in t r o d u c e s  problems 

of i t s  own such as beam d e g r a d a t io n ,  damage e t c .  I n  the  more im por tan t  

experiments d e s c r ib e d  i n  t h i s  t h e s i s  a compromise system was used .  A
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ce l l  w ith  an absorb  s o l u t i o n  t r a n s m i t t i n g  up to 20^ of l i g h t  a t  69^5 A 

was p laced  in  f r o n t  of the  l a s e r .  This of course  wasted  much of the  

beiuii power b u t ,  whi le  no t  t o t a l l y  exc lud ing  feedback ,  cu t  i t  down by a

f a c to r  of a t  l e a s t  tw e n t y - f i v e .

4.4 REPLKCTIQNS WITHIN THE Q-S\fITCII CELL

In the  Q-switch of a ruby l a s e r  two beams of l i g h t  of t h e  same f r e 

quency t r a v e r s e  an abso rb ing  medium in  o p p o s i te  d i r e c t i o n s .  More energy

is  absorbed a t  th e  a n t in o d e s  of the  r e s u l t i n g  f i e l d  than  a t  the  nodes

thus c r e a t i n g  a t em pera tu re  modula t ion  i n  th e  medium. Tliis i n  t u r n  

caused a r e f r a c t i v e  index  modula t ion  or  phase g r a t i n g  from which the  

l i g h t  can r e f l e c t .  (Tliis may be r e g a rd e d  as a form of s t i m u l a t e d  the rmal  

Rayleigh s c a t t e r i n g ^ 2 0 0 )  e x t e r n a l  feedback  of u n s h i f t e d  f requency

provided by th e  l a s e r  m i r r o r ) .

I t  has  been sugges ted  t h a t  such r e f l e c t i o n s  w i t h i n  the  Q-switch c e l l

can have an im por tan t  e f f e c t  on Q-switch dynamics p a r t i c u l a r l y  when u s in g

( 214)pure,  s l i g h t l y  abso rb ing  s o l v e n t s '

Beam s p l i t t e r s  were p la c e d  i n  f r o n t  of  and beh ind  th e  Q-switch c e l l  

of the  ruby l a s e r  and the  i n c i d e n t  and t r a n s m i t t e d  powers were measured in  

the forward and backward d i r e c t i o n s ,  ( F i g . 4 . 1 0 ) .  U n f o r tu n a t e ly  a t  t h i s  

time only two d e t e c t o r s  were a v a i l a b l e  so th e  measurements cou ld  n o t  be 

taken s im u l ta n e o u s ly .  However only t h e  r a t i o s  of  t r a n s m i t t e d  to  i n c i d e n t  

beam powers i n  each d i r e c t i o n  a r e  im p o r tan t  so t h i s  should  n o t  have caused 

much e r r o r .  F i g , 4 .9  shows t h e s e  beam powers w i th  ( lower  fo u r  ph o to s )  and 

without  (upper fo u r  p h o to s )  dye i n  th e  Q-switch.  Assuming t h a t  no non

l i n e a r  p ro c e s s e s  can occur a t  th e  low powers invo lved  i n  th e  l a t t e r  case  

these photographs  can be used  to  c a l i b r a t e  the  d e t e c t i o n  systems f o r  f i n d 

ing the  r e f l e c t i v i t y  i n  th e  former case .
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The induced  r e f l e c t i v i t y  and a b s o rp t io n  of the  c e l l  may be con

s id e red  as a l o c a l i s e d  la y e r  between the  lo s sy  w a lls  of th e  c e l l ,  which 

i s  i t s e l f  between two lo s s y  beam s p l i t t e r s ,  th e  whole system being  in  

f ro n t  of th e  100^ r e a r  l a s e r  m ir ro r  ( F i g . 4 .1 0 ) .  We may w r i te  fo r  the  

l i g h t  t r a v e l l i n g  away from th e  la y e r  in  each d i r e c t io n  

Ig  = I j t i t s f l  _ r ) ( l  -  a )  + I , t = t = r

I d = l D t I 4 ( i  -  r ) ( l  -  a)  + .

Hence: J k .  7 J k .  .  1
1 2 ylljL 0 1̂ 2 0

r  = '-----------------  ■■--—:-----

y  ■ " t  " I

For the  pho tographs i n  F i g . 4 .9

0 = 1-05 R ^ =  1-90
)

R%,o = -95 Rg = -80

b u t  ~  '95 , tg  ~  '85 ,

thus r  ~  '13 .

0\/ing to  th e  e lem en ta ry  t h e o r e t i c a l  a n a ly s i s  (wiiich took  no 

account of i n t e r f e r e n c e  o r  th e  ex tended  r e g io n  of r e f l e c t i o n  and absorp

t io n )  and th e  p r a c t i c a l  d i f f i c u l t i e s  (m easuring and R g f o r  d i f 

f e r e n t  l a s e r  sh o ts  when a  and r  cou ld  be d i f f e r e n t )  t h i s  can only be 

taken as a crude e s t im a te .  R e p e t i t io n  of th e  experim ent showed a v a r i a 

t io n  in  th e  e s t im a te  of r  of about $0^ .
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C 11 A  P  T E II V  

STUDY OF FLlJOIIESCFNCr: DUE TO EX C ITE D  STATE ABSORPTION

5 .1  EXITJIIM FNTAL AIMUNGLMFNT:

During one of th e  experim ents  d e s c r ib e d  in  Chapter 8 ,  a s o lu t io n  of 

cryptocyanino in  methanol was used  in  th e  probe s c a t t e r i n g  c e l l .  Under 

these c o n d i t io n s  th e  Bragg r e f l e c t i o n  of th e  argon l a s e r  l i g h t  was obscured 

as an in te n s e  b lue  f lu o re s c e n c e  a t  app rox im ate ly  th e  same frequency . The 

high degree of c o l l im a t io n  of th e  Bragg r e f l e c t e d  beam allow ed t h i s  d i f f i 

culty  to  be overcome by p la c in g  th e  d e t e c to r s  a t  a g r e a t e r  d is ta n c e  from 

the c e l l .  The n a tu re  of th e  f lu o re s c e n c e  however remained of some i n t e r 

est and was i n v e s t i g a t e d  f o r  a v a r i e t y  of dyes and s o lv e n t s ^ ^ ^ ^ \

In th e s e  i n v e s t i g a t i o n s  th e  ruby l a s e r  was s t ro n g ly  Q-switched to  

give a 200 15 nsec  p u ls e  which was passed  through  a c e l l  c o n ta in in g

a so lu t io n  o f  copper s u lp h a te  of which th e  c o n c e n t r a t io n  was v a r ie d  in  

order to  vary  th e  t r a n s m i t t e d  power. This method of v a ry ing  the  power 

vas p r e f e r a b l e  to  t h a t  of v a ry in g  th e  c o n c e n t r a t io n  of dye in  th e  Q-switch 

as the beam d iv e rg e n c e ,  p u ls e  d u r a t io n  and s p e c t r a l  com position  of the  

re s u l t in g  beam were l e s s  a f f e c t e d .

The beam o b ta in e d  i n  t h i s  way was p assed  through  a c e l l  co n ta in in g  

the s o lu t io n  to  be i n v e s t i g a t e d .  A d i l u t e  s o lu t io n  in  a  t h i n  c e l l  was 

used so t h a t  i n t e n s i t y  v a r i a t i o n s  w i th in  th e  s o lu t io n  should  be minimized. 

The use of a t h i n  c e l l ,  m isa l ig n e d  w ith  r e s p e c t  to  th e  ruby l a s e r  beam 

also helped  to  av o id  th e  occu rren ce  of s t im u la te d  e f f e c t s  w i th in  the  

liquid. The r e s u l t i n g  f lu o re s c e n c e  was d e te c te d  w ith  a M ullard  56 AVP 

ph o to m u ltip l ie r ,  r e d  l i g h t  b e in g  excluded  by Jena BG 18 green f i l t e r s  and 

hlue l i g h t ,  from th e  l a s e r  f l a s h  tu b e ,  by a W ratten  29 f i l t e r  p laced  a f t e r  

the copper su lp h a te  a t t e n u a t o r ,  (T h is  f i l t e r  i t s e l f  produced some b lu e ,  

two photon, f lu o re s c e n c e  b u t  th e  e f f e c t  of t h i s  on th e  d e te c to r  was
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n e g l ig ib le  p ro v id in g  the  c e l l  was p la c e d  a t  a c o n s id e ra b le  d is ta n c e  from 

the f i l t e r . ) The in c id e n t  l a s e r  power was m onito red  w ith  a photodiode 

■ and, u s in g  a de lay  l i n e ,  th e  d iode and m u l t i p l i e r  s ig n a l s  were d isp lay ed  

on th e  same t r a c e  of T ek tro n ix  454 o s c i l lo s c o p e .

5.2 WO PHOTON ABSORPTION

In  order  to  check th e  experim en ta l  te ch n iq u e  f lu o re s c e n c e  was f i r s t  

i n v e s t ig a te d  u s in g  a s o lu t i o n  of Rhodaraine 6G in  m ethenol,  a w ell  known

( 135)two photon ab so rb e r  \ In  t h i s  case  th e r e  i s  no r e a l  in te rm e d ia te

energy l e v e l  to  s a t u r a t e  and th e  f lu o re s c e n c e  should  be p ro p o r t io n a l  to

the square  of th e  i n c id e n t  i n t e n s i t y  f o r  a l l  a c c e s s ib le  power le v e ls ^ ^ ^ ^ '^ ^ ^ ^

The experim en ta l  dependence of f lu o re s c e n c e  on in c id e n t  i n t e n s i t y  

shown in  F i g . 5 . 1 ,  i s  in  e x c e l l e n t  agreement w ith  th e  t h e o r e t i c a l  l i n e  

i n d ic a t in g  a square  law.

The a b s o rp t io n  spectrum  of o h lo ro n a p th a le n e ,  shown in  F i g , 5 .2 ,  

rev ea ls  h igh  a b s o rp t io n  a t  tw ice  th e  ruby l a s e r  f requency .  Two photon 

ab so rp tio n  i s  th e r e f o r e  p o s s i b le  i n  t h i s  s o lv e n t  w ith o u t  any added . 

so lu te .  The dependence of th e  f lu o re s c e n c e  on th e  i n c id e n t  i n t e n s i t y  

for ch lo ro n a p th a le n e  i s  s h o w  in  F i g , 5 .3 .  This dependence i s  a square 

law fo r  f a i r l y  low i n c id e n t  i n t e n s i t i e s  b u t  t h i s  law breaks  d o w  f o r  

i n t e n s i t i e s  g r e a t e r  th an  abou t 3 x 10^ w/cm2, At th e  same power le v e l  

the d u ra t io n  of th e  f l u o r e s c e n t  p u lse  changes from approx im ate ly  t h a t  of 

the l a s e r  p u ls e  to  one c o n s id e ra b ly  lo n g e r .  The rea so n  f o r  t h i s  change

( 235)is  p robab ly  chem ical breakdown in  th e  l iq u id ^  '  and may be connected  

with th e  f a c t  t h a t  c h lo ro n a p th a le n e  i s  very  d i f f i c u l t  to  p u r i f y  and 

p a r t i c u l a r l y  to  keep d ry .
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5.3 I N T E N S I T Y  O F F L U O IŒ S C M C E
DUl': TO ST A T U  A ]]S(3n .P T I0N

The b lue  f lu o re s c e n c e  e x c i te d  in  s a tu r a b l e  ab so rbe rs  i s  due to  

exc ited  s t a t e  a b s o r p t i o n ^ I t  has been sho\vn t h a t  th e  s a tu r a t io n  

of the  f i r s t  e x c i te d  s t a t e  le a d s  to  a dependence of f lu o r e s c e n t  on 

in c id e n t  i n t e n s i t y  of th e  form:

f lu o re s c e n c e
i V i  '

where

1 + 2 V i ,
(c h a p te r  2 . l )

Xc cx u  ̂ i  jL

and i s  an i n t e n s i t y  c h a r a c t e r i s t i c  of s a t u r a t i o n  of th e  f i r s t  e x c i te d  

s t a t e .  cTi i s  th e  a b s o rp t io n  c r o s s - s e c t i o n  f o r  e x c i t a t i o n  from the  

ground to  th e  f i r s t  e x c i te d  s t a t e  and i s  th e  l i f e t i m e  of t h a t  s t a t e ,

Tlie v a lu e s  of and th e  r e l a t i v e  v a lu es  of Ig c a lc u la te d

(224  2 3 7 )from them a re  l i s t e d  below f o r  v a r io u s  s o lu t io n s^  ' ' ,

S o lu t io n cr^x lO^^cm^ T^x lO^secs
R e la t iv e  

v a lues  of

Chloroaluminium P h tha locyan ine  
in ch lo ronap tha lene 3 5 1

Vanadium p h th a lo cy an in e  in  
nitrogen 4-1 2 2

Cryptocyanine in  methanol 8-1 •1 20

Curves A and B of F i g . 5 .4  show the  dependence of f lu o re sc e n c e  on 

in c id en t  i n t e n s i t y  f o r  s o lu t io n s  of CAP in  ch lo ronaphalene and methanol 

r e s p e c t iv e ly .  Both curves  i n d i c a te  a square law dependence a t  low in p u t 

i n t e n s i t i e s  and a l i n e a r  dependence f o r  h igh  i n t e n s i t i e s .  The value  of 

Ig c h a r a c t e r i s t i c  of the  t r a n s i t i o n  between th e se  two p a r t s  of the  curve 

is  c l e a r ly  g r e a t e r  f o r  th e  s o lu t i o n  in  methanol. While va lues  of cr^
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and fo r  t h i s  s o lu t io n  a re  no t g iven  in  the  l i t e r a t u r e  i t  i s  known

th a t  the a b s o rp t io n  spectrum of CAP in  methanol has i t s  peak much 

fu r th e r  from 6943 A than t h a t  of CAP in  c h lo ro n a p th a len e .  Tills 

in d ic a te s  a lower va lue  of cr^ fo r  th e  s o lu t io n  in  methanol and ex p la in s  

the h ig h e r  va lue  of in  t h i s  c a se .

The va lue  of , in d i c a te d  hy curve A, fo r  th e  CAP in  c h lo ro 

napthalene s o lu t i o n  i s  about lO^W/cm^ w hile  t h a t  f o r  vanadium 

ph th a lo cy an in e ' in  n i t ro b e n z e n e  ( F i g . 5 .5 )  i s  about 3 x 10^ w/cm^. (The 

n o n - l in e a r  dependence of th e  f lu o re s c e n c e  a t  very  h igh  powers in  t h i s  

graph i s  due to  chemical breakdown of th e  s o l v e n t . )  The r a t i o  between 

them i s  in  re a so n a b le  agreement w ith  the  t h e o r e t i c a l  e s t im a te  above.

The va lue  of f o r  a s o lu t io n  of c ryp tocyan ine  in  methanol can

be e s t im a te d  from F i g . 5 .6 .  The much s h o r te r  l i f e t i m e  of the  e x c i te d  

s ta t e  of t h i s  dye le a d s  to  th e  very  h igh  s a tu r a t i o n  power 2 XlO^W/cm

wiiich i s  a l s o  i n  agreement w ith  th e  t h e o r e t i c a l  r a t i o  above.

A ll  th e s e  v a lu es  of a re  i n  agreement w ith  those  o b ta in ed  by

other w orkers u s in g  t ra n s m is s io n  and s in g le  photon f lu o re s c e n c e  measure-

m en tsh«6 ,224 .238 )_

5.4 SPECTRllI OF FLUORESCENCE FROM EXCITED STATE ABSORPTION

The second e x c i te d  s t a t e  causes a weak peak in  th e  a b so rp t io n  spec

trum of c ry p to cy an in e  a t  about 4000 A ( F i g . 5 .7 ) .  The f lu o re sc e n c e  

spectrum due to  decay of t h i s  s t a t e  would be expected  to  be a band w ith  

i t s  peak i n t e n s i t y  a t  a s l i g h t l y  longer  wavelength than  the  a b so rp t io n

p e a k P o S ) .

A simple d i f f r a c t i o n  spec tro m ete r  was c o n s tru c te d  to  observe the  

spectrum of th e  f lu o re s c e n c e  from th e  s o lu t io n  of c ryp tocyan ine  in  meth

anol. The observed  spectrum , shown in  F i g . 5*8, had the  expected  peak
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i n t e n s i ty  a t  about 4600Â . Tlio r e s o lu t io n  of th e  in s tru m en t was not 

s u f f i c i e n t  to  p e rm it  d e t a i l e d  a n a ly s i s  of th e  spectrum h u t  an asymmetry 

of th e  spec trum , p robab ly  due to s e l f  a b s o rp t io n  i s  c l e a r l y  v i s i b l e .
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c II A P T E II VI 

SCATTlCRlNd OF A EREQEENCY DOirOLED PROBE BEAM

6.1 EP,EQITENCY DOinPJNG

The ang le  of in c id e n c e ,  f o r  maximum i n t e r a c t i o n ,  between a probe 

and s c a t t e r i n g  beam i s  g iven  by (S e c t io n  2 .5 ) .

e = cos-1  h z i o M  . .
^ ruby  "probe

For t h i s  ang le  to  be r e a l :

probe ruby.

A beam of s h o r t e r  w avelength  may e a s i l y  be o b ta in e d  from a ruby l a s e r  

beam by f requency  d o u b l i n g ^ ^ ^ ^ I n  t h i s  case  ^p^obe ^ ^  V u b y  

and = 60® n e g le c t i n g  d i s p e r s io n .

The frequency  doubled beam was g e n e ra te d  by p a s s in g  the  ruby l a s e r  

beam th rough  a c r y s t a l  of ammonium dihydrogen  phosphate  (ADP) c u t  to  a 

cuboid 1" X  X Y "  • The cuboid  was c u t  w ith  i t s  a x i s  a t  42^" to  the  

op tic  a x i s  of th e  c r y s t a l  and the  two square f a c e s  were p o l i s h e d  f l a t  to  

X/lO .

In  o rd e r  to  g e n e ra te  a s i g n i f i c a n t  amount of frequency  doubled l i g h t  

phase m atching  must be a c h i e v e d ^ F i g .  6 .1  shows th e  wave f r o n t s  

of an o rd in a ry  fundam ental and an e x t r a o rd in a ry  second harmonic wave in  

Potassium Dihydrogen Phosphate  (KDP). (The s i t u a t i o n  i n  ADP, used  here  

because i t  i s  l e s s  hyg roscop ic  th en  KDP, i s  e s s e n t i a l l y  s im i la r  b u t  the  

in fo rm ation  a v a i l a b l e  i s  n o t  so d e t a i l e d .  ) The ang le  between th e  o p t ic  

(z) a x i s  and 0 ,  th e  l i n e  of i n t e r s e c t i o n  of th e  w avefron ts  in d i c a te s  the

• (239)d i r e c t io n  i n  which phase m atching  i s  ach ieved .  ( i n  A.D.P. t h i s  angle  

i s  42® alleaving phase m atch ing  f o r  l i g h t  i n c id e n t  norm ally  on th e  c r y s t a l  

cuboid d e s c r i b e d . ) Any d e v ia t io n  from t h i s  d i r e c t i o n  g ives  the  very  

sharp d ec re ase  of f req u en cy  doubled power in d i c a te d  in  th e  graph of th a t
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power as a fu n c t io n  of th e  ang le  0. The power a lso  depends on the  angle 

<p b u t  much l e s s  c r i t i c a l l y .  A k in e m a t i c a l ly  des igned  o p t i c a l  s tan d  

allow ed very  a c c u ra te  m icrom eter ad ju s tm en t of th e  ang le  6 so phase 

matching was e a s i l y  ach iev ed .  (Tliis was made e a s i e r  hy th e  f a c t  t h a t  when 

th e re  i s  s l i g h t  mismatch the  frequency  doubled l i g h t  appears  as a s e r i e s  

o f ' Giordmaine r i n g s '  whose r a d iu s  and p o s i t i o n  in d i c a t e  the  amount and 

d i r e c t io n  of mismatch^^ )

I t  was n o t  n e c e s s a ry  to  Imow th e  e x ac t  o u tp u t  of frequency  doubled 

l i g h t  as only  th e  f r a c t i o n  r e f l e c t e d  was of experim en ta l s ig n i f i c a n c e  

N ev er th e less  th e  approxim ate amount of co n v ers io n  was of i n t e r e s t  and was 

measured by a l lo w in g  the  r e d  and b lu e  o u tp u t  from s u c c e ss iv e  l a s e r  sho ts  

through th e  c r y s t a l  to  f a l l  on a pho tod iode w h ile  a time de layed  r e fe re n c e  

beam of re d  l i g h t  f e l l  on th e  same diode to  in d i c a t e  th e  i n c id e n t  power 

le v e l  f o r  each s h o t .

The o s c i l lo g ra m s  o b ta in e d ,  shown in  F i g . 6 .1  in d i c a te d  a t y p i c a l  con

v e rs io n  o f abou t 3^ f o r  an in c id e n t  power o f about 30 Mlf.

6.2 EXPERIMENTAL ARRANGEMENT FOR TPIE SCATTERING
OF A FREQUENCY DOUBLED PROBE

The ex p er im en ta l  l a y -o u t  i s  shown s c h e m a t ic a l ly  i n  F i g . 6 .2 .  In

t h i s  experim ent the  u su a l  Q -switch c e l l  was r e p la c e d  by a hexagonal one
(246)

so t h a t  th e  probe s c a t t e r i n g  could  ta k e  p la c e  w i th in  th e  Q-switch c e l l  

The probe s c a t t e r i n g  cou ld  i n  f a c t  be more e a s i l y  i n v e s t i g a t e d  i n  a sepa

r a t e  c e l l  b u t  t h i s  arrangem ent was used  because i t  had been sugges ted  t h a t  

a phase g r a t i n g  w i th in  th e  Q -sw itch c e l l  cou ld  be r e s p o n s ib le  f o r  c e r t a in  

f e a tu r e s  of Q -sw itched  l a s e r  o p e ra t io n ^ ^ ^ ^ ^ .

The Q -sw itch and pumping l e v e l s  of th e  ruby l a s e r  were such as to  

give a 30 20 n s e c ,  s in g le  p u lse  o u tp u t .  The occurrence of only one

pulse  was checked w i th  a T e k tro n ix  551 o s c i l lo s c o p e ,  n o t  shown in  th e
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diagram , w hile  th e  power of t h a t  p u ls e  was m on ito red  u s in g  th e  Tek tron ix  

519 o s c i l lo s c o p e .  The spectrum  of th e  o u tp u t  was m onitored  w ith  a Fabry- 

P e ro t  in t e r f e r o m e te r  in  o rd e r  to  ensure  t h a t  th e  s t im u la te d  B r i l lo u in  

e f f e c t  d id  n o t  occur w i th in  the  Q-sw itch c e l l .

Tlie ruby l a s e r  beam, p o la r i z e d  in  th e  p lan e  of th e  diagram passed  

through th e  ADP c r y s t a l  a t  th e  phase m atching ang le  g e n e ra t in g  about 1 

of l i g h t  a t  3471 A, p o la r i z e d  p e rp e n d ic u la r  to  th e  diagram. This l i g h t  

passed  round a de lay  p a th  of v a r i a b l e  le n g th  and was th e n  r e f l e c t e d  in to  

the  Q -sw itch c e l l ,  a t  60® to  th e  d i r e c t i o n  of th e  ruby l a s e r  beam, by a 

q u a r tz  prism  su p p o r ted  on an arm of th e  * sp ec tro m e te r  t a b l e ’ d e sc r ib e d  

in  S e c t io n  3 .4 .

The ruby  l a s e r  l i g h t  formed an in te n s e  s ta n d in g  wave of e l e c t r i c  

f i e l d  w i th in  th e  Q-sw itch c e l l .  A lthough th e  Q -sw itch ing  dye was a  s a tu r 

ab le  a b so rb e r  th e r e  was s t i l l  some a b s o rp t io n  in  th e  dye c e l l  which caused 

a g r e a t e r  te m p e ra tu re  r i s e  a t  th e  a n t in o d e s  of th e  f i e l d  th a n  a t  th e  nodes. 

The te m p era tu re  r i s e  caused  therm al expans ion ,  red u c in g  th e  d e n s i ty  and 

r e f r a c t i v e  index  a t  th e  a n t in o d e s  of th e  f i e l d .  In  t h i s  way a phase 

g r a t in g  was s e t  up which cou ld  Bragg r e f l e c t  l i g h t  i n c id e n t  a t  th e  appro- 

p r i a t e

The l i g h t  beams t r a n s m i t t e d ,  and r e f l e c t e d ,  by t h i s  g r a t i n g  were 

reco rd ed  p h o to g ra p h ic a l ly  a f t e r  p a s s in g  th rough  f i l t e r s  to  remove any 

red  l i g h t  and to  a t t e n u a t e  th e  b lu e  beam to  a s u i t a b l e  i n t e n s i t y .

6 .3  BRAGG REFLECTION OF PROBE LIGHT

F i g . 6 .3  shows th e  t r a n s m i t t e d  and r e f l e c t e d  beams when th e  angle  

between th e  f requency  doubled probe beam and th e  ruby l a s e r  beam was 

s l i g h t l y  v a r i e d  about 60®. The r e f l e c t e d  beams d isap p ea red  when:

(a )  The ang le  between th e  beams in  th e  c e l l  d i f f e r r e d  

from 60° by more th a n  10 m .rad .
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(b )  A rod  f i l t e r  was pub in  f r o n t  of the  camera and the  

green  ones removed.

(c )  The frequency  doub ling  c r y s t a l  was m isa lig n e d  from the

phase ma belling a n g le .

(d )  th e  back m i r ro r  of th e  l a s e r  was pub in  f r o n t  of th e  hexa

gonal c e l l  and a n o th e r  Q -switch was p rov ided .

Tliese f a c t s  imply t h a t  th e  pho tographs show genuine Bragg R e f le c t io n  not

an a r t e f a c t  due to  sp u r io u s  l i g h t .

F i g . 6 . 3 ( 1 1) was o b ta in e d  when th e  d ive rgence  of th e  probe beam was 

cu t to  2 m .rad .  by th e  use of two small a p e r tu r e s  w hile  in  F i g . 6 . 3 ( 1 ) the  

probe had i t s  n a t u r a l  d ive rgence  of about 5 m .rad . The w id th  of the  

angle between p o s i t i o n s  a t  which the  s c a t t e r i n g  had h a l f  i t s  maximum value 

i s  seen to  co rrespond  app rox im ate ly  to  th e  d ive rgence  of th e  probe beam. 

This i s  to  be expec ted  because  th e  w id th  of th e  Bragg ang le  ( c a l c u la t e d  in  

Chapters I I  and V I I l )  i s  exceed ing ly  small and the  r e f l e c t e d  l i g h t  i s  a 

f ix e d  p ro p o r t io n  of th e  i n c id e n t  l i g h t  f a l l i n g  w i th in  t h i s  w id th .  (The 

d ivergence  of th e  ruby la se r-b eam  i s  l e s s  s i g n i f i c a n t  because th e  nodes 

of th e  f i e l d  a r e  p a r a l l e l  to  th e  m i r ro r  f o r  any angle  of in c id e n c e . )

Tlie i n t e n s i t i e s  of th e  t r a n s m i t t e d  and Bragg r e f l e c t e d  beams imply 

a maximum r e f l e c t i v i t y  of the  phase g r a t in g  of about Vfo f o r  th e  5 m .rad . 

probe beam and 3^ f o r  th e  2 m .rad .  beam.

An a t te m p t  was made to  measure th e  dec rease  of Bragg r e f l e c t i o n  When 

the  le n g th  of th e  d e lay  p a th  of th e  probe beam was in c re a s e d .  No decrease  

was observed  f o r  d e lay  p a th s  of up to  t h i r t y  f e e t ,  which was th e  lo n g e s t  

p r a c t i c a b l e  le n g th  w ith  our a p p a ra tu s ,  b u t  th e se  measurements were compli

ca ted  by a number of f a c t o r s .  In  the  f i r s t  p la c e  t h i r t y  f e e t ,  which gave 

about t h i r t y  nanoseconds de lay  was n o t  long enough to  a l low  much decay of 

the phase g r a t i n g  induced  by a p u ls e  of 20 nsec d u ra t io n  between the  h a l f  

i n t e n s i t y  p o i n t s .  Also th e  d ive rgence  of th e  beam was such t h a t  only a
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p a r t  of i t  e n te re d  the  c e l l  a f t e r  a long de lay  p a th .  The d ivergence of 

the l i g h t  a c t u a l l y  e n t e r in g  the  c e l l  was thus  a fu n c t io n  of th e  de lay  

path  and th e  Bragg r e f l e c t i o n  depends s t r o n g ly  on the  d ive rgence .  Tliis 

problem was p a r t i a l l y  so lved  by th e  use  of a p e r tu r e s  and fo cu s in g  the  bean 

but i t  became obvious t h a t  much b e t t e r  r e s u l t s  cou ld  be o b ta in ed  u s in g  a 

continuous probe beam from an independen t l a s e r .
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C H A P  T E R 

SCATTOHING OF AN ARGON LASER PROBP DFAM

7 . 1  1^ERTM F.NTAL ARPANC^FMmT

The arrangem ent f o r  th e  argon l a s e r  probe s c a t t e r i n g  experim ents

i s  shown s c h e m a t ic a l ly  in  F i g s . 7 .1  and 7 .2  and a photograph of the

( 249 )experim ent i s  sho^m in  th e  F ro n t is p ie c e ^

F i g . 7 .1  i l l u s t r a t e s  th e  e l e c t r i c a l  d e t e c t io n  and d i s p la y  system 

w hile  F i g . 7 .2  i s  a more complete diagram of th e  o p t i c a l  arrangem ent.

The fo rw ard  and backward going ruby l i g h t  beams were d e te c te d  by th e  

d iodes  , Dg and Dg and d is p la y e d  v ia  channel 1 of th e  454 o s c i l l o 

scope w h ile  th e  Bragg r e f l e c t e d  argon beam was d e te c te d  by th e  pho to

m u l t i p l i e r  P and d is p la y e d  w ith  d i f f e r e n t  g a in ,  v i a  channel 2 on th e  

same t r a c e  of th e  454. The s ig n a l  d e te c te d  by was c a l i b r a t e d

a g a in s t  a c a lo r im e te r  in  th e  u su a l  way (C hapter  3 .2  and F i g . 7 .3 )  and 

th o se  d e te c te d  by Dg , Dg were c a l i b r a t e d  a g a i n s t  D ^ knowing the  

lo s s e s  i n  th e  c e l l ,  beam s p l i t t e r s  e t c .

The o u tp u t  of th e  ruby  l a s e r ,  as  d e s c r ib e d  in  S e c t io n  3 .2  was a 

p u lse  of up to  100 Ml^/cm^ i n t e n s i t y  and about 15 nsec d u r a t io n ,  w hile  

t h a t  of th e  argon  l a s e r  was a con tinuous  beam w ith  a power of abou t 1 ¥  

and w avelength  of 4880 A. The o u tp u t  of b o th  l a s e r s  was p o la r i z e d  in  

a p la n e  p e rp e n d ic u la r  to  th e  p la n e  of F i g , 7 .2 .

The backward going l i g h t  beam was g en e ra ted  by r e f l e c t i n g  th e  f o r 

ward going one e i t h e r  by a p lan e  m ir ro r  normal to  th e  beam o r  e l s e  by 

g e n e ra t in g  s t im u la te d  s c a t t e r i n g  by fo cu s in g  th e  l i g h t  in to  c e l l  2 

( F i g . 7 . 2 ) .  R e f l e c t io n  by a m i r ro r  gave a beam of. th e  same frequency  as 

the  fortvrard going one w h ile  s t im u la te d  s c a t t e r i n g  gave one of s l i g h t l y  

s h i f t e d  freq u en cy .
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llic power of the  fo rw ard  and backward going ruby l i g h t  beams was 

c o n t r o l l e d  by copper s u lp h a te  s o lu t i o n  a t t e n u a t i o n .  Tlie s h i f t  in  f r e 

quency of th e  backward going beam was measured on th e  F a b ry -P e ro t ,  which

a lso  checked th e  s in g le  mode o u tp u t  of th e  ruby l a s e r  (S e c t io n  3 .5 )

The fo rw ard  and backward going beams produced a r e f r a c t i v e  index 

m odulation  in  th e  c e l l  1 ( F i g . 7 .4 )  which cou ld  Bragg r e f l e c t  th e  argon 

l a s e r  beam (S e c t io n  2 .5 )  when i t  was in c id e n t  a t  th e  a p p ro p r ia te  a n g le .  

Tills ang le  i s  45 '5^  fo r  Bragg r e f l e c t i o n  of argon by ruby l a s e r  l i g h t

and p e rm i t te d  c o n v e n ie n t ,  n e a r ly  norm al, in c id e n c e  on th e  w a l l s  of th e

g e o m e tr ic a l ly  simple c e l l  1 ( F i g . 7 . 2 ) .  Tlie ang le  between th e  ruby and 

argon l a s e r  beams cou ld  be measured to  *1® and much s m a l le r  in c re m en ta l  

ad ju s tm en ts  (*1 m .rad )  cou ld  be a c c u r a te ly  made u s in g  th e  * sp ec tro m e te r  

ta b le*  d e s c r ib e d  in  S e c t io n  3 .4 .

7 .2  PROBE SCATTERING MECHANISMS

Two o p p o s i te ly  d i r e c t e d  l i g h t  waves i n  a medium may, as d is c u s se d

in  Chapter I I ,  modulate th e  r e f r a c t i v e  index  of t h a t  medium by a number 

( l 9 l )of mechanisms The p r i n c i p a l  mechanisms in v o lv e d  a r e j -

( a )  A b so rp t io n ,  which a f f e c t s  th e  te m p era tu re  and hence th e  

d e n s i ty  of th e  medium.

(b )  E l e c t r o s t r i c t i o n  which d i r e c t l y  a f f e c t s  th e  d e n s i ty  of 

th e  medium.

( c )  The K err e f f e c t  which i s  a change in  th e  p o l a r i z a b i l i t y

of th e  medium due e i t h e r  to  m o lecu la r  r e - o r i e n t a t i o n  o r  to  

th e  n o n - l i n e a r  p o l a r i z a b i l i t y  of th e  m olecu les  th em se lv es .

Each of th e se  mechanisms g iv e s  r i s e  to  an a s s o c ia t e d  s t im u la te d  s c a t t e r 

in g  p r o c e s s ,  th e s e  b e in g :

(a )  S t im u la te d  the rm al R ay le igh  s c a t t e r in g ^ ^ ^ ^ ^ ,  and th e  

the rm al m o d i f ic a t io n  of s t im u la te d  B r i l l o u i n  s c a t t e r i n g ,

(b )  S t im u la te d  B r i l l o u i n  s c a t t e r in g ^

-  I l l  -
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( c )  s t im u la te d  Ilayloigh wing s c a t t e r i n g ^ a n d  s t im u la te d

Baman s c a t t e r i n g ^ d u e  to  m o lecu la r  r e - o r i e n t a t i o n  and 

n o n - l i n e a r  m o lecu la r  p o l a r i z a b i l i t y  r e s p e c t iv e l y .

Tlic r e f r a c t i v e  index m odu la tion  due to  each mechanism a lso  r e s u l t s  in

a co rresp o n d in g  probe s c a t t e r i n g  of th e  argon l a s e r  beam.

7 .3  HlOhl': SCATTEllTNG DUE TO ABSORPTION

The e a s i e s t  of th e s e  mechanisms to  i d e n t i f y  p o s i t i v e l y  i s  t h a t  of 

a b s o rp t io n .  The r e s u l t i n g  Bragg r e f l e c t i o n  has  a maximum when th e  

backward going and forw ard  going beams a re  of th e  same f requency  

(S e c t io n  2 .5 )  and ,  w h ile  a b s e n t  when the  beams i n t e r s e c t  i n  a pu re  non

abso rb in g  s o lv e n t ,  w i l l  appear when a sm all amount of an ab so rb in g  

substance  i s  d is s o lv e d  in  t h a t  s o lv e n t .

F i g . 7 ,5  shows th e  s ig n a l s  on th e  d iodes  and p h o to m u l t ip l i e r  when 

th e  backward beam was g e n e ra te d  by a m i r ro r  and pure  methanol (upper 

t r a c e )  o r a s o lu t i o n  of copper a c e t a t e  i n  methanol ( low er t r a c e ) ,  were 

used  i n  th e  s c a t t e r i n g  c e l l .  [A s o lu t io n  of copper a c e t a t e  i n  methanol 

w ith  an a b s o rp t io n  c o e f f i c i e n t  of *15 and an a b s o rp t io n  spectrum  as  i n  

F i g . 7 .6  i s  u sed  in  a l l  th e s e  experim ents  u n le s s  o th e rw ise  s t a t e d . ]  The 

s ig n a l  on th e  p h o to m u l t ip l i e r  d isap p ea red  i f  e i t h e r  ruby  l i g h t  beam or 

th e  argon l a s e r  beam was c u t  o f f  and was c r i t i c a l l y  dependent on th e  

ang le  between th e  beams.

These f a c t s ,  and th e  absence of p h o to m u l t ip l ie r  s ig n a l  on th e  

upper t r a c e  imply t h a t  th e  s ig n a l  on th e  p h o to m u l t i p l i e r ,  d is p la y e d  on 

th e  lower t r a c e  of F i g . 7 . 5 ,  was due to  Bragg r e f l e c t i o n  o f th e  argon 

l a s e r  from a phase  g r a t i n g  produced by a b s o rp t io n  of th e  ruby  l a s e r  

l i g h t .
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7 .  h P IIO IÎE  S C A T T r a U N G  DW, TO E L l lC T H O S T lV rC T l  OM

'riie r e f r a c t i v e  index  m odulation  induced by é l e c t r o s t r i c t i o n  i s  

n e g l ig ib l e  u n le s s  th e  backward going beam c o n ta in s  l i g h t  of a frequency  

s h i f t e d  from t h a t  of th e  fo rw ard  going beam by an amount c lo se  to  th e  

B r i l l o u i n  frequency  s h i f t  (S e c t io n  2 .5 ) .  To o b ta in  th e  photographs in  

F i g . 7 .7  th e  l i g h t  of s h i f t e d  frequency  was g e n e ra te d  by s t im u la te d  

B r i l l o u i n  s c a t t e r i n g  in  th e  l a s e r  Q -sw itch and th e  baclavard beam was 

g e n e ra ted  by th e  use of a m i r ro r  normal to  th e  ruby  l a s e r  beam r a t h e r  

than  by fo c u s in g  in t o  c e l l  2. The s p e c t r a  shown a re  th o se  of th e  f o r 

ward beam and were pho tographed  w ith  a' s im ple F a b ry -P e ro t  in t e r f e r o m e te r  

n o t  u s in g  the  p o la r o i d  q u ad ran t  te ch n iq u e  (S e c t io n  3 . 5 ) .  This system , 

used b e fo re  th e  development of th e  more s o p h i s t i c a t e d  arrangem ent of 

F i g . 7 . 2 ,  was adequa te  to  dem onstra te  probe s c a t t e r i n g  due to  é l e c t r o s t r i c 

t i o n  in  pure  m e thano l.

I t  can be seen in  F i g . 7 .7  t h a t  when th e  f requency  s h i f t e d  l i g h t  

component was a b s e n t  ( to p  p h o to )  th e r e  was no Bragg r e f l e c t e d  s ig n a l  on 

th e  p h o to m u l t i p l i e r .  As th e  i n t e n s i t y  of th e  l i g h t  of s h i f t e d  frequency  

in c re a s e d  ( to p  to  bottom  p h o tog raphs)  th e  i n t e n s i t y  of th e  Bragg r e f l e c t e d  

p u ls e  a l s o  in c re a s e d .  The d u ra t io n  of th e  Bragg r e f l e c t e d  p u ls e  i n  t h i s  

case  i s  s h o r t e r  th a n  t h a t  i n  th e  case  of the rm al s c a t t e r i n g  s in c e  the  

l a t t e r  was le n g th en ed  by th e  slow r e l a x a t i o n  of th e  the rm al g r a t i n g  

wiiereas th e  form er only  e x i s t s  w h ile  bo th  th e  fundamental and B r i l l o u i n  

s h i f t e d  beams e x i s t .

7 .5  PROBE SCATTERING DUE TO THE KERR EFFECT

The m ajor p a r t  of th e  K err e f f e c t  ( t h a t  due to  r e - o r i e n t a t i o n )  

causes  th e  g r e a t e s t  r e f r a c t i v e  index  m odulation  when th e re  i s  no s h i f t  

in  f requency  of the  backward going beam, (S e c t io n  2 .5 ) .  This e f f e c t
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can th e r e f o r e  cause Bra^^ r e f l e c t i o n  in  a pure  non-abso rb ing  medium 

when th e  baclvward and forw ard  beams have th e  same frequency . This Bragg 

r e f l e c t i o n  i s  very  weak in  methanol and was n o t  d e t e c ta b le  under the  

experim en ta l c o n d i t io n s  of F i g . 7 .5 .  I t  i s  im p o rtan t  to  d i s t i n g u i s h  t h i s  

weak Bragg r e f l e c t i o n  from t h a t  due to  r e s id u a l  a b s o rp t io n  in  th e  medium 

or to  a l i g h t  component of s h i f t e d  frequency  too weak to  d e t e c t  on the  

F a b ry -P e ro t .  This can be done by ta k in g  in to  account t h e i r  d i f f e r e n t  

p o l a r i z a t i o n  p r o p e r t i e s .  Tlie a b s o rp t iv e  and e l e c t r o s t r i c t i v e  mecha

nisms a c t  on th e  d e n s i ty  of th e  medium and have no d i r e c t i o n a l  p r o p e r t i e s .  

The K err e f f e c t  however causes  a r e f r a c t i v e  index  change which has a 

va lue  in  th e  d i r e c t i o n  of th e  e l e c t r i c  f i e l d  of about tw ice  t h a t  i n  a 

d i r e c t i o n  p e rp e n d ic u la r  to  t h a t  f i e l d  (H ave lock 's  L aw )^ ^^ ^ \

The upper t r a c e  of F i g . 7 .8  shows th e  s ig n a l  due to  Bragg r e f l e c t i o n  

from pure  m ethanol w ith  fo rw ard  and backward beams of th e  same frequency .

(a  l i q u i d  of h ig h  K err e f f e c t ,  such as n i t ro b e n z e n e  cou ld  n o t  be used  

because of th e  low s e l f - t r a p p i n g  (S e c t io n  4 . l )  th r e s h o ld  i n  th e s e  l i q u i d s , )  

The m iddle t r a c e  was o b ta in e d  when a d is c  of fu se d  s i l i c a  was p la c e d  in  

th e  p a th  of th e  ruby l a s e r  beam to  s im u la te  th e  lo s s e s  in t ro d u c e d  in  

o b ta in in g  th e  lower t r a c e .  This caused  no s i g n i f i c a n t  change i n  the  

Bragg r e f l e c t i o n .  To o b ta in  th e  lower t r a c e  a d is c  of c r y s t a l  q u a r t z ,  

w ith  f a c e s  p e rp e n d ic u la r  to  i t s  o p t ic  a x i s ,  was p la c e d  i n  th e  ruby l a s e r  

beam so t h a t  th e  p o l a r i z a t i o n  of t h a t  beam was r o t a t e d  through  90®. The 

marked r e d u c t io n  of th e  p h o to m u l t ip l ie r  s ig n a l  im p lie s  t h a t  th e  K err 

e f f e c t  was th e  mechanism r e s p o n s ib le  f o r  th e  Bragg r e f l e c t i o n  in d i c a te d  

by th e  t r a c e s  of F i g . 7 -8 .  - "
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c II A P T E R m i  

QUANTITATLVT; STODY QF PHOBE SCATTL:RING due to  ABSORPTION

8.1  APPLICATION OF THEO!?l]TrCAL CONCLUSIONS
TO THE l'IXTLIlIMENTAL SITUATION

The probe s c a t t e r i n g  due to  a b s o rp t io n  vas  chosen f o r  f u r t h e r  s tudy  

fo r  a number of re a s o n s .

F i r s t ,  i n  probe s c a t t e r i n g  experim ents  ( i n  c o n t r a s t  to  th e  s i t u a 

t i o n  i n  co n v e n t io n a l  s t im u la te d  s c a t t e r i n g  e x p e r i m e n t s ^ , 

a b s o rp t io n  i s  th e  mechanism most e a s i l y  s tu d ie d  e x p e r im e n ta l ly .  I t  

r e s u l t s  in  a much s t ro n g e r  Bragg r e f l e c t i o n  th a n  t h a t  due to  th e  K err 

e f f e c t  and i s  more e a s i l y  induced  th a n  é l e c t r o s t r i c t i o n .

Secondly , th e  b u i ld -u p  and decay of th e  therm al g r a t i n g  induced by 

a b s o rp t io n  i s  a r e l a t i v e l y  slow p ro c e ss  (lO"® s e c s )  and can be co n v en ien tly  

s tu d ie d  by probe s c a t t e r i n g  whereas th e  d e n s i ty  g r a t i n g  induced  by é l e c t r o 

s t r i c t i o n  and the  m o lecu la r  o r i e n t a t i o n s  r e s p o n s ib le  f o r  th e  K err  e f f e c t  

have much s h o r t e r  l i f e t i m e s  (lO"^^ and 10“ ^^ secs  r e s p e c t i v e l y )  more e a s i l y  

s tu d ie d  by th e  b roaden ing  of th e  A sso c ia ted  spontaneous s c a t t e r i n g  l i n e s .

T h i rd ly ,  t h i s  mechanism has p r e v io u s ly  undergone c o n s id e ra b ly  l e s s  

i n v e s t i g a t i o n .

L et us c o n s id e r  th e  e q u a t io n  f o r  a b s o rp t iv e  probe s c a t t e r i n g  d e r iv e d  

in  S e c t io n  2 , ^ '

( ¥ )  = (■ \  I t / m a x  V
Tt N a  p Y 1

I .  lo  .
h / m a x  V g ^ .  4  C08= K  ̂ '

In  th e  experim ent a m i r ro r  was u sed  to  g e n e ra te  th e  backward going beam 

so Ü) = 0 and th e  eq u a t io n  becomes

P Y^  N 0-
V II /max " Vskl Z  cos= (r  “ r  ®niax ^  "a
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Ip
Now I Y“ ] i s  th e  r e f l e c t i v i t y  of the  g r a t i n g  fo r  probe l i g h t  in c id e n t  

\  1 /  max
a t  th e  ang le  8^%%. Tliis r e f l e c t i v i t y  f a l l s  o f f  sh a rp ly  w ith  any change 

in  an g le  tlie a n g u la r  w id th  a t  h a l f  r e f l e c t i v i t y  be ing :

4 X 1-39
60 =

X N tan

1 inax

Since N the  number of r e f r a c t i v e  index  m odu la tions  in  th e  s c a t t e r i n g  

re g io n  was about 10^ t h i s  ang le  i s  much l e s s  th an  A0 th e  d ivergence  of 

th e  argon l a s e r  beam which was about two m i l l i r a d i a n s . Tlie maximum 

r e f l e c t i v i t y  f o r  th e  whole argon l a s e r  beam was th e r e f o r e  approx im ate ly :

A0

w h ile  th e  a n g u la r  dependence of th e  r e f l e c t i v i t y  was th e  same as the  

a n g u la r  d i s t r i b u t i o n  of th e  argon l a s e r  beam i n t e n s i t y .

/ I r\
Now th e  v a lu e s  of ( j — ) and 60 were c a l c u l a t e d  in  S ec t io n

X^I/max
2 .5  f o r  a r e g io n  of le n g th  L (a long  th e  ruby beam d i r e c t i o n )  i n  which 

c o n s t r u c t iv e  i n t e r f e r e n c e  of th e  inc rem en ts  of l i g h t  am plitude  r e f l e c t e d  

from each m odu la tion  cou ld  occu r .  In  th e  experim en ta l s i t u a t i o n  where 

th e  narrow  argon  l a s e r  beam c ro s s e s  th e  much w ider ruby l a s e r  beam th e

dim ensions of such a re g io n  would be ap p rox im ate ly  th e  d iam ete r  of th e

argon l a s e r  beam The number of such r e g io n s ,  which may be con-

s id e r e d  as  s c a t t e r i n g  in d e p e n d e n t ly ,  would be •

The o v e r a l l  r e f l e c t i v i t y  f o r  th e  argon l a s e r  beam c ro s s in g  th e  

phase g r a t i n g  induced  by th e  ruby l a s e r  beam a t  th e  ang le  g iv in g  maximum 

r e f l e c t i o n  i s  th u s  R where:

t h e r e f o r e  _
^  £ r  ;  4 X 1"39 7  (  ^  N g P Y  V  ^ j

'  % N tan 0j^ax \8  4  4  cos^ e^ax K n^ /  ^
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b u t :  2 % „ r  Xa ,
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t h e r e f o r e :

7 ________ ‘l l J.22 __________  7  ( ________________ u  P  Y  , J  J

r  k^ iij, ta n  0^%% A0 \ 8  kp n^ cos^ ®max^ 4  ^ ^

8 .2  ABSOLUTE VALUE OF THE BRAGG REFLECTIVITY

The lower t r a c e  of F i g . 7 .5  was o b ta in e d  ^vhen th e  i n t e n s i t y  of the  

fo rw ard  going beam was 20 MW/cm^ (power 3*7 MW, d iam ete r  ^  cm) and t h a t  

of th e  backward going beam was a t h i r d  of t h i s  v a lu e .  The h e ig h t  of 

th e  p h o to m u l t i p l i e r  p u ls e  i n d i c a t e s  a r e f l e c t i v i t y  of abou t *15^.

The l i q u i d  i n  th e  s c a t t e r i n g  c e l l  was a s o lu t i o n  of copper a c e ta t e  

in  m ethanol -with an a b s o rp t io n  c o e f f i c i e n t  of -13 cm"l. The v a lu e s  of 

th e  p a ra m e te r s ,  a p p r o p r ia te  to  t h i s  s o l u t i o n ,  a p p ea r in g  in  th e  r e f l e c 

t i v i t y  e q u a t io n  a re  g iven  a t  th e  end of th e  Appendix. Using th e se  

pa ram e te rs  we f i n d ,  under th e  experim en ta l c o n d i t io n s :

R ~  10“ ^

A more a c c u ra te  c a l c u l a t i o n  of th e  a b s o lu te  v a lu e  i s  n o t  j u s t i f i e d  in  

view of th e  unknown i n t e n s i t y  d i s t r i b u t i o n s  of th e  th r e e  beams invo lved  

and th e  in a c c u ra c y  in t ro d u c e d  i n  th e  c a l i b r a t i o n  of th e  Bragg r e f l e c t e d  

p u ls e  (S e c t io n  3 . l ) .  For th e se  rea so n s  th e  v a r i a t i o n  o f r e f l e c t i v i t y  

w ith  th e  r e l e v a n t  experim en ta l pa ram ete rs  p ro v id e s  a  b e t t e r  t e s t  of 

th e o ry  th a n  i t s  a b s o lu te  m agnitude.

8 .3  VARIATION OF REFLECTIVITY WITH THE

ANGLE BETWEEN TBE BEAMS

F i g . 8 .1  shows th e  o s c i l lo s c o p e  t r a c e s  o b ta in e d  when th e  ang le  

between th e  beams was v a r i e d  in  th e  r e g io n  of 45*5^• The r e s u l t s  

shown confirm  t h i s  e s t im a te  of ^max* 1^ th e  graph th e  f a c t  t h a t  

R oc 1^  l j2 oc 1^ has  been u sed  to  c a l c u l a t e  th e  va lue  of r e f l e c t i v i t y
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which would luivc been observed  had I^  been c o n s ta n t .  This graph 

shows an a n g u la r  d i s t r i b u t i o n  of r e f l e c t i v i t y  w ith  a w idth a t  h a l f  

h e ig l i t  of s ix  m in u te s .  As expec ted  t h i s  i s  app rox im ate ly  equal to  

the  2 m .rad .  d iv e rg en ce  of th e  argon l a s e r  beam.

8 .4  VAIIIATION OF RICFLKCTIVITY WliTI INCIDENT PO\ÆHS

In  p r a c t i c e  i t  was d i f f i c u l t  to  keep c o n s ta n t  when was

v a r i e d  as t h i s  in v o lv ed  v a ry in g  th e  a b s o rp t io n  in  bo th  a t t e n u a t o r s  

s im u l ta n e o u s ly .  I n s te a d  F i g . 8 .2  shows th e  r e f l e c t i v i t y  f o r  v a r io u s
I ,

v a lu e s  of I ^  when Ig = ^  . C le a r ly  th e  r e s u l t s  f i t  th e  l i n e  showing 

R oc 1^ . This r e l a t i o n s h i p  has  been used  to  c o r r e c t  f o r  f l u c t u a t i o n s  

in  th e  l a s e r  o u tp u t  i n  g raphs where th e  e f f e c t  of o th e r  pa ram ete rs  was 

b e in g  in v e s t i g a t e d .

F i g . 8 .3  shows t h a t  R oc Ig  when 1 ^ i s  c o n s ta n t .  Together 

th e s e  r e s u l t s  confirm  th e  t h e o r e t i c a l  r e l a t i o n s h i p  R oc I  ^ I  2 •

The a b s o lu te  m agnitudes of r e f l e c t i v i t y  i n  th e s e  and subsequent 

g raphs were n o t  r ig o u ro u s ly  c a l i b r a t e d  as  were th o se  i n  S e c t io n  8 .2 .

The v e r t i c a l  s c a le  must th e r e f o r e  be re g a rd e d  as  a r b i t r a r y  b u t  t h i s  

does n o t  a f f e c t  any c o n c lu s io n s  as  on ly  th e  r e l a t i v e  v a lu e s  a re  of 

im portance h e r e .  Tlie c o n s id e ra b le  e r r o r s  shoim i n  th e  graphs were 

p ro b ab ly  due m a in ly  to  th e  l a s k  of t r a n s v e r s e  mode c o n t ro l  i n  th e  ruby 

l a s e r .  This would have r e s u l t e d  i n  l a rg e  and v a ry in g  d i f f e r e n c e s  i n  

i n t e n s i t y  over th e  a r e a  of th e  beam.

F i g , 8 .4  shows th e  v a r i a t i o n  of r e f l e c t e d  m t h  in c id e n t  argon 

l a s e r  power. The l i n e a r  law in d i c a t e d  shows t h a t  th e  r e f l e c t i v i t y  of 

th e  g r a t i n g  i s  independen t of th e  argon l a s e r  power, con firm ing  t h a t  

th e  argon l a s e r  i t s e l f  i s  a p a s s iv e  probe n o t  c o n t r i b u t i n g  n o n - l i n e a r  

e f f e c t s  of i t s  own. (T h is  i s  n o t  t r u e  i n  media which absorb  a t  4880Â .

-  124 -



. \ ’i'= %à

lO'®-

IO‘ ^-

lO-S-

IO’ ‘-

i  1

d  i: 1 1h:
:'i I  5:

C O P PE R  ACETATE IN METHANOL 

*( = 0  IScmT* V

% j
^ I 1̂; • : . ..

“ T"
lO

lÂ j,te
l O O

I, M.Wcm-2

—I ■ ' -T *3-:
if lOOO

i l  î ,  q

- f ;  . i   ̂ ■
R e fle c t iv ity  (R) o f the phase grating as a function  of the ijj 
in te n s ity  ( I , )  o f the forward-going beam with oc I ^ o  The 
l in e  shows the th eo retica l square law© f J ^

f t -  ' :A
\ '  ^ 1 

» 1 : '
' i f

/ 4

-, 125 -  ' ' 'IfM



{-3

CO PPER  ACETATE IN METHANOL 

o<=0 15cm'lO -

CL

too lOOOI lO

I ,  M .W cm -2

Fig.8.2.
R e f le c t iv ity  (R) o f the phase grating as a function  of the 
in te n s ity  (l^) of the forward-going beam with Ig % I^o The 
l in e  shows the th eo retica l square lawo



I

COPPER ACETATE IN METHANOL 

o c s O I S c i T '

4

I .  M.W cm-*
. #  »

Figé 8.3.
R e f le c t iv ity  (R) o f the phase grating as .a  function  o f the 
in te n s ity  (Ig) o f the backward-going beam with I , constant 
a t 71 MW cm"^. The l in e  shows the th eo retica l l in e a r  law»

,.2T--'
" f

ia6-

» .  .  -  ^  :

-■i''



cr
COPPER ACETATE IN METHANOL 

o < = O I 5 c « '

lO -

lOOI O lOO'I

I ;  M.W cm**

F ig . 8.3.
R e f le c t iv ity  (R) of the phase grating as a function  of the  
in te n s ity  (Ig) o f the backward-going beam with constant 
at 71 MW cm“^ . The lin e  shows the th eo retica l l in e a r  law.



i # " '  ' l i  ,
i ;

! ' T

ARGON POWER WATTS
I

' c* v î.Fig.8.4. ; ,
R eflected  power as a function o f in cident argon la ser  powert

‘t ’

A '

,. .....y. .

f T'

. #  :LM-P224'

' i ' î

P%-f
- 127 - "S

, *’*
vir.



•o'-,

to
K

I
OC
UJ

I
a
UJ
H
U
UJ
- I
Ll
UJ
oc n-3

O I lOI OO O l

ARGON POWER WATTS

F ig .8 .4 .
R e fle c te d  power as a fu n ctio n  o f  in c id e n t  argon la s e r  power

CLM -P224



In  such media th e re  i s  a marked d ecrease  in  r e f l e c t i v i t y  w ith  argon l a s e r  

power due to  d efocus ing  (S e c t io n  4 . 2 ) . )

F i g . 8 .5  i n d i c a te s  th e  r e f l e c t i v i t y  observed  u s in g  a s o lu t i o n  of

c ryp to cy an in e  in  methanol w ith  oc . This r e f l e c t i v i t y  i s  a l so

p ro p o r t io n a l  to  I^  fo r  i n t e n s i t i e s  below 10 IM/cra . At h ig h e r
1

i n t e n s i t i e s  the  r e f l e c t i v i t y  i s  l e s s  t h a t  t h a t  p r e d ic te d  by th e  square 

law because  of s a tu r a t i o n  of th e  a b s o rp t io n  of th e  dye.

8 .5  VARIATION OF REFLECTIVITY WITH ABSORPTION COEFFICIENT

F i g . 8 .6  shows th e  v a r i a t i o n  of r e f l e c t i v i t y  w ith  th e  a b s o rp t io n  

c o e f f i c i e n t  of the  s o lu t io n .

To o b ta in  th e se  r e s u l t s  a t h i n  c e l l  c o n ta in in g  th e  abso rb ing  

s o lu t io n  was i n s e r t e d  in  th e  main c e l l  i n  such a p o s i t i o n  as  to  c o n ta in  

th e  r e g io n  of i n t e r s e c t i o n  of th e  ruby and argon l a s e r  beams. This 

a rrangem en t,  which d id  n o t  i n t e r f e r e  w ith  the  beam a l ig n m en t ,  was n ece s 

s a ry  to  avo id  too  g r e a t  a t t e n u a t io n  of th e  backward beam. Such a t t e n u 

a t i o n  occurs  in  any case and th e  p o in t s  in  th e  graph have been c o r r e c te d  

to  show th e  r e f l e c t i v i t y  t h a t  would have occu rred  had I ^  I   ̂ been con

s t a n t .  The graphs confirm s th e  t h e o r e t i c a l  r e l a t i o n s h i p  R oc cf .

8 .6  VARIATION OF REFLECTIVITY WITH POSITION 
OF INTERACTION REGION

F i g . 8 .7  shows th e  r e f l e c t i v i t y  observed w ith  th e  i n t e r a c t i o n  reg io n  

a t  a d is ta n c e  z from th e  back face  of the  s c a t t e r i n g  c e l l .  A bso r t io n  

i n  th e  c e l l  r e s u l t s  in  th e  r e l a t i o n s h i p s  I ^  <x ^  , Ig  « e Thus

I  g i s  c o n s ta n t  in  th e  absence of n o n - l in e a r  e f f e c t s .  Any v a r i a t i o n  

in  th e  r e f l e c t i v i t y  i s  th e r e f o r e  due to  ga in  in  th e  backward beam caused 

by s t im u la te d  therm al R ayle igh  s c a t t e r i n g .

The ga in  in d ic a te d  by th e  graph i s  about *2 cm“ ^. The l a s e r
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l i n e v id t h  ?_ i s  in  f a c t  g r e a t e r  than  T., red u c in g  th e  t h e o r e t i c a l  

e s t im a te  of the  gain  (S e c t io n  2 .5 )  by a f a c t o r  of about iz— . Ttiis 

l in e w id th  a l so  im p lie s  t h a t  the  h ig h e r  f requency  p a r t s  of th e  l a s e r  l i n e  

w i l l  ex p e r ien ce  ga in  w h ile  th e  lower p a r t s  s u f f e r  a l o s s .  The o v e ra l l  

ga in  i s  d i f f i c u l t  to  c a l c u l a t e  e x a c t ly  h u t  w i l l  be about —  tim es  th e  

gain  c a l c u l a t e d  in  S e c t io n  2 .5  p ro v id ed  t h i s  ga in  i s  s u f f i c i e n t  to  make 

e^^ » e . These assum ptions  imply a ga in  under th e  experim en ta l
- I

c o n d i t io n s  of abou t 10 cm in  re a so n a b le  agreement w ith  th e  experim en ta l 

e s t i m a t e .

8 .7  DECAY OF THE TITERMAL MODULATION
INDUCED IN A LIQUID

When two o p p o s i te ly  d i r e c t e d  l i g h t  beams of th e  same f requency  

t r a v e r s e  an ab so rb in g  medium more energy i s  abso rbed  a t  th e  a n t in o d e s ,  

than  a t  th e  nodes ,  of th e  r e s u l t i n g  s ta n d in g  wave. I t  i s  th e  tem pera

tu r e  m odu la tion  caused  by such a b s o rp t io n  which i s  r e s p o n s ib le  f o r  th e  

m odulation  in  d e n s i ty  and r e f r a c t i v e  index  d is c u s s e d  in  S e c t io n s  2 .4  

and 2 .5 .

Such a te m p era tu re  m odu la tion  does n o t  a r i s e  or d is a p p e a r  i n s t a n t l y  

w ith  th e  e l e c t r i c  f i e l d  of th e  l i g h t  wave b u t  te n d s  e x p o n e n t ia l ly  tow ards 

an e q u i l ib r iu m  va lue  f o r  any c o n s ta n t  f i e l d  am p litu d e .  In  g en e ra l  when 

th e  f i e l d  am plitude  i s  a f u n c t io n  of tim e th e  behav io u r  of th e  tem pera

t u r e  m odu la tion  may be deduced by c o n s id e r a t io n  of th e  h e a t  c o n t in u i t y  

eq u a t io n :

(S e c t io n  2 .4 )

Since th e  f r e q u e n c ie s  of th e  fo rw ard  and backward beams a re  in  t h i s  case  

equal th e  tem p era tu re  m odu la tion  i s  s t a t i o n a r y  and th e r e  can be no ou t 

of phase component of AT,
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A r  =  I AT I a n d  AT" =  0 .

A lso ,  p ro v id in g  th e  f i e l d s  a re  v a ry in g  s low ly  compared w ith  th e  time 

r e q u i r e d  f o r  sound to  p ro p ag a te  over a w aveleng th  of th e  m odu la tion

/ . n—10 \10 secs  ; ;
aAp _ a AT'
â t  = Po P J T

Thus
p a AT _ as AT 1 , , _ .

Po S a t " "  =  / D T "  2  k y n y X

( c o n t r i b u t i o n s  to  AT w ith  no s p a t i a l  v a r i a t i o n  have been ig n o re d )  

t h e r e f o r e :  v  2

Thus
PoC

T = ----------------
4 K l 4  n r

( 242)i s  th e  r e l a x a t i o n  time of th e  the rm al g r a t i n g '  \

In  t h e  experim en t th e  l i g h t  p a th  b e h in d  th e  c e l l  was s h o r t  so a t  

any tim e d u r in g  th e  p u ls e :

I .  OC I
and

thus

and

2

l“ l -  I .

I f
t h e r e f o r e :  . t  ,

. - t A f  TA n OC /  j  I I  e d t '  , 

t ^  = 0

(where th e  o r i g i n  of tim e i s  ta k e n  b e fo re  th e  b e g in n in g  of th e  l a s e r  

p u l s e ) .

The i n t e g r a l  may be r e p la c e d  by a  summation over N i n t e r v a l s  

of d u r a t i o n  6 t ,  s h o r t  compared to  e i t h e r  t o r  th e  tim e over which I i  

changes s i g n i f i c a n t l y .
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Tlie d io d c -d e tc c to d  l a s e r  p u is e s  in  F i g s . 8 . 8 , 8 .9  i n d i c a t e  th e  v a lu e s  of

to  be used  in  t h i s  e q u a t io n .  llie fo rm ula  a l lo w s  a num erica l c a lc u 

l a t i o n  of th e  time p r o f i l e  of An f o r  th e  observed  p u ls e  I ± and any- 

assumed v a lu e  of T . Now th e  g r a t i n g  r e f l e c t i v i t y  i s  p r o p o r t i o n a l  to  

(Aii)^ so th e  assumed v a lu e  of T a l lo w s  c a l c u l a t i o n  of th e  time depen

dence of th e  r e s u l t i n g  Bragg r e f l e c t e d  p u l s e .  Tlie v a lu e  of t  g iv in g

th e  b e s t  f i t  to  th e  observed  Bragg r e f l e c t e d  p u ls e  i s  th e  b e s t  e s t im a te

of th e  r e l a x a t i o n  time of th e  the rm al m odu la tion  i n  th e  l i q u i d .

In  f i t t i n g  th e  c a l c u l a t e d  to  th e  observed  p r o f i l e  of th e  Bragg 

r e f l e c t e d  p u ls e  th e  f i n i t e  in s t ru m e n ta l  r e l a x a t i o n  time must a l s o  be 

ta k en  in t o  acc o u n t.  I f  th e  c a l c u l a t e d  s ig n a l  a t  any tim e t  i s  

th e n  th e  ob se rv ed  s i g n a l ,  Pq i s  g iven  by th e  e q u a t io n :

aPo
a tT  + ^0 = •

The r e l a x a t i o n  tim e of th e  e l e c t r o s t r i c t i v e  Bragg r e f l e c t i o n  p ro c e s s  

(c a u s in g  th e  top  t r a c e  of F i g . 8 .9  and th e  lower t r a c e  of F i g . 8 .8 )  i s

v e ry  s h o r t  (ab o u t 10 secs  -  th e  l i f e t i m e  of th e  phonons g e n e ra te d  i n

\ 2 t h i s  p ro c e s s )  so P^ <x I i  i n  t h i s  c a se .

The e q u a t io n  above th u s  a l lo w s  e s t im a t io n  of Ti i n  a manner 

analogous to  th e  e s t im a t io n  of t  d e s c r ib e d .  A good f i t  to  th e  f a l l i n g  

p a r t  of th e  low er curve of F i g . 8 .9  i s  o b ta in e d  assuming Ti = 7 n se c .  

(NOTE: A f i t  to  th e  r i s i n g  p a r t  canno t be ex p ec ted  s in c e  th e  tim e of

i n i t i a t i o n  of th e  s t im u la t e d  B r i l l o u i n  s c a t t e r i n g  c a u s in g  th e  é l e c t r o 

s t r i c t i o n  i s  unknown.) S i g n i f i c a n t  m i s f i t  occurs  f o r  T i  < 6  nsec  o r  

T i  > 8 n s e c .

Given I ^  and assuming v a lu e s  f o r  t  we may now c a l c u l a t e  th e
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2 0 ns

LASER PULSE BRAGG REFLECTED PULSE

i ,
T H E R M A L

LASER PULSE BRAGG REFLECTED PULSE

E L E C T R O S T R I C T I V E

Figo5.8. Time p r o f i l e  o f th e  ruby la s e r  p u lse  and th e  r e s u l t in g  B ra g g , 
r e f l e c t e d  p u lse  in  tt\e  therm al and e l e c t r o s t r i c t i v e  ca se so   ̂
th e  p o iiitô  marked are th o se  c a lc u la te d  g iv e n  th e  t h e o r e t ic a l  
r e la x a t io n  time© ’ ;

, C L M - P 224

....

■. . .  'v ■
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^  2 0 n s  Z>

LASER PULSE BRAGG REFLECTED PULSE

T H E R M A L

BRAGG REFLECTED PULSELASER PULSE

E L E C T R O S T R I C T I V E

F ig 08.8. Time p r o f i l e  o f th e  ruby la s e r  p u lse  and th e  r e s u l t in g  Bragg 
r e f l e c t e d  p u lse  in  the therm al and e l e c t r o s t r i c t i v e  caseSo  
The p o in ts  marked are th o se  c a lc u la te d  g iv e n  th e  t h e o r e t ic a l  
r e la x a t io n  tim eo c l m - P 2 2 4
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\ .

cyanine in  ac«tone

<  .50ns >
D, P

F i g .8 .9
Decay of Phase G ra ting  in  Various S o lven ts  
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v a lu e  of and h e n c e ,  u s in g  Ti = 7 n s e c , th e  v a lu e  of f o r  th e

p u l s e s  Bragg r e f l e c t e d  from th e rm a l  m o d u la t io n s ,  d i s p la y e d  on th e  o th e r  

t r a c e s  of F i g s . 8 .8  and 8 . 9 .  The p o i n t s  shoim w i th  tl ie  upper  t r a c e  of 

F i g . 8 .8  a r e  th e  r e s u l t s  o f such a c a l c u l a t i o n  t a k i n g  T = l 6 . 5  n s e c .

ITiese p o i n t s  a r e  in  good ag reem en t w i th  th e  e x p e r im e n ta l  t r a c e  

which was o b ta in e d  u s in g  a  s o l u t i o n  of cop p er  a c e t a t e  i n  m ethano l i n  th e  

s c a t t e r i n g  c e l l .  S i g n i f i c a n t  m i s f i t  o c c u rs  when i t  i s  assumed t h a t  

r  < 14 n sec  o r  r  > 18 n s e c .

S im i l a r  cu rv e  f i t t i n g  c a l c u l a t i o n s  f o r  th e  o th e r  t r a c e s  o f  F i g . 8 .9  

i n d i c a t e  th e  v a lu e s  i n  th e  t a b l e  below  w hich a l s o  shows th e  v a lu e s  c a l c u 

l a t e d  t h e o r e t i c a l l y  f o r  each  s o lv e n t  u s in g  th e  e q u a t io n ;

PpCp

(The v a lu e s  o f  t h e s e  p a r a m e te r s  a r e  g iven  a t  th e  end o f  th e  A p p e n d ix . )

SOLVENT
T nsec

t h e o r e t i c a l e x p e r im e n ta l

M ethanol 1 7 .0 1 6 .5  ± 2

W ater 12 .1 12 ± 2

A cetone 17 .9 17 ± 2

The method d e s c r ib e d  i n  t h i s  s e c t i o n  can  i n  p r i n c i p l e  be u s e d  to  i n v e s 

t i g a t e  th e  b u i l d - u p  and  decay  o f any n o n - l i n e a r  d i s tu r b a n c e  o f th e  

r e f r a c t i v e  in d e x  of a  medium. The m easurem ents  h e r e  have been  c o n f in e d  

t o  th e rm a l  r e l a x a t i o n  r a t e s  b ec a u se  of th e  l e n g th  o f th e  ru b y  l a s e r  

p u l s e s  and th e  r i s e  t im e  o f  th e  p h o t o d e t e c t i o n .  The u s e  of mode lo c k e d  

p u l s e s  and v e ry  f a s t  p h o t o m u l t i p l i e r s ,  now becoming a v a i l a b l e ,  s h o u ld  

a l lo w  d i r e c t  m easurem ent o f th e  l i f e t i m e s  o f th e  phonons g e n e r a te d  i n  

s t i m u l a t e d  B r i l l o u i n  s c a t t e r i n g  (lO  -  10 ^ s e c s )  and even of m olecu

l a r  o r i e n t a t i o n s  r e s p o n s i b l e  f o r  s t i m u l a t e d  R a y le ig h  wing s c a t t e r i n g

-11 ( 168 )
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A P P E N D I X

DEFINITIONS OF SYMBOLS AND MAGNITUDES OF 

PARAMETERS USED IN THIS THESIS

DEFINITIONS OF SYMBOLS

CHAPTER I

S e c t io n  1 .4

1 i s  th e  i n t e n s i t y  a t  a  p a r t i c u l a r  f r e q u e n c y ,  o f  s p o n ta n e o u s ly
s c a t t e r e d  l i g h t .

A(Sp i s  th e  d i f f e r e n c e  i n  f re q u e n c y  betw een th e  i n c i d e n t  and
s c a t t e r e d  l i g h t .

2 i s  a  f re q u e n c y  ( s h i f t )  c h a r a c t e r i s t i c  o f a  p a r t i c u l a r  s t i m u l a t e d
s c a t t e r i n g  p ro c e s s  and s c a t t e r i n g  medium.

r  i s  a  f re q u e n c y  ( w id th ) ,  c h a r a c t e r i s t i c  o f a  p a r t i c u l a r  s t i m u l a t e d
s c a t t e r i n g  p ro c e s s  and s c a t t e r i n g  medium, V

S e c t io n  1 .6

G i s  th e  g a in  c o e f f i c i e n t  f o r  a  beam o f  l i g h t  t r a v e l l i n g  i n  th e
o p p o s i t e  d i r e c t i o n  to  th e  l a s e r  beam.

Ao) i s  th e  d i f f e r e n c e  i n  f re q u e n c y  betw een th e  l a s e r  and o p p o s i t e l y
d i r e c t e d  beams.

2 and T a r e  th e  same c o n s t a n t s  a s  i n  S e c t io n  1 .4 ,

CHAPTER I I  • • '

S e c t io n 2 .1
\

N i s

N i s0

N i s1

i s

■̂ 10 ' i s
of
e x c i t e d ,  t o  t h e î ground s t a t e .

A i s  th e  number o f  such  t r a n s i t i o n s  from th e  second  e x c i t e d ,  t o
th e  ground s t a t e .
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Section 2.1 (continued)

i s  th e  number of such t r a n s i t i o n s  from th e  second tq  th e  f i r s t  
e x c i te d  s t a t e ,

i s  th e  number of s t im u la te d  t r a n s i t i o n s ,  p e r  u n i t  p o p u la t io n  of 
th e  ground s t a t e ,  p e r  u n i t  t im e ,  p e r  u n i t  i n c id e n t  i n t e n s i t y ,  
from th e  ground to  th e  f i r s t  e x c i te d  s t a t e .

i s  th e  number of such t r a n s i t i o n s  from th e  f i r s t  e x c i t e d ,  to  
th e  ground s t a t e .

B ^  i s  th e  number of such t r a n s i t i o n s  from th e  f i r s t  to  th e  second
e x c i te d  s t a t e .

B 2̂  i s  th e  number of such t r a n s i t i o n s  from th e  second to  th e  f i r s t
e x c i te d  s t a t e .

cr ^ i s  th e  a b s o rp t io n  c r o s s - s e c t io n  of th e  t r a n s i t i o n  from th e
ground to  th e  f i r s t  e x c i te d  s t a t e .

i s  th e  l i f e t i m e  of th e  f i r s t  e x c i te d  s t a t e .

Ig =  oc “ TtT”  i s  an i n t e n s i t y  c h a r a c t e r i s t i c  o f  s a tu r a t i o n  o f  th e  
^ ^   ̂ 4-' f i r s t  e x c i te d  s t a t e .

S e c t io n  2 .2

^ s i s th e

i s th e

n i s th e

0 i s th e

a>3 i s th e
of th e

WL i s th e

COs = ü)g i s th e

V i s th e

c i s th e
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Section 2.2 (continued)

Ap i s  a change of d e n s i ty  in  the  medium,

t  i s  tim e. '

fg  i s  a co n s tan t  c h a r a c t e r i s t i c  of damping in  the  medium.

R i s  a random f lu c tu a t io n ,

o) i s  the  frequency of a temporal F o u r ie r  component of R,

k i s  the  wave v ec to r  of a s p a t i a l  F o u r ie r  component of R.

I i s  the  i n t e n s i t y  a t  a p a r t i c u l a r  frequency of the  spontaneously
s c a t t e r e d  l i g h t ,

Aü) i s  the  d i f f e re n c e  i n  frequency between the  in c id e n t  and s c a t t e r e d
l i g h t .

In  the  denominators of the  equations  f o r  dep o la r ized  
s c a t t e r in g  only .

I I s  the  m olecular moment of i n e r t i a .

k i s  Boltzmann's co n s tan t .
/

T i s  th e  tem perature  of the  medium.

Ç i s  th e  v i s c o s i t y  of the  medium.

|i i s  an e l a s t i c  co n s tan t  f o r  the  o s c i l l a t i o n .

Tg i s  the  h a l f  w idth a t  h a l f  i n t e n s i t y  of th e  frequency  spread
in  Rayleigh l i n e  s c a t t e r in g .

k i s  the  wave v e c to r  of a thermal wave in  th e  medium.
KD i s  the  therm al d i f f u s i v i t y  of the  medium, D = ■■■■ - ■ ,

roCp
K ' i s  th e  thermal' c o n d u c t iv i ty  of the  medium ,

pQ i s  th e  d e n s i ty  of th e  medium when u n d is tu rb e d ,

Cp i s  th e  s p e c i f i c  h e a t  a t  c o n s tan t  p re s su re  of the  medium.

o)g^  i s  th e  frequency: @f a Raman t r a n s i t i o n  .

I’Pam i s  th e  h a l f -w id th  of a Raman l i n e .
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Section 2.3

P i s  the  p o la r i z a t io n  of the  medium.

E  ̂ i s  the  e l e c t r i c  f i e l d  in  the  medium.

X i s  the l i n e a r  p o l a r i z a b i l i t y  of the  medium.

X± fX^ . . .  a re  n o n - l in e a r  p o l a r i z a b i l i t i e s  of th e  medium, 

Pg(E) i s  the  l i n e a r  p o la r i z a t io n  of the  medium.

P^g(E ,E . . . ) i s  the  n o n - l in e a r  p o la r i z a t io n  of the  medium,

,A g a re  the  am plitudes of the  e l e c t r i c  f i e l d s  of two l i g h t  waves
t r a v e l l i n g  along the  x a x i s .  (The a n a ly s i s  i s  r e s t r i c t e d  
to  one dimension except in  S ec tion  2 , 5 . )

k^;kg a re  the  wave v ec to rs  of th e se  waves.

a re  th e  f req u en c ies  of th e se  waves.

X i s  th e  d is ta n c e  along the  d i r e c t io n  of p ropagation  of the  waves,

t  i s  tim e.

a re  th e  am plitude, wave v ec to r  and frequency of a t h i r d  wave 
along the  x a x is .

,0)  ̂ a re  th e  wave v e c to r  and frequency of th e  l i g h t  wave produced
by th e  n o n - l in e a r  i n t e r a c t io n ,

i , j , k  a re  in t e g e r s  each of which may take the  value  1 , 2 o r  3.

S ec t ion  2 .4

x , t , n , c  a re  as def ined  f o r  Sec tions  2 .2  and 2 .3 .

E^,k^,o)^,Eg ,kg ,00g a re  as, de f ined  fo r  S ec tion  2 .3  except t h a t  th e  s u f f ix  2
now r e f e r s  to  a backward going wave.

Ae i s  th e  change in  d i e l e c t r i c  co n s ta n t  of the  medium.
' I 'Ui
Ae' i s  th e  am plitude pf the  p a r t  of the  wave of d i e l e c t r i c  co n s tan t

on phase w ith  the^component of E^ producing i t ,

àe" i s  th e  am plitude pf th e  p a r t  of the  wave of d i e l e c t r i c  co n s tan t
ou t of phase w ith " th e  component of E^ producing i t ,  .
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Section 2.4 (continued)

Ap

AT

Cp ,Cv

i s  the  change in  d e n s i ty  of the  medium, 

i s  the  change in  tem perature  of the  medium.

a re  the  s p e c i f i c  h ea ts  of the  medium a t  co n s tan t  p re s su re  and 
co n s tan t  volume re s p e c t iv e ly .

V i s the v e lo c i ty  of sound in  the  medium.

i s the v i s c o s i ty  of the  medium.

pQ i s i t s d e n s i ty .

p i s i t s volume c o e f f i c i e n t  of thermal expansion.

Y

"Y = Po

i s
de
dp “

the  

(n =

e l e c t r o s t r i c t i v e  co n s tan t  

- 1 )  1

or

or

= (n" -  1) 

= (n= -  1)

n ^ + 2

2 n® + 1.

accord ing  to  the  lo c a l  f i e l d  
c o r re c t io n  u s e d ^ ^ ^ ^ \

A

k

Ü)

A p '

Ap"

AT'

AT"
«•

-

i s  th e  am plitude of a component of E ,

i s  the  wave v e c to r  of t h a t  component,

i s  th e  frequency of t h a t  component.

i s  th e  am plitude of th e  p a r t  of the  d en s i ty  change which i s
in  phase w ith  the  component of E^ producing i t .

! »

i s  th e  am plitude of th e  p a r t  of the  d en s i ty  change which i s
out of phase w ith  the  component of E® producing i t .

i s  th e  am plitude of the  in  phase p a r t  of the  tem perature  wave

i s  th e  am plitude of th e  out of phase p a r t  of the  tem peratu re
wave.
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Section 2.4 (continua^)

r - ï ï l l .
Po Cp

= vk

a

'3

oog = kv

T]k"
rg  =

^R =

2P

K k ’

P o ' ,

r  i s  a frequency c h a r a c t e r i s t i c  of damping of the  o s c i l l a t i o n s
re sp o n s ib le  f o r  Ae.

S2 i s  a frequency c h a r a c t e r i s t i c  of the  o s c i l l a t i o n s  re sp o n s ib le
f o r  Ae .

i s  t h a t  p a r t  of the  Kerr c o e f f i c i e n t  due to  the  process  
re sp o n s ib le  fo r  the  o s c i l l a t i o n  w ith  frequency S2 . '

In  the  Rayleigh Wing S c a t te ru b f  Formulae fo r  ffi and T,

I ,  k ,  t ,  Ç and [X a re  as def ined  fo r  d ep o la r ized  s c a t t e r 

ing  in  S ec t ion  2 ,2 .

•r -
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Section 2.3

The symbols in  t h i s  s e c t io n  a re  those  d e f in e d  in  S ec t io n  2 .4  
p lu s  the  fo llow ing :

p i a  any in t e g e r .  '

max i s  the  angle between the  probe and s c a t t e r in g  beams when the  
s c a t t e r in g  of the  probe i s  a maximum.

^ a A r  the  wavelengths of the probe and s c a t t e r i n g  beams
re s p e c t iv e ly .

" a ’" r a re  the  r e f r a c t i v e  in d ic e s  of th e  medium, when u n d is tu rb e d ,  f o r  
l i g h t  of wavelengths and r e s p e c t iv e ly .

k^ ,k^  a re  th e  magnitudes of the  wave v e c to rs  of the  probe and s c a t t e r 
ing  beams r e s p e c t iv e ly .

6 i s  the  angle between the  probe and s c a t t e r in g  beams.
I j  i s  the  i n t e n s i t y  of the  ip c id e n t  probe beam.

Ig  i s  th e  i n t e n s i t y  of the  r e f l e c t e d  probe beam.

An i s  the  d i f f e r e n c e  between the  maximum and minimum r e f r a c t i v e
index fo r  probe l i g h t .

^  ^ ̂ r^  i s  th e  number of wavelengths of th e  r e f r a c t i v e  index m odulation
Xj. w i th in  thé  i n t e r a c t i o n  re g io n s .  ,

60 i s  the  angle  between the  d i r e c t io n s  fo r  which th e  r e f l e c t i v i t y
has h a l f  i t s  maximum v a lu e .

CHAPTER IV 

S ec t io n  4 .3
n^ i s  th e  i n i t i a l  p o p u la t io n  in v e rs io n  (be fo re  Q-switch o p e ra t io n ) ,

n^ i s  th e  f i n a l  p o p u la t io n  in v e rs io n  ( a f t e r  Q-switch o p e ra t io n ) ,

n i s  t h a t  popul^Ü pn in v e rs io n  which g ives a loop gain  of e x a c t ly
^ u n i ty  fo r  l i g h t e n  the  c a v i ty .

Na- Ni
P o p u la t io n  in v e rs io n  i s  de f ined  as '

i s  th e  number of chromium ions  in  the  ruby rod  in  th e  ground . 
s t a t e .  < »

Ng i s  th e  number of chromium ions  in  th e  ruby rod  i n  the  e x c i te d
s t a t e .
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Section 4,4

a

R,

^ 1 0  > ^ 3 0

i s  the  l i g h t  f lu x  t r a v e l l i n g  away from th e  la y e r  in  a backward 
d i r e c t io n .

i s  the  l i g h t  f lu x  t r a v e l l i n g  away from th e  la y e r  in  a forw ard 
d i r e c t i o n .

i s  th e  l i g h t  f lu x  from the  ruby rod  in c id e n t .o n  th e  f i r s t  i 

beam s p l i t t e r .  '

i s  th e  t r a n sm is s io n  of a beam s p l i t t e r .

i s  th e  t r a n sm is s io n  of a c e l l  w a l l .

i s  th e  r e f l e c t i v i t y  of the  la y e r .

i s  th e  a b s o r p t i v i t y  of th e  l a y e r .

i s  th e  r a t i o  of th e  s ig n a l s  from th e  beam s p l i t t e r s  i n  f r o n t  of 
and behind th e  c e l l  f o r  l i g h t  t r a v e l l i n g  in  a backward d i r e c t io n ,

i s  th e  same r a t i o  fo r  l i g i i t  t r a v e l l i n g  in  a forw ard d i r e c t io n .

a re  th e  v a lu es  of ,Rg r e s p e c t iv e ly  when r  = a = 0.

CHAPTER V

The symbols a re  as de f in ed  f o r  S ec t io n  2 ,1 .

CHAPTER VI

max

^probe

^ruby

^Ç robe, 

^FUhy

i s  th e  angle  between th e  probe and s c a t t e r i n g  l i g h t  which g ives  
maximum s c a t t e r i n g .  'T

i s  th e  w avelength of th e  probe l i g h t .

i s  th e  wavelength of th e  s c a t t e r i n g  (ruby  l a s e r )  l i g h t .

a re  th e  r e f r a c t i v e  in d ic e s  of th e  medium f o r  th e  probe and 
ruby l a s e r  l i g h t  r e s p e c t iv e ly .

6 and cp a re  th e  ang les  d e f in in g  the  beam d i r e c t io n  in  th e  A.D.P, 
c r y s t a l  as shown in  F i g . 6 .1 .
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CHAPTER V III

The symbols used a re  those  d e f in e d  f o r  s e c t io n s  2 .4  and 2 .5
and a l s o : -  

Soction  8.1

A6 i s  th e  divergence of the  a rg o n - la s e r  beam.

i s  th e  d iam eter  of the  argon l a s e r  beam,

^ r  i s  th e  d iam eter of th e  ruby l a s e r  beam.

R i s  th e  o v e ra l l  r e f l e c t i v i t y  of th e  phase g r a t in g  f o r  th e  argon
la s e r  beam in c id e n t  a t  th e  angle  g iv ing  maximum r e f l e c t i v i t y .

S ec t io n  8 .6

Z i s  th e  d is ta n c e  of th e  i n t e r a c t i o n  reg io n  from th e  back face
of th e  c e l l .

S ec t io n  8 .7

T

t '

N 

6 t  

P..

^o

Ti

s th e  r e l a x a t i o n  time of th e  therm al g r a t in g ,  

s any time l e s s  t h a t  t .  i

s th e  number of i n t e r v a l s  in to  which the  time t  i s  s p l i t ,  

s th e  d u ra t io n  of one such i n t e r v a l .

i s  th e  p h o to m u l t ip l ie r  s ig n a l  c a l c u la te d  to  occur i n  th e  
absence of e l e c t r o n ic  d i s t o r t i o n .

i s  th e  p h o to m u l t ip l ie r  s ig n a l  a c t u a l l y  observed,

i s  th e  in s tru m e n ta l  r e l a x a t i o n  tim e.
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MAGNITUDES OP PARAMETERS(236)

CHAPTER VIII

S ec t io n  8 .2

P ro p e r t i e s  of th e  l i g h t  beams 

~  *5 cm

Xj. = 6943Â

k j ,  =  ^  =  9 * 0  X  1 0 ^  c m " l

Xa = 4880 A
- 1  X a  X r  0

*0 = cos T— • —  = 45.5max Xy n%

60 ~  2 m .rad

I  ^ = 313 = 20 MW cm-2

P ro p e r t i e s  of the  medium 

rij. = Ua = 1*33 

a  = *13 cm ^

p = 1'19 X 10-3 

Y = (n® -  1 ) = -77

K = 2*05x lO ^ erg s .sec  ^cm— 1 —1 0-^—1K

S ec t io n  8 .7
— A .

k r  = 9"0 X  10 cm-1.
—7

K  X 10-4
—1 —t  0_,—1 erg  s e c  cm K

T nsec

S o lven t Po - 3
gm cm

Cp X 10 

e rg  gm"^ “r  ' theo 
r e t i c a l

e x p e r i 
mental

Methanol •794 2-52 2.05 1 ^ 3 3 17-0 16*5 ± 2

Water •998 ■ 4 '18 5 . 9 7 1 * 3 3 12-1 12 ± 2

Acetone •791 2-19 '
Ù

1-60 1 * 3 5 17-9 17 ± 2
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(Reprinted from  Nature^ Vol. 216, No.  5112, pp.  2 57 -258 , 
O ctober  21, 1967)

Interaction of Self-trapped 
Light Beams
P r e l i m i n a r y  oxporimouts l u i v o  boon carried out on the 
interaction of two self-trapped light beams in water. The 
200 MW, 20 nsec output from a Q-switched ruby laser* 
was split by prisms and focused into a glass coll containing 
water to form two self-trapped beams (Fig. 1). Photo
graphs wore taken using the light scattered sideways 
from these beams.

Two typos of scattering from self-trapped beams were 
observed; type A occurred when high purity water was 
used; tjrpe B was only produced in water which had been 
allowed to stand in an uncovered cell. When type A 
scattering was observed, the bpams were characterized 
by fineness, short length, sharp cut-off and a tendency to 
scatter from a large number of discrete centres along the 
beam (Fig. 2). When type B scattering was observed, the 
beams were much longer than those associated with type 
A and the scattered light was much more diffuse, so that 
it was not always clear whether self-trapping had occurred 
(Mg. 3).

W a t e r  c e l l
F O C U S I N G  L E N S

I BEAM

X

P R I S M
P R  I S M

Fig. 1, Optical system used to produce two crossing self-trapped light beams.

* liuby laser Bradley type LTl 351, delivering 200 MW in 20 nsec dis
tributed among a number of transverse modes (between I and 8). Beam 
divergence, 8 iiillliradians.



Fig. 2. Interaction of two crossing “type A" self-trapped beams. ( x 1.)

The apparatus used introduced distortion into the lower 
focused beam. The higher and lower edges of this beam 
were more intense than the centre, particularly the lower 
edge where self-trapping appeared to occur before the 
focal point was reached. Beyond the focal point two self
trapped beams were observed. The stronger beam  
travelled straight out fi*om the end of the cone while the 
weaker appeared to be a continuation of the self-trapped 
lower edge of the cone. The weaker beam, after splitting 
from the stronger at the fqcus, bent and continued parallel 
with it.

Using the optical system shown in Fig. 1, the interaction 
of the two crossing light beams was observed. In the case 
of type A scattering, interaction was shown as an intense 
spot at the cross-over point (Fig. 2), but no significant 
effect on the beams could be observed because their scat
tering was not uniform. In the case of type B scattering, 
however, a considerable reduction in the intensity of the

Fig. 3. Interaction of two crossing “type B" self-trapped beams. ( x ].)



upper beam was always observed (Fig. 3), It is possible 
that this upper beam was not self-trapped, in which case 

'interaction was between a high intensity light beam and 
self-trapped light. A considerable amount of energy was 
lost by the upper beam. This could have been reflected 
into the liquid or back along the pipe by the reflexion 
coefficient of the cross-over point, or could have been 
converted into shock energy. W hatever the mechanism, 
it is notable that the loss occurred only from the upper 
beam.

V. I. L i t t l e

P .  Y .  K e y

H . G. H a r r i s o n

Department of Physics,
Royal Holloway College,
University of London.
Received June 12, 1967.
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BRAGG REFLECTION OF LASER LIGHT FROM A PHASE GRATING IN A 
Q-SWITCHING LIQUID

R. G. H a rr iso n , P. K e y , V. I. L i t t le ,  and G. M agyar  
Royal Holloway College, Englefield Green, Surrey, England

J. K a tze n s te in
U.K.A.E.A. Culham Laboratories, Abingdon, Berkshire, England 
(Received 9 August 1968)

It is postulated that in a saturable dye absorber used for giant pulse laser switching a phase grating 
is formed. To prove this experimentally a frequency doubled part of the laser beam was reflected 
from this “ Lippman plate” at the Bragg angle.

In the last few years many experimental and theo
retical papers have been published on the phenome
non of laser Q-switching by saturable absorbers.
Its principal features, like the relatively low power 
needed for saturation, mode-locking, etc., have 
been explained in terms of “ spectral hole burning,”
i.e., the saturation of only a portion of the homo
geneously broadened absorption line (see, e.g., 
Schwartz and Tan )̂. In this letter we propose an al
ternative explanation based upon the idea of a phase 
grating in the liquid, what we have called the Lipp- 
man plate mechanism^ or what can also be described 
as spatial hole burning in the dye that forms the 
saturable absorber. Experimental evidence is cited 
to support this hypothesis: we report the first ob
servation of Bragg reflected light from a phase 
grating created by the laser light in a Q-switching 
liquid.

The Lippman plate mechanism may be described 
as follows. The phenomenon of saturable absorption 
must be accompanied by an intensity-dependent va
riation of refractive index since these effects arise 
from the imaginary and real terms respectively of 
the nonlinear susceptibility.^ If laser action com
mences in a single cavity mode, the resulting stand
ing wave produces a periodic distribution of high 
and low electric fields, with a corresponding peri
odicity in the refractive index. The spatial period 
is half the wavelength of the mode. The situation 
can be described in the Mathieu-H ill equation:

d \i
dz"̂ + -p(«^-2SK ' COS 7kz)u = 0

where represents the intensity-dependent part of 
the refractive index and the cosine term stands for 
its spatial modulation. A medium with a periodically 
varying refractive index, a so-called Lippman 
plate, has a strong selective reflectivity for light 
of the same periodicity. Starting from the above 
equation, the reflectivity has been computed for va
rious numbers of layers and depths of modulation.^
It can be shown® that in a typical dye cell, for a few 
percent reflectivity the variation of refractive in
dex required is bn ~ 10“®. This value can be realized 
by the postulated nonlinear mechanism. Also, during 
the giant pulse there can be sufficient thermal en
ergy deposited in the liquid to produce a similar

variation of the refractive index.® The formation of 
such a Lippman plate effectively removes the ab
sorption of the dye cell for those modes of the cav
ity whose periodicity closely matches that of the 
spatially varying refractive index. Thus, provided 
there is no mode-selective element present and the 
cell is sufficiently short in comparison with the to
tal length of the resonator, this spatial hole burn
ing facilitates mode-locking of the laser. The spa
tially selective bleaching also explains the relatively 
low power required for saturation.

The experimental arrangement is shown sche
matically in Fig. 1. The ruby laser was Q-switched 
using cryptocyanine in isopropyl alcohol. The Q- 
switch cell was in the shape of a regular hexagon 
having one inch square sides of Spectrosil-B glass, 
flat to a / 10. The fundamental light (typical power 
30 MW) was frequency doubled with an efficiency of 
3% in an ADP crystal, delayed around an adjust
able optical path, and passed again through the cell 
at approximely 60° to the cavity radiation. The 
unique angle for Bragg reflection in this case is 
given by 2d cos 0 = A, where 2d is the fundamental 
wavelength and A is the second harmonic wavelength 
in the liquid. After adequate filtering of the red light, 
the transmitted and reflected frequency doubled 
beams were photographed using two cameras fo
cused on infinity. The pulse shape and the spectral

Q U A R T Z P R IS M S

DYE CEL!
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Fig, 1. Experimental arrangement for the ob
servation of the Bragg-reflected second har
monic beam from the “Lippman plate” in a 

Q-switching dye.
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y;.. .

(a)
(b)

Fig. 2. (a) Comparison of the transmitted and reflected beams. Exposures represent 6' angular 
intervals. Transmitted beam is attenuated by ~ 200. Beam divergence : ~ 5 mrad. (b) Same with 
beam divergence reduced to ~ 2 mrad. Angular intervals of 2%

composition were separately monitored.
Typical results are shown in Fig. 2. Figure 2(a) 

represents successive exposures of the transmitted 
and reflected beams taken at angular intervals of 
6', covering the angle for Bragg reflection. The 
transmitted light (left) is attenuated two-hundred
fold. The reflected light exhibits a critical depend
ence on angle of incidence, the intensity falling to 
half-value for a deviation of ±10'. Figure 2(a) cor
responds to an incident beam divergence of 5 mrad, 
and about 1% of the beam is reflected. The amount 
of light reflected will be related to a number of 
factors, e.g., the amplitude of the induced periodic 
structure, filamentary processes, beam divergence, 
etc. Figure 2(b) shows the effect of restricting the 
incident beam by means of stops in the central por
tion to a divergence of 2 mrad. The exposures now 
represent increments of 2' in the angle of incidence. 
3% of the light is now reflected, and the intensity 
falls to half-value at ± 4'.

To eliminate the possibility that the phenomenon 
results from a spurious reflection, the ADP crystal 
was removed, and a photograph was taken under 
identical conditions but without the ultraviolet filter. 
The resulting plate showed a diffuse fogging due to 
scattered light, but no evidence of a well-defined 
reflected beam.

The effect of introducing delays of up to 30 nsec 
into the probing beam was also investigated. It was 
found that the relative intensity of the reflected 
light was not diminished, even for maximum delay

(for which the overlap of the probing pulse and the 
fundamental pulse was less than 20%). The impli
cation of this result was that the processes govern
ing the decay of the ordered structure in the liquid 
were probably thermal. There was also an indica
tion that the reflected intensity had a maximum for 
a delay time of 15 nsec. This could be explained by 
an integration of the thermal contribution to the 
amplitude of the structures in the liquid during the 
giant pulse.

Analysis of the spectral composition of the light 
showed that Bragg reflection took place for power 
levels well below the threshold for the stimulated 
Brillouin effect, as well as above it. We conclude 
from this that an ordered structure analogous to a 
Lippman plate was formed in the liquid in the Q - 
switching cell of the giant pulse laser.

This technique should prove valuable in the meas 
urement of relaxation times and associated phe
nomena in liquids. Further experiments are in 
progress involving longer delay times and differing 
liquid temperatures. A further experiment is 
planned in which the dye cell will be probed con
tinuously with a beam from a high power gas laser, 
the Bragg reflection being detected photoelectrically. 
Such an experiment would give more detailed in
formation of the evolution of the processes taking 
place.

Three of us. Little, Harrison, and Key, wish to 
acknowledge the assistance of the Science Research 
Council in financing this experiment.
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Abstract In this note a novel form of spectrometer table 
is described. It has easily demountable arms and an 
incremental accuracy to 10“  ̂ radian.



Notes on experimental technique and apparatus

A versatile spectrometer table with removable arms has been 
designed by using kinematic principles. Such design allows 
various optical systems to be set up and positioned with 
considerable accuracy and with the minimum of effort. A 
table of this kind has been used successfully by the authors 
(Harrison et al. 1968) in an experiment in which laser light 
was Bragg-reflected from a laser-induced structure in a 
liquid.

The design is shown in figure 1. The movable arm has two 
ball bearings rigidly fixed to its underside. These rest in a

Column support to 
central table or component

Movable arriK^

Vernier attachment
r - i

Baseplate

Figure 1

circular groove of V-shaped cross section, cut in the base
plate. A third ball bearing fixed to the upper face of the arm 
and positioned at its end makes contact with the underside 
of a flange machined parallel to the baseplate. Thus five 
points of contact are made between the arm and the fixed 
part of the instrument leaving one degree of freedom, i.e. 
rotation about a central axis. When the balls are correctly 
located, as shown in the diagram, the system is in neutral 
equilibrium provided the centre of mass of the arm lies 
outside the V-groove circle. A number of arms may be 
positioned simultaneously, and arms may easily be inter
changed.

Angular displacements of an arm may be estimated with 
the help of a vernier scale attached to the arm and a circular 
scale engraved on the baseplate, A micrometer screw may 
be adapted to the system and used to achieve more precise 
adjustments.

The accuracy with which the groove and the flange have 
been machined sets an upper limit to the precision with which 
changes in the angular position of an arm may be made. 
For the system described, machining tolerances of the order 
1 in 10̂  imply that a displacement of the order 10"̂  radian 
will be subject to angular errors no greater than 10~5 radian, 
assuming of course that the machining errors are distributed 
and not localized over a narrow angular range.
References
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Abstract. Blue lluorescence has been observed from saturable absorbers excited by
ruby laser light. The intensity dependence of this fluorescence showed that it was a
result of excited-state absorption to the second singlet state. This intensity dependence 
also indicated the power density required to saturate the first excited singlet state for 
each dye, A similar lluorescence due to two photon absorption was observed in 
certain solvents.

1. Introduction
The use o f an organic dye solution for the ^-switching o f a laser depends on the intensity 

dependent reduction o f the absorption coefficient o f the dye at the laser frequency (Szabo 
and Stein 1965). In those dyes found suitable for ^-switching it is the transition from the
ground state (0) to the first excited singlet state (1) which is responsible for this adsorption.
The absorption coefficient is reduced when the laser intensity is such that the population of  
state (1) approaches that o f state (0). There is, however, a residual absorption due to the 
transition from (1) to the second excited singlet state (2) (Guiliano and Hess 1967, 
Hercher et al. 1968). The subsequent spontaneous transition (2) to (0) results in the blue 
fluorescence (Gibbs 1967) studied in this experiment.

The equilibrium population o f state (2) for the three-level system described, may be 
easily shown to follow the equation

7V2 =  /2criC T 2A {/o-2(3 /(7 i - f  T i - i  +  T z o - i )  +  ( 2 / a i  4- Tr^)
where cti, g 2 are cross sections for transitions (0 )-> (l)  and (1)->(2) respectively. Ti, 72 
are the total lifetimes o f levels (1) and (2) respectively. T20 is the lifetime characterizing 
the transition (2) ->(0).

When /  is very small
N^ — I^oiG^TiT^N

thus the response is square law.
When /  is very large

and there are equal populations o f the three states.
Now the lifetime o f state (2) for the dyes used was about IQ-i^g (Kasha 1950 and Gibbs 1967) 

whilst that o f state (1) is greater than or approximately equal to IQ-i^ s (Gires 1966 and 
Selden 1967).

Also the low excited-state absorption o f these dyes indicates 0-2 4  a i (Gibbs 1967, 
Guiliano and Hess 1967). Thus the transition (0 )-> (l)  saturates at a very much lower 
power than (1) ->(2) and

Â 2 =  /2(Ti C72A(3/2c7i (72 +  2/(71 

Now for 7(724^2'^ i.e., for powers insufficient to saturate the transition (1) ->(2).

^  I ^ gig^N  
' (2/(714- T r i )  72-1'
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Let (jr^T i-^  =  Jc then
/2 /r 2

Since the number o f lluorescent transitions (2) ~>(0) is proportional to N 2

fluorescencecc \  .
1 4- l l j l c

2. Experimental details
A g-switched ruby laser with an output o f  up to 200 MW and a pulse duration o f about 

15 nanoseconds was used to excite a dye solution. This solution was contained in a short 
cell which was misaligned with respect to the ruby beam. The light intensity incident on 
this cell was controlled by varying the concentration o f a solution o f copper sulphate placed 
in the path o f  the ruby laser light. This intensity was monitored using a calibrated beam  
splitter and photodiode connected to a Tektronix 454 oscilloscope. The blue fluorescence 
was detected by a Milliard 56 A VP photomultiplier connected to the same oscilloscope via a 
delay line. Scattered ruby laser light and red fluoresence was eliminated by use o f  Jena 
BG 18 green filters. Noise due to the flashlight from the ruby cavity was minimized by 
use o f a Wratten 29 filter placed after the copper sulphate attenuator. Two-photon  
absorption (Garrett and Kaiser 1961, Bloembergen 1967) in this filter caused a small amount 
o f blue lluorescence. This gave a negligible signal on the photomultiplier providing the 
distance o f  the dye cell from the filter was sufficiently long.

It was necessary to use dilute dye solutions contained in a narrow cell in order to minimize 
intensity variations due to absorption o f  the ruby beam. The thin misaligned cell also 
eliminated the possibility o f  stimulated non-linear effects (Bloembergen 1967, Minck et al.
1966).

°0.

3
U_

1 i ,765,4
I n p u t  i n t e n s i t y  (W c m - 2)

Figure 1. Dependence of fluorescence on input intensity. Curve A, c a p  in chloronaphthalene ; 
curve B, c a p  in methanol. (In each figure /c is the value of input intensity at the intersection of 

the theoretical lines representing fluorescence cci^ and fluorescence cc/.)
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3. Results
The intensity o f the blue fluorescence was measured as a function o f the incident intensity, 

for the dyes chloroaluminiumphthalocyanine ( c a p )  (Gibbs 1967), cryptocyanine and 
vanadium-phthalocyanine (VnOPc).

Curves A and B o f figure 1 show the dependence o f fluorescence on incident intensity for 
solutions o f  C A P  in chloronaphthalene and in methanol respectively.

At low inputs the fluorescence o f both solutions follows the expected square law depend
ence on input intensity. With an increase of intensity this dependence changes and tends

10®

o

Z3o
Ll.

10

I
10® 10’

I n p u t  i n t e n s i t y  CW c m - ^ )

Figure 2. Dependence of fluorescence on input intensity for cryptocyanine in methanol.

towards a linear law as predicted by the theoretical law. (The non-linear breakdown o f this 
law at still higher powers is attributed to chemical decomposition o f the solution.) This 
corresponds to saturation o f the first excited singlet state o f the dye. The characteristic 
intensity h  at which this occurs is about 10  ̂W cm"2 in the case o f the chloronaphthalene 
solution and about 3 x 10  ̂W cm~2 for the methanol solution. The different powers /c, 
for the two solutions are due to the different positions o f the peaks o f  their absorption 
spectra. The peak o f  the spectrum o f the solution in chloronaphthalene is much closer 
to the ruby wavelength (6943 Â) than that o f the solution in methanol. Consequently the 
absorption cross section cri is much greater and K  much smaller in this case.

The dependence o f fluorescence on input intensity for a solution o f cryptocyanine in 
methanol (figure 2) has the same features as that for c a p  in chloronaphthalene. However, 
although the absorption cross section for cryptocyanine in methanol (cri =  8-l x lO'i® cm^) 
is greater than that for c a p  in chloronaphthalene (a i =  3 x IQ-i® cm^) (Gires 1966, Selden 
1967), /c is greater for the cryptocyanine solution by over an order o f magnitude
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(/c'^2-5 X 10  ̂ W cm"2). This is a result o f  the very much shorter lifetimes o f  the first 
excited state o f  cryptocyanine s). For c a p , T i~ 5  x  IQ-o s (Gires 1966, Selden
1967).

Thus theoretically
/c(cryptocyanine)
— / a ----------

This is confirmed experimentally.
The dependence o f  fluorescence on input intensity for the VnOPc in nitrobenzene (figure 3) 

is similar to that o f  the other solutions. In this case saturation occurs at about 
2-5 X 10  ̂ W cm"^ as expected from the values cri =  4*l x  10“ ®̂ cm^ and T i^ 2  x  10'^ s 
(Gires 1966). These values o f  F  confirm the results obtained by other workers using 
transmission and single-photon fluorescence measurements (Armstrong 1965, Gires 1966 
and G iuliano and Hess 1967).

c3

O

L i .

10-

10®
I n p u t  i n t e n s i t y  (W c m - 2 )

Figure 3. Dependence of fluorescence on input intensity for VnOPc in nitrobenzene.

The spectrum o f the blue fluorescence was in all cases a fairly broad band (width about 
800 Â ) .  The peak o f  this emission was at about 4000 Â  for c a p  (Gibbs 1967) and at a 
somewhat longer wavelength about 4700 A in the case o f  cryptocyanine. The true spectrum  
for VnOPc could not be determined because o f  absorption o f  wavelengths less than 4400 A 
by the nitrobenzene solvent.

A  small am ount o f  blue fluorescence was observed from  the solvents chloronaphthalene 
and nitrobenzene. This followed a square-law dependence on input power. These 
solvents have no absorption at the ruby frequency, but have a considerable absorption at 
twice this frequency. We therefore attribute this fluorescence to two-photon absorption  
(Giordmaine and Howe 1963). A t very high intensities chemical breakdown o f  the solvents 
occurred. This was accompanied by a marked increase in fluorescence as seen on the 
graphs. A  change in the fluorescence mechanism at these intensities was also suggested 
by the marked increase o f  the relaxation time o f  the fluorescence. This reached about 
50 ns whereas at low intensities it was considerably shorter than the laser pulse duration 
('^ 15 ns).
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1 . INTRODUCTION

The s tro n g  e l e c t r i c  f i e l d  o f  th e  l i g h t  o u tp u t of a ruby l a s e r  

a f f e c t s  th e  r e f r a c t iv e  index o f  a medium through  which i t  p a sse s  in  

a number of ways. The most s ig n i f i c a n t  o f th e se  a r e : -

1 • E l e c t r o s t r i c t i o n  

2• K err e f f e c t

3 . Thermal e f f e c t s  -  in  ab so rb in g  m edia.

When th e  l i g h t  i s  r e f l e c te d  back a long  i t s  own p a th , la rg e  o s c i l 

l a t i n g  f i e l d s  e x i s t  a t  th e  an tin o d es  o f th e  r e s u l t in g  s ta n d in g  wave. 

As th e  above e f f e c t s  a r e  dependent on th e  sq u are  o f th e  f  ie ld  a

s p a t i a l l y  p e r io d ic  v a r i a t i o n  of r e f r a c t iv e  index i s  s e t  up p ro p o r

t i o n a l  to  th e  mean sq u are  o f  th e  lo c a l  f i e l d  ( F i g . l ) .  I f  th e  f r e 

quency o f th e  b a c k - re f le c te d  l i g h t  i s  s l i g h t ly  s h i f te d ,  th e  nodes and 

a n tin o d e s  w i l l  p ro p ag a te  th rough  th e  medium. The d i s t o r t i o n  a s s o c i

a ted  w ith  each of th e  above e f f e c t s  a ls o  has a c h a r a c t e r i s t i c  v e lo c i ty  

o f p ro p a g a tio n . ( E l e c t r o s t r i c t i o n  g iv e s  a c o u s tic  phonons -  th e  K err 

e f f e c t  g iv e s  o p t i c a l  phonons -  th e  the rm al f lu c tu a t io n s  decay b u t do

n o t p ro p a g a te .)  When th e  v e lo c i ty  o f  p ro p ag a tio n  o f th e  nodes of th e

f i e l d  m atches t h a t  of th e  d i s to r t i o n  o f  th e  medium, th e  e f f e c t  on th e  

medium has a re so n a n t maximum. ( I t  i s  t h i s  s i tu a t io n  w hich, a t  s u f 

f i c i e n t l y  h igh  l a s e r  pow ers, can g iv e  r i s e  to  th e  s tim u la te d  s c a t t e r 

in g  a s s o c ia te d  w ith  each o f  th e  i n t e r a c t io n s ,  i . e .  é l e c t r o s t r i c t i o n

( 1 2 )g iv e s  s tim u la te d  B r i l lo u in  s c a t t e r in g  ’ , th e  K err e f f e c t  g iv e s

s tim u la te d  R ay le igh  W ing^^'^^ and s tim u la te d  Raman s c a t te r in g ^ ^ ^ ,
(6 7 )th e  th e rm al e f f e c t  g ives s tim u la te d  th e rm al R ay le ig h  s c a t t e r in g  '  ) .

Thus by choosing  th e  a p p ro p r ia te  feedback  frequency  we can s e le c t  th e  

form o f i n t e r a c t io n  we w ish  to  in v e s t ig a t e .

- 1 -



The r e fr a c t iv e  index v a r ia tio n  s e t  up in  t h is  way, by the ruby

la s e r  l i g h t ,  a c ts  as a phase g r a t i n g ^ u p o n  a probing argon

la se r  beam traversin g  the medium. Each la y er  o f  high and low index

r e f le c t s  a small portion  of the in c id e n t argon l i g h t .  When these

p ortions add in  phase, a maximum o v era ll r e f l e c t iv i t y  i s  reached.

The cond ition  fo r  t h is  i s  the Bragg con d ition :

—1  ̂A ^r o8 = cos = 45-5o Xp  n%

where 8^ i s  the angle between the two beams, and s u f f ic e s  a and

r re fe r  to  the argon and ruby w avelengths r e s p e c t iv e ly . At th is

angle, providing the r e f l e c t iv i t y  i s  sm all

r e f l e c t iv i t y  =  f — ] (s e e  Appendix)
2cos^8

where N = number of modulations crossed

6
Ana
2nao

Ana = d iffere n c e  between maximum and minimum r e fr a c t iv e  

index (fo r  argon l ig h t )  induced by the standing  

wave.

n =» r e fr a c t iv e  index o f the undisturbed medium fo r  ao
argon l i g h t .

—6
When An ~  2 x 10 and length  o f in te r a c t io n  region  ~  1 cm 

r e f l e c t iv i t y  ~

The angular width a t h a lf  r e f l e c t iv i t y  i s

For 1 cm in te r a c tio n  len g th

- 5
angular width ~  5 x 10 radians ~  10 seconds.

-  2 -



2 .  EXPERIMENTAL

F ig .2 shows the experim ental arrangement. S in g le  lo n g itu d in a l 

mode output o f  the ruby la s e r  was achieved by the use o f  two narrow 

dye c e l l s  fo r  Q -sw itch ing and a resonant r e f le c to r  as the output mirror. 

An aperture was used to  cu t down the d ivergence o f th e  beam, and power 

d e n s it ie s  o f up to  100 MW/cnf were tra n sm itted . The p u lse  duration  

way o f the order o f 15 n sec .

The argon la s e r  gave 1 W output a t 4880 A w ith a beam divergence  

o f 1 mrad. Accurate adjustment o f  the Bragg angle between the argon 

l i g h t  and ruby induced stru ctu re  was achieved by s e n s it iv e  con tro l o f  

mirror . A Fabry-Perot in terferom eter was used to  check the s in g le  

mode output o f  the ruby la s e r  and to  measure the frequency s h i f t  o f  

the backward-going beam. These beams were d istin g u ish ed  by the use o f  

the X/4 p la te  and Polaroid  quadrant^^^, as shown in  th e diagram.

The r e f le c te d  beam could e ith e r  be sh ifte d  or u n sh ifted  in  frequency.

An u n sh ifted  frequency was obtained simply by the use o f  a m irror 

normal to  the ruby beam. A s h if te d  frequency was generated by stimu

la te d  b a ck -sca tter in g  o f l i g h t  focussed  in to  c e l l  ( 2 ) ,  as shown in  th e  

diagram. The frequency s h i f t  was determined by the liq u id  contained  

in  c e l l  ( 2 ) .

An advantage of th is  s e t  up was th a t th e d e tec to rs  mea

sured the in c id e n t ruby beam in  each d ir e c t io n  w hile  P and 

sim ultaneously  measured the amplitude o f  th e  r e fr a c t iv e  index modula

t io n  in  the c e l l  and the a m p lifica tio n  which i t  caused in  the backward 

beam. This was achieved by the use o f cab le delay  l in e s  allow ing  

sim ultaneous d isp la y  o f  four p u lses  on a s in g le  tra ce  o f a T ectronix  

454 o s c il lo s c o p e .
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The i n t e n s i t i e s  o f th e  beams were c o n tro l le d  (and feed -b ack  in to  

th e  l a s e r  m inim ised) by th e  use o f CuSO^ a t te n u a to r s .  The Bragg 

ang le o f 45*5° between th e  ruby and argon l a s e r  beams p e rm its  th e  very  

sim ple geom etry o f  c e l l  ( 1) and normal in c id en ce  of th e  argon beam as 

shown. S p a tia l  r e s o lu t io n  could  be d i r e c t ly  ach ieved  by lo n g itu d in a l  

movement o f th e  c e l l  along th e  ruby beam.

3. RESULTS

The experim en tal in v e s t ig a t io n s  were c a r r ie d  o u t m ainly in  absorb

ing  media u s in g  u n s h if te d  frequency  feed b ack . The the rm al e f f e c t  was 

th e re fo re  dom inant.

(a) A ngular Dependence

Using a s o lu tio n  o f copper a c e ta te  in  m ethanol w ith  a b so rp tio n
_ 1

c o e f f i c ie n t  a  = 0*15 cm th e  angle g iv in g  maximum Bragg r e f l e c t i o n

was measured to  be 45»5 ± 0*1^, and was equal to  th e  th e o r e t i c a l

— "I ^ a  ^ rv a lu e  g iven  by cos 7-  • —  . W hile th e  ang le  could  on ly  be mea-
^ r "a

sured a b so lu te ly  to  ± 0 *1^ , sm all in c rem en ta l ad ju stm en ts  could  be 

made much more accu ra te ly^^^  \  The an g u la r w idth  a t  h a l f  r e f l e c t i v i t y  

was found to  be ~ 5 m inu tes co rrespond ing  to  th e  d ive rg en ce  o f th e  

argon l a s e r  beam.

(b) M agnitude o f R e f le c t iv i ty

The r e f r a c t iv e  index m odulation due to  therm al e f f e c t s  i s  g iven

An =  Y P ^  a n
2&%(nrkr)2 ^

where y i s  a numerical fa c to r  such th a t 0*5 < y < 1 and P i s  

the power per u n it area absorbed in  th e medium of len gth  6 and 

thermal con d u ctiv ity  y .
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Hence w ith the same so lu t io n  as in  ( a ) ,  w ith  an in te n s ity  o f  

23 MW/cm̂  and & ~  4 cm
-6

An ~  4 X 10
2

Now r e f l e c t iv i t y  = (  — ~ 4% fo r  argon l ig h t  in c id e n t a t
\  2 cos^Q J

the Bragg an g le . However, the th e o r e t ic a l angular width a t h a lf  re

f l e c t i v i t y  of the Bragg i s  of the order o f  10 seconds fo r  a non-d iver-  

gent beam (se e  In tro d u ctio n ), whereas the divergence of the argon 

la s e r  beam was about 5 ’ . Hence only about o f the argon beam was 

a v a ila b le  fo r  r e f le c t io n ,  and thus r e su lta n t r e f l e c t iv i t y  ~  0-1%,

T his estim ate  was experim entally  confirm ed.

(c) Dependence o f  R e f le c t iv ity  on Ruby Laser Power

The change in  r e fr a c t iv e  index at any p o in t i s  proportional to  

the mean square o f the lo c a l f i e l d .  Let and Eg be th e  e le c t r ic

v ec to rs  o f  the forward- and backward- going beams r e s p e c t iv e ly .

Now

Ê  = sin(kz-cot)

Eg = Ag s in (-k z -o )t ) .

The lo c a l f i e l d  E = Ê  + Ê

= Â  sin (kz-o)t) + Ag sin (-kz-cot)

_ A A
Ê  = %Â  + %Â  + — cos  2kz

th erefore  the d iffere n c e  between maxima and minima o f  the mean square

of th e  lo c a l f i e l d  = A A. .
1 2

Hence the d iffe r e n c e  between the maxima and minima of the re fr a c 

t iv e  index 6n oc A_̂ Â  .

Now r e f l e c t iv i t y  o f  g ra tin g  oc(ôn)^ (se e  In troduction)

oc l^Ig where l^ , lg  are th e in ten 

s i t i e s  of the forward- and backward- going beams r e s p e c t iv e ly . F ig .3
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shows the dependence of r e f l e c t iv i t y  o f  a so lu tio n  of copper aceta te  

in  methanol (a  = 0»15 cm ^) on when Ig = 0*33 1^, In th is  case

r e f l e c t iv i t y  oc 1  ̂ as i s  confirmed by the graph. We a scr ib e  the 

errors mainly to  v a r ia tio n  of the d ivergence of the ruby l ig h t  due to  

lack  o f transverse mode co n tro l.

F ig .4 shows th at the r e f l e c t iv i t y  i s  proportional to  Ig when 1̂  

i s  kept con stan t. These two r e su lts  confirm the th e o r e t ic a l r e la t io n 

sh ip .

Further power dependence in v e s t ig a t io n s  were made in  the case of 

a saturable absorber ( cryptocynanine in  m ethanol). As was expected, 

the 1  ̂ dependence breaks down at about 10 MW/cnf owing to  the bleach

ing

1

o f the  ( F ig ,5) .

(d) Dependence o f R eflec ted  Power on Incident Argon Laser Power

To ensure that the argon l ig h t  was actin g  s o le ly  as a probe and 

not con trib u tin g  s ig n if ic a n t ly  to  the non -lin ear e f f e c t s ,  the depend

ence of r e f le c te d  power on the in c id en t argon power was in v e s t ig a te d .  

For so lu tio n s  not absorbing at the argon w avelength, e .g .  copper ace

ta te  in  methanol, the expected lin e a r  dependence was observed (F ig .6),

However, fo r  so lu tio n s  having even a s l ig h t  absorption a t th e argon
( 16)w avelength, e .g .  n itrobenzene, thermal d e-focu sin g  of the argon 

beam g rea tly  reduced the Bragg r e f le c t io n .

(e) Dependence o f th e  R e f le c t iv ity  on C oncentration

The r e f l e c t iv i t y  of the grating was a lso  in v e s t ig a te d  as a func

t io n  o f the absorption c o e f f ic ie n t .  As expected, d if fe r e n t  so lu te s  

in  the same so lv en t gave equal r e f l e c t i v i t i e s  when the absorption  

c o e f f ic ie n t s  o f the so lu tio n s  were equal.
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The measurement o f  th e  r e f le c t io n  as a fu n ctio n  o f the absorption  

c o e f f ic ie n t  a was com plicated by the fa c t  th a t v a r ia tio n  o f a 

a f f e c t s  the va lu es o f  and E^. This can only be corrected  fo r

as long as the n on -lin ear e f f e c t  in  the c e l l  has a n e g lig ib le  e f f e c t  

on the ruby beam, a con d ition  that req u ires a much shorter c e l l  than  

th a t used in  t h i s  experim ent.

( f ) Time R eso lu tion

Each o f the non -lin ear e f f e c t s  mentioned e a r l ie r  has a character

i s t i c  re la x a tio n  time^  ̂ These have the fo llo w in g  orders o f magni

tude:
- 9  _1  o

E le c tr o s tr ic t io n  -  10 to  10 sec
-11 -12

Kerr e f f e c t  -  10 to  10 sec
_ 7  _ 8

Thermal e f f e c t  -  10 to  10 s e c .

The length  o f  the ruby p u lse  (~ 15 nsec) and th e  r e so lu tio n  o f  

the instrum ents (~  7 nsec) only allowed in v e s t ig a t io n  o f the thermal 

r e la x a tio n .

F ig .7 shows the time p r o f i le  o f th e  ruby la s e r  p u lse and th e  

r e s u lt in g  Bragg r e f le c te d  p u lse  in  the thermal and the e le c t r o s t r ic 

t iv e  c a se s . The re la x a tio n  time of the e f f e c t  o f  é le c t r o s t r ic t io n  i s  

very f a s t  (compared w ith  the p u lse  p r o f ile  and instrum ent r e s o lu t io n ) .  

Hence the p r o f i le  o f th is  pu lse provides a measure o f  the r e so lu t io n  

o f the instrum ents, (7 n se c ) . The r e la x a tio n  time o f a thermal g ra t

ing  i s  ca lcu la ted  from the bulk p rop ertie s  o f the medium by the  

f  ormula^
cp

X (2k^np2

where c = s p e c if ic  heat a t constant pressure and p = d e n s ity . This 

g iv e s  a va lu e  o f 16*5 nsec fo r  m ethanol. The p o in ts  marked on F ig .7
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a re  th e  th e o r e t ic a l  p o in ts  g iven  t h i s  r e la x a t io n  tim e and th e  re so lu 

t i o n  tim e of th e  in s tru m e n ts . There i s  good agreem ent f o r  t h i s  value  

o f r e la x a t io n  tim e and s ig n i f i c a n t  m i s f i t  i f  i t  i s  v a r ie d  by more than  

2 n sec .

S im ila r  agreem ent was o b ta in ed  in  th e  case  o f a number o f  o th e r  

l iq u id s .

T his te ch n iq u e  can be used  more g e n e ra lly  fo r  in v e s t ig a t io n  of 

any n o n - lin e a r  o p t ic a l  e f f e c t  dependent on . In  p a r t i c u l a r  sh o rt 

p u lse s  and b e t t e r  d e te c to r  r e s o lu t io n  w i l l  a llow  d i r e c t  measurement 

o f th e  l i f e t im e s  of th e  phonons g en era ted  by th e  s tim u la te d  B r il lo u in  

e f f e c t .
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APPENDIX

L et 0 = ang le o f  in c id e n c e  a t  a r e f r a c t iv e  index boundary

0 ' = ang le  o f  r e f r a c t io n  a t  a r e f r a c t iv e  index boundary 

A  ̂ = am plitude o f  wave in c id e n t  on boundary 

6A^ = am plitude o f  wave r e f le c te d  from  boundary 

ôn = v e ry  sm all change o f r e f r a c t iv e  index a t  boundary

th e n - s i n ( 0 - 0 ')  -ô n  ^  ̂ ^
T ~  = i în (e + e ' ) ~  2n^^cos^e P a r a lle l  p o la r isa t io n

1 dA_ _1
in  l i m i t  -f- ^

ôn^O \  2 n a o co s^ 0

Now l e t

n = u n d is tu rb e d  r e f r a c t iv e  index  f o r  argon l i g h t

n^^ = u n d is tu rb e d  r e f r a c t iv e  index  f o r  ruby l i g h t

An = d if f e r e n c e  between max and min r e f r a c t iv e  index  f o r  

argon l i g h t

X = w avelength  o f  argon l i g h t  i n  vacuo

X^ = w avelength o f  ruby l i g h t  i n  vacuo

^a  -  X
2%

27t 
r

= d is ta n c e  a long ruby beam d i r e c t io n

Ana
th e n  n = n + — s i n  2k n z a ao 2 r  r o

dn An
"dT = " F  2krnroCos(2kyn^Qz)

J _  , I V  -A " a 'k r" ro C °s(2 k r" ro = )
2n^Q*cos^0
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Now l ig h t  r e f le c te d  from boundary at z has phase la g  o f

2n k z COS0 at z = 0 ao a
dAro

Â  dz
r f V v v o

2nao-cos2(
cos(2k n z) ' & r ro

12n k z COS0 ao a

where A i s  the amplitude at z = 0 of the wave r e f le c te d  from a ro
depth z of g ra tin g . Then to ta l  am plitude, A^, of wave a t z = 0 

r e f le c te d  from gratin g  o f depth L i s  g iven  by

ro
dz

-An k n
dz = a r ro

2cos 0 n^o
cos(2k n z ) l

12n k z cos0_, ao a dz
r ro

assuming Â  ~  con st = A  ̂ i . e .  to ta l  r e f l e c t iv i t y  « 1 where

L = to ta l  length  o f  modulations probed.

Now l e t  2k n = k r ro
2k n COS0 =  k' a ao

“ k An
F  VAj y 4 cos^ 0n

“ kAn

8 cos^ Onao

ik^ z cos kz t  dz

k)L sin (k '-k )L  
+k k ^

r s in (k ' + 
k/+k

+ 1 1-cos(k'+k)L  ̂ 1 -cos(k '-k )L
k'+k k '-k -11

fo r  k' ~  k terms w ith  k '-k  denominator » terms w ith k'+k 

denominator

2 /  kA.na
8cos^0n,

s i j r  (k' -k)L+( 1 -co s(k ' -k )L )‘
(k '-k )2

L

8 cos^ 0nao k'̂ -k L J

1
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T his has maximum when k ' = k

.  ̂ "a “ roi . e .  when cos 6 = • -----
"ao

th en R _ k A n  L \2

8 cos^ 0naQ

where I j  a re  th e  r e f le c te d  and in c id e n t  i n t e n s i t i e s

r e f l e c t i v i t y  = I t  V 2 cos^O

where N =

Ô =

2n L ro
k r

An,

2n ao

At h a l f  r e f l e c t i v i t y k '- k
1

42

now k ' -k  = 2k n cos 0 -  2k na ao r  ro
k n—1 V PO

l e t  0 = 0Q + Ô0 where 0^ = cos —
a ao

k ' -  k = -Ô0 k^n^ -  k^nP a ao r  ro

60

1
42

60.* .  ~  -  k^n^ • L = ± l * 3 9  ra d ia n s2 . a ao r  ro

. • .  60 = ± 2 X 1-39 
k n \2a ao 

k r " r
-  1

4* ^ 1 •an g u la r w idth  a t  h a l f  r e f l e c t i v i t y  = ^  q-
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B A C K W A R D  R U B Y  L A S E R  
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F O R W A R D  R U B Y  L A S E R  

B E A M

B R A G G  R E T R A N S M I T !  E D
A R G O N  b e a m A R G O N  B E A M

F ig .l  I l lu s tr a t iv e  diagram showing Bragg r e f le c t io n  o f a continuous 
argon beam from a period ic structure induced in  a liq u id  by 
the standing wave o f  a ruby la se r  beam»
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F ig ,2 Experimental arrangement 
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C O P P E R  ACETATE IN M ETH AN O L 
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lO lO
I ,  M.Wcm-2 I ,  M.W cm-2

F ig .3
R e f le c t iv ity  (R) o f the phase grating as a fun ction  of the  
in te n s ity  (I^ ) o f the forward-going beam with . The
l in e  shows the th e o r e t ic a l square law .

F ig .4
R e f le c t iv ity  (R) o f the phase gratin g  as a function  of the 
in te n s ity  (Ig) o f the backward-going beam with constant 
a t 71 MW cm“^ . The l in e  shows the th e o r e t ic a l lin e a r  law.

CRYPTOCYANINE

cX = G - 3 6 c » ''

METH AN O L

1-0 lO lOO

I ,  M.Wcm-2

F ig .5
R e f le c t iv ity  o f phase gra tin g  as a function  o f  fo r  a
saturable absorber.
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G O! C l I O lO

ARGON POWER WATTS

F ig .6
R eflected  power as a fun ction  o f  in c id en t argon la se r  power.
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L A S E R  PULSE BRAGG R E F L E C T E D  PULSE

T H E R M A L

LA S ER  PU L SE BRAGG REFLECTED PULSE

E L E C T R O S T R IC T IV E

F ig .7 Time p r o f i le  of the ruby la s e r  p u lse and th e  r e s u lt in g  Bragg 
r e f le c te d  p u lse in  the thermal and e le c t r o s t r ic t iv e  c a s e s .  
The p o in ts  marked are th ose  c a lc u la te d  g iv en  th e  th e o r e t ic a l  
re la x a tio n  tim e. c l m - P 2 2 4
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