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Abstract Fhase-conjugate beam f i d e l  i t y  i s stud ied i n  degenerate f ou r  
-wave mix ing  w i t h  s p a t i a l l y  vary ing  pump beams. The ana l ys i s  inc ludes 
the e f f e c t s  o f  probe dep le t ion ,  d i f f r a c t i n g  non- l inear  phase v a r i a t i o n ,  
focussing, and f i n a l l y  t ha t  o f  losses. We f i n d  r e l a t i v e l y  simple a lge-  
b ra i c  expressions f o r  the phase conjugate r e f l e c t i v i t y  f o r  the cases o f  
c o l l i n e a r  and nea r -co l l i nea r  beam geometries. I t  i s  found tha t  by f o -  
cussing ths  probe beam i n t o  the mix ing  medium, the f r a c t i o n  o f  energy 
i n  the  phase conjugate beam which was t rans fe r red  t o  o ther  modes, may 
t y p i c a l l y  be reduced by one order  o f  magnitude. 

F'hase conjugat ion o p t i c s  i s  a new f i e l d  i n  o p t i c s  which has 

created e x c i t i n g  prospects o f  a gamut o f  app l i ca t i ons  i n  areas ranging 

frorn o p t i c a l  computing t o  nuclear f us ion  by l ase r .  The g i s t  o f  the con- 

cept o f  non- l inear  phase con jugat ion  i s  the almost instantaneous crea- 

t l o n  o f  an electromagnetic wave which i s  a t  every po ln t  o f  space equals 

t h e  p h a s e - i  n v e r t e d  image o f  a g iven ob jec t  wave. In  mathematical terms, 

i f  the rnonochromatic ob jec t  wave i s  g iven by the expression 

where C.C. stands f o r  complex-conjugate, then the phase-conjugate wave 

i s  g iven by  

( the  subscr lp ts  p and s stand f o r  "probe" and "s igna l "  respec t i ve l y  ) , 
where r i s  a constant .  

Severa1 techniques have been developed t o  c reate  phase- inverted 

wavefronts, the most irnportant being three-wave mixing, backward B r i l -  

l o u i n  sca t te r i ng ,  and four-wave mix ing.  The reader i s  re fe r red  t o  a r t i -  

c l e s  by ~ a r i v ' ,  and pepper2, f o r  revlews on the al ready extensive 1 i t e -  



r a t u r e .  Degenerate four-wave m i x i n g  (DFWM) has t u r n e d  o u t  t o  be t h e  

most popu la r  o f  these methods s i n c e  i t s  proposal  i n  1977 by ~ e l l w a r t h ~ ,  

and f i r s t  exper imenta l  demonstrat ion4 i n  t h e  same year  by Bloom and 

~ j o r k l u n d % n d  Jensen and ~ e l  l w a r t h S.  Suggest ive o f  t h e  impor tance o f  

h i s  c o n t r i b u t i o n s  i s  t h e  f a c t  t h a t  Bloom was made a  F e l l o w  o f  t h e  O p t i -  

c a l  S o c i e t y  o f  America o n l y  a  few years l a t e r  - and a  few years a f t e r  

comp le t ing  h i s  Ph.D! 

2. DERIVATION OF THE COUPLED-WAVE EOUATIONS IN A TRANSPARENT 
KERR MEDIUM 

I n  DFWM t h e  phase con juga te  wave i s  produced by m l x i n g  a probe 

( o b j e c t )  wave i n  a  n o n- l i n e a r  mediurn w l t h  two c o u n t e r  p ropaga t ing  pump 

waves o f  t h e  same f requency as t h e  probe (see f i g .  1 ) .  The t h i r d -  o r d e r  

p o l a r i z a t i o n  i n a n  i s o t r o p i c  medium may be w r i t t e n 6  

where A and B a r e  cons tan ts  c h a r a c t e r i z t n g  t h e  medium, and t h e  e l e c t r i c  

f i e l d  i s  

r e + C.C. 

The l a b e l  ?.I stands f o r  fo rward  purnp wave 1 ,  backard pump wave 2 ,  probe 

wave 3 ,  and s i g n a l  wave 4 .  I n  o r d e r  t h a t  t h e  phase c o n j u g a t i o n  be near 

- p e r f e c t ,  i t  i s  i rnpor tant  t h a t  t h e  pump i n t e n s i t y  be n e a r l y  u n i f o r m o v e r  

t h e  i n t e r a c t i o n  volume, eventhough, due t o  t h e  a b s e n c e  o f  p h a s e  

-matching condi  t i o n s  i n  four-wave m i x i n g  (as opposed t o  three-wave m i -  

x i n g )  e x c e l l e n t  phase c o n j u g a t i o n  i s  p o s s i b l e  even when t h e  probe beam 

i s  i n c i d e n t  a t  an ang le  as l a r g e  as 90' t o  t h e  pump beams. I n  o r d e r  t o  

o b t a i n  maximurn r e f l e c t i v i t y ,  t h e  p a r a l l e l  o r  n e a r - p a r a l l e l  beam a r r a n -  

gernent i s  f a v o r a b l e .  I t  i s  then  u s e f u l  t o  choose t h e  p o l a r i z a t i o n  o f t h e  



probe beam t o  be orthogonal t o  t h a t  o f  the two pump beams. W r i t i n g  the  
+ 

non- l inear p o l a r i z a t i o n  P i n  the form 

+ - ink oz 
~ i r c , ~ , z )  = En p (nkO)e  + a - n k 0 ) e  + c.c., ( 4 ' )  

then equations(2) and ( 3 )  y i e l d  t o  f i r s t  o rder  i n  the probe and s igna l  

f i e l ds :  

and 

where the pump beams have been assumed l i n e a r l y  po lar ized.  We sha l l  as- 

sume t h a t  the probe and s lgna l  f i e l d s  a re  both weak comparedtothe pump 

f l e l d ,  which j u s t i f i e s  neg lec t ing  t h e i r  second-order cont r ibu t ions .Mar-  

burger and ~ a m ?  have solved the f u l  l y  non-l inear problem conta in ing  a l  l 

fou r  waves i n t e r a c t i n g  t o  second order ,  bu t  w i t hou t  i nc lud ing  t ransver -  

se spa t i a l  v a r i a t i o n .  

Ecpat ion  (5) Is subst i tu ted I n t o  Maxwel l ' s  equat ion, which when 

the  parax la l  ray  (c(?. E) = 0) and slowl y vary i ng ampl i tude (at/az<<koc) 

approxlmations are  appl.ied, y i e l d  



where 

The cons tan ts  A and B a r e  assumed r e a l ,  i . e . ,  t h e  d i s s i p a t i v e  p a r t  o f  

t h e  n o n - l i n e a r  s u s c e p t i b i l i t y  i s  neg lec ted  here, as  t h e  f requency W ,  i s  

assumed t o  be f a r  f rom any a tomic  resonances. 

L e t  us n e g l e c t  f o r  t h e  moment t r a n s v e r s e  s p a t i a l  v a r  i a t  i o n .  

w r i  t in ,  t, = I€, ' eiml and € = L, eim2, we see f rom equa t lons  (6a ) 

t h a t  

w h i l e  

Combining equa t ions  (7)  and (8) we o b t a i n  t h a t  t h e  sum r$ = r$1 + r$* i s  

g i v e n  by 

m(z> = + < o >  + ( 2 k o ) ' l  A ( I L ~ ~ ~  - l t 2 j 2 ) ~  (9) 

T h i s  shows t h a t  i f  pump i n t e n s i  t i e s  I&, l 2  and /t2 / a r e  choosen t o  be 

equal ,  t h e  phase @ i s  a  cons tan t ,  as  i s  t h e r e f o r e  t h e  p roduc t  & 2 .  

The i n c l u s i o n  o f  t r a n s v e r s e  s p a t i a l  dependence i s  more compi i -  

c a t e d  t o  t r e a t .  As t h e  i d e a l  s i t u a t L o n  f o r  phase c o n j u g a t i o n  i s  

= cons tan t ,  and t h i s  i s  n o t  r i g o r o u s l y  a t t a i n a b l e  i n  p r a c t l c e ,  l e t  us 

t r y  f o r  t h e  s o l u t i a n  



a r g  ( kl €, I  = cons tan t  

Thus l e t  

€., = F(x ,Y ,~ )  e i @ í x , y , z )  , 

where F and 4 a r e  r e a l .  The phase i n  eq. (10) has been s e t  equal t o  ze- 

ro ,  w i t h o u t  l o s ~  o f  g e n e r a l i t y .  S u b s t i t u t i n g  eqs. (11) i n t o  (6a), y i e l d s ,  

a f t e r  equa t ing  r e a l  and imaginary p a r t s ,  two equa t ions :  

The f l r s t  o f  these  i s  an e i k o n a l  ( o r  H a m i l t o n - ~ a c o b i )  equa t ion ,  t h e  se- 

cond expresses energy c o n s e r v a t i o n  when i n t e g r a t e d  o v e r  t h e  x-y p lane .  

We n o t e  t h a t  equa t ions  (11) rnay be s a ( i s f i e d  a t  t h e  s u r f a c e  o f  

t h e  m i r r o r  i n  f i g .  1 ,  p rov ided  t h a t  i t s  c u r v a t u r e  rnatches t h a t  o f  I n c i -  

den t  wave f ron t .  L i kew ise ,  p h y s i c a l  s o l u t i o n s  o f  equa t ions  (12) normal- 

l y  e x i s t ,  l e a d i n g  us t o  t h e  c o n c l u s i o n  t h a t  e q u a t i o n  ( 1 0 )  may indeed by 

s a t i s f  i ed .  

The c o n d i t i o n  (10) i s  n o t  a lways a t t a i n a b l e ,  f o r  example, when 

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

The rema in ing  equa t ions  (6b) a r e  now w r i t t e n  i n  t h e  form 

where L i s  an o p e r a t o r  g i v e n  by 



and 

Equat ions ( 1  3)  couple the probe f i e l d  L ,  t o  the phase-conjugate s igna l 

f i e l d  & ,. We n w  i n v e r t i g a t e  the cond i t ions  under whicht; e: outside 

the non- l inear  medium. 

3. CASE OF INFINITE PUMP BEAMS 

For i n f j n i t e  pump beams A '  = (2ko ) - '  ~ ( j t ,  j 2  + f 2 j 2 )  and K 

a re  constants.  The cond i t ions  K = K* need not  be app l ied  f o r  the moment. 

Foqr i e r  t ransform equatlons (1 3 )  

Equations (16) may be solved f o r  k assuming non-zero values f o r  the 
z 

f i e l d s  

-+ 
-+ 2%; The s o l u t i o n  o f  the f i e l d s L 3 ( f )  = ~ , ( ~ ) r ~ " a n d e , ( : )  = e  ,&) e 

which s a t i s f i e s & b  = O a t  z = L i s  then found t o  be given by ( i n  the  

entrance plane z = 0) 



Observe t h e  f o l  l ow ing  p r o p e r t  i e s  o f  equat  l o n  ( I  9) : 

(a) as I K I L  -+ W2,L 4 -+ . The phase con juga te  m i r r o r  may " o s c i l l a t e "  

w i t h o u t  i n t r o d u c t i o n  o f  an e x t e r n a l  feed-back, 

(b) t h e  r e f l e c t i v l t y  < K * / ~ K /  t a n  ( 1 ~ 1 ~ )  i s  independent o f  %, t h a t  i s , i t  

i s  t h e  same f o r  a l l  Fourier-cornponents o f  t h e  f i e l d .  

From p r o p e r t y  (b)  we a r r i v e  a t  t h e  p r o p e r t y  expressed by e q u a t i o n  (21, 

outside t h e  n o n- l i n e a r  medium, p rov ided  t h e  e x t e r n a l  medium i s  l o s s - l e s s  

and a t  most weakly  s c a t t e r i n g  i n  t h e  Born approx imat ion
g
.  I n  a d d i t i o n ,  

equa t ion  (19) shows t h a t  

(c )  t h e  phase-conjugate r e f  l e c t i v i  t y  has t h e  phase o f  t h e  p roduc t  (c , t2)* ,  
and f i n a l l y  

(d) i t i s  independent o f  t h e  non- l  i n e a r  phase rnodulat ion te rm i n  A ' .  

A l l  f o u r  o f  these  p r o p e r t i e s  a r e  m o d i f i e d  when t h e  s p a t i a l  v a r i a t i o n  o f  

t h e  pump f i e l d s  i s  taken i n t o  account .  

4. PHASE CONJUGATION WITH FINITE PUMP BEAMS 

We now c o n s i d e r  t h e  more r e a l i s t i c  s i t u a t i o n  i n  which t h e  pump 

beams have a  non- uni form s p a t i a l  dependence, r e s u l t i n g  i n  l e s s t h a n  per -  

f e c t  f i d e l i t y  o f  t h e  phase con juga te  s i g n a l  beam. The c o n d i t i o n  (10) i s  

assurned t o  a p p l y ,  as t h i s  c o n d i t i o n  i s  a t  l e a s t  i n  principie always 

ach ievab le .  Equat ions (16) a r e  w r i t t e n  I n  t h e  forrn 

where *(x,y,z) = 3 ( 5 , y , ~ )  2 e : ( X , ~ , Z ) .  

The s o l u t i o n  o f  equa t ion  (20) which s a t i s f i e s  t h e  boundary c o n d i t i o n  

L4(x ,y ,L )  = O i s  

where R i!; t h e  a n t i - h e r m i t i a n  r e f l e c t i o n  o p e r a t o r ,  which i s  d e f i n e d  i n  

terms o f  a  u n i t a r y  o p e r a t o r  U(x,y,L) by a  Cayley t ransforrn"  



= 1 - U(X,Y,L) 

1 + U(x,y,L) 

F i n a l l y ,  the operator  Ü(x,y,z) i s  def ined as the product 

t -C 
U ( x , Y , ~ )  = U - ( X > ~ , Z )  (x,y,z) 

3 
where Ü and ? s a t i s f y  equations (20),  and U-(X,Y,O) = U (z,y10 

- 
From the u n i t a r y  proper ty  o f  U a usefu l  d i s t o r t i o n  c r  

can be found. Let 

o f  equat ions (20) 

f (x,Y,o) 

(23) 

) = 1 .  

i t e r i o n  
+ 

the func t ions  ~ - ( X , ~ , Z )  and f (x,y,z) be so lu t i ons  

which s a t i s f y  

Now de f i ne  a parameter E according t o  

then, i n  the case t h a t  E 1 (which app l ies  t o  c o l l i n e a r  o r  near c o l l i -  

near beam geometries), the quant i t y  

1 8 = -(tan K ~ L  + co t  K ~ L )  E = E csec 2K,L 
2 

(26) 

represents the f r a c t i o n  o f  energy i n  the s igna l  f i e l d  which was coupled 

t o  o ther  modes than the probe f i e l d  d i s t r i b u t i o n .  The constant K, was 

def i ned by w r i  t ing K(X,V,Z) = K, + AK(x, y,z) . The consequence i s t h a t  

the parameter E can be regarded as a convenient d e f i n i t i o n  o f  d i s t o r -  

t i o n .  We have compared numerical r e s u l t s  based on the  complete f i e l d ,  

g iven i n  equat ion (21) w i t h  the values o f  E and 6 , showing exce l l en t  

correspondente. 

An e x p l i c i t  expression f o r  the s igna l  f i e l d  i s  obtained from 

equations (20) by t r e a t i n g  V: as a per turbat ion .  For simpl i c i t y  we as- 

sume K(X,Y) t o  be independent o f  z , then t o  f l r s t  order1° 



&,(x,y,o)* = i t a n  r ( x , y ) ~  & (X,Y,~) + 
P 

Observe t h a t  t h e  r i g h t -  hand s i d e  o f  (27) c o n t a i n s  a  non- loca l  te rm p ro -  
-f -+ 

p o r t i o n a l  t o  V K. V & . T h i s  te rm possesses two p r o p e r t i e s  which we ex-  
t t P  

p l o i t  t o  o b t a i n  t h i s  p a p e r ' s  p r i n c i p a l  r e s u l t .  F i r s t ,  i t  i s  v e r y  s e n s i -  

t i v e  t o  t h e  phase o f  & . The o t h e r  p r o p e r t y  i s  t h a t  t h e  l e a d i n g  p a r t  
P 

o f  t h i s  express ion  i s  i n  phase w i t h  t h e  p r i n c i p a l  ( f i r s t )  te rm i n  equa- 

t i o n  ( 2 7 ) .  I t  should be p o s s i b l e ,  t h e r e f o r e ,  t o  shape t h e  phase o f  t h e  

probe f i e l d  i n  such a  way, by a p p r o p r i a t e l y  f i l t e r i n g  o f  t h e  beam be fo -  

r e  e n t e r i n g  t h e  PCM, t h a t  t h e  d i s t o r t i o n  caused by t h e  s p a t i a l  d e p e n -  

dente o f  ~ ( . x , y )  i s  c a n c e l l e d  by t h e  non l o c a l  c r o s s - q r a d i e n t  term12. A 

s imp le  c a l c u l a t i o n  shows t h a t  i f  K ( x , ~ )  f a l l s - o f f  q u a d r a t i c a l  l y  near t h e  

a x i s ,  a  n e g a t i v e  r a d i u s  o f  c u r v a t u r e  o f  t h e  i n c i d e n t  wave f r o n t ,  s a t i s -  

f y i n q  

per forms t h e  d e s i r e d  f u n c t i o n .  T h i s  f o c u s s i n g  o f  t h e  probe beam i s  i n -  

duced by p l a c i n g  a  converg ing  l e n s  i n  f r o n t  o f  t h e  PCM. Because o f  t h e  

phase c o n j u g a t i o n  p r o p e r t y  o f  t h e  PCM, t h e  s i g n a l  wave i s  a u t o m a t i c a l l y  

c o r r e c t e d  f o r  t h e  added wave f ron t  c u r v a t u r e  when i t  passes th rough  t h e  

lens .  

Obv ious ly  t h e  a d a p t a t i v e  techn ique  we have descr ibed  can n o t  

work f o r  an a r b i t r a r y  i n c i d e n t  wave f ron t .  I t  i s  i n  f a c t  o n l y  u s e f u l  i f  

i t  works reesonably  w e l l  f o r  a c e r t a i n  c l a s s  o f  wave f ron ts  which v a r y  f rom 

one ano ther  w i t h i n  c e r t a i n  p redescr ibed  l i m i t s  t h a t  a r e  determined by 

t h e  n a t u r e  o f  t h e  f i e l d s  which :he PCM i s  l i k e l y  t o  r e c e i v e ,  and t h e  

f u n c t i o n  i t  i s  designed t o  perforrn. I t  i s  t h e r e f o r e  necessary t o  know 

t h e  e f f i c i e n c y  o f  t h e  adap t ing  l e n s  when c e r t a i n  c h a r a c t e r i s t i c s  o f  t h e  

probe f i e l d  a r e  v a r i e d ,  t h e  p r o p e r t i e s  o f  t h e  PCM and t h e  a d a p t i n g  l e n s  

be ing  ma in ta ined  c o n s t a n t .  



Because equat i o n  (27) does n o t  a c c u r a t e l  y  d e s c r i  be f o c u s  s e d  

f i e l d s ,  ano ther  method must be appl  i e d .  I f  t h e  pump beams o v e r  l a p  

s t r o n g l y  w i t h  t h e  probe, we a r e  a l l o w e d  t o  approx imate 

Equat ions 

an anal  y t  

f o rm 

(20) have 

i c  express 

s o l u t  

i o n  f o  

ions  i n  terms o f  Herrnite Gauss f u n c t i o n s ,  and 

r E i s  a v a i l a b l e .  These s o l u t i o n s  have t h e  

where 

and a s i m i l a r  d e f i n i t i o n  o f  f q y , z ) .  ~ h e  parameters appear ing  i n  (30) m 
a r e :  complex wave f ron t  c u r v a t u r e  

+ 
t h e  geometr ic  o p t i c s  r a y  pos i  t i o n  x ó ( z )  = bi(z)/ V(z) ,  t h e  geometr ic op- 

+ + 
t i c s  r a y  d i r e c t i o n  &õ(z ) /dz  = o - ( 2 ) .  The q u a n t i t i e s  i n  t h e  phase we. 

termed t h e  homogeneous a x i a l  phase 



and t h e  d i ç t r i b u t e d  a x i a l  phase 

where M o  = I /w íU)  and uo = y ( 0 ) .  F i n a l l y ,  t h e  a u x i l  i a r y  parameters a r e  

def  i ned 

+ 
U-.(z) = a '  c o t  a ' z ,  U  (z )  = a '  c o t h  a ' z  

V-'(2) = a l / s i n  a ' z ,  ~ ' ( z )  = a l / s i n h  a ' z  

a"(z)  = tanO (I - z u ' ( ~ ) ) ,  bk (z )  = t a n ~  (z$ (z ) - I )  (34) 

where a '  =: a  COSO = (2r,/krZ) cos 0. 
P 

T h i s  s o l u t i o n  was app l  i e d  t o  e q u a t i o n  (251, and a l s o a  SI i g h t l y  

q e n e r a l i z e d  v e r s i o n  which inc luded  l a t e r a l  o f f  s e t .  The v a l u e  o f  E was 

then  c a l c u l a t e d  f o r  a  v a r i e t y  o f  d i f f e r e n t  c o n d i t i o n s  which a r e  t o o  ma- 

ny t o  d e s c r i b e  c o m p l e t e l y .  Only t h e  e f f e c t  o f  f o c u s s i n g  w i l l  be ment io -  

ned here.  I f  i s  found t h a t  d i s t o r t i o n ,  as measured by E ,  can be redu-  

ced t y p i c a l l y  by as much as 90% under l i k e l y  exper imenta l  c o n d i t i o n s ,  

f o r  a  c o n s i d e r a b l e  range o f  va lues  o f  probe beam d iamete r ,  l a t e r a l  and 

angu la r  o f f - s e t ,  e t c .  The compensation by f o c u s s i n g  a l s o  tu rned  o u t  t o  

be remarkably  i n s e n s i t i v e  t o  t h e  exac t  l o c a t i o n  o f  t h e  f o c a l  plane. T h i s  

i s  e x p l a i n e d  by t h e  f a c t  t h a t  a  d e l i c a t e  balance e x i s t s  between spo t  
+ 

s i z e  matching o f  t h e  f and $- f u n c t i o n s ,  and wave f ron t  c u r v a t u r e  mat- 
+ 

ch ing .  Near t h e  f o c a l  p lanes  R (z )  ; R - ( z )  t h e  wave f ron t  c u r v a t u r e s  a r e  

w e l l  rnatched, b u t  t h e  spo t  match i s  poor due t o  t h e  smal l  spo t  s i z e s .  

F a r t h e r  away f rom t h e  foca l  p lanes  t h e  r e v e r s e  s i t u a t i o n s  e x i s t s .  The 

r e s u l t  i s  t h e  e x i s t e n c e  o f a w i d e  range o f  va lues  o f  t h e  r a t i o  1?/L, as 

w e l l  as o f  o t h e r  parameters, where cons idera  

occur .  

The e f f e c t  o f  beam o f f s e t  i s  as  f o l l  

beams a r e  w e l l  centered,  t h e  r e d u c t i o n  o f  E i 

e  d i s t o r t i o n  cornpensation 

ows. When probe and pump 

s  most e f f e c t i v e  w i t h  de- 

c r e a s i n g  probe beam r a d i u s .  I n  t h e  presence o f  l a t e r a l  o r  a n g u l a r  o f f  

s e t  a  minimum probe beam r a d i u s  e x i s t s  below wh ich  f o c u s s i n g  y i e l d s  d i -  

m i n i s h i n g  r e t u r n s .  I t i s  concluded t h e r e f o r e  t h a t  t h i s  t e c h n  i q u e  does 

n o t  have much v a l u e  f o r  complex probe-phase s t r u c t u r e s ,  and may even be 



coun te r  p r o d u c t i v e  i n  those cases. On t h e  o t h e r  hand, f o r  s imp le  beams 

i t  appears t o  be v e r y  v a l u a b l e .  

Foreseeable appl  i c a t i o n s  a r e  l i k e l y  t o  be i n  t h t  a reas  o f  a t -  

mospheric communication by l a s e r ,  t h e  t r a n s m i s s i o n  o f  energy t o  s a t e l -  

l i t e s  and t h e  n u c l e a r  f u s i o n  w i t h  l a s e r s  - a11 o f  wh ich  a r e  l i k e l y  t o  

i n v o l v e  ekect ro-magnet ic  f i e l d s  w i t h  a small  number o f  degrees o f  f r e e -  

dom i n  t r a n s v e r s e  s p a t i a l  d i r e c t i o n s .  

5. THE EFFECTS OF LOSSES ON PHASE CONJUGATE REFLECTIVITY 

Most h i q h  convers ion  PCM1s a r e  b u i l d  f rom resonant  absorb ing  

m a t e r i a l s .  For such media, t h e r e f o r e ,  t h e  t h e o r y  so f a r  presented i s n o t  

v e r y  s a t i s f a c t o r y .  U n f o r t u n a t e l y ,  t h e  i n c l u s i o n  o f  l o s s  e f f e c t s  presents 

a most troublesome problem, i n  p a r t i c u l a r  when n o n- l i n e a r  phase v a r i a -  

t i o n s  o f  t h e  pump f i e l d s  a r e  p r e s e n t .  A t h e o r y  which i n c l u d e s  these e f -  

f e c t s  w i l l  be p u b l i s h e d  e lsewhere13,  f o r  t h e  moment o n l y  a s imp le  r e -  

s u l t  appl  i c a b l e  when o n l y  l i n e a r  losses  a r e  p resen t  w i l l  be g iven .  I n  

t h e  case o f  c o l l i n e a r  o r  n e a r - c o l l i n e a r  beam geometr ies,  w i t h  n o r m a l l y  

i n c i d e n t  pump beams, and under t h e  c o n d i t i o n s  t h a t  t h e  s t r u c t u r e  o f  t h e  

probe i s  r e l a t l v e l y  s imple,  t h e  r e f l e c t i v i t y  can be w r i t t e n 1 °  

Here a i s  the 1 i n e a r  l o s s  cons tan t ,  W ( X , ~ ) '  = K ( x , Y ) ~  - a* and S(x,y) 
+ i s  t h e  t o t a l  phase mis-match a t  t h e  c e l l - b a c k  o f  t h e  f u n c t i o n s  f and 

$, d e f i n e d  i n  s e c t i o n  4 ( w i t h  K(Z,ZJ) s u b s t l t u t e d  by w ( ~ , ~ ) ) ,  

6. SUMMARY 

T h i s  paper rev iews  some o f  t h e  p r i n c i p a l  r e s u l t s  we o b t a i n e d  i n  

o u r  work on phase c o n j u g a t i o n  o p t i c s .  A d d l t i o n a l  r e s u l t s ,  i n c l u d i n g  nu- 

m e r i c a l ,  may be found  i n  o u r  more complete paper r e f .  10. I n  p a r t i c u l a r ,  

t h e  t o p i c  o f  f o u r  wave m i x i n g  a t  l a r g e  angles,  n o t  d iscussed  here,  i s  

t r e a t e d  there .  



These ca l cu la t i ons  have app l i ca t i ons  t o  communications, h igh  

powered lasers  and laser  a m p l i f i e r s ,  in te r fe romet ry  and o p t i c a l  compu- 

t i n g .  We are  i nves t i ga t i ng  laser  c a v i t i e s  i n  which one m i r r o r  i s  a pha- 

se-conjugate m i r ro r13 .  
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RESUMO 

E estudada a f i de l i dade  da onda conjugada em fase em mis tura  
de quatro ondas degeneradas, com ondas de bomba cu jas  intensidades va- 
r iam em posição dent ro  da reg ião de interação. A aná l i se  i nc lue  os e- 
f e i t o s  de esgotamento da onda "sonda", d i f ração,  var iação não l i n e a r  da 
fase, foca l ização e f inalmente os das perdas. Derivamos expressões para 
a r e f l e t i v i d a d e  do espelho conjugador de fase as quais são re lat ivamen-  
t e  simples nos casos das geometrias dos fe i xes  co l i nea r  e quasi c o l i -  
near. Achanios que por meio de f o c a l i z a r  a onda sonda dentro do meio 
não 1 i near ,  a f ração de energia no f e i x e  da onda conjugada em fase, que 
f o i  t rans fer ida  para out ros  modos, pode ser r e d u z  i da t ip icamente por 
uma ordem de magnitude. 


