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DEGENERATE FREQUENCY MIXING I N  SATURABLE A M P L I F I E R S  

J. Rein t jes ,  B.L. Wexler, N .  Djeu and J . L .  Walsh 

Laser Physics Branch, U.S. NavaZ Research Laboratory, Washington, 
D.C. 20375, U.S.A. 

Resume - Nous avons P t u d i e  l a  con juga i son  de phase pa r  l e  melange de q u a t r e  
ondes dPgener&es dans l e s  a m p l i f i c a t e u r s  sa tu rgs  pour  une v a r i s t e  de geom6- 
t r i e s  d ' a c t i o n  rec ip roque  e t  de combinaisons de p o l a r i s a t i o n  . Les r e s u l t a t s  
t heo r i ques  son t  compares avec l e s  mesures dans un a m p i i f i c a t e u r  XeC1. Un de- 
g r e  de r P f l e x i o n s  exper imenta l ,  s l & i e v a n t  j u s q u ' a  100 e s t  observe. 

A b s t r a c t  - We have s t u d i e d  phase con juga t i on  by degenerate f requency m i x i n g  
i n  s a t u r a b l e  a m p l i f i e r s  f o r  va r i ous  i n t e r a c t i o n  geometr ies and p o l a r i z a t i o n  
combinat ions.  T h e o r e t i c a l  r e s u l t s  a r e  compared w i t h  measurements i n  a  XeCl 
amp1 i f i e r .  Exper imental  r e f l e c t i v i t i e s  as h i g h  as 100 a r e  observed. 

I. INTRODUCTION 

Phase con juga t i on  th rough degenerate f requency m i x i n g  (DFM) i n  s ing le-photon 
resonant media has a t t r a c t e d  cons ide rab le  a t t e n t i o n .  Because o f  t h e  resonant 
enhancement o f  t h e  non l i nea r  s u s c e p t i b i l i t y  t hese  media have t h e  p o t e n t i a l  f o r  h i gh  
phase-conjugate r e f l e c t i v i t i e s .  Whi le phase c o n j u g a t i o n  i n  s a t u r a b l e  absorbers has 
been analyzed i n  severa l  approx imat ions  i n  t h e  l i t e r a t u r e  /1-8/ and has been s tud ied  
expe r imen ta l l y  i n  some d e t a i l  /9-16/, DFM i n  s a t u r a b l e  a m p l i f i e r s  has been s t u d i e d  
l e s s  ex tens i ve l y  i n  t h e  l i t e r a t u r e  /17-19/. Saturab le  a m p l i f i e r s  have some 
advantages f o r  phase con jugat ion .  F o r  example, t h e y  a r e  a u t o m a t i c a l l y  matched t o  
t h e  cor respond ing l a s e r  frequency, p r o v i d i n g  a  phase c o n j u g a t i n g  medium i n  reg ions  
o f  t h e  spectrum i n  which o t h e r  m a t e r i a l s  a r e  hard  t o  f i n d .  Secondly, t hey  have t h e  
p o t e n t i a l  f o r  p r o v i d i n g  h i g h  r e f l e c t i v i t i e s  a t  low pump powers i f  advantage can be 
taken  o f  t h e  ga in  o f  t h e  medium. I n  t h i s  paper, we s h a l l  desc r i be  some o f  ou r  
t h e o r e t i c a l  and exper imenta l  r e s u l t s  on DFM i n  two l e v e l  s a t u r a b l e  a m p l i f i e r s .  

We cons ider  a  two - l eve l  system w i t h  a  t r a n s i t i o n  f requency ~ 1 0 ,  a  t r a n s i t i o n  d i p o l e  
moment, u10, a  dephasing t i m e  T2 and a  l i f e t i m e  TI. We assume t h a t  t h e r e  i s  a  
steady s t a t e  popu la t i on  i n v e r s i o n  i n  t h e  medium t h a t  i s  main ta ined i n  t h e  absence 
s a t u r a t i n g  f i e l d s  by a  s u i t a b l e  pump source. The smal l  s i g n a l  ampl i tude g a i n  
o f  c o e f f i c i e n t  f o r  t h i s  system i s  g i ven  by 

l u 1 0 1 ~  T2 ("4 - NO) a0 
a = - -  

6 (1  + i s )  1 + i 6  

where 6  = (w10 - w) T2 i s  t h e  f r a c t i o n a l  detuning, and t h e  square o f  t h e  
s a t u r a t i o n  f i e l d  i s  
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We cons ide r  a  n o n l i n e a r  i n t e r a c t i o n  i n v o l v i n g  four waves as shown i n  F ig .  1. 
St rong  pump waves E l  and E2 propagate a long  t h e  + z' and - z' d i r e c t i o n s  respec- 
t i v e l y .  A probe wave Eg propagates a long d i r e c t i o n  z, a t  a  smal l  ang le  e, t o  2'. 
The f o u r t h  wave Eq i s  generated i n  t h e  i n t e r a c t i o n  and propagates i n  a  d i r e c t i o n  
oppos i t e  t o  t h a t  o f  E j .  We w i l l  t r e a t  t h e  n o n l i n e a r  i n t e r a c t i o n  o f  t hese  waves 
due t o  s a t u r a t i o n  o f  t he  g a i n  and we w i l l  i n c l u d e  t h e  e f f e c t s  o f  t h e  v a r i a t i o n  
o f  t h e  pump wave ampl i tudes as t h e y  propagate t h rough  t h e  medium. 

The e l e c t r i c  f i e l d s  o f  t h e  waves a r e  g iven by 

F ig .  1 - Schematic o f  exper imenta l  
arrangement f o r  DFM i n t e r a c t i o n .  

1 
E ~ ( z , ~ )  = - (E3(z) e- i "  + c.c.) 

2 

1 
= - (A ( z )  e - i ( d  - kz )  + c.c.) 

2 3  



1 
E4(z,t) a - (E ( z )  e - j u t  + c.c.) 

2  4  

and t h e  non l i nea r  p o l a r i z a t i o n  due t o  ga in  s a t u r a t i o n  i s  given- by 

where a i s  t h e  smal l  s i gna l  ampl i tude ga in  c o e f f i c i e n t  and E i  i s  t h e  o p t i c a l  f i e l d  
o f  t h e  i t h  wave as de f i ned  i n  equat ion  1. The component o f  t h e  n o n l i n e a r  p o l a r i -  
z a t i o n  t h a t  d r i v e s  each wave can be ob ta ined  by t a k i n g  t h e  a p p r o p r i a t e  s p a t i a l  
F o u r i e r  component of  each o f  t h e  terms i n  equat ion  4. The c o n t r i b u t i o n  o f  t h e  
va r i ous  terms i n  t h e  t o t a l  p o l a r i z a t i o n  t o  a  s p e c i f i c  F o u r i e r  component depends 
on t h e  r e l a t i o n  o f  t h e  p o l a r i z a t i o n  o f  t h e  pump and probe waves, on t h e  va lue  o f  
t h e  ang le  8 and on t h e  r e l a t i v e  ampl i tudes o f  t h e  va r i ous  waves. We w i l l  
i l l u s t r a t e  t h e  c o n t r i b u t i o n s  of  t h e  va r i ous  t ypes  o f  terms i n  t h e  p o l a r i z a t i o n  
by c o n s i d e r i n g  t h e  F o u r i e r  components t h a t  d r i v e  waves E l  and E4. 

We cons ide r  f i r s t  a  s i t u a t i o n  i n  which a l l  t h e  waves a r e  p o l a r i z e d  p a r a l l e l  t o  one 
another  and t h e  probe and generated f i e l d  ampl i tudes a r e  smal l  compared t o  t h o s e  
o f  t h e  pump waves. I n  t h i s  s i t u a t i o n  we can make an expansion o f  t h e  denominator 
i n  equat ion  4  g i v i n g  f o r  t h e  t o t a l  p o l a r i z a t i o n  

where 

2  
D' = 1 + (A e ikz '  + A  e-ikz.1 = 1 + ( ~ ~ ( 2 + I ~ ~ 1 2 + 2 ~ ~ ~ ~  cos(2kz'+$1-$2) (6)  

1 2  

where $1 and 42 a r e  t h e  phases o f  A1 and A2, respec t i ve l y .  

The n o n l i n e a r  p o l a r i z a t i o n  ampl i tude w i t h  t h e  same F o u r i e r  component as E l  i s  
g i ven  by 
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I n  t h e  s l o w l y  v a r y i n g  envelope approx imat ion  t h e  i n t e g r a l s  can be eva lua ted  over  a 
d i s t a n c e  o f  t h e  o r d e r  of  a wavelength and t h e  f i e l d  ampl i tudes can be t r e a t e d  as 
constants .  Normal ly,  t h e  second te rm would not  c o n t r i b u t e  t o  t h e  n o n l i n e a r  p o l a r i -  
z a t i o n  f o r  E l  s i n c e  it would no t  be phased matched. I n  t h e  present  s i t u a t i o n ,  
however, t h e  i n t e r e f e r e n c e  t e r m  i n  t h e  demoninator couples t h e  fo rward  and backward 
waves and g i ves  a non-zero c o n t r i b u t i o n  o f  t h i s  t e rm  t o  t h e  p o l a r i z a t i o n  f o r  E l .  

The non l i nea r  p o l a r i z a t i o n  ampl i tude w i t h  t h e  same F o u r i e r  component as Eq has two 
t ypes  o f  terms: 

The f i r s t  se t  o f  t hese  terms a r e  t hose  t h a t  a r e  normal ly  assoc ia ted w i t h  t h e  
p o l a r i z a t i o n  o f  t h e  backward wave. The remain ing terms w i t h  d i f f e r e n t  exponent ia l  
v a r i a t i o n s  i n  t h e  numerator would normal ly  be non-phase matched and would not 
c o n t r i b u t e  t o  t h e  p o l a r i z a t i o n  o f  t h e  backward wave. I n  t h e  present  s i t u a t i o n  
t h e y  can be coup led t o  t h e  backward wave by t h e  i n t e r f e r e n c e  t e r m  i n  t h e  denomi- 
nator .  I f ,  however, t h e  f i e l d  ampl i tudes vary  s l ow ly  o v e r  a d i s tance  LC = f i l e 2  
and t h e  i n t e r a c t i o n  l e n g t h  i s  l a r g e r  t h a n  LC t h e n  t h e  c o n t r i b u t i o n  o f  t hese  terms 



w i l l  average t o  zero  over  t h e  e n t i r e  i n t e r a c t i o n  length .  These terms w i l l ,  however, 
c o n t r i b u t e  t o  t h e  n o n l i n e a r  p o l a r i z a t i o n  i f  t h e  probe and pump waves a re  c o l l i n e a r ,  
i.e. i f  I3 = 0. 

Using s i m i l a r  cons ide ra t i ons  f o r  t h e  o t h e r  two waves and e v a l u a t i n g  t h e  i n t e g r a l s  
i n  equat ions  7 and 8 we a r r i v e  a t  t h e  f o l l o w i n g  equat ions  f o r  t h e  f o u r  waves: 

where 

I n  d e r i v i n g  t hese  equat ions  we have assumed t h a t  t h e  de tun ing  i s  zero, t h a t  a l l  t h e  
f i e l d s  a re  r e a l  and t h a t  8 i s  smal l  enough t h a t  t h e  v a r i a t i o n  o f  t h e  pump f i e l d s  
i n  t h e  d i r e c t i o n  z i s  e f f e c t i v e l y  t h e  same as t h e  v a r i a t i o n  i n  t h e  d i r e c t i o n  z'. 
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I I. THEORETICAL RESULTS 

We have examined t h e  DFM r e f l e c t i v i t y ,  d e f i n e d  as 13(0) /14(0) ,  f o r  severa l  
i n t e r a c t i o n  geometr ies i n  t h e  weak probe wave l i m i t .  I n  F ig .  2 we show c a l c u l a t e d  
values o f  t h e  r e f l e c t i v i t y  as a  f unc t i on  of  t h e  i n c i d e n t  pump wave i n t e n s i t y  
r e l a t i v e  t o  t h e  s a t u r a t i o n  i n t e n s i t y  f o r  t h e  s i t u a t i o n  i n  which t h e  i n c i d e n t  
i n t e n s i t y  o f  t h e  two pump beams i s  t h e  same. The curves a r e  parameter ized by t h e  
smal l  s i gna l  i n t e n s i t y  ga in  l e n g t h  product  2aoL. The q u a l i t a t i v e  behav ior  o f  a l l  
t h e  curves i s  s i m i l a r .  The r e f l e c t i v i t y  increases w i t h  t h e  pump i n t e n s i t y  a t  low 
pump i n t e n s i t y ,  reaches a  peak and t h e n  decreases a t  h i g h e r  pump i n t e n s i t i e s  as t h e  
n o n l i n e a r i t y  sa tura tes .  The peak r e f l e c t i v i t y  increases as a,L increases,  w h i l e  
t h e  optimum i n c i d e n t  pump i n t e n s i t y  decreases w i t h  i n c r e a s i n g  aoL. F o r  s u f f i c i e n t l y  
l a r g e  aoL t h e  peak r e f l e c t i v i t y  can be s u b s t a n t i a l l y  l a r g e r  t h a n  u n i t y  w h i l e  t h e  
optimum i n c i d e n t  pump i n t e n s i t y  can be w e l l  below t h e  s a t u r a t i o n  i n t e n s i t y .  Th i s  
q u a l i t a t i v e  behav ior  i s  s i m i l a r  t o  t h a t  p r e d i c t e d  f o r  s a t u r a b l e  absorbers /I/. 
However f o r  s a t u r a b l e  absorbers t h e  peak r e f l e c t i v i t y  i s  g e n e r a l l y  below u n i t y ,  even 
f o r  reasonably l a r g e  values o f  aoL and t h e  optimum i n c i d e n t  pump i n t e n s i t y  becomes 
g r e a t e r  t h a n  t h e  s a t u r a t i o n  i n t e n s i t y  as aoL increases /3/. 

The numerical  s o l u t i o n s  a re  a l s o  com- 
pared t o  t h e  p r e d i c t i o n s  o f  an a n a l y t i c  
r e s u l t  which can be ob ta ined  i f  t h e  
pump waves a re  assumed t o  be cons tan t  
th roughout  t h e  i n t e r a c t i o n  /I/. These 
s o l u t i o n s  a re  shown as dashed curves i n  

6 

F i g .  2. The two t ypes  o f  s o l u t i o n  a re  
i n  f a i r  agreement a t  low values o f  aoL. 5- 

I I l I I 1 l  

- 
-AMPLIFIED PUMP I 
---- CONSTANT PUMP ' 

APPROXIMATION ;\ 
As aoL increases, however, t h e  peak 
r e f l e c t i v i t y  and t h e  optimum pump 
i n t e n s i t y  p r e d i c t e d  by t h e  constant  
pump approx imat ion  become t o o  la rge.  
O s c i l l a t i o n  i s  p r e d i c t e d  by t h e  con- 
s t a n t  pump approx imat ion  f o r  values o f  
2aoL above about 7. Such o s c i l l a t i o n s  
a r e  not  present  i n  t h e  numerical  so- 
l u t i o n s  t h a t  t a k e  i n t o  account t h e  
v a r i a t i o n  o f  t h e  pump wave i n t e n s i t y  
i n  t h e  n o n l i n e a r  medium. 

I n  many degenerate f requency m i x i n g  
exper iments it i s  conven ient  t o  o b t a i n  

-3 - 
t h e  backward pump wave by r e t  r o r e f  l e c t -  
i n g  t h e  t r a n s m i t t e d  fo rward  pump wave 
a t  t h e  end o f  t h e  n o n l i n e a r  medium. 
We show t h e  r e s u l t s  o f  c a l c u l a t i o n s  f o r  
such an arrangement i n  F ig .  3. Here 
we have assumed t h a t  t h e  i n t e n s i t y  ga in  
l e n g t h  product  i s  8. The va r i ous  LOG,,, II,IOIII,J 

curves a r e  f o r  pump m i r r o r  r e f l e c t i v i -  
t i e s  (RM) as i nd i ca ted .  F o r  t h e  va lue 
o f  aoL used f o r  t hese  c a l c u l a t i o n s  t h e  
peak DFM r e f l e c t i v i t y  increases as t h e  F ig .  2 - DFM r e f l e c t i v i t y  f o r  va r i ous  
va lue  o f  RM decreases f rom u n i t y  and i n t e n s i t y  ga in  l e n g t h  products  f o r  equal  
t h e  curves become more sha rp l y  peaked i n c i d e n t  pump i n t e n s i t i e s .  
as a  f u n c t i o n  o f  i n c i d e n t  pump i n t e n -  
s i t y .  Even tua l l y ,  however, f o r  s u f f i c i e n t l y  low r e f l e c t i v i t y  o f  t h e  pump m i r r o r ,  
t h e  peak DFM r e f l e c t i v i t y  begins t o  decrease again. The dashed cu rve  represents  t h e  
DFM r e f l e c t i v i t y  f o r  t h e  s i t u a t i o n  i n  which t h e  i n c i d e n t  pump wave i n t e n s i t i e s  a r e  
equal. F o r  i n c i d e n t  pump wave i n t e n s i t i e s  above t h e  optimum va lue  t h e s e  r e s u l t s  
i n d i c a t e  t h a t  t h e  optimum DFM r e f l e c t i v i t y  occurs  when t h e  r e f l e c t i v i t y  o f  t h e  pump 



wave m i r r o r  i s  such t h a t  t h e  r e f l e c t e d  pump wave i n t e n s i t y  I2(L) i s  t h e  same as t h e  
i n c i d e n t  pump wave i n t e n s i t y  I l ( 0 ) .  F o r  i n c i d e n t  pump wave i n t e n s i t i e s  below t h e  
optimum va lue t h i s  c o n d i t i o n  does not  h o l d  and t h e  optimum r e f l e c t i v i t y  can occu r  
f o r  unequal i n c i d e n t  pump wave i n t e n s i t i e s .  
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INCIDENT PUMP INTENSITY, I ,  (O)/I, 

F ig .  3 - DFM r e f l e c t i v i t y  f o r  a  geometry i n  which t h e  backward pump wave i s  
ob ta ined  by r e t r o r e f l e c t i n g  t h e  fo rward  pump wave a f t e r  t h e  a m p l i f i e r  w i t h  a  
m i r r o r  o f  t h e  r e f l e c t i v i t y  i n d i c a t e d  on t h e  curves. The dashed cu rve  i s  f o r  
equal  i n c i d e n t  pump i n t e n s i t i e s .  

Because o f  t h e  requirement o f  a  non-zero ang le  between t h e  pump and probe waves, 
t h e  probe and con juga te  waves w i l l  exper ience a m p l i f i c a t i o n  as t h e y  propagate t o  and 
f rom t h e  n o n l i n e a r  i n t e r a c t i o n  reg ion  un less  t h e  c r o s s i n g  reg ion  i s  a t  t h e  f r o n t  
o f  t h e  a m p l i f i e r .  I f  t h e  c r o s s i n g  reg ion  i s  a t  t h e  r e a r  o f  t h e  a m p l i f i e r  we can 
a n t i c i p a t e  t h a t  t h e r e  w i l l  be an optimum d i v i s i o n  o f  t h e  a v a i l a b l e  l e n g t h  o f  t h e  
a m p l i f i e r  i n t o  a  ga in  r e g i o n  and a  n o n l i n e a r  i n t e r a c t i o n  region. We show i n  Fig.  4 
c a l c u l a t e d  DFM r e f l e c t i v i e s  f o r  pump wave m i r r o r s  o f  r e f l e c t i v i t i e s  o f  1.0 and 0.04 
f o r  va r i ous  i n t e r a c t i o n  l e n g t h s  i n  an a m p l i f i e r  w i t h  a  t o t a l  ga in  l e n g t h  product  o f  
8. The i n t e r a c t i o n  r e g i o n  i s  assumed t o  s t a r t  a t  t h e  back o f  t h e  a m p l i f i e r .  I n  
t hese  curves on l y  t h e  r e f l e c t i v i t y  due t o  t h e  DFM i n t e r a c t i o n  i s  considered. Again 
t h e  curves show a  peak i n  t h e  r e f l e c t i v i t y  a t  an optimum va lue  o f  t h e  i n c i d e n t  pump 
i n t e n s i t y .  As i s  t o  be be expected t h e  DFM r e f l e c t i v i t y  increases as t h e  i n t e r -  
ac t  i o n  l e n g t h  increases. A t  smal l  i n t e r a c t i o n  l e n g t h s  t h e  DFM r e f l e c t i v i t y  ob ta ined  
w i t h  RM = 1 i s  g r e a t e r  t h a n  t h a t  ob ta ined  w i t h  RM = 0.04. A t  l o n g  i n t e r a c t i o n  
1  engths, however, t h i s  r e l a t i o n  reverses and t h e  DFM r e f l e c t i v i t y  t h a t  i s  ob ta ined  
w i t h  t h e  4% r e f l e c t o r  i n  t h e  pump waves exceeds t h a t  wh ich  i s  ob ta ined  w i t h  t h e  
u n i t y  r e f l e c t o r .  

The f i n a l  se t  o f  curves i n  F ig .  4 (dash-dot)  shows t h e  DFM r e f l e c t i v i t y  f o r  a  
geometry i n  which t h e  two pump waves a r e  o r t h o g o n a l l y  p o l a r i z e d  and t h e  probe wave 
i s  p o l a r i z e d  p a r a l l e l  t o  one pump wave, w h i l e  t h e  r e f l e c t e d  wave i s  p o l a r i z e d  
p a r a l l e l  t o  t h e  o ther .  F o r  t hese  curves we have assumed t h a t  t h e  m i r r o r  r e f l x t -  
i v i t y  i n  t h e  pump wave was u n i t y .  I n  t h i s  geometry t h e  n o n l i n e a r  i n t e r a c t i o n  
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i n v o l v e s  on l y  one o f  t h e  two s p a t i a l  
g r a t i n g s  formed by t h e  DFM process. 
Here we see t h a t  t h e  r e f l e c t i v i t y  f o r  
t h e  or thogona l  p o l a r i z a t i o n s  i s  q u i t e  
c l o s e  t o  t h a t  ob ta ined  w i t h  p a r a l l e l  2 OOL = 8 

p o l a r i z a t i o n s  f o r  smal l  pump wave - RM=I 

i n t e n s i t y ,  but  t h a t  i t f a l l s  o f f  f a s t e r  _____----___ ---- RM = 0.W --.-. - - - - R M = l ,  
w i t h  i n c r e a s i n g  pump wave i n t e n s i t y .  , CROSS \ POLARIZATION 

\ 

The t o t a l  r e f l e c t i v i t y  f o r  t h i s  system, 
t a k i n g  i n t o  account t h e  a m p l i f i c a t i o n  
o f  t h e  probe and con juga te  waves i n  t h e  
n o n - i n t e r a c t i n g  p a r t  o f  t h e  a m p l i f i e r  
i s  shown i n  F ig .  5. Aga in  t h e  curves 
a r e  parameter ized by t h e  f r a c t i o n  o f  
t h e  a m p l i f i e r  l e n g t h  t h a t  i s  i n v o l v e d  
i n  t h e  n o n l i n e a r  i n t e r a c t i o n .  Curves 
f o r  two d i f f e r e n t  r e f l e c t i v i t i e s  f o r  t h e  
pump wave m i r r o r  a re  shown. I n  each 
case t h e r e  i s  an optimum l e n g t h  f o r  t h e  
n o n l i n e a r  i n t e r a c t i o n ,  which, f o r  t hese  10-6 

- 

values, i s  a  smal l  f r a c t i o n  o f  t h e  t o t a l  
length.  F o r  example t h e  optimum non- 104 . . . . . .  . . .--, . . , -L 

l i n e a r  i n t e r a c t i o n  l e n g t h  f o r  t h e  u n i t y  TO+ lo-4 l o 3  lo-z 10 I 1 10 

r e f l e c t i v i t y  m i r r o r  i n  t h e  pump waves INCIDENT PUMP INTENSITY, I, 10)/1. 

occurs  near  1/8 o f  t h e  t o t a l  length ,  
w h i l e  t h e  optimum f r a c t i o n  f o r  t h e  4% F ig .  4 - DFM r e f l e c t i v i t y  f o r  va r i ous  
m i r r o r  i s  near 1/4 o f  t h e  t o t a l  length.  n o n l i n e a r  i n t e r a c t i o n  lengths ,  i n d i -  
The peak r e f l e c t i v i t y  ob ta ined  w i t h  ca ted  as a  f r a c t i o n  o f  t h e  t o t a l  l e n g t h  
KM = 1 i s  about l o4  w h i l e  t h a t  f o r  t h e  on each curve. S o l i d  curves a re  f o r  
4% m i r r o r  i s  somewhat sma? l e r .  I n  RM = 1.0, dashed curves a r e  f o r  RM = 
c a l c u l a t i n g  t hese  va lues we have assumed 0.04. Chain  curves a re  f o r  RM = 1.0 
t h a t  t h e  probe and con juga te  wave i n t e n -  and or thogona l  p o l a r i z a t i o n .  
s i t i e s  a r e  smal l  enough t h a t  t h e y  do no t  
s a t u r a t e  t h e  a m p l i f i e r  on t h e i r  way t o  
and from t h e  n o n l i n e a r  i n t e r a c t i o n  region. 

F i n a l l y  we have examined t h e  DFM r e f l e c t i v i t y  when t h e  probe wave i s  no t  n e c e s s a r i l y  
smal l  compared t o  t h e  pump wave i n t e n s i t y .  We have assumed f o r  t h i s  i n t e r a c t i o n  
t h a t  t h e  pump waves a r e  o r t h o g o n a l l y  po la r i zed ,  w h i l e  t h e  probe wave i s  p o l a r i z e d  
p a r a l l e l  t o  t h e  backward pump wave and t h e  con juga te  wave i s  p a r a l l e l  t o  t h e  forward 
pump wave. Under t hese  c o n d i t i o n s  t h e  equat ions  f o r  t h e  f o u r  f i e l d  ampl i tudes are: 
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and RM = 1 are shown i n  Fig. 6. The curve 
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weak probe l i m i t  and i s  t h e  same as t h a t  INCIDENT PUMP INTENSITY, 1, (O)/I, 

shown i n  Fig. 4. The o ther  two curves 
are f o r  l a r g e r  values o f  I3(O). A t  high 
pump wave i n t e n s i t i e s  t h e  DFM r e f l e c t i v i t y  F ig .  5 - Tota l  r e f l e c t i v i t y ,  i n -  
approaches t h a t  o f  t h e  weak probe wave c lud ing  t h e  e f f e c t  o f  a m p l i f i c a t i o n  
l i m i t ,  wh i le  f o r  lower inc iden t  pump in ten-  ou ts ide  o f  t h e  nonl inear  i n t e r a c t i o n  
s i t i e s  the  DFM r e f l e c t i v i t y  f a l l s  o f f  q u i t e  reg ion f o r  various f r a c t i o n a l  i n t e r -  
rap id ly ,  w i t h  t h e  p o i n t  o f  dev ia t ion  moving ac t ion  lengths and pump m i r r o r  
t o  lower pump wave i n t e n s i t i e s  as t h e  in ten-  r e f l e c t i v i t i e s .  
s i t y  o f  t h e  inc iden t  probe wave i n t e n s i t y  
decreases. It i s  also evident t h a t  t h e  weak probe wave approximation can be s a t i s -  
f i e d  even under cond i t i ons  i n  which t h e  inc iden t  probe wave i n t e n s i t y  i s  greater  
than t h e  inc iden t  pump wave i n t e n s i t y .  

I I I. EXPERIMENTAL RESULTS 

We have examined some o f  these p roper t ies  by studying DFM r e f l e c t i v i t y  i n  a  XeCl 
amp l i f i e r .  The experimental geometry i s  shown i n  Fig. 7. The a m p l i f i e r  was an 
x-ray pre ion ized e l e c t r i c  discharge device w i t h  a  t o t a l  l eng th  o f  80 crn and an 
i n t e n s i t y  gain- length product o f  8. The nonl inear  i n t e r a c t i o n  reg ion was i n  t h e  
back o f  t h e  a m p l i f i e r  extending about 7 cm from t h e  rear  window. The pump and probe 
waves were der ived from a  separate XeCl o s c i l l a t o r - a m p l i f i e r .  The output o f  t h i s  
system was s p e c t r a l l y  narrowed t o  about 0.1 cm-1 t o  ensure t h a t  t h e  coherence length 
o f  t h e  pump and probe waves was greater  than nonl inear  i n t e r a c t i o n  length. The 
i n t e n s i t i e s  o f  t h e  inc iden t  pump waves t h e  inc iden t  probe wave and t h e  backward 
generated wave were measured as a  func t ion  o f  t h e  inc iden t  pump wave i n t e n s i t y  f o r  
values o f  RM o f  1.0 and 0.04. The measured r e f l e c t i v i t y  inc luded t h e  e f f e c t s  o f  
gain o f  t h e  probe and generated waves i n  t h e  non- in teract ing p a r t  o f  t h e  amp l i f i e r .  
I n  t h e  course o f  t h e  measurements t h e  inc iden t  pump wave i n t e n s t i y  va r ied  over t h e  
range Is t o  0.5 I,. The t o t a l  r e f l e c t i v i t y  was genera l ly  i n  t h e  range 6 t o  30 
w i t h  values as h igh as 100 being observed. We have compared our r e s u l t s  w i t h  t h e  
ca lcu la t ions  described e a r l i e r  by removing t h e  gain experienced by t h e  two waves i n  
t h e  noninteract ing par t  o f  t h e  amp l i f i e r .  I n  t h i s  analys is  it was evident t h a t  for  
t h e  parameters o f  our experiment t h e  probe and generated waves would saturate t h e  
amp l i f i e r ,  so t h e  saturated gain was used ra ther  than t h e  unsaturated gain. I n  
add i t i on  we have reduced t h e  ca lcu la ted  r e f l e c t i v i t y  by a  f a c t o r  2 t o  account f o r  



JOURNAL DE PHYSIQUE 

t h e  f a c t  t h a t  we were i n  t h e  regime i n  which t h e  backward g r a t i n g  was washed ou t  by 
Dopp ler  mot i o n  /5/. With t hese  cons ide ra t  i o n s  t h e  exper imenta l  DFM measurements a r e  
compared w i t h  t h e  t h e o r e t i c a l  ones i n  F ig .  8. Genera l l y  t h e  agreement i s  w i t h i n  a  
f a c t o r  2. The r e s i d u a l  e r r o r  c o u l d  a r i s e  f rom f a i l u r e  o f  t h e  weak probe wave 
approx imat ion  i n  t h e  experiment. 

F ig .  6 - DFM r e f l e c t i v i t y  f o r  o r thogona l  p o l a r i z a t i o n s  f o r  va r i ous  values o f  t h e  
i n c i d e n t  probe wave i n t e n s i t y .  

/ ,11 11 I \ / 

OSCILLATOR 
' " ' 

I ' AMPLIFIER ' 

MIXING AMPLIFIER 

Fig .  7 - Experimental  arrangement f o r  F ig .  8 - Comparison o f  t h e o r e t i c a l  OFM 
obse rv ing  DFM r e f l e c t i v i t y  i n  XeC1. r e f l e c t i v i t y  and exper imenta l  measurements, 

c o r r e c t e d  f o r  t h e  e f f e c t s  o f  g a i n  o u t s i d e  
o f  t h e  non l i nea r  i n t e r a c t i o n  length .  
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