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OPTICAL PHASE CONJUGATION I N  LASER RESONATORS 

C.R. Giuliano, R.C. Lind, T.R. O'Meara and G.C. Valley 

Hughes Research Laboratories, 3011 MaZibu Canyon Road, MaZibu, 
CaZifornia 90265, U.S.A. 

Resume - L ' u t i l i s a t i o n  de m i r o i r s  conjugues en phase dans des s t ruc tu res  
opt iques o s c i l l a n t e s  a susc i t6  de l l i n t e r G t  recemment, aussi b ien d'un 
p o i n t  de vue experimental que theorique. Un des aspects a t t r a y a n t  d 'un 
rPsonateur en conjugalson de phase, RCP, e s t  son a p t i t u d e  3 produi re une 
onde emergeante dont  l e  f r o n t  d'onde depend seulement de l a  q u a l i t 6  du 
coupleur de s o r t i e  e t  e s t  essentiel lement independant des aberrat ions a 
l ' i n t e r i e u r  de l a  cav i te .  P lus ieurs concepts pour l e  RCP seront  pr6sentPs 
dans lesquels  s o i t  l e  melange de quatre ondes ou s o i t  l a  d i f f u s i o n  
B r i l l o u i n  stirnulee e s t  u t i l i s e  come un m i r o i r  conjugue en phase ; l e s  
avantages e t  inconvenients de chacun seront  d iscutes.  

Abst ract  - The use o f  phase conjugat ing "m i r ro rs "  i n  o s c i l l a t i n g  o p t i c a l  
s t ruc tu res  has been a subject  o f  recent  i n t e r e s t ,  both exper imenta l ly  
and t h e o r e t i c a l l y .  One o f  the a t t r a c t i v e  features o f  a  phase conjugate 
resonator, PCR, i s  i t s  a b i l i t y  t o  prov ide an output  wave whose wavefront 
depends on ly  on the  q u a l i t y  o f  the output coupler and i s  e s s e n t i a l l y  
independent o f  i n t r a c a v i t y  aberrat ions.  Several concepts f o r  PCR's w i l l  
be presented i n  which e i t h e r  degenerate four-wave mixing o r  s t imulated 
B r i l l o u i n  s c a t t e r i n g  i s  employed as the phase conjugate m i r r o r ;  
advantages and drawbacks o f  each w i l l  be discussed. 

INTRODUCTION 

Opt i ca l  phase conjugat ion i s  an area t h a t  has received a considerable amount o f  
a t t e n t i o n  i n  t h e  past several years. The a r l i e s t  repor ts  o f  o p t i c a l  phase 
conjugat ion by workers i n  the Soviet  Uniones2 were fo l lowed by several years of 
r e l a t i v e l y  l i t t l e  a c t i v i t y  u n t i l  repor ts  suggesting p o t e n t i a l  app l i ca t ions  began 
t o  appear i n  t h  open l i t e r a t u r e .  I n  p a r t i c u l a r ,  the poss ib le  a p p l i c a t i o n  t o  
adaptive o p t i c s 5  was one area which generated a great  deal o f  i n t e r e s t  because of 
the p o t e n t i a l  f o r  co r rec t ing  f o r  atmospheric turbulence f o r  h igh energy lasers  and 
f o r  compensating o p t i c a l  t r a i n  d i s t o r t i o n s  and p o i n t i n g  e r r o r s  i n  l a s e r  fus ion  
systems. A number o f  o ther  p o t e n t i a l  app l i ca t ions  have been pointed ou t  as w e 1 1 ~ 9 ~  
bu t  w i l l  n o t  be discussed i n  t h i s  paper. 

The i n t e r e s t i n g  proper ty  o f  conjugate wave generat ion (a lso r e f e r r e d  t o  as wavefront 
t ime reversal  o r  phase reversa l )  t h a t  we w i l l  discuss here can be summarized i n  the  
f o l l o w i n g  statement. llhen a wave enters a conjugator,  a new wave i s  created 
t r a v e l i n g  i n  the opposite d i r e c t i o n  w i t h  t h e  s ign  o f  the  transverse phase opposite 
t o  t h a t  o f  t h e  inc iden t  wave. Hence, a  d ive rg ing  wave s t r i k i n g  a conjugator a t  an 
angle €I w i l l  leave as a converging wave r e t r a c i n g  the  same path as the i n c i d e n t  
wave. Thus a conjugator can be thought o f  as a p e c u l i a r  k ind  o f  m i r r o r  t h a t  
combines r e f l e c t i o n  w i t h  phase reversal .  

When one th inks  o f  a  conjugator as a type o f  r e f l e c t o r ,  i t  becomes l o g i c a l  t o  ask 
what would happen i f  such a r e f l e c t o r  were incorporated as an element i n  an o p t i c a l  
resonator - the subject  o f  t h i s  paper. I n  the f o l l o w i n g  pages we w i l l  b r i e f l y  
describe t h e  p roper t ies  o f  phase conjugate resonators, PCR's, and p o i n t  o u t  why they 
are o f  i n t e r e s t .  !le w i l l  b r i e f l y  describe two o f  the most serious candidates f o r  

Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1983208

http://www.edpsciences.org
http://dx.doi.org/10.1051/jphyscol:1983208


C2-46 JOURNAL DE PHYSIQUE 

conjugators, the  nonl inear  o p t i c a l  phenomena degenerate f o u r  wave mixing, DFW, and 
s t imu la ted  B r i l l o u i n  sca t te r ing ,  SBS. Th is  w i l l  be fo l l owed by a d e s c r i p t i o n  o f  
d i f f e r e n t  types o f  PCR's along w i t h  a d iscuss ion o f  some p r a c t i c a l  issues i n  t h e i r  
const ruct ion.  

BACKGROUND 

Phase conjugate resonators have i n t e r e s t i n g  c h a r a c t e r i s t i c s  which d i f f e r  
s i g n i f i c a n t l y  from those o f  conventional resonators ( c R ' s ) . ~ - ~ ~  For example, and 
most important f o r  t h i s  paper, the  PCR can compensate f o r  i n t r a c a v i t y  d i s t o r t i o n s .  
One can show tha t ,  when l i g h t  i s  ex t rac ted  from the "ord inary m i r r o r "  end o f  the 
PCR, t h e  transverse phase of the wave depends o n l y  on the  output  m i r r o r ' s  f i g u r e  
( i t s  d e t a i l e d  sur face shape) ; the  phase w i l l  n o t  depend on any o ther  sources o f  
d i s t o r t i o n  w i t h i n  the body o f  the resona This fea tu re  has been demonstrated 
q u a l i t a t i v e l y  i n  labora to ry  experiments.fpr'Another con t ras t ins  fea tu re  o f  PCR's 
compared w i t h  CR's i s  t h a t  a PCR i s  always s tab le  even i f  the o rd inary  m i r r o r  i s  
c ~ n v e x . ~  This proper ty  gives PCR's the a b i l i t y  t o  e x t r a c t  energy e f f e c t i v e l y  i n  
s i t u a t i o n s  where conventional resonators requ i re  an unstable resonator design 
( i  .e. l a r g e  Fresnel numbers). 

Another unique proper ty  i s  t h a t  a PCR w i t h  an " i d e a l "  conjugate m i r r o r  w i l l  n o t  
have l o n g i t u d i n a l  modes t h a t  depend on c a v i t y  l e n ~ t h .  I n  a PCR the phase t h a t  i s  
accumulated as the  wave propagates from the  o rd inary  m i r r o r  t o  t h e  conjugate m i r r o r  
i s  subtracted by the same amount on the way back t o  the o rd inary  m i r r o r ;  i n  one 
round t r i p ,  the ne t  accumulated phase i s  always zero. Consequently, a PCR o f  
leng th  L can support any wavelength cons is ten t  w i t h  the bandwidth o f  the gain 
medium and the conjugate m i r r o r  i t s e l f .  

Hence, a PCR o s c i l l a t i n g  a t  a g iven wavelength w i l l  cont inue t o  o s c i l l a t e  a t  t h a t  
wavelength, independent o f  v a r i a t i o n s  o f  the c a v i t y  length.  This i n  con t ras t  t o  
an o rd inary  resonator, whose spectra l  output  w i l l  e x h i b i t  "mode hopping" and 
frequency d r i f t  as the c a v i t y  leng th  changes. 

If the phase conjugator m i r ro r ,  PCM, i s  a fou r  wave mixer FWM (see below) the re  can 
be t ransverse modes but, i n  con t ras t  t o  a conventional resonator whose modes are 
spaced by c/2L i n  frequency, the FWM PCR has modes t h a t  are spaced y c/4L and 
occur i n  p a i r s  symmetr ical ly spaced around the  c e n t r a l  frequency .639y11 The cen t ra l  
frequency always corresponds t o  the  pump frequency o f  the  PCM and i s  independent o f  
the c a v i t y  length. 

The types o f  PCR's t h a t  w i l l  be discussed i n  t h i s  paper u t i l i z e  PCM's t h a t  are 
der ived from e i t h e r  degenerate f o u r  wave mixing, DFYM, o r  s t imu la ted  B r i l  l o u i n  
sca t te r ing ,  SBS. I t i s  the re fo re  appropr ia te t o  discuss b r i e f l y  the  physics o f  
these nonl inear  phenomena t o  the  extent  t h a t  they a f f e c t  the p roper t ies  o f  PCR's. 

Four wave mixing i s  a nonl inear  process i n  which th ree  i n p u t  waves mix t o  y i e l d  a four th 
(output)  wave. The th ree  i n p u t  waves cons is t  o f  two p lanar  counterpropagating pump 
waves, labe led  Ef and Eb ( f  f o r  forward and b f o r  backward), and a probe wave, Ep, 
en te r ing  a t  an a r b i t r a r y  a e t o  t h e  pump waves. A l l  three couple through the 7 33 nonl inear  s u s c e p t i b i l i t y  x , t o  y i e l d  a f o u r t h  wave, E , which i s  p ropor t iona l  t o  
the s p a t i a l  complex conjuga e o f  E The t h i r d  order p o f a r i z a t i o n  - which y i e l d s  
t h e  conjugate wave, Pnl f xf3)EfEbep* - i s  p ropor t iona l  t o  the product o f  the  
amplitudes o f  t h e  th ree  i n p u t  waves. 

St imulated B r i l l o u i n  s c a t t e r i n g  involves the  generat ion o f  a coherent acoust ic  wave 
when an in tense o p t i c a l  wave i n t e r a c t s  w i t h  a nonl inear  medium. The mechanism 
genera l l y  acts through e l e c t r o s t r i c t i o n  - t h a t  i s ,  the tendency o f  the medium's 
densi ty  t o  increase i n  p ropor t ion  t o  the e l e c t r i c  f i e l d  i n t e n s i t y .  Above some 
threshold i n t e n s i t y  a l i g h t  wave al lowed t o  propagate i n  a nonl inear  medium 
produces an in tense back-scattered o p t i c a l  wave whose frequency i s  down-shifted by 
an amount equal t o  the acoust ic  frequency. 



Analys is  and experimental observat ion i n d i c a t e  t h a t  under appropr ia te condi t ions the 
sca t te red  wave i s  t h e  conjugate o f  t h e  i n c i d e n t  wave. Consequently an aberrated 
inpu t  wave y i e l d s  an equal ly  aberrated bu t  conjugate sca t te red  wave. Thus when the 
r e f l e c t e d  wave ret races the inc iden t  path, the medium removes from i t  whatever phase 
e r r o r s  were in t roduced i n  the  f i r s t  pass. 

These two conjugat ion phenomena may be compared i n  terms o f  t h e i r  impact as phase 
conjug3te m i r ro rs ,  PCM's. 

o  Conjugation by SBS has an i n t e n s i t y  threshold; DNM does not .  

o  DFilM requi res separate pumps; SBS does n o t  - hence an inherent  s i m p l i c i t y  
f o r  SBS. 

o SBS i s  accompanied by a frequency s h i f t  w i t h  each s c a t t e r i n g  step; 
DFIlM produces a conjugate wave a t  the  same frequency as t h e  i n c i d e n t  
wavc. This d i f fe rence  impl ies c e r t a i n  l i m i t a t i o n s  f o r  SBS PCR 
pert'ormance (see below). 

o  DFIIM can occur w i t h  conjugate r e f l e c t i v i t i e s  (ES/Ep) exceeding u n i t y  - SBS 
r e f l e c t i v i t i e s  can only  approach u n i t y .  

These comparative p roper t ies  w i l l  be discussed i n  the l i g h t  o f  how they a f f e c t  the 
p r a c t i c a l  performance o f  phase conjugate resonators. 

FOUR-WAVE MIXING PCR'S 

The f i r s t  category o f  resonators t o  be described i s  t h a t  i n  which phase conjugate 
m i r r o r  (PCM) i s  generated by four-wave mix ing IFIJM). I n  t h i s  c lass  Chere a re  th ree  
generic types, s t a r t i n g  w i t h  t h e  s implest  (1  ) external  l a s e r  pumped; ( 2 )  self-pumped 
and (3 )  s e l f - s t a r t i n g  and self-pumped. 

EXTERNAL LASER PUMPED PCR's 

The basic  con f igu ra t ion  o f  t h i s  type i s  shown i n  F igure 1. This c o n f i g u r a t i o n  i s  
s i m i l a r  t o  conventional resonators where now a PCM pumped by an external  l a s e r  
replaces the normal m i r r o r  a t  the r i g h t  hand end o f  the  resonator.  The threshold 
cond i t i on  f o r  such a resonator i s  the same as f o r  a  conventional resonator where 
the r e f l e c t i o n  c o e f f i c i e n t  o f  the PCM i s  t h e  phase conjugate r e f l e c t i v i t y  determined 
by the  four-wave mix ing process. I f  it i s  assumed t h a t  the four-wave conjugate 
s ignal  i s  produced by a 2- level  saturable absorpt ion process the output  power o f  
such a resonator can be ca lcu la ted  simply asT1 

pOUT = AI~~(I-R)(R R ~ ~ ~ G : - ~  ) / R G ~  Watts 

where I s c  i s  the  conjugator sa tu ra t ion  i n t e n s i t y  (assumed t o  be much smal ler  than the 
s a t u r a t i o n  i n t e n s i t y  o f  t h e  gain medium) G = ego L ,  R i s  the  r e f l e c t i v i t y  o f  t h e  
ou tpu t  coupler,  RpCM i s  the  r e f l e c t i v i t y  o? the PCM and A i s  the  area o f  a  resonator 
mode. 

This type o f  resonator i s  i n h e r e n t l y  i n e f f i c i e n t  when one considers the requirement 
f o r  external  pumps whose powers are t y p i c a l l y  greater  than the PCR's output  power. 
However, because o f  i t s  r e l a t i v e  s i m p l i c i t y  the external  laser-pumped con f igu ra t ion  
has been used f o r  a  number o f  s i g n i f i c a n t  experimental demonstrations o f  the  unique 
p roper t ies  o f  PCR's. A b r i e f  summary fo l lows .  

The f i r s t  demonstration o f  a  pulsed PCR was made i n  which s tab le  o s c i l l a t i o n  was 
sustained even w i t h  a convex mi r ro r .6  L ind  and steel11 were the f i r s t  t o  demonstrate 
a cw PCR w i t h  an i n t r a c a v i t y  ga in  medium. They a lso  showed t h a t  when an aber ra to r  
was placed i n s i d e  the  PCR, the  output  through the  o rd inary  m i r r o r  was d i f f r a c t i o n  
l i m i t e d ,  w h i l e  the output  through the PCM was severe ly  aberrated. The output  
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frequency o f  the PCR was shown t o  be locked t o  t h a t  o f  the  pump l a s e r  and independent 
o f  c a v i t y  length. F ina l l y ,  they observed f o r  t h e  f i r s t  t ime the pa i red  h a l f - a x i a l  
modes separated by c/4L from the c e n t r a l  frequency. 

Another o s c i l l a t i n g  s t r u c t u r e  can be obtained i n  which t h e  i n t r a c a v i t y  gain medium i s  
absent. This occurs when t h e  PCM r e f l e c t i v i t y  i s  s u b s t a n t i a l l y  i n  excess o f  u n i t y .  

This  con f igu ra t ion  has been used t o  demonstrate p roper t ies  o f  PCR's'* but,  because 
i t  i s  an empty resonator s t ruc tu re ,  i t s  p r i n c i p a l  appeal appears t o  be s c i e n t i f i c  
r a t h e r  than p r a c t i c a l ,  espez ia l l y  fo r  h igh  power app l i ca t ions .  

Figure 1. Schematic diagram o f  an external  laser-pumped FWM PCR. 
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I n  t h i s  category the  pumps f o r  the  four-wave mixer a re  n o t  obta ined by a separate 
l a s e r  b u t  are der ived from a p o r t i o n  of the  usefu l  output  o f  the PCR i t s e l f .  I n  i t s  
s implest  form such a con f igu ra t ion  i s  shown i n  Figure 2. It i s  assumed t h a t  an 
external  l a s e r  i s  used i n  some fashion t o  s t a r t  the o s c i l l a t i o n  by p rov id ing  the  
pumps f o r  the FWM and then sw i tch ing  t h i s  l a s e r  out  o f  the system. (Schemes f o r  
s e l f  s t a r t i n g  w i l l  be described l a t e r ) .  
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MEDIUM 
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Two key issues r e l a t e d  t o  such a design t h a t  come t o  mind immediately are the 
e f f i c i e n c y  o f  such a system and the  beam q u a l i t y  o f  the pumps. C lear l y  the reason 
f o r  incorpora t ing  a PCM i n  a resonator i s  t o  improve beam q u a l i t y  and thus increase 
the  f a r - f i e l d  i r rad iance .  But since, i n  a s e l f  pumped con f igu ra t ion ,  some o f  t h e  
energy o f  the PCR i s  requ i red  t o  pump the PCM the quest ion o f  whether one gains i n  
energy d e l i v e r y  i s  a  key f a c t o r  i n  PCR design. I n  add i t i on ,  the  pumps must be plane 
waves ( o r  conjugates o f  each o ther )  t o  r e a l i z e  the  conjugate p roper t ies  o f  such PCR's. 

PUMP 
LASER 

Other f a c t o r s  must be considered f o r  such PCR designs: (1)  frequency con t ro l  
devices - grat ings, etalons, e tc .  -- must be inc luded i n  the  pump path if precise 
frequency con t ro l  i s  needed t o  ob ta in  e f f i c i e n t  operat ion o f  the PCM. This would 
be requ i red  i f  a resonant non l inear  rocess such as saturable absorpt ion were used 
t o  generate the PCM as i n  Na vapor; ly ( 2 )  Pump dep le t ion  - t h a t  i s  i n  general. DnlM 
theory considers the probe ( t h e  i n t r a c a v i  t y  beam i n  a PCR) i n t e n s i t y  t o  be less  (say 
a f a c t o r  o f  10 t y p i c a l l y )  than the pump i n t e n s i t y .  It i s  c l e a r  t h a t  a  PCR w i l l  n o t  
operate i n  t h i s  mode and i n  f a c t  a l l  beams w i l l  be o f  the  same magnitude so t h a t  t h e  
e f f e c t  o f  t h i s  "pump depleted" mode on the e f f i c i e n c y  o f  PCR's must be c a r e f u l l y  



evaluated; ( 3 )  pump recovery - examining t h e  diagram i n  Figure 2 we see t h a t  the 
counterpropagating pump o f  the  FLIM i s  l o s t  t o  the  PCR lower ing the e f f i c i e n c y  o f  the 
system. However, t h i s  energy can be recovered by the  use o f  a l t e r n a t e  geometries. 
An example o f  such a con f igu ra t ion  i s  given i n  F igure 3. Here t h e  pumps a re  
obta ined by t h e  a c t i o n  o f  the  tuned Fabry-Perot t h a t  surrounds the FWM. I n  t h i s  
case the  Fabry-Perot i s  tuned such t h a t  very l i t t l e  energy i s  r e f l e c t e d  back from 
t h e  resonant s t ruc tu re .  (4)  Probe recovery - again r e f e r r i n g  t o  Figure 2 we see t h a t  
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Figure 2. Schematic diagram o f  a self-pumped Fkdlrl PCR i n d i c a t i n g  l o s t  pump energy 
and 1 o s t  probe energy. 
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Figure 3. Self-pumped FWM PCR using tuned Fabry-Perot resonator t o  minimize 
pump 1 osses . 

4-WAVE 
MIXER 

probe energy i s  l o s t  t o  the system by transmission through the  PCM. Recovering t h i s  
energy represents a chal lenge t o  PCR design and i s  a cu r ren t  area o f  research a t  
Hughes. I n  p r i n c i p l e  i t  i s  easy t o  r e t u r n  t h i s  energy t o  the  PCR c a v i t y  b u t  i t  w i l l  
n o t  be the conjugate s igna l .  Thus the  resonator produced w i l l  have an output  t h a t  
has a mixture o f  non-conjugated and conjugated beams. 
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There are many o ther  poss ib le  geometries and conf igurat ions which are va r ian ts  on the  
theme shown but  w i l l  no t  be described here. However, a somewhat d i f f e r e n t  implemen- 
t a t i o n  i ~ ~ t h e  synchronously pumped geometry described by Vanherzeele, Van Eck and 
Siegman. This scheme uses pulses i n  a c a v i t y  timed t o  generate the various pump 
and probe pulses. I t i s  a very c lever  and complex scheme which shows t h a t  pu lse 
compression can be achieved i n  such a con f igu ra t ion  b u t  o f f e r s  no promise f o r  i n t r a -  
c a v i t y  aber ra t ion  co r rec t ion  s ince i t  e x t r a c t s  the usefu l  output from the conjugator end. 

SELF-STARTING AND SELF-PUMPED PCR'S 

I n  t h i s  category a l l  the features o f  t h e  self-pumped con f igu ra t ions  described 
p rev ious ly  are r e t a i n e d  but  i n  a d d i t i o n  the  resonator a lso  has the  a b i l i t y  t o  reach 
th resho ld  i t e s e l f  - t h a t  i s  s e l f - s t a r t i n g .  Again i n  i t s  s implest  form such a con- 
f i g u r a t i o n  i s  shown i n  Figure 4. Here we make use o f  the  " l o s t "  t ransmi t ted  probe by 
i n s e r t i n g  an E/O swi tch and t o t a l  r e f l e c t o r  i n  t h a t  path. O s c i l l a t i o n  i s  then 
i n i t i a t e d  between t h e  output  cou l e r  and the  t o t a l  r e f l e c t o r  as i n  a conventjonal 
resonator.  The FWM i s  I n  a low loss  d e v ~ c e  so t h a t  th resho ld  i s  e a s ~ l y  reached 
i n  the  c a v i t y  formed by the output  coupler-and.the t o t a l  , r e f l e c t o r .  i n i t i a l l y  no pump 
energy i s  ava i lab le  however a t  some point I n  t ime s u f f i c i e n t  output  w i l l  have been 
obta ined such t h a t  the  pumps w i l l  be o f  a  magnitude t h a t  the  FWM w i l l  be generat ing a 
s t r o n  conjugate s i  na l  so t h a t  the  PCR can o s c ~ l l g t e .  A t  t h a t  t ime the  E/O s w ~ t c h  i s  
opera?ed removing t8e  t o t a l  r e f l e c t o r  from t h e  o p t i c a l  path. T h ~ s  type o f  resonator 
con f igu ra t ion  i s  c u r r e n t l y  under i n v e s t i g a t i o n  a t  Hughes. 
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Figure 4. S e l f - s t a r t i n g  sel f-pumped FWM PCR. 

PCR1s USING STIMULATED BRILLOUIN SCATTERING 

An a l t e r n a t e  approach t o  PCR1s i s  one i n  which the PCM i s  der ived from SBS. This 
approach i s  conceptual1 s ~ m p l e r  than the one t h a t  uses DFWM i n  t h a t  ~t does n o t  
requ i re  the  use o f  a u x i f i a r y  pumps. However, i n  s p i t e  o f  t h i s  apparent s i m p l i c i t y ,  i t  
has c e r t a i n  challenges t h a t  must be met before i t  can be implemented i n  a v i a b l e  way. 

F i r s t ,  the re  i s  the  problem o f  i n i t i a t i o n .  I n  contrast  t o  DFWM, SBS w i l l  occur on ly  
a f t e r  a  c e r t a i n  threshold i n t e n s i t y  i s  reached. Thus, a  s i t u a t i o n  must be s e t  up so 
t h a t  the i n t r a c a v i t y  f l u x  can b u i l d  up t o  a p o i n t  a t  which SBS takes over. This  can 
be r e a l i z e d  conceptual ly  by consider ing Figure 5 i n  which the  SBS c e l l  i s  s i t u a t e d  
i n s i d e  an ord inary o p t i c a l  resonator.  The idea here i s  t h a t  once the o s c i l l a t i o n  b u i l d s  
up i n  the  o rd inary  resonator, the SBS m i r r o r  takes over  and o s c i l l a t i o n  continues 
between i t  and t h e  output  coupler.  Thus, the  system s t a r t s  ou t  as an o rd inary  o p t i c a l  
resonator and converts t o  a PCR once SBS threshold i s  reached i n s i d e  t h e  c a v i t y .  



More important than the i n i t i a t i o n  process i s  the f a c t  t h a t  SBS occurs w i t h  a 
frequency down-shif t  equal t o  the  frequency o f  the  coherent acoust ic  wave generated 
i n  the  process. Th is  s h i f t ,  equal t o  2 vs/c, where vs i s  the speed o f  sound i n  the 
non l inear  medium, amounts t o  about one p a r t  i n  105 and gives r i s e  t o  a spect ra l  
output  t h a t  sweeps downward i n  frequency w i t h  each successive pass through the  
resonator.  Thus, a PCR w i t h  an SBS conjugator,  once i n i t i a t e d ,  w i l l  eventual ly  d i e  
o u t  as the successive frequency s h i f t s  cause the c i r c u l a t i n g  wave t o  walk o f f  the 
gain curve o f  the a c t i v e  medium. Operating w i t h  t h i s  cons t ra in t ,  the  SBS PCR i s  
best  s u i t e d  f o r  pulsed operat ion.  The durat ion o f  the pulse i s  determined by the  
w id th  o f  the gain curve, the degree o f  output  coupling, and t h e  c a v i t y  length.  
Moreover, one must accept operat ion which gives an inverse " c h i r p "  f o r  an output  
which may o r  may n o t  be t o l e r a b l e  depending on t h e  app l i ca t ion .  

Note t h a t  f o r  several types o f  gain media, e.g. most gas lasers,  t h e  s i ze  o f  the SBS 
s h i f t  i s  l a r g e r  than the  width o f  the  gain l i n e .  Hence, the  " o s c i l l a t i o n "  w i l l  
e s s e n t i a l l y  d i e  ou t  a f t e r  one pass through the resonator and the  PCR as such i s  n o t  
t r u l y  rea l i zab le .  For lasers  t h a t  have r e l a t i v e l y  broad gain p r o f i l e s  (e.g. 
Nd: glass, ruby, most dyes, and excimers) many hundreds o f  SBS s h i f t s  can be 
sustained before o s c i l l a t i o n  ceases due t o  the frequency walk-of f .  

There a re  several approaches t o  the frequency wa lk -o f f  problem, some more complex 
than gthers.  The s implest  conceptual ly  i s  t o  move the SBS medium towards the 
i n c i d e n t  o p t i c a l  wave a t  a speed l a r g e  enough t o  cancel the  frequency s h i f t ,  i . e .  the 
speed o f  sound. For gaseous media Mach 1 f lows a r e  w i t h i n  t h e  s ta te -o f - the -a r t  bu t  
pose a chal lenge f o r  gas pressures t h a t  work best f o r  e f f i c i e n t  SBS (1-10 atm). 
For l i q u i d s  and s o l i d s  t h e  chal lenge i s  greater  and may requ i re  mechanical ly 
soph is t i ca ted  implementations such as h igh speed r o t a t i n g  d iscs o r  synchronized 
r e c i p r o c a t i n g  designs. I f  these challenges can be met, the  promise o f  cw o r  
quasi-cw PCR1s us ing SBS conjugators may be rea l i zed .  

Another approach t o  the frequency wa lk -o f f  problem i s  t h e  double SBS r i n g  resonator 
con f igu ra t ion  shown i n  Figure 6. This approach i s  more complex i n  concept and i n  
implementation b u t  may ha promise f o r  some app l i ca t ions .  I t was i n s p i r e d  by t h e  
work o f  LSOV and Zubarevyg and f u r t h e r  e luc ida ted  by the  work o f  Abrams, Giu l iano 
and ~am.15 Here we show the SBS medium pumped by a separate pump laser .  The pump 
l a s e r  i s  chosen so t h a t  i t s  i n t e n s i t y  exceeds SBS threshold i n  the  nonl inear  medium. 
The c i r c u l a t i n g  f i e l d s  i n  the  r i n g  resonator  are n o t  l a r g e  enough t o  reach SBS 
th resho ld  b u t  neverthe undergo phase conjugation as long as the pump waves a re  
present.  As described the  nonl inear  process t h a t  takes p lace i s  a k i n d  o f  
resonant-enhanced four-wave mix ing i n  which the  pump waves are the  i n c i d e n t  and 
SBS-scattered pumps e x t e r n a l l y  imposed. Here, the  counter-clockwise wave has 
frequency w and the clockwise wave,w-6. Instead o f  the successive down-shif t  t h a t  
takes place i n  the l i n e a r  SBS resonator,  here we have a l t e r n a t i n g  up-and-down sh 
and the wa lk -o f f  problem i s  avoided. We a lso  note as shown by Basov and Zubarev 
t h a t  h igh q u a l i t y  pumps a re  not  requ i red  f o r  t h i s  process t o  work. This i s  because, 
as i n  t h e  general case o f  four-wave mixing, the counterpropagating pumps are 
conjugates o f  each other  and, f o r  t h i s  reason, the s igna l  and probe waves a re  a l s o  
conjugates. 

PCR's USING SHIFTED GRATING CONJUGATORS 

A t h i r d  category o f  PCR's i s  t h a t  which makes use o f  the s h i f t e d  g r a t i n g  e f f e c t  which 
occurs i n  c e r t a i n  nonl inear  mater ia ls .  Here, the r e f r a c t i v e  index g r a t i n g  which i s  
produced i n  these mate r ia l s  i s  s h i f t e d  l a t e r a l l y  from t h e  i n t e n s i t y  g r a t i n g  by a 
phase s h i f t  determined by t h e  p roper t ies  of the mate r ia l .  Under soine condi t ions,  
t h i s  s h i f t  can be exac t l y  one-hal f  of the  g r a t i n g  period. Such a s h i f t  has ve ry  
i n t e r e s t i n g  consequences f o r  two-wave in te r fe rence  pat terns because the s h i f t  al lows 
p r e f e r e n t i a l  energy t r a n s f e r  from one wave t o  the other. S h i f t e d  g r  i n g  mate r ia l s  
used f o r  four-wave mix ing have al lowed construct ion o f  novel devicesTi and, i n  f a c t ,  
a very s i g n i f i c a n t  demonstr i o n  o f  us ing a s h i f t e d - g r a t i n g  conjugator i n  a PCR t h a t  
does n o t  use external  ePJ has been constructed. Figure 7 shows a schematic 
diagram o f  t h e  PCR, which work as fo l lows.  
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Lasing i s  i n i t i a l l y  induced between m i r r o r  M i  and beam s p l i t t e r  BS. L i g h t  
t ransmi t ted  through the  beam s p l i t t e r  causes o s c i l l a t i o n  i n  the PCR cons is t ing  of 
t h e  c r y s t a l  and m i r r o r s  M3 and M4. This o s c i l l a t i o n  i s  due t o  t h e  s h i f t e d  g ra ted  
process described above. PI2 i s  used t o  a s s i s t  i n  the bu i ldup  o f  o s c i l l a t i o n .  With 
o s c i l l a t i o n  establ ished between M3 and Mq, t h e  beam s p l i t t e r  and M2 a re  removed. 
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At  the present time, on ly  pho to re f rac t i ve  rnater' ials have operated as s h i f t e d  g r a t i n g  
PCR's. Because o f  t h e  slow t ime response o f  such mater ia ls ,  these PCR's have on ly  
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s low ly  vary ing aberrati0.n c o r r e c t i o n  capabi 1  i t i e s .  E f f i c i e n c y  considerat ions o f  such 
PCR's have n o t  been examined t o  date. 

PRACTICAL ISSUES I N  THE CONSTRUCTION OF PCR's 

The key a t t r a c t i o n  o f  a  PCR i s  i t s  a b i l i t y  t o  produce a near l y  d i f f r a c t i o n  l i m i t e d  
output  beam w i t h  extremely l a r g e  i n t r a - c a v i t y  aberrat ions wh i le  p rov id ing  
e f f i c i e n t  mode f i l l i n g  f o r  l a r g e  gain volumes. The s i z e  o f  the  aberrat ions t h a t  can 
be corrected i s  l i m i t e d  by the  f i n i t e  transverse s ize  o f  the l a s e r  resonator and 
conjugator and by nonreciprocal propagation e f f e c t s  such as may occur i n  a saturated 
gain medium. Ab r t' n cor rec t ion  has been analyzed a n a l y t i c a l l y  and 
computat ional ly.  9 9 y 8 - 1 8  Numerical r e s u l t s  from a th ree  dimensional saturated gain 
c a l c u l a t i o n  are shown i n  F igure 8. This  f i g u r e  shows S t reh l  r a t i o  and f r a c t i o n a l  
outcoupled power as a func t ion  o f  the  standard dev ia t ion  o f  the  phase produced by an 
aber ra t ion  screen placed a t  the  conventional plane m i r r o r  s ide o f  a  PCR. We see 
t h a t  f o r  the  p a r t i c u l a r  resonator chosen, the  f r a c t i o n a l  outcoupled power degrades 
by o n l y  about 25% f o r  04 = 6 radians. The curve f o r  t h e  CR corresponds t o  a 
resonator  t h a t  has two plane p a r a l l e l  m i r r o r s  having the  same separat ion as the PCR. 
A t  zero phase e r r o r  the values o f  Pout/Pstored f o r  the  two resonators are d i f f e r e n t  
because t h e i r  transverse modes a re  no t  the  same. The key comparison between the 
two curves i s  t h a t  the CR curve degrades s u b s t a n t i a l l y  more r a p i d l y  than t h a t  f o r  
the  PCR. I n  f a c t  the dashed p o r t i o n  o f  the  CR curve correspond-r t o  a reg ion i n  
which the re  was doubt whether a converged s o l u t i o n  has been obta ined i n  t h e  computer 
s imulat ion.  

The S t reh l  r a t i o ,  def ined as outcoupled f a r - f i e l d  i r rad iance  w i t h  aberrat ions 
d iv ided  by f a r - f i e l d  i r rad iance  o f  a  un i form amplitude and phase beam, a lso  
degrades by about 25% a t  a+ = 6. Thus, one concludes t h a t  even i n  the  face o f  very 
bad aberrat ions, a  PCR can provide good performance. I t i s  impor tant  t o  note t h a t  
as t h e  Fresnel number o f  the  resonator (square o f  rad ius d iv ided  by wavelength times 
resonator leng th )  decreases, the  degradation i n  PCR performance increases. Computer 
s imulat ions show t h a t  t h i s  degradation becomes subs tan t ia l  a t  Fresnel numbers less  
than about 5 .  

Figure 9 shows r e s u l t s  f o r  computer-simulated PCR's w i t h  and w i thou t  the use o f  
i n t r a c a v i t y  s p a t i a l  f i l t e r s .  The o r i g i n a l  mot i va t ion  f o r  the use o f  a  s p a t i a l  
mode s e l e c t o r  i n  a PCR was based on the  no t ion  t h a t  a  unique t ransverse mode might 
n o t  be establ ished w i thou t  one. I n  f a c t  i t  can be shown t h a t  f o r  a  PCR having 
i n f i n i t e  l a t e r a l  extent  any a r b i t r a r y  wave i s  a  s t a b l e  so lu t ion .  A PCR o f  f i n i t e  
ex ten t  however does possess unique t ransverse modes. This occurs because of the  
d i f f r a c t i o n  losses a t  the  edges o f  the  m i r ro rs  which, because o f  t h e i r  f i n i t e  
extent,  ac t  as s p a t i a l  f i l t e r s .  

Note the  f o l l o w i n g  features i n  the s imu la t ion  r e s u l t s  shown i n  F igure 9 f o r  a  PCR 
w i t h  a saturable gain medium. (1)  The phase o f  the  wave a t  the  output  coupler  
i s  w e l l  behaved. ( 2 )  The outcoupled i r rad iance  i s  s p a t i a l l y  smoother w i t h  the  
s p a t i a l  f i l t e r s  than wi thout .  (3)  The f a r - f i e l d  S t reh l  r a t i o s  a re  comparable f o r  
a l l  three cases. (4)  The ex t rac ted  power, Pout/Pstored, i s  apprec iab ly  increased 
f o r  t h e  case w i thou t  t h e  s p a t i a l  f i l t e r .  

I n  s p i t e  o f  the aber ra t ion  co r rec t ion  c a p a b i l i t y  PCR's must s t i l l  prov ide an 
acceptable l e v e l  o f  e x t r a c t i o n  from the a v a i l a b l e  gain medium. The two major 
d i f fe rences  i n  e x t r a c t i o n  between PCR's and CR's are t h e  transverse mode shapes o r  
f i l l i n g  fac to rs  and m i r r o r  losses. PCR's may o f f e r  the oppor tun i t y  t o  f i t  a 
transverse mode t o  a given gain medium b u t  must use a phase conjugate m i r r o r  as one 
r e f l e c t i n g  element, and cur ren t  phase conjugate m i r r o r s  are l i m i t e d  i n  e f f i c i e n c y .  
For SBS the  p r i n c i p a l  e f f i c i e n c y  issue i s  a  r e f l e c t i v i t y  less  than u n i t y  which 
r e s u l t s  i n  some f r a c t i o n  o f  the resonator output l o s t  through the  PCM. For FWM 
PCR's the need t o  prov ide pumps operat ing i n  a s t rong ly  depleted mode combined w i t h  
the loss  through the PCM l i m i t s  the o v e r a l l  e f f i c i e n c y .  



JOURNAL DE PHYSIQUE 

I I 

- 

\ 
7 \ 

- - 

a 2 / ~  P = 28 
NO SPATIAL FILTER 

- - 

i I 

v+ AUGUST 1982 

Figure 8. Results o f  computer s imulat ions comparing Pout/Ps tored o f  a PCR 

compared t o  a CR and PCR s t r e h l  r a t i o  as a f u n c t i o n  o f  rms phase e r r o r .  

Phase conjugate m i r r o r s  us ing SBS have been demonstrated w i t h  r e f l e c t i v i t i e s  between 
50 and 70%. E f f i c i e n t  operat ion of a resonator  w i t h  a m i r r o r  w i t h  such a 
r e f l e c t i v i t y  requ i res  both a h igh gain l a s e r  medium and a very low value o f  
feedback coup1 ing, t h a t  i s  the  resonator must have a very low Q. The ga in  
requirements are q u a n t i f i e d  i n  F igure 10 f o r  a 70% r e f l e c t i v i t y  m i r r o r .  The PCR 
system e f f i c i e n c y  i n  these curves i s  def ined as t h e r a t i o  o f  the  n e t  output  power t o  
the power s to red  i n  t h e  i n v e r t e d  populat ion. It i s  a genera l ized e x t r a c t i o n  
ef f ic iency.  The output  coupl ing m i r r o r  r e f l e c t i v i t y  has been opt imized f o r  maximum 
e x t r a c t i o n  e f f i c i e n c y  a t  every ga in  value on t h i s  curve. The p red ic ted  performance 
ignores t ransverse mode f i  11 i n g  f a c t o r  losses and s p a t i a l  ho le burn ing e f f e c t s .  
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Figure 9. Computer s imu la t ion  r e s u l t s  showing outcoupled i r rad iance ,  output  phase, 
and f a r - f i e l d  i r rad iance  f o r  d i f f e r e n t  i n t r a c a v i t y  s p a t i a l  f i l t e r s .  

At  f i r s t  thought i t  might  appear t h a t  four-wave mixer conjugators could minimize 
the  lossy  m i r r o r  problem s ince r e f l e c t i v i t i e s  up t o  and exceeding u n i t y  have been 
measured and repor ted i n  the  l i t e r a t u r e .  Unfortunately, there a re  major problems 
w i t h  the  use o f  such conjugators i n  PCR's. The h igh  r e f l e c t i v i t i e s  occur as a 
consequence o f  nonl inear  d i f f r a c t i o n  coupl ing of the pump waves i n t o  the conjugated 
s igna l  d i r e c t i o n ,  and thus the  magnitude o f  the requ i red  pump powers i s  given by the 
requ i red  conjugate s ignal  power d iv ided  by the  d i f f r a c t i o n  e f f i c i e n c y  o f  t h e  
four-wave mixer. I n  t y p i c a l  h igh  r e f l e c t i v i t y  experiments the  pump powers have 
exceeded the s igna l  powers by a t  l e a s t  an order  o f  magnitude. C lear l y  the  pumps 
most operate a t  power l e v e l s  which can e a s i l y  exceed the  PCR ou tpu t  power - an 
untenable s i t u a t i o n .  

To summarize then, the key parameters t o  be opt imized f o r  a  PCR w i t h  a FWM PCM i s  
t h e  opera t ing  e f f i c i e n c y ,  not the r e f l e c t i v i t y .  This e f f i c i e n c y  i s  def ined as the 
conjugated s igna l  output  power d i v i d e d  by the sum o f  the  i n p u t  powers requ i red  t o  
product it. The FWM e f f i c i e n c y  issues addressed i n  t h i s  paper a r e  based on a 
2 - leve l  saturable absorber model i n  which the n o n l i n e a r i t y  i s  establ ished by 
mainta in ing a subs tan t ia l  exc i ted  s t a t e  populat ion.  The two f a c t o r s  which l i m i t  
the e f f i c i e n c y  (1) the power requ i red  t o  mainta in  the  exc i ted  s t a t e  populat ion and 
(2) t h e  power t ransmi t ted  through t h e  PCM end o f  t h e  resonator.  

I n  order  t o  achieve h igh e f f i c i e n c y  i n  a two-level saturable absorber FWM one must 
operate f a r  o f f  resonance w i t h  a probe wave s u f f i c i e n t l y  s t rong  t h a t  the  pumps 
operate i n  a s t r o n g l y  depleted mode. There are few experiments and no publ ished 
ana lys is  which describes operat ion under these condi t ions.  However, W. P. Brown 
of ou r  laborator ies21 has r e c e n t l y  analyzed and programmed computer so lu t ions  t o  



JOURNAL DE PRYSIQIJE 

SBS (R, = 0.701 
a-' 70-  

z 

FWM WITH PUMP RECOVERY 

0 
2 40-  
a 

GAIN MEDIUM FWM LL a 
LL - 
I 
a 
W 

L - 
E 
N 

0 t ,  f # t  t ,  
10 20 30 40 100 200 1000 2000 3000 

Go = exp goL - 
Figure 10. System e f f i c i e n c y  as a funct ion o f  gain f o r  SBS and FbJM PCR's. 

mixers opera t ing  under such condi t ions.  Using t h i s  code, the pump and probe l e v e l s  
have been perturbed t o  maximize the  operat ing e f f i c i e n c y  as def ined above y i e l d i n g  
a maximum e f f i c iency  o f  18% w i thou t  pump recovery and 22% w i l l  f u l l  pump recovery. 

Figure 10 shows the r e s u l t s  f o r  the  FWM PCR opt imized as described above. Note t h a t  
very much h igher  gains are requ i red  t o  r e a l i z e  the  same system e f f i c i e n c y  f o r  f ldM 
PCR's than resonators w i t h  SBS mi r ro rs .  Use o f  an a c t i v e  gain medium f o r  a 
four-wave mixer avoids the external  power requirement f o r  the  pumps s ince the  pump 
f i e l d s  are generated v i a  a separate l a s e r  e x t r a c t i o n  o f  the inver ted  populat ion o f  
the  mixer medium. However, one requ i res  a very l a r g e  energy investment i n  t h i s  
i n v e r t e d  populat ion, an investment t h a t  would otherwise be a v a i l a b l e  t o  the  bas ic  
l a s e r  i t s e l f .  S i m i l a r  ca lcu la t ions  have been made f o r  saturable gain FWM's ( i .e .  an 
inver ted  2- level  system) and one such r e s u l t  i s  shown i n  Figure 10. Thus, no 
improvement i n  system e f f i c i e n c y  i s  achieved by us ing an a c t i v e  gain medium 
four-wave mixer. Because o f  t h e  s i m p l i f y i n g  assumptions, these e f f i c i e n c i e s  are 
found t o  improve monotonical ly w i t h  increasing goL. I n  ac tua l  f a c t ,  unsaturated 
absorpt ion c o e f f i c i e n t s  o r  p a r a s i t i c  o s c i l l a t i o n s  w i l l  provide an upper l i m i t  on the  
GoL which can e f f e c t i v e l y  be employed. 

While PCR's can prov ide subs tan t ia l  improvement i n  the  beam q u a l i t y  o f  a l a s e r  as 
shown t h i s  must be done w i t h  reasonable e f f i c i e n c y  s ince l i t t l e  i s  accomplished by 
t u r n i n g  an e f f i c i e n t  resonator w i t h  poor beam q u a l i t y  i n t o  a very i n e f f i c i e n t  PCR 
w i t h  good beam q u a l i t y .  A wave o f  poor beam q u a l i t y  can always be converted i n t o  a 
wave of good beam q u a l i t y  and lower power by us ing a s p a t i a l  f i l t e r .  Thus a 
reasonable f i g u r e  o f  m e r i t  f o r  comparing PCR's t o  conventional resonators i s  
f a r - f i e l d  power i n  a d i f f r a c t i o n  l i m i t e d  bucket. Given these problems a d i f f e r e n t  
way of 2~mpar ing  the performance i s  t o  use a so-ca l led break-even beam q u a l i t y  
fac to r .  



Take two resonators w i t h  equal s tored power, one a conventional resonator, CR, and 
t h e  o ther  a PCR. The power de l i ve red  t o  t h e  f a r  f i e l d  i n  a d i f f r a c t i o n - l i m i t e d  
spot depends upon two fac to rs  - the beam q u a l i t y  B and the resonator e x t r a c t i o n  
e f f i c i e n c y ,  q. I t i s  the t r a d e o f f  between these two q u a n t i t i e s  t h a t  we w i l l  use t o  
i l l u s t r a t e  under what condi t ions one would favor  a PCR over a CR. We def ine 
break-even t o  o c u r  when the peak f a r - f i e l d  i r rad iance  o f  the two resonators i s  5 equal. Hence.6. ~~~~k~~~~ = q c ~ / q p c ~  where we take B = 1 f o r  the PCR ( i  .e. 
d i f f r a c t i o n  l ~ m i t e d  beam q u a l i t y ) .  

CR The curves i n  F igure 11 show Rgre keven as a func t ion  o f  Go f o r  bo th  DFWM and SBS 
PCR1s. Conventional resonators wtose 6 ' s  l i e  above the  curves are unfavorable 
compared t o  the PCR1s. For example, suppose we had a conventional resonators w i t h  
Go = 100 and B = 1.4. The curves t e l l  us t h a t  the  SBS PCR would g ive a h igher  
f a r - f i e l d  i r rad iance  than the conventional resonator, whereas the FWM PCR would no t .  

m 
Go = exp goL 

Figure 11. Breakeven beam q u a l i t y  f a c t o r ,  6, as a func t ion  o f  gain f o r  FWM and 
SBS PCR's. 

CONCLUSION 

The future o f  phase conjugate resonators as p r a c t i c a l  devices, espec ia l l y  f o r  h igh 
power appl icat ions,  l i e s  i n  the  issues o f  improved e f f i c i e n c y .  Several quest ions 
a r i s e  i n  t h i s  regard t h a t  on ly  f u r t h e r  research can answer. F i r s t ,  t o  what extent  
can SBS conjugators be made t o  operate a t  h igher  r e f l e c t i v i t i e s  than have been 
demonstrated t o  date ( i  .e. 50 t o  70%)? We know t h a t  SBS as a nonl inear  process has 
been observed w i t h  r e f l e c t i v i t i e s  approaching u n i t y .  This  has n o t  occurred i n  the  
geometries used i n  conjugat ion experiments i n  which the  i n p u t  beams are aberrated as 
w e l l .  The reasons f o r  the d i f fe rences  a re  no t  known. The chal lenge f o r  SBS i s  t o  
understand what are the fundamental l i m i t s  on conjugate r e f l e c t i v i t y ;  i t  i s  c l e a r  
t h a t  the a t t rac t i veness  o f  an SBS PCR hinges s t r o n g l y  on t h i s  issue, espec ia l l y  f o r  
l asers  having low t o  moderate gains. 

A s i m i l a r  quest ion can be asked f o r  FNM PCR's or,  more genera l ly ,  PCR1s t h a t  employ 
rea l - t ime  holography t o  do the conjugation. Uhat are the  fundamental fac to rs  t h a t  
determine the e f f i c i e n c i e s  o f  these conjugators, espec ia l l y  under condi t ions of pump 
dep le t ion  f o r  FWM? Remember t h a t  the  FklM model used i n  the r e s u l t s  presented here 
were f o r  a  two-level saturable absorber FWM, the  on ly  one t h a t  has been analyzed 
thoroughly. Other nonl inear  mechanisms such as a pure ly  d ispers ive  i n t e r a c t i o n  o r  
the pho to re f rac t i ve  e f f e c t  may o f f e r  more promise f o r  h igher  e f f i c i e n c y  PCM1s. 
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Fina l ly ,  we wish t o  emphasize t h a t  a l l  experimental demonstrations o f  PCR's t o  da te  
have been c a r r i e d  ou t  using low power l abora to ry  l a s e r s .  Many o f  t h e  p rac t i ca l  
i s sues  surrounding high power operat ion o f  PCR's (e .g .  thermal loading in  t h e  PCM, 
nonl inear  propagation e f f e c t s )  and t h e i r  impact on e f f i c i e n c y  and conjugation 
f i d e l i t y  have y e t  t o  be addressed. We bel ieve t h a t  these  i s sues  could be bes t  
resolved through experimental research using high power l a s e r s .  
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