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L a t e l y  a remarkab le  amount o f  i n t e r e s t  h a s  been devoted 

t o  t h e  s t u d y  of t h e  second o r d e r  and h igher -o rde r  squeez ing  i n  
1-10 

t h e  one- and m u l t i p h o t o n  Jaynes  - Cwnmings models .  Th i s  

i n t e r e s t  was s t i m u l a t e d  by t h e  exper imen t s  of a Rydberg-atom 

maser  which have a l lowed one t o  i n v e s t i g a t e  t h e  i n t e r a c t i o n  of 

one o r  a few atoms w i t h  a n  e l e c t r o m a g n e t i c  f i e l d  i n  a  high-9 
11 ,12  

c a v i t y .  One i n t e r e s t i n g  t y p e  of a  h igher -o rde r  squeez ing ,  

namely s q u e e s i n g  o f  t h e  squared  f i e l d  ampl i tude  ( ~ Y F A ) ,  has  
1 3  

r e c e n t l y  been proposed by H l l l e r y .  As has been shown by 

rang  and Zheng 14'15 , t h e  SSFA may be g e n e r a t e d  i n  t h e  m u l t i -  

photon Jaynes  - Cumrnings model f o r  t h e  i n i t i a l  atom i n  t h e  

e x c i t e d  a n d t h e  f i e l d  i n  t h e  c o h e r e n t  s t a t e  o r  f o r  t h e  i n i t i a l  

atom i n  t h e  c o h e r e n t  s t a t e  and t h e  f i e l d  i n  t h e  vacuum s t a t e .  

It i s  i n t e r e s t i n g  t o  s t u d y  what happens t o  SSFA i n  a  coo- 

p e r a t i v e  system w i t h  t h e  m u l t i p h o t o n  i n t e r a c t i o n .  ' i h i s  paper  l s  

devoted t o  examina t ion  of t h i s  problem on t h e b a s i s o f  t h e  s i m p l e s t  

c o o p e r a t i v e  model c o n s i s t i n g  of two two-level  atoms. 

vb c o n s i d e r  two two-level atoms i n t e r a c t i n g  w i t h  a  s i n g l e a o -  

de  r a d i a t i o n  f i e l d  i n  a n  i d e a l  r e s o n a n t  c a v i t y  v i a  m-photon- 

- t r a n s i t i o n  mechanism. 'The e f f e c t i v e  Hamil tonian f o r  t h i s  sys tem 

i n  t h e  r o t a t i n g  wave approx lmat ion  i s  

Here a+(& i s  t h e  o p e r a t o r  of c r e a t i o n  ( a n n i h i l a t i o n )  of a  pho- 
It + 

t o n ,  R t  and R, a r e  t h e  p o p u l a t i o n  i n v e r s i o n  and t r a n s i t i o n  

o p e r a t o r s  of an f - t h  atom, W and Wo a r e  t h e  f r e q u e n c i e s  o f  



t h e  f i e l d  and atom, 9 i s  t h e  a tom- f i e ld  c o u p l i n g  c o n s t a n t ,  and 

m i s  t h e  p h o t o n  m u l t i p l e  o f  t r a n s i t i o n s .  The e x a c t  m u l t i p h o t o n  

r e s o n a n c e  i s  assumed t o  occu r :  Wo = M a .  

To d e f i n e  t h e  SbFA e f f e c t ,  we i n t r o d u c e  t h e  q u a n t i t i e s  l3 

;at - ; w t  
where  A = a e and A+= Q+ e a r e  s l o w l y  

v a r y i n g  o p e r a t o r s .  

The o p e r a t o r s  Y I  and ?fa c o r r e s p o n d  t o  t h e  r e a l  and  Ima- 

g i n a r y  p a r t s ,  r e s p e c t i v e l y ,  o f  t h e  f i e l d  a m p l i t u d e  s q u a r e d  and 

obey t h e  commutat ion  r e l a t i o n  

LYL,Y,l = : ( a d + ( )  , 
where  N = A'A. 
The u n c e r t a i n t y  r e l a t i o n  f o r  t h e s e  two q u a n t i t i e s  h a s  t h e  form 

The SSFA s t a t e  i n  YL e x i s t s  i f  

and s i m i l a r l y  f o r  Y, . 
13915  

F o l l o w i n g  t h e  p a p e r s  . we c a n  w r i t e  t h e  e x p r e s s i o n s  

o f  t h e  SSFA i n  components Yi a s  

and 
+a a a , <A**+ A + + ~ A  A - < A ' ~ + A >  

L e t  u s  i n v e s t i g a t e  t h e  SSFA g e n e r a t i o n  i n  t h e  model (I) 

f o r  t h e  i n i t i a l  f i e l d  i n  t h e  vacuum s t a t e .  Of c o u r s e ,  no 

spon taneous  e m i s s i o n  s q u e e z i n g  w i l l  be produced i f  b o t h  t h e  a toms 

a r e  I n i t i a l l y  f u l l y  e x c i t e d .  However, t h e  a toms c a n  be  p r e p a r e d  

i n  c o h e r e n t  s u p e r p o s i t i o n s  o f  a n  e x c i t e d  and a ground s t a t e ,  and 

s u b s e q u e n t  s q u e e z i n g  i s  p o s s i b l e .  416115 Vie c o n s l d e r  t h e  

f o l l o w i n g  t h r e e  c a s e s  where a n a l y t i c a l  s o l u t i o n s  f o r  SSFA c a n  be 

o b t a i n e d :  

Case 1. L e t  t h e  a toms be  p r e p a r e d  i n  a s u p e r p o s i t i o n  s t a t e  

such a s  

0 4 d c c c  , o s p s a ~ .  
Here  10,9;n) a r e  e l p e n s t a t e s  o f  t h e  f r e e  h a m i l t o n l a n  Q 3 .  H~ =kwata + Zkw,R, f a r  

18, ; n> = 1 0 > A , \ q ) A , \ m ~  , 
0, 9 =+,-, n  = 0,1 ,  . . . . The s i g n  'I+" c o r r e s p o n d s  t o  a n  e x c i t e d  

and "-90 a  ground s t a t e  of a n  a tom,  i s  t h e  Fock s t a t e  o f  a 
F 

f i e l d .  
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behav iour  of t h e  f a o t b r s  Qi and Q a  . S i m i l a r  dependences  

have  been  p r e s e n t e d  i n  pape r  l5 f o r  t h e  c a s e  of a s i n g l e  atom 

r a d i a t i o n .  We o f f e r  h e r e  o n l y  t h e  maximum magni tude of s q u e e z i n g  

i n  t h e  component Yi ( s i m i l a r l y ,  i n  Ya 1. !he  maximum d e g r e e  of  

SSFA ( ~ o r r e s ~ o n d i n g  t o  t h e  minimum v a l u e  of Qi) i s  abou t  1 3  % 

( 2.2, p =%/a) f o r  a two-photon and 39% ( d. 2.7, p=-%la) 
f o r  a four-photon t r a n s i t i o n  sys ten .  These maximum magn i tudes  of 

SSFA a r e  e q u a l  t o  t h e  c o r r e s p o n d i n g  maximum d e g r e e s  o b t a i n e d  i n  

t h e  c a s e  wi th  a s i n g l e  atom. 

Case 2. Le t  one atom be p r e p a r e d  i n  a c o h e r e n t  s u p e r p o s i t i o n  

s t a t e ;  w h i l e  t h e  o t h e r  atom, i n  t h e  ground s t a t e .  Then, t h e  i n i t i d  

wave f u n c t i o n  i s  

d - * 
\9(01) = COS \+,-;O> + e sin \-,-; 0) 

The wave f u n c t l o n  a t  t h e  t lme  t i s  

.A t = cos R(t)\+,-;o> + FCC)\-,+;o) + 

where 

F o r  t h i s  oase  from e q u a t i o n s  (11) and (12) we have 

According t o  (3 ) , (4 )  t h e  f a c t o r s  QI and Qa are then  

f o r  m # 2.4 9 



f o r m  = 2 . Here 

f o r  m = 4. 

& a n a l o g y  w i t h  t h e  p r e v i o u s  c a s e ,  t h e  q u a n t i t i e s  Qi and Qa 
o s c i l l a t e  w i t h  a c o l l e c t i v e  % b i  f r e q u e n c y  d m )  , and  SSFA 

s t a t e s  e x i s t  o n l y  i f  m = 2 and m = 4. 

m e  maximum d e g r e e  o f  SSFA i s  a b o u t  9% ( d = 2.2) f o r  two- 

-photon and 38% ( d = 2 . 7 )  f o r  four-photon p r o c e s s e s .  These  v a l u e s  

a r e  s m a l l e r  t h a n  t h e  d e g r e e s  t h a t  may be o b t a i n e d  i n  a one-atom 

two- and fou r -pho ton  t r a n s i t i o n  sys tem (13% and 391, r e s p e c t i v e l y ) .  

m u s ,  t h e  p r e s e n c e  of an u n e x c i t e d  atom l e a d s  t o  a d e c r e a s e  

o f  t h e  maximum d e g r e e  of  SSFA i n  spon taneous  e m i s s i o n  from t h e  

s u p e r p o s i t i o n  s t a t e - e x c i t e d  atom. 

Case 3. L e t  t h e  i n i t i a l  s t a t e  o f  t h e  t o t a l  sys tem b e  

- ' a  
\'Y(O)> = C o g $  \ + . + ; O )  + Q sin&\-,-;o), 0s & s q 8  a 

0s pgax. 
At t h e  t i m e  t ,  t h e  wave f u n c t i o n  i s  

where  

Q, = \I& [ m! + cam)!] 
m! +a i 

o r  <k> < A ~ >  , <A+ A', and <A A >we o b t a i n  

3: cairn-   cam)! s ~ : n i ( ~ t ) )  . 
R~ 

F o r  m 7  2  one c a n  f i n d  f rom e q u a t i o n s  ('19) t h a t  < A ~ ) = < A ~ > =  0 

and t h e r e f o r e ,  no SSFA e x i s t s .  



For m = 1 t h e  f a c t o r s  Ql and 0% a r e  

For  a one-photon t r a n s i t i o n  t h e  maximum degree  of SSFA i s  about  

16% (d:2.2). The occur rence  of SSFA f o r  m = l  i s  a n  i n t e r e s t i n g  

f e a t u r e  of a c o l l e c t i v e  spontaneous r a d i a t i o n  from a system of 

two atoms. For  a one-atom r a d i a t i o n  this e f f e c t  i s  n o t  p o s s i b l e .  

F o r m  = 2 we have 

I n  t h a t  case  t h e  maximum magnitude of SSFA f o r  two-photon 

t r a n s i t i o n  i s  about  38% ( 6 = 2 . 7 ) .  It i s  t h r e e  t imes  of t h e  degree  
1 5  

t h a t  m a y  be o b t a i n e d  I n  a one-atom two-photon t r a n s i t i o n  system. 

For  one-photon t r a n s i t i o n  t h e  maximum va lue  of  SSFA i s  about  

'Phus, one oan prepare  t h e  atoms i n  such a ooherent  super- 

p o s i t i o n  of e x c i t e d  and ground s t a t e  as t o  i n c r e a s e  t h e  maximum 

degree  o f  SSFA i n  comparison t o  a s ingle-atom s i t u a t i o n .  

We have i n v e s t i g a t e d  t h e  g e n e r a t i o n  of squeez ing  of t h e  

square  of t h e  f i e l d  ampl i tude  i n  t h e  two-atom one-mode model 

w i t h  mul t ipho ton  t r a n s i t i o n s .  The oase when t h e  f i e l d  i s  

i n i t i a l l y  i n  t h e  vaouum s t a t e  t o g e t h e r  w i t h  an  atomio super-  

p o s i t i o n  s t a t e  has been examined. The time-depending SSFA 

f a o t o r g  have been c a l c u l a t e d .  The comparison of maximum degree  

of squeez ing  f o r  two- and s ingle-atom s i t u a t i o n s  h a s  been 

made. A m r e  d e t a i l e d  i n v e s t i g a t i o n  of  t h e  SSFA i n  t h e  model 

cons idered ,  i n  p a r t i o u l a r  f o r  ooheren t  and squeezed i n i t i a l  

f i e l d  s t a t e s ,  w i l l  be a s u b j e c t  of a subsequent paper. 
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The squeezing of the square of the field amplitude in 
the two-atom one-mode model with multiphoton transitions 
is investigated. The time-dependent squeezing factors are 
calculated. The conditions for the optimum squeezing are 
shown. 
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