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In many systems, involving interaction between the electro­
magnetic field and matter, statistical propertiers of light are 
predicted to have a nonclassical behaviour. Such nonclassical 
effects are of interest because they provide instances in which 
the quantum-mechanical nature of the field manifests itself. 
The most well-known exa~les of, these effects are photon anti­
bunching Ill, squeezing I and n~nclassical correlation between 
light beams 13.41. The existence of nonclassical correlation in­
dicated by violation of the Cauchy-Schwarz inequality has been 
observed in two-photon cascade emission 14/. It has been shown 
that such correlations are expected in a two-mode two-photon 
laser 15/, para1lJJ:!tric amplifier 16,7/, resonance fluorescence 181 

three-photon hyper-Raman process /9/ and four-interacting-mode 
system 110/. In this paper, we give another example, where a non­
classical correlation between light beams may appear. 

We consider a lambda - configuration three-level atom being 
in a lossless cavity (fig.I). The upper level 3 is connected 
with the lower, levels I and 2 by dipole transitions,whereas the 
transition I ~ 2 is forbidden. The hamiltonian describing the 
interaction of the atom with a two-mode resonant radiation fi­
eld in the dipole and rotating wave approximations is given by 
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H '" 1 t OJ R JJ + 1 tiwa a: aa + 1 iiga(~Rsa+ a:Ras )' (I)

\ J .. 1 a" 1 a .. 1 

\.--Here, the operator R jJ;;; I j > < j I describes the population of 
\ level j I with the energy flO j and state vector I j >. R IJ '" Ii> <j I 
\ is the operator of the atomic transition from level j to leveli. 
\ The photon operators 8a. a~ describe the field modes of the 

resonance frequencies wa =0 3 - na' g~ s are the parameters 
atom-field coupling. 
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It should be mentioned that the atomic 
dynamics and, photon statistics of the mo­
del described above have been rigorously 
examined 111.12/. The time behaviour of the 
photon-number variances and cross corre­
lation has been discussed 113/, Due to pro­
gress toward the realization of a single 
atom in a cavity 1141 the model is of large 
interest. 

Fig. 1. Ene~gy level 8tructu~e of the lamb­
da-configuration atom conside~ed. 

We now define the degrees of second-order coherence of light 
1n modes gli2 ) and the degree of mode correlation gli) to be 131 
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As is well-known 13,4/, in intensity measurements on two beams 
the quantum translation of the Cauchy-SL'hwarz inequality 

(2) 2 (2) (2)
( g 12 ) 5: g 11 g 22 (3 ) 

holds for field states with poslt1ve definitiC Glauber represen­
tations. Another form of this inequality is 

v :;;, O. (4) 

where the currelation functicn V is defined to be 
V + + + + +

<a 1 a 2 a l > - <alalalal><a2a2a2a2> (5) 

The performances of the inequality V 0 are possible for the 
field states with sign-indefinite Glauber representations 
Ptlll'(22)' P(a1' (2~) f4 0/3.101, Such violations show the pre­
sence of nonclasslcal correlation between the beams and are the 
subject of our further consideration. 

We assume that the atom is initially on the lowest level I. 
In paper l111 the time-dependent photon distribution P t (nt' n2 ) 
has been found explicitly and rigorously. It reads 

P (n l' n2) P (n I' n2 ) R 1n n (t) + P (n 1 + I , n2 - 1) R 2n + 1 n - 1 (t) + 
t 1 2 1 2 

(6 ) 

+ pen 1 + 1. n2 - (t)l,- R 1n 1+ R2n1 1- 1n
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where 
4 2 2~ n (n +, 1), -------­
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n n
1 2 [gl n l + g~(n2+l)]2 2"g1 1+ 2(n 2 + 1)1­

g41 n21 2­
2 2 ,sin {t vi g2 n + 2(
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The function 
of interest 
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P(nl' n2) is the initial photon distribution. It is 
to consider the case when both the pump beam (the 

field in mode I) and the signal beam (the field in mode 2) are 
initially in Glauber coherent states. The initial photon distri­
bution pent, I1 2 ) then takes the form 
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On the other hand, we have Ranlne ~ I. Hence, we can see from n 1 n 2 
P(n 1,n 2) exp(-n 1 -n 2 )n 1 ii2 l(n1 !n 2 !)· (8) eq.(13) that the Cauchy-Schwarz inequality (4) is violated if 

Let us introduce the notation .( ...... ) I. ( •••• .;.) P(n1 ' n2 ) • v :;' iii R 2 - ii2 (1 + R 1 ) > O. (14) 
It can be easily shown that nl n2 

n1 0 2 n1 n2 

Note that for small times the correlation function V is nonposi­
nlfOln2 Ii 1 rn + 1 n' n2 f n n = ii2 rn n + 1 • 	 (9 )

1 2 12 12 

where r n1 n r. is an arbitrary function of n1 and n2 • Using the re­
lations (9) and ~q. (6) we can obtain I+ + - - -	 ­
<a1a2 a2 a 1>= n1 n2 + n2 10 1n +-1-1) +nlR2nl+ln2-R2nln22

<ai a tal a 1 > = ii ~ + 2 ii 1 ( R101 + 1 n 2 - 1) - 2 (R In 1 n 2 - 1) , (10) 

+ + -2­
<R2 a 2 a 2 a2 > = n + l'n2 + 2n 2 R2n 1 2 

We assume that the initial mean photon numbers are large. i.e •• 
n1, ii2 »1. Then the functions Rlnln2 and R 2n n can be ap­
prox~ma ted by / 181 1 2 
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R2n1 n2 - 2[g2ii +-g2(- 2[4F(t; g;) - F(2t· g2)]
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where the function F is p;iven by 

"" "" 
F(t;g2),. 1 - [dx1 J dX2cos[tv'g~xl+ g~x2+' g21(4tr 2X 112)-'-' x 
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(J 2)
x exp[- ii 1 - ii2 + x1+ X2 - 111n(111(1 ) - 12 1n(12 IDe))' 

The approximate expressions for the other functions Ra n + k n + k 
1 1 2 2 

(a = 1,2; klf k2 = 0,1) can be obtained from (II) by changes 
iii -> iil + kl' ii~ -> ii2 + k2 and F( ... ; g~)-> F(•••;klg~+ k2g~+ g~.

Hence, tak1ng 1nto account the assumpt10n ii 1,D2 » I we can 
easily see that Ra n + k n + k • Ra on' By using the latter 

1122 12 	 t
and after substituting eqs.(IO) into eq.(4) we get the approxima­
te expression j 
V = [ii R -n2(1+Rl-)Hiil~2-+U2(1-a---)]. (13)1 2n	 1

10 2 n1n2 n1n2 n1n2 
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tive, L e. , V .s; O. Using eqs. (11) and (12) we 	 can describe the 
time behaviour of v and V. It has a feature of collapses and 
revivals very similar to those examined in 112.18a.nd refs. thereinto 
We restrict ourselves to the so-called quasisteady value of v 
which is reached either in the time regions between collapse 
and revival or at very large times t -> ... In these regions of 
times the function F(...; g~) approaches unity 112.18~ Therefore, 
the steady value of v can easily be found. Taking into account 
the assumption ii2 »1 this value is 

ii 2 I 2 2 2 - 2 2 2 - - 4-2Vst 1:- 2- 2 3g 1 (g2- g 1)n 1- 4g 19 2 nl n2 - 4g 2 n 2 1. (IS) 
2(gl n1+ g2 n2) 

It is seen that > 0 if: 1) the coupling of the atom withv st 
the signal mode is stronger than that of the atom with the pump 
mode, Le., 

g2
I-I> 1 	 (16)

gl 
and, 2) the mean number fil of the initial photons in the pump 
mode is so large that 

...!L > (~) 	 (17)fi thrsshfi2 2 

Here the threshold value (n 1/02 )thresh is 

2(g Ig )2
(~) ~ ___ g 1 

(18)ii2 thresh 
y'3(g2 /g1)2- 2 - 1 

Under the conditions (16) and (17) nonclassical correlation bet­
ween the beams will appear in the quasi-steady time-regions. 
In fig.2 we plot the dependence of the threshold value (if1 I 
lii2 ) thresh of the photon-number ratio for the appearance of non­
classical correlation upon the ratio g2/g1 of the coupling cons­
tants. The minimum value of the quantity (iii lii2 ) thresh is 
4(v'3 + 1)/3 and occurs at g2/g 1 = [2(1 + I/v'n]~. 

Finally, we notice another simple case for the violation of 
the Cauchy-Schwarz inequality in the system. This is the case 

when no photon is initially in the signal beam, i.e., when 

ri. 
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Fig. 2. The of 
7 1!n2\hresh upon (g2!gl)' 

.c. 
~6 ... 
.c. P(nl,n2)=1\20Pl (n l ). From-"';::.5 eqs.(2) and (6) we can easily see 

--. 
Ie 

that g~~) is then equal to zero.Ic4 Therefore, if the pump beam is 
initially in a nonvacuum state,

3, 	 ' .. i.e., if P l (n l 0) < 1 the ine­
1 	 2 3 4 5 6 quality (3) is violated for t > O. 

92/g 1 	 This means that when the signal 
beam is generated from its initial vacuum by pumping the atom 
from the ground level I, the nonclassical correlation between 
the 	beams occurs for all times t > 0, arbitrary relations of 
coupling constants and for arbitrary (nonvacuum) initial states 
of 	the pump beam. 

In 	conclusion, we have shown that even the simplest model of 
light beams interacting with an atom follows a dynamics leading 
to 	nonclassical correlation between the beams. The conditions 
,for 	the appearance of such a nonclassical correlation have been 
presented. 

REFERENCES 

I. 	Paul H. Rev.Mod.Phys., 1982, 54, p.1061. 
2. 	 Walls D.F. Nature, 1983, 306, p.141. 
3. 	 London R. Rep.Progr.Phys., 1980, 43, p.58. 
4. 	 Clauser J.F. Phys.Rev, 1974, D9, p.853. 
5. 	Zubairy M.S. Phys.Lett., 1982, 87A, p.162. 
6. 	McNeil K.J., Gardiner C.W. Phys.Rev, 1983, A28, p.1560. 
7. 	 Graham R. Phys.Rev.Lett., 1984, 52, p.117. 
8. 	 Dalibard J., Reynaud S. In: New Trends in Atomic Physics, 

ed. by G.Grynberg and R.Stora (North-Holland, Amsterdam, 
1984), p.18\, 

9. 	 Sainz L. de los Terreros, Santos M., Gonzabz-Diaz P.F. 

Phys.Rev, 1985, A31, p.1598. 


10. 	 Reid M.D., Walls D.F. Act.Phys.Austr., 1984,56, p.3; 
Phys.Rev, 1986, A34, p.1260. 

II. 	Bogolubov N.N.Jr., Fam Le Kien, Shumovsky A.S. Phys.Lett., 
1985, 107A, p.456. 

12. 	 Yoo H.I., Eberly J.H. Phys. Rep., 1985, 118, p.239.
13. Bogolubov N.N.,Jr., Fam Le Kien,Shumovsky A.S. J.Physique 

(Paris), 1986,47, p.427. 
14. 	 Moi L. et al. Phys.Rev., 1983, A27, p.2043. 

Received by Publishing Department 
on January 15, 1987.R 

BoronID6oB H.H. IMn./, ~aM ne KHeH, EI7-87-14 
lliYMOBCKHH A.C • 
HeKnaCCHqeCKafl Koppenfl~Hfl Me~~y nyqKaMH 
CBeTa B Mo~enbHoH CHCTeMe THna ~~eHHca -
KaMMHHrCa 

HccneAoBaHa reHepa~Hfl HeKnaCCHqeCKOH Koppenfl~HH Me~y 
nyqKaMH CBeTa B TpexypoBHeBoH ~BYXMO~OBOH MOAenH THna 
~eHHca - KaMMHHrca. 

Pa60Ta BwnonHeHa B na6opaTopHH TeOpeTHqeCKOH ~H3HKH 
OIDIH. 
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System 

The appearance of nonclassical correlation between 
light beams due to the interaction with an atom in 
a three-level two-mode Jaynes-Cummings-type model is exa­
mined. 

The investigation has been performed at the Laboratory 
of Theoretical Physics, JINR. 
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