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1. INTRODUCTION

In the last years, a large number of publications is centered
upon the basic models of quantum optics, the Jaynes - Cummings and
Tavis - Cummings models[1—4] . A number of interesting effects such
as the enhancement and suppression of spontaneous emission[S-é],
vacuum-field Rabi oscillation[9-11] , collapse and revival[ﬁE]
have been observed experimentally. In recent publications the
spectrum of the fluorescence photons from a single or two atoms
in an ideal and in finite - Q cavities h&as been calculated[ﬁ}—18].
The applications of these models as sources of the nonclassical
light are widely discussed [19-23] .

In our previous work[26j the problem of the spectrum and pho-
ton statistics for the case of N two-level atoms interacting
with an intense cavity mode has been discussed. In the present
paper vie consider the problem of I three-level atoms in a loss-
less cavity (Tavis - Cummings model) in the case when the cavity

modes are intense so that it can be treated classically. Essential
differences in intensities of the spectrwn components from collec-
tive double resonance in a free space[27J have been discussed. Ve
have shown that the sidebands can play the role of intense light
(A,Nz) which have sub-Poissonian photon statistics and reduce

quentum fluctuations in* one of the quadrature (squeezing).
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II. SPECTRULI OF FLUORZSCELCE FIELD

We consider & srmell system of N three level atoms (see the fig.)
interacting with two resonant cavity modes (Tavis - Cuwmmings model).
This model proves to be a good theoretical model for experimentel
works of Rydberg utomsg in high-Q cavity. For simplicity the
field frequencies Qh and ual are assumed to be in exact reso-

nance with the atomic frequencies ), and uﬂz of lower 12> 5 >
and upper |32 — 12> transitions, respectively. The Hamiltonian
of the system in the rotating wave approxination and in the inte-
raction representetion has the following form for the case when
the field modes ere intense so that it can be treated classically
2, 26]

H- G.u (Ja ) +G‘32_ (.T,,_+J;.;) ) (1)

where G and G’,,_ are the resonant Rabi frequencies for the ato-
41

mic trensitions |2) — |17 and | 3> = 12>, respectively;

N ;
% = kZ IiZEJ‘ (i,j =12,3) (2)

=1

are the collective anguler operators for the atomic system. They

satisfy the commutation relation

[ %, -Ti'.j'] = J:',j' ‘5:"— iy d}j . (3)
1 3>

w,
12>

wy
11> Level scheme of the atomic system.

Following the previous works[26—28] , we introduce the

Schwinger representation for the collective atomic angular opera-
tors

i = aa; (L,§ =1,2) 4

where the operators q; and a} obey the boson commutation rela-
tions +
[ a‘i ) al‘ J = J:"

and can be treated as the annihilation and creation operators for
the atoms being populated in the level li2.

After performing the canonical transformation

1 : 1
a = -4 cosa C_sindCy+ L cosa C >

e ! VI b

' (4)
aq_: .i. C{ +_‘__-C3 >
v Ve
4 o

ay= -+ sina O +cos G + 1 sima G

: vz ; vz ’

where
the Hamiltonian (1) reduces to the form

H=Q (R;_R,) , 8

2 Yo
where ) & 32.)

"

(&,

and Rij z C;Cj

lar operators of the "dressed" atoms. The equations of motion for

( L,J =1,2,3) are the collective angu-

the operators Rij(t) are easily solved exactly, and by using
the canonical transformation (4) one can find the collective azomic

operators Jij( t) as
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J;I (t):SDfS_‘e +g+'e P —le -}S;z e ) Q'H = = d?d -4 ) ) (15)
+ (6) £ i
G I MO &, =ty 3, ) (16)
+ -t + [Nt + A0t + uNt ¥
T, (0:Q+Q ¢ +Q, ¢ 4R +Q, e ) ! Ql = tga Sy, ) (17)
+ (7)
()= J° (t - ;
‘Tzs ) 32 ) 2 Is = J.;s - I« (18)
wheve 't Further, we shall investigate the spectral and nonclassical
' properties of the fluorescence field in other modes. This fluo-
*-
50 = 1 s {ws« (J;lf- J:“) +Sind (J;J + ‘Iil)} = So J rescence can be observed in the direction perpendicular to the
& (8) cavity axis and itﬁ spe%ﬁrum will be[13-15]
i i) (Tot) o (M4 iV)(T-1,)
. 2 2 2
S::-_‘_sin«i-sma(wso(.{,_caso(%;-swd-]}q SF('O)T):er‘d;t‘Jldotle !
- ) o °
. . -iw' (tl"t')
_Sind Ty, + s« L;} > (9 <J,, (£) I, (t)7e , (19)
+ . . L . :
5 = -Lmd {Imxco.(c(-r_; + wos'e Iu‘sm*‘}.'n X : (P D)(Tt,)- (Fe9) (T-1)
. = Q, (9,7):zrfdt‘fdtze
|
s ] (10) e
_ S« le i IA} | ’ ey (by-ty) S
+ ;2 \ L S
5—1 - %qu{J;l"wsl"(Jﬂ‘Sm {3 # L05d (J;n“fn) ‘ <J;L(t’){3 (t)2e )
|
+Smd ( J'“_ J,;z) . Smdcasd (J'“ *J:H)} ) (1) ] where SF(Q ,T ) and Qp( ¥,T ) are the spectraz of the fluorescen-
i the lower ard uprer atomic transitions,
s! 1 T L i & ( | ce fields,corresponding to I .
= -4 s - st T, - somd Jpy +casa (J, 0, ‘
e " Z ta 4" a E e ) i’ respectively; 2T is the bandwidth of <he detector, T is the
% i o (I ]' ) Sl'rvua(wja( (‘rla fJ_; )} ) (12) o time at which the spectrum is evaluated. The {... 7 stands for
2 M 3 T [
the average over the initial state of the atomic system.
Q+ Applying the relations (6-7) one snows that for the case of
= )
o - tgq'S; (13) intense cavity modes the terms in the fluorescence spectra (19)
-4
¢ S and (20), which are proportional to L1 , can be ignored (se-
Q, = -cdg« 3, ) (14)

cular approximation) and tne operators Sk and Qk( k =0,+1,+2)




can be considered as operators-sources of the spectrum components
at frequencies @, + k LL and W, + k £l , respectively. The
line widths of all the spectrum components §, and Q. eare
equal to 2.

Let the atoms be initially in the collective symmetric state

- (21)
go= Ing,my my ><ny, ny,n, |

where

144 I ny, “'I-;n'3>= ng ,n"n’f-ln3> J
T Ing, ny ng 7= oy g, na,ng? )
]351"'1,“1»"‘3): ng Ing, My, ny? )

and N, , n,, h, are the initial- atomic population in the
lower |1 , intermediate and upper states, respectively.

Using the relations (8-17) and (21) one finds that the in-
tensities of each spectrum components Sk and Qk (k = 0, +1

+2) are proportional to:
2

ls = €S, 2¢ Z‘- cost o [ os®y (2ngn, +nen,)

tsmod (2 + ny+ny )] ) (22)
Is_': Isﬂ = <S4f.§4 >:;:— SV.P\}OI [Jihldcaf’:f ('LJ-)L,):-

+ costa n, (ng+4)4 Sm'of ny (no+1)+ s n, (n+1)

¢ cos’d ny (ng+4)] ) (2%

+ K 2

Is-z.: Is“ £ (S; S;):-:—‘- wsln(f(nz,- co.slq(n,-Sma(ns)

s 08 (Ingny tngen)+ smid (Tngng + g tny)

+Sr'nfo(ws"o((?-n.,n3+ n,+n3)j ) (24

P

2
IQO - tg, o I‘o ’ (25)
l
= (26)
I‘z = 4 oeos™ { sintu oSy (g -ny) + cocty ng (ny#4)
—

+smY g (ny+4)+smdny (n, +1)4coc’y ny (nzfq)} 27

As for the spectrum &f double resonant fluorescence in a free

space [29,27] the intensities of sidedards IS = IS s
-4 1

I‘-z = IS,:. " IQ_, = IQ. ;Iq-z: IQ' , thus the fluorescence
spectrum of the upper atomic transition |[3) —»]2) as of the
lower atomic transition |2) —p [1) is symmetric.

For the case when all the atoms are initially in the ground

state |1) , i.e. n,=N, n2=n3=0, eqs. (22)-(27) reduce to

I = A cos*a N ) (28)

o~ 4
3 . 2

Ig = L simoeos’y N(Nsi ¢ +cos ) ) (29)
4

I = L aocty N (Veoss + s +1) : (30)
+ 16

Iq - 1 eniqcosy N (Neosto + sl +1)= 4»1W ) (31)
Y 4 *2

Ig = L smdcoN . (32)
Q= 4

It means that the intensities of the sidebands S

Qi1 and Q

*1? 512’
4o are proportional to N2 while the center compo-

nents S0 and QO have the intensities being proportional only



to N . This result is essentielly different from collective
double resonance fluorescence in a free space r26] where the in-
tensities of the central spectrum components So and Qo are
proportional to N2.

For the case when all the atoms are initially in the in-

termediate state | 2) , i.e. n1=n3=0, n,=N, the intensities
(22)-(27) reduce to

I = 1-60514 N
L7 5 ’ (33) ‘a
-2
IS“ = ;'SWW(N ) (34)
Isn = L owgg N (V1) ’ (35)
Ig = L s« N ’ (3¢)
. e 4
Iq“ v} ) (3%
. - 1 ot .
Q:t). = 4—6 S of N(/V+4) (33)

In this case only the extreme sidebands St2 and Q12 exhibit ’a
the superradiant behaviour (IS+2’ IQ+2.,N2). The spectrum of \
fluorescence corresponding to ;he up;er atomic transition ]3)—9]2)
contains only three spectrum components Q0 and Q+2 centered .
at the frequencies @, and W, 200 5 respectiveiy.

For the case wvhen o 112:,;',113 the intensities of all the
spectrum components Sk and Qk(k = 0, +1, +2) are proportionul
to N2 for any value of the parameter coszq while the intensi-

ties of the sidebands S+1 and Q+1 of the double resonant

?—_

fluorescence in a free space [26] exhibit gsuperradiance bahaviour
only for the case of cos® o = 1/2.

To conclude this section we note that the intensities of
the spectrum components, i.e. the spectrum picture, are strongly

dependent on the system parameter coszd and initial atomic popu-

lation distribution and are essentially different from the case

of collective double resonance fluorescence in a free space.

III. SUB-POISSONIAN STATISTICS

In this section we discuss the photon statistics of spec—
trum components. We show that in contrast with the double reso-
nance in a free space[BO] , the sidebands S+1, S+2 (Q+1, Q+2)
have the sub- poissonian statistics for the ;olle;tive_case_
N> 1. It means that the fluorescence in a cavity can play the
role of source for the high-intensity light with sub-poissonian
statistics which has applicetions in the gravitational wave de-
tector and in the quantum non-demolition meusurement[31,32] .

We limit the discussion to the photon statistics of the specirum
components Sk (k = 0, +1, 12) corresponrding the lower atomic
transition |2)—> |1> o

Following the works[33,34] , the spectrum component Sk(k =

= 0, +1, +2) has the sub-poissonian staiistics if the following

relation ig satisfied:

2 + ot +
(81 ):7=¢<$§ -<s :
COT )= <S8 8, > <5 5.5 <0 -
For the case when all the atoms are initially in the ground
state | L> , one finds from the relaticus (8-12) that



<: (AIS) Yot ol [ Loy N(N-1)+sia NI 20
16 (40)

(AT ViD= L aodlsiny N [ 2 (V- 1) 5’ cos 2t
1

(VD= bsidoc+ Lsimla) 1 ] G4D)
¢colax, Jizu ged, b EWINANE Aeiny

_smia) 4Nf - (42)
It is easy to see from the relation (40) that the central com-
ponent has super-poissonian statistics without the case N = 1
and sin2 d = 0 (single two-level atom) when the central compo-
nent So has the poissonian statistics.

For the single-atom case one finds

< (I )i = --1',— sin'e cos’y ) (43)
&

<: (AI )l:>: - 5% ) (44)
+ 64

thus all the sidebands S+

1 and Si’2 have the sub-poissonian
statistics.

For the case of N1 ,-as is seen from the relations (41)
and (42), the intermediate sidebands S 4 have the sub-poisso-
nian statistics for the case of cosza(_s 1/2 and the extreme
sidebands S+2 have the sub-poissonian statistics for the case
of cos2e(>/ 3: \/—? . It means that the sidebands of the fluores-
cence spectrum of ¥ three-level atoms in a cavity are intense
sources (the peak intensity being proportional to N2) with sub-
poissonian stetistics which have impotant application in the

detection of a very weak signal such as a gravitational wave [31]
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V. LIGHT SQUEEZING

In this section we discuss the squeezing in the spectrum
components Sk(k = 0, +1, +2).
The squeezing properties of the spectrunm components Sk

may be studied by introducing the Hermltlun operators

(k) (k)
SL = L‘ +LL (k:O,_f,iZ,).(@)
We speak of squeezing (phase squeezing) in the spectrum
components Sk if the normally-ordered variance of the operators
(k) (k)

L1 L2

or is less than zero

Galt™Ey <o o )ty o we
Let the atoms be initially in the collective symmetric
state (21). As is easily seen from the relation (8), the opera-
tor S is the Hermitian operator S+ = S0 and squeezing is
absent for the central spectrum component S « The quantities
<: (A L(‘k:_)z > k = +1, +2, can be derived by using the rela-
tions (9 - 12):

<2 (AL‘“))L A gma { (cos’s - sin*a ) n, n,

+St3vt‘;o(nb(n1+1)+ cos™d ny(ng +1) oS, (47)
A sma )n, _ s (w.:lc(-sin‘o()ns} ;
1)z
<:(aL, ')iz= L 5m4Zn,nj+sm¢n,~(n1f1) -
+wso(n,_ (ng+ 1)+ cosan, +$;Mq/n} >0,

¢ (AL(Q)L) ﬁ,’ws 4o Svicor (.?,n,rLJ+n,+nd)> 0 ,(49)

+2)
ALY D 4 ot {ws‘a((Znn Fn+n,)
P2 1 2 4 <
16 (50)
+smd (Tnyn d+n_,_fn3)} 20 ;

1



As is easily seen from the relations (49),(50), the squeezing is The factor of squeezing J?‘_'_1 in equation (54) has the minimum

absent for the extreme sidebands S, ,. For the intermediate spec- value equal to -2/9 (i.e. ~ 22% 20f squeezing) for the points
- 2 = = ] = =1

trum components S 4 squeezing is present only in the in-phase cos” o = 1/3, By @ EH 088 « 2/3, 3 e
(#1) 7
L.l- .

component One can show from the relation (47) that

V. CONCLUSIONS

the normally ordered variances < : (A L:t‘))z > reach the mi-
' 5 B , 2 ’
nimum (f n, =N (for the case cos“¢f € 1/2) or ny = N We have considered the problem of N three-level atoms
N 2 ; :
(for the case cos“d »1/2) and have the following form: interacting with two resonance modes in the lossless cavity.

1 “-nf-o( CDSLO( (COSLO( S'l-hld)N if N ¢ The superradiant behaviour of the spectrum components is dis-
+ = - = )
<. (A L( ))2' > - 8 : cussed. Unlike the collective double resonance in a free space
: 4 2/ =
[30] where the sub-poissonian statistics of the spectral compo-

. & p
Lo o (in'o - cot'dN i ny=N .

8 (51) nents is present only for the case of several atoms, in the ca-
Thus, the variences <: (AL;*)%: > are proportional to u . vity the sidebands of the fluorescence field have the sub-pois-
Finally, we discuss the factor of sjueezing for the atomic sonien photon statistics for the case of large N. It means that
operaters I’1(t1) which have the following form: the sidebands prove to be sources of the intense field (-N%) which
e (AL‘(“))L_- > have the sub-poissonian statistics. We have shown that the
an © 1 I <[ L(!‘) L"“’J)’ ’ (52) squeezing is present only in the individusl sidebands S_1 and
2 1 ) =2 S_H. This result is different from the collective double resonan-
where L I 4 [ L(i’) L(U)J >l - ‘MLO( ce in a free space[35] where only two-mode squeezing is present
2 LA s Ty : in the mixture of two sidebands S, ; but not in the sidebands
(53) ; -
| (cos™ - Shfo()(n,_nj) +Smof (n,-n))+cosa (n, _n)l| . ug FE gy TR AP )
2 3 The effects due to the quantum nature of the cavity modes
For the case of ny =¥ or ny = N the relation (52) re- and finite Q-value of the cavity request special investigations.
duces to
2e08% (0s* % _ simi o) ‘ '
F = | cos®or = 2 s | W gt )
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Lot (Sma - cos' ) 4
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