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I. Introduction 

In recent years the Jaynes-Camming and Tavis-Cammings 

models provide the basis for quantum optics and micromaser 

physics, aee(l-4) • A number of interesting effects such as the 

enhancement and suppression of spontaneous emission [5-B] , vacuum 

field Rabi oscillations [9-11], collapse and revival [12] haYe 

been observed experimentally. Recently, the spectrum-for the 

fluorescence photons from one or two atoms in a cavity has been 

calculated [lJ-17). 

In this paper we discuss the spectral and statistical 

properties in the fluorescence field from N two-level atoms 

interacting with an intense cavity mode. The intensities and 

photon statics of the spectrum components, cross-correlations 

between them and violatinn of the classical Cal!chy-Schwarz 

(("!_~) iTlPn11olitV ~"r,:. M1~~11~c:u~n- T'hl!lo nnv~1 ,...10~111 +~a nni to 
~ # • -... - "' . . -

different from collective resonance fluorescence in a free space 

mve been obtained. 

II. Spectral properties of the fluorescence field 

We consider a system of N two-level atoms interacting with 

a single cavity mode. Atoms are assumed to be placed in a cell 

of dimensions smaller than the wavelength of the field. In 

the case of an intense cavity mode __ , when it can be treated 

classically, the Hamiltonian of the system in the interaction 

representation has the following form 

8 . 
H = i C Ju,- ~~ ) + G- l ~I..+ ~t > (I) 

where S = c..J~ - W is the detuning of the cavity mode. frequency w 
"'t l L 

from the atomic resonance frequency 
I 

rl'ttv :.· . 
- ~~' 

'""" w ~ ·~-' .f 

w., # ; G is one half of 

,;--~ 
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the resonance Rabi frequency describing the interaction of the 
intense cavity mode with the atomic system 

N 
J.. = !. I i > < i I 
~J IC:4 I< I( 

(i,{,.,l,2) are 

the collective operators for the atomic system. They satisfy 

the commutation relation 

[ J., I J.,,, J 
~J -. ~ J 

J .. , S .. , - J.,. G .. , 
~J J ~ ' J 'J = 

Following previous works [1Bt1S]we introduce the Schwinger 

representation for the collective atomic operators 

J .. 
~J 

-t 
= a. a.. 

' J 
J 

( ~, j = 4, .t ) 

+ 
where the operators 

relations 

a,. and 
~ 

a...,- obey the boson commutation 

[ a... , 
' 

a,~ J 
I = 8 .. 

'J 

and can be treatea as tne anniniia~iull ~llu 

for the atoms being populated in the level 

LO.l:t::u~l.uu. 

I i > 

. -
V.}JC.l.Go\.oi..L.., 

After performing the canonical (dressing) transformation 

Q, -. - c, c;.o.s ~ + c.t sin~ 

a;. = - c., 5 , . ., ~ + c .. co.s ~ 
J 

where 

~ .s~ = ~fi /& ) 

the Hamiltonian (1) reduces to the form 

H = ..n. ( c.~, .. c - c.,"'c) . .t. ., 

where .ll. : ( i 81,-t ;.z. )4/.t, 

" 

2 

n 

(2) 

(J) 

(4) 

(5) 

(6) 

The equations of motion for the operators C
1 

( t) and ~ (t) 

are easily solved exactly and have the sjmple exponential form. By 

using the exact forms of the operators c., (t) , ~ (t ) 

and canonical transformation (4) one can write the col;tective atomic 

operators J .. (t) in the follovr}.ng fon<I 
"J 

where 

A-i.n. t .. -.tin. t + 
:r (t > = e .s; .,. e ~., + so 
J4 

+ 
J'u. (t>:: (~ctJ) 

s = 0 
Sin~ co.s~ { Cd>J .t,~ .13 

+ 
sf = cos"~ { -1.s~n.t~ J3 

+ 

't 

s+ ::: Sin.llj { J .St"n :2~ ~ -t 
-of 

J 
~ = J - J 

Jl, 11 

(7) 

(a) 

St.n.lf (~.to~ ~4 >J I (9) 

COJ ~ J" - &t 1l U J 1 
.t . .1. j 

:.1-1 111 (Io) 

. t 
;r - ~.saf J ~ ' St-n q 
./.1 ftl. (ll) 

(12) 

Following refs. (iJ~i5]we define the transient spectrum of the 

fluorescence in other modes as 
T T 

S ( -J, r) = .t r J d t" S dt 
F o o .t 

-a- .l lJ) (T-:t~ )- rr .. ,·)))(T-1 e • • 

< ~~ (tf) {_,(t~) > · e_J:WL (.t.t- t_,) 
J 

(1J) 

a 



where r is the bandwidth of the detector, T is the time at 

which the spectrum is evaluated. The < ••• > stands for the 

average over the initial state of the atomic system. 

By using the definition of fluorescence spectrum (lJ) and 

eqs. (7-8) we show that for the case of the intense cavity 

mode "the terms in the fluorescence spectrum (lJ) which are proper
-/ 

tional to ..It can be ignored (the secular approximation) and 

the operators S 
-1 so and S.,_, can be considered as the 

operator-sources of the spectrum components at frequencies WI._ .'lfL 

WL and WL ~ .t.!L , respectively [19-21]. 

Let the atoms be initially in the state 

Sa. = n, , n~ > < 11...2. , n1 I (14) 

where 

1.u lnt, n..t > '11-.2 1t1 / -n-..2- > 

1,1 I n1 ' -n-.t > = n, n1' n-.t > 

Then, the intensities of the spectrum components S. (i::t-f,O) 

' 
have the following form 

I-t = <S/S-t)-= co.s "t; f 1 H·n ".t.; 
.It 

D.2t 

. .t~ co.s ~9 
,..., (15) ., eps It~ a .. -t s~n 8 j = I - + 

< s"* s >-= . + 1 .i 
. J..t D~-t 

I S£n ~ $H1. y 
: _, -of J, 

4-

II 

., 

I 
0 

where 

. •t; 6_. cos 4t; 8_ ! . ~ 
I S1.n of = sen§ 

.t 
I S ,·n 2. .t§ f u,s:L.z~ 0.2.+ = < so > = 
4 

-t s~.·n~.Z~ B J = i s~.·n~.l!i I 
~ 0 

I) = < JJ > = "':t- nf 

& < ~-~ ~.t > = 
/ " .t = if ( N - D -t :tN t .Z D ) 

-t 

5 < ~.t ~-~ > : 
of J, £ n 

= - (N -D -t•N-~D) 
If 

I!> = 8-t -t B_ = 
I I. I. -{11-D-t.tN) 

"' 

(16) 

(17) 

(18) 

(19) 

(20) 

(21) 

One can show from eqs. (15)-(17) that in the off-resonance case 

cl<J~ -11 the intensities of all the th1·ee spectrum components 
.& S s are proportional to N moreover I~ r1 I 

0/ t-1 ' -
without the case of b = o 07' ct'J:x-8 = 1 thus the fluorescence 

spectrum is nonsymmetric without the case of D:: o 

(which is possible only for even N) or ci'}~$:: I (the exact 

resonance). These properties are quite different from the 

collective resonance fluorescence in a free space [2J] where 

for the case of an intense external field and off-resonance the 

intensities of the side-bands are proportional only to N 

and the fluorescence spectrum is symmetric 

For exact resonance ci<;"f = -1 and 

(15)_(17) reduce ~o [24 J 
I :I= J.. (N:t-tN) 

t<j -1 1& 

ro :. !. N 

"' 

5 

( r., = r_ > · 
D: :t N eqs. 

J (22) 

(2J) 



It means that the intensities of the sidebands S!~ are propor

tional to N while the intensity of the center component S 0 is 

proportional to N. This result is also essentially different from 

the collective resonance fluorescence in the free space [22-23] 

where for the exact resonance the intensities of all the three 

spectrum components of the Molo1v triplet are proportional to the 

square of the number of atoms • For the case of ct~2~ : ,f 

and N: 4 the relations (22)-(2J) are in agreement with the 

previous work (15 J • 
III. Statistical properties 

In this section we discuss the photon statistics of spectrum 

components S0 , S:! 4 ' and generation of the sub-Poissonian light 

that has the potential application in the quantum nondemolition 

measurement [26] and detection of a gravitational wave [25]. We 

also discuss the correlation and anticorrelation between spectrum 

components and violation of the C~ inequality. 

Following previous works {27] we define the degree of the 

second-order coherence of the fluorescence light to be 

d") 
~- j 

= 
-t + < s. s. s. s. > 
L J J L L,J" o,~-1 

< s.'• S. >< S . .,..S. > 
I ' ~ J 

(; ~) 

(~ l 
The quantities G. . (i=O,+l) describe the photon statistics of tJ, • 

'' ~ - t.!' 
spectrum component S.; and the quantities q. . (i 'I j) describe t lH: 

£, J 
cross-correlations between the spectrum components .St" and ~J· 

(i,j • o, .±1). 

Using the expressions (9)-(11) for the operator 

and atomic initial state (14) one can find 

6 

so ~ st -1 

t• 

Gt.tl = 
o, 0 

-1 + [ sin~.z~ 
!l, t /1, 

(B +8 +D-.Z8) 
-t -

+ -4 ~,·n.t.t~ c:.o.s..t..t~ ( D~B- ~D"'-+8)] / i" 
0 

(25) 

(J. J f .. .t .t · I .t 
G : [- Sin.t.~ (D-6) of- S£n~ (B -tDB-.28) 

-i,-1 .,, -t + + 

I t . .t. ~ 
+ co~ f ( 8_ - D 8_ - ..t 8_ ) + s £ n 2 ~ s ,·n ~ 

( 
.t . .t.. -jr .t 

D 6-t- ..2 DB++ B.,.)+ sm .Z.§ cos ~ (D l!_ -t-lD/J_ 

+ 8 J !"'"' ) I_1 ) 

{.t J (.! ) 
( cosa.~ . ~ ) G : G ~ s'n ~ ) 1,., . .,, . ., 

where the quanti ties T :t -1 1 I
0 

, f) , 8t and 8 are found 

according to the relations (15)-(21). 

(26) 

(27) 

For a dingle-atom case N=l the relations (25)-(27) reduce to 

(.&.l ., 
(28) G :: ~ o, 0 

G-"'' = 6-(~1 = 0 
f, 4 -4,-4 

) (29) 

thus the center component $
0 

has the Poissonian statistics while 

the sidebands s:tl have the sub-Poissonian statistics. The same 

photon statistics are obtained for the spectrum components of 

resonance fluorescence from one atom in a free space (20-21]-For 

the case af the 81JCact resonance, i.e. ci~J 11Y = 1, and /) = ::t N 

the relations (25)-(27) reduce to [24] 

GL.t.' 
= ., + " o, 0 

N-4 

N 

7 

(JO) 
J 



q.!J. l = d~) = 
" - .t 

JN-4 (31) 

-4,-f t, -1 N (ttH ).(. 

..It,) 
In this exact resonance C[J,se we have <:r > 1 and 

,...<~1 (.t.l 
q .. G < 1 
1,1 -"'.,-1 0~ 0 

for N > 1 • It means that the center component S
0 

becomes the 

super-Polssonian light when the number of atoms is larger than unity 

while the two sidebands S and S have the same degree of the 
- 1 +-4 

secorui-order coherence an<l rem:\Ln the sub-Poissonian light for the 

collective case. 'l'hi,; proi"'rt,y L,; different from the collective 

resonance fluorescence in 1. free ~pace [ 19 J where the two side

bands have the sub--Poissor<,.·•u sVclistics only for the case of 

several atoms. 
.t. 

For the general off-rc:,·Jnance case ctg ~ :It 1 one can show 

from eqs. (26)-(27) that the: 'ler,rees of the secorui-order coherence 
C-'' c.a, 

(f and G are none1uaL except for the case of 0 = o 
-4~--~ .f,..f " 

01" N=l, thus the two s.Ld8bnr1'ln in the general case ( ci'J ~ :1 / 

Pt- o N > 1 ) ~•ve various paoton statistics for the 

same parameters of the sy»tem. This property is also different 

from collective resonance fLuorescence in a free space [19] where 

the two sidebands have the iclent ical 

The behaviour of th<' qu2r.tltLes 

functions of the pa.ramet e r c i~ ,t~ 

photon statistics. 

G '" , and G c.t ' 
<?, 0 -'(, -1 

for various numbers 

as 

of atoms N 

and for D:-1{ (solid clrves) and D: N (dashed curves) is 

plotted in fig. 1a, b. As is seen from fig.la for the collective 

case the center component D0 remains to obey the super-Pois5o

n1an statistics for off-resonance ctg-'f 4 I • The two sidebands 

can have the sub-Poissonian or super-Poissonian statistics 

depending on the parnrncter ci!J~Y (see fig.1b). 

Further, we discu3s the cross-correlations between the 

spectrum components. Applying the expressions (9)-(11) and (14) 
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Fig. la-b The quantities 
.t 

6{~1 

o, 0 
and G(ZJ as functions 

~4 

of ctg ~ for D:- o (solid curves) and D = o 

(dashed curve ). 

one can find 

G = - . - s ~<n ;,z t.: D + cos ~ 6+ + s ,· n § I} ) (1.) 4 l ( 4 • t. t. + " .t, 
f, -4 :;:' :;: 4 y -

-1· ":.4 
. , " ~ t. l, . 6. 

t S ~ n r.. co.s r.. ( [) + 6 t D - .J I!>) + 1. s' n .t <j • 
':J ::r 1' - 't 

.[ cos .l..l ~ D.l 8 + ~ .s ~· n q ~ ( D 6_ + 8_ ) + ~ co.s _,~ ( 8+ - P f!, ) 
. 2. 

J)t. J 1 t ~"'" ~f ) 

( U) 

{.f, \ Gt.t.l ( cos"'~ . .!. 
G = - .se.n. q ) J 

(H) 

-1, 1 t -1 

S ,.nl..t § [(- J... co.s .t§ D~, + aos.t§. B - .S inl' 8 ).t 
~ + -

(.I) 4 
G =-. l 

f,O ~·~ L 
.f .I .. .t, 

+ co.s:§'(8-t tD6+-.u.,.) + sin§- (8_-D8_-.t~ )t 

I . .J .t, ~ 
t - S "'' ~ ~ D 8 - c..os .?,~ • ao.s tj . D ( D- .t) .B+ ~ , 
-t cos.t<j se.·n"'§-· DfD+.t)8_] + ops"'.t§ [cos 1~ fD-..t.J"-8+ 

+ SL·n"~ { D+.t>"'8_)} J J (J4) 

9 



(.I.) 

G 
(.t. ) .r. 

G ( cos ~ ~ St·-n.l.~) ( 8 s) 
= 

-.t,o to 

G = ~. s,·n.t~ (-1 eos.l.~ D +cos~ 6 +S17t.f 8) (.t. , ., I ~- r " " . .2 fl, 

o,., I1.Io .t - ~ 

.. 2 . 4 I, 
t c.os ~ ( 8..,. + D 8+ - .t 8-t ) + 6' on §- ( 8_ - DB_ - .t 8_ ) 

+1s,·-n".t§- (D-t/'8+ +- .1s,·n"'.z_y ro..,.~l·s 
~ ~ -
co.s"~ co.s~~ 0({)-2) 8_,. + se·n.l.~ co.s.:l§- D(D+.t) 8_] 

-t eos2.t!( [ eos 4y D"'8-+ + s,-n"~ o"s_ ] J 

Gt"'' = 
G<.t, 

~-.f ~A 

.t 
( GoS ~ <'-:> .st"n.t~) 

where the quantities 1:i.f 1 1
0 1 

D ~ B1 
can be found in the relations (15)-(21). 

Ca6) 

J (87) 

and ! 

- , ... , .. 
~n ~ne case or one a~om 

reduce to 

'"' . G ·= 
to 

G c.t' _ 
f,-.f -

G <.-'·' 

--t., 
~ 

G l-'' -
o ... ., -

I 4 + 

l 4-t 

I 4 ., 

I ~ + 

(I, J 
G .,.. 
-~ 0 

-t~.l.~ 
.t 

et'}~ 

.t 
cl'i ~ 

' t'J""~ 

u=~, 11 = .,.~ ~ne reJ..a~J.ons \.J~)-\.YI) 

fil"' = -1 
o ... _, 

t"'f 

,·~ 

,· f 

,·t 

() = -., 
() = 1 

D: -1 

D= ., . 

(JB) 

(Jg) 

) 

(40) 

It means that in the single-atom case there is the correlation 

between the two sidebands and no correlation is between the side 

components ·and the central one. 

Another picture follows for the collective case. The 
(AI l-' 1 (.ZJ 

behaviour of the nondelayed correlation functions G- , G , G 
,~4..-4 to o..,4 

is plotted infig.2a,b,c against the parameter cig .f for various 
10 
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and D=O (dashed curve). 

numbers of atoms Nand for . D ~- N, i.e. for the atoms being 

initially in the ground state ( soHd curves) and for D=O (dashed 

curves). 

As is seen Yrom fig.2a-c for the case N > 1, the correlation 

( C:/~ ~ > 1 ) or anticorrection ( q.l~). < -1 ) are 
·- J £,J 

present between any two spe_ctrum components si and S· J 

(i; j; i,j =0,~1) in dependence on the system parameters D 
,!, t: and ctg 'S • These results a:·e di:;'ferent from the collective 

resOJ.ance fluorescence where the only correlation between side
ll 



bands and the only anticorrelation between side components and 

central one are present [19 J. 
Finally, we discuss the violation of the Cauchy-Schwarz (C-S) 

inequality for the correlation between spectrum components 

The vi&lation of the C-S inequality has been observed by 

Clauser [28] in the two-photon cascade emission in an optical 

double resonance experiment. This nonclassical effect has also 

been predicted in the two-photon laser [29], parametric amplifiers 

[Joj 1 the collective resonance fluorescence (Jl] 1 and collective 

double optical reso~~ce [J2-JJj and in the second-harmonic gene

ration[J4J. 

We see that the violation of the C-S inequality takes place 

for the correlation between spectral components Si and Si if 

the following condition is satisfied [21] 

•• \ . .t 
f G·.-·. ) 
\ l, J 

> " ' G •• 
i, ~ 

"!.! -' 
i, i 

( ,· + i ; '~ i-= 0, t " ) . (41) 

For the single-atom case N=l, by using the relations (28)-(29) 

and (J8)-(4o) one can easily verify that the condition (41) is 

satisfied for any i + j and for all the parameters D and ctg L!f • 

It means that the C-S inequality is violated for any two spectrum 

components s, , S; (i•i) from Mollow•s triplet. 

For the collective case N > 1, unlike the collective reso

nance fluorescence in a free space, where the C-S inequality is 

violated only for the correlation between the sidebands (Jl], one 

can show from relations (25)-(27) and (J2)-(J7) that the C-5 

inequality is violated for any two spectrum components S,· and 

S. (i ~ jJ 1, j .. O,+l) under the proper choioe of the parameters D 
J -

and otg.t~ 
12 

f 

l.J 

IV, Conclusions 

We have considered the syectral and statistical properties 

in the fluorescence field from N two-level atoms interacting 

with an intense cavity mode, 

It has been shown that in the case of the exact resonance 
.t. 

ctg ~ : 1 the intensity of the central spectrum components is 

only proportional to N and in the off-resonance case the 

fluorescence spectrum is nonsymmetric except for the case of D=O. 

We also show that unlike the collective resonance fluorescence 

in a free space, the two sidebands have nonidentical photon sta-
-t. tistics exce_pt for the case of D=O or ctg ; :::: 1. Moreover, 

under the proper choice of the parameters IJ and ctg-'~ the 

sub-Poissonian statistics of the sidebands is valid for the 

collective case N > 1. The correlation and anticorrelation bet

ween spectn:m components are disc~1ssed. It. is shown that the 

::;~ iuqua.l..J. cy i:; vlol.a~;ea ior any J;WO spectrur;, components :rrom 

the Llollow triplet So.~ S:t-t for the single-:ttom case as well 

as for the collective case. 
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lliyMOBCKHH A.C., qaH KyaHr El7-88-484 
Pe3oHaHcHaH $Jlwopec~eH~HH aTOMOB a pe30HaTope 

PaccMaTpHaaeTCH npo6JieMa pe3oHaHcHo:H $Jlwopec~eH~HH 

AByxypoaHeawx aToMoa, B3aHMoAe:HcTayro~x c OAHO:H CHJibHo:H 
pe30HaTOpHOH MOAOH. IloJiytleHbl HOBble pe3yJibTaThl B cneKT
paJibHbJX H CTaTHCTHtleCKHX CBOHCTBaX $Jlwopec~eHTHOrO llOJIH, 
KOTOPbJe 3aMeTHO OTJIHtlaiDTCH OT KOJIJieKTHBHOH pe30HaHCHOH 
~roopec~eH~HH B CB060AHOM npOCTpaHCTBe. 06cy~eHhl KOppe
JIH~HH, aHTHKOppe~HH Me~y cneKTpaJibHbJMH KOMllOHeHTaMH H 
HapymeHHe HepaBeHCTBa KomH - lliaap~a. 

Pa6oTa BblllOJIHeHa a lla6opaTopHH TeopeTHt~ecKo:H $H3HKH 
OIDUI. 

npenpHHT Ofu.e.IUIHeHHOrO HHCTIITJT8 ~epHWX Hccne,llOBIUIJiii. ,lly6Ha 1988 

Shumovsky A.S.~ Tran Quang EI7-88-484 
Resonance Fluorescence from Atoms in a Cavity 

We consider the problem of resonance fluorescence 
from N two-level atoms interacting with an intense cavi
ty mode. The novel results for the spectral and statis
tical properties of the fluorescence field, which are 
quite different from collective resonance fluorescence 
in a free space, are obtained. The correlation, anti
correlation between spectrum components and violation 
of the Cauchy~Schwarz inequality are discussed. 

The investigation has been performed at the Labora
tory of Theoretical ~hysics, JINR. 
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