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I . I NTRODUCTION 

Res onan ce fl uorescence of two-level at oms in the pres en ce 

of a s trong l a s er fie ld has r eceived a great deal of attention 

i n r ec ent ye a r s [ 1- 10 ) • I n the wor k[ 11 by Mollow, a three-p eaked 

fluor es cenc e sp e ct r um in t h e int erac tion of a single t wo- l eve l 

atom wi th a s ingle-mode cohe rent s tate dr i ving f ield has been 

pr edict ed . Thi s spe ct r um, a "dynami cal stark " spe c t r um, was 

fi r s t obs;rve d i n t he work [2 ] by Schu da et a l . Res en t ly , t he 

sp e c t r a l [7 ,8 , 10 ] , statis t i calf9 , 10] prop erti es a nd nonclassi ­

cal ef fec t s a s squeezing , violation of t he Cauchy - Schwarz 

inequ al i t y [ 11- 14] in the coll ec tive resonance fluorescence have 

been discu ssed . 

In t his paper we consider the probl em of collective reso­

nan ce fl uorescence of N two- level a toms driven by an intense 

coherent fie ld in the pr es en ce of an addi t ional incoherent field . 

Thi s i ncoher en t f ield is t yp i cally a Gaussian chaoti c fie ld and 

ca n be 'a thermal bl ack- body f i eld. In t he case of in tense ex­

ter nal f i eld the stationary so lution f or t he dens i t y opera tor 

of the a tomic sys tem i s given . Expansion of linewi dths and asym­

metry of a sp e ctrum caused by a thermal bla ck-body f i eld are 

shown. I nfl uence of t he t h erma l f i el d int ensi t y on t h e pho t on 

s t a t i s t i cs of sp e ct rum compon ent s , cro ss- cor r ela t i on betwe en them 

and on t he violat i on of the Cau chy - Schwar z i n e qual i t y is in­

ves tigated . 
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f or the reduc ed atomi c density opera t or f [1 5]
 

q. =- - i [1.. C.{1. - ~ c ) +- G (1";2 r ~I ) ) l' J 
at .t,
 

- I (r; ;-f) ( ~, J12. f - ],L l' 1J. r H. C)
11. 

.t: ~ t s., JI.I f - ~I fIll. + H. c.) .= Lf' ) 
(1) 

.L 

wher e ~ = W,ll- W is the detuning of the l a s er frequen cy (,UL.
L 

f rom t he .atomic resonance fr equ ency WL 1 (W,l l =Wz _c.,p 1i == 1) j 

(r = - <:ILl E" is t he r esonan t Rabi f requency ; r i s the r a di 

ative spontaneous t ransition r a te f rom the exci ted l eve l Jl) t o 

t he ground state /4> ; ii : ); ( W.I../) = [ e;< p (W,. / kT) _ 1] _ 4i s 

the mean photon number in t h e broad-band thermal fi el d provi ded by 

the reser voir at the a tomic fr e quen cy CO.r., ; J.j ( L, j = ",1. ) 

are the collective oper a to r s ( angul a r momen t a ) des cr i bi ng the 

atomic system and having in the S ~hwinger r epres entation[ 9 ) t he 

fo l l owi ng form: 

Iii :: C,-t" C.,. ( ~ . J' = I,l ) J 

wher e t he op era t ors ( ,' a nd C/ obey the boson commut a t i on r e­

lati ons 

[ C,. ) Ci ] = S/j' 

2 

and can be t r eat ed as anni hilat i on and cr eati on opera t or s f or 

a t oms populat i ng t h e level/i ) 

Further, we res tri ct our cons idera t i on t o a st rong l as er 

f iel d or t o a l arge de tuning cr s o that the Rabi frequ en cy~ 

s a t i s f i ed t he followi ng r elat i on 

.n. ::: (i. l l. + (i 1. ) y~ » N O' ) n 0­
(2 )

4­

Af t er p e rfor~ng t he canonical ( dres s i ng ) tran sfo rma t i on 

:; Q 1 ~lf + &.1.. fl'n-. lfC1 {J) 

C, = - Q, sir« If + Q... UJ! If 

where tg.ltp :: 2((/0 
one can s pl i t the Li ouv i l le opera t or ap pear i ng in equa tion (1) 

into the slowl y varying part and the t erms os cill a ting a t f re ­

quenci es 2.Q and 4- n Since we a s sume t hat the Rabi fr e­

quency 11 i s saf fi ci ent l y l arg e a ccor ding to the relation (2) 

t he s ec ul a r appro~ima tion [7 J i s j us t i f ied and we retain on ly 

the slowl y var yi ng part of the Liouville op er a t or and the mas ter 

e qua t i on ( 1) r ed uce s t o 

?J9 _ _v Jl. [ R..J) f J ? B(.2, R f R - RJLJ_ 1R..t )J J 
~t 

t s, (2- Rll.l Ru _ RJ,I Ru. f - f RJ" 1<1.1..) 

+ x. ( 2 RLl f R1l. - R,2. Rl ,f- f R,.2 Rl l ) J ( 4) 

where J' .= Uf Ut , wher e U is t he uni t a r y op era tor repres en t ­

i ng the canoni cal t r ansf ornat ion ( ) ) 

R3 :: Ru - {(IJ ( 5 ) 

B :: 0" ( n + i) Siyt.,Z.~wJL~ ( 6) 
1. 

:~ 



X, :: f (.1 f I) Cllr Yl(' , n Sil1 ~f ( 7 ) 

J. 

(8)Xl.. :; .r ( iii 1) .l~n V"r ;; cos tlf 
l .2 

R~j :: Q/Qi (L , j • 1, 2) li r e l h co l le c t i ve ope ­
+ 

rators of the dres s ed ll lollW . The opern lors QI und G?J' s atis fy 

t he bos on corrunutation r ela t ion 

[ Qi ) Q/ '] = 6;j' ) ( 9 ) 

so t hat 

[ R" R·I.,]_
LJ I - R...r 6;.''/ - RiJ' dij' ( 10 ) IJ 

The ex a ct stationary s olution of equa t i on ( 4 ) takes the f or m 

H 

"'" :: T' 2 X 11, I nf > <n, I ) ( 11) 
~i; 1'1,=0 

where 

X ;: X, (n+I ) COS '9-lf + n!ln't If ( 12)- ::
 
Xl ( ti t 1) .ri~ tlf +Ii c.DS+t.p
 
XNt'Z :: ~ 

(13) x _., 
the s t a t e Ill,) i s the eigenstate of t he operators [("I and 

R T R,1. . The so l ut i on ( 14 ) allows one to ca lcul a t e a ll t he ' 1 
stationary expect a t i on va l ues of the atomi c obser vables . Some 

of the r esul t s t hat wi l l be needed f or our fur t her consi derati on 

are giv en i n Appendf.x, 

I n the ca s e of t he exact r e s onance C:OS ~ =.i t he sol u t ion 
.z. 

(11) r edu ces t o 

N 

SJ-t 
= ( Nt 1) -1 L I f1,>< n, I (14 ) 

n, ::.O 

4 

Tn e s olution (1 4) i s i ndepe ndent of t he mean phot on numbe r 

of t he t hermal f i eld and ha s the same fo r m fo r t he ca s e when 

the t hermal res er voi r is in t he vacuum s t a t e (i. e . T = 0). Con­

sequently in the exact r esonance ca se all the one-time expec t a ­

tion va lue s of t he atomic observab l es are indep endent of n. 

III. FLUORESCENCE SPE CTRUM 

In this s e ction we consi der the effect s tha t may a r i se 

in the colle ctive s t eady-state f l uores cence s pe ctrum due t o the 

thermal r e s er voir. 

FolloWing t he wor ks[6J , t h e st ead y-s t at e sp ec t r um of the 

fluorescent l i gh t ha s been calculated a s t he Fouri er t rans form 

of t he at omic correlat ion func tion 

<~ I ( t ) .7:1 .>s :: ~ <~f (t + 6) J Ct » . ( 1-5 ) 

t-:) .., 1.2. 

where «'.. >.r denot es an exp e ct a t i on value ove r the s teady- s t a t e 

(11) • 

By using t he t r ansfor ma tion (3) one f inds 

~f (t):: !il1lf(j)Jlf 1(3 (tJ + casl.lf ll (t» : .ritJl.rp R,l. ( t ) J 1 ( 16 ) 

The e qua tion of mot i on f or <llij ( t J > can be de r i ved by us i ng
 

t he mas ter e qua t i on ( 4) and have t he fol l OWing f or ms l
 

-J.. <R.J (t) = - 2 ( X, +XJ.) <Rj ( tJ) 
cit 

(Xl .x. : <R./CtJ) + (XJ - X,)( N1..r 2 N) ( 17 ) 

L < £11. (1;):: _ 2,'..0. <R,2. ( t ) ') _ ('r B+X, +X~ )< f<'2. (+J) 

tit _ t (X _ Xt ) « { RI1.. (i;) ) f<.J Ct ) J> ( 18 ) 2 
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J <1<2 1 (1:) > = (_J < Q,]. (t) >) * ) ( 19 ) d.t M 

wher e t R ~i ) R] ] = R'J' R.J r .!?J P,;j 
Equa t i ons (17- 1 9~ ar e so f a r exact . They con t ain , h owever , 

ter ms with t he produ ct s of operator s which mak e t hem unsol vabl e 

in t he gener al case . 

For t he one-a tom cas e one can use t he operator relation 

R.. R·,·, - R··' c.. 
~J I J - IJ 01 J U,j I j ~ J' :- 1) 2.) ( 20 ) 

then equa tions (1 7 )-( 19) r educ e to the linear, exa ct s ol va bl e 

equations 

~ <R..J (t J>=_2 (X , t XJ. ) < ~ (t » + 2 (X , - X ,) ( 2 1)
.it 

A.. (Q ,J. (t) : _ 2ifl <RI1• (t »_ (4B tX,tX, )(l2n (t) ) )( 22) 

M 
( 2 3 ) ~ < R" ( 0):: A­ <R,2. (t) >11'
 

M aU
 
Equations ( 2 1)-( 2) ) are in agreement wi th the previo us work [6 J 

by Hi ldred e t a l . conc erning r esonunce f l uorescen ce of on e 

atom in t he pr es ence of t he ther mul r es e r voi r . 

For t he case of exac t resonance ~2lf :: J.. we have X2 =X, 
2­

and the terms wi th t he pr oducts of opera to r s vani sh ; then al l 

equati ons ( 17)- ( 29 ) r educe t o t he exa ct solvable l inear di f f e­

r enti a l eq ua tions . 

For the off - r es onan ce cas e , ac cording to the wor ks [8 , 10] , 

we us e t he docor r el a Li on s cheme 

<1Ri ) Rij } >= 2 ( R3 >s Rij (2 4) 

By us i ng t he density ma t r i x ( 11) one CWl show t hat i n t he 

ca s e of l arge N the decorr elati on (24) yi elds a smal l error 

(, 

(wi t h an or de r of N'Y~ ) in the ca l cul a t i on of the st eady-state 

f l uorescen t sp ectrum. Wi t h the ap pr oximati on ( 24) , equa tions 

(17) - (19 ) have s imple exponenti a l solut i ons . 

Appl ying rel ati on ( 16 ) , s olutions of the e qua t ions ( 17)­

( 19 ) and using t he quantum regr es s i on theor emU6 ) , one ob tai ns 

the f ollowi ng expr es ~i ons £or the correlation f un c tion ( 15) 

<1;.,(0) ]" ~ = SfYJ41.f (R11.. Rl., '>s ~p ( - r.t:"_ 2iflc-) 

+ COS"~ ( ~, e; /s Up c. t; e + 2i.:..'1 'b) 

+.sinL 
" CJ)Slt.p « RJ' ~ _ I e ) e.~p (-I;r;- ) ( 25 ) 

• L ~ I+ S,n.. 4' CD! If e. 

wher e 

~ = 4- B t XIf X.z. + ( XZ - X1 ) <1<3 ~ 

:: if (i1 t 1) (1 +..2 C1J!' '1 .! in~ ) +1 (sir//{_UJll( ) ( R ) r I (26) 
~ , 3 . 

ro :: «X,+ XI. )+ (Xa -X1)<RJ ~ 

=2. O( h +-} ) ( WJ' V +si" 'f~ ) +£ (£'-/12.1/_ en/If) (' R .1 ) ( 27)J 

I e :: : ( (h,/lf -COJl../f) (Nl.+ .l.. N) <f<J>S IT; . (28 ) 

The expr e s s i ons fo r t he wei gh t i ng f a ct or s of the par t i cular 

exp onents ~ R,l. QZ1>S' <Rl l r<,z?S ' <R/.>s and value (~J Ji. are 

g1 ven i n App end i x . 

The st ea dy-s ta t e spectrum of t he f l uor es cence i s propor ti­

onal t o the Four ier t r ansfor m of t he cor rel a t i on fun ct i on ( 25 ) 

and takes the f or m 

7 



00 

Sew) ~ iRe { f <~I (u) :!;1.1 esp f- i(W_C4 J7J d~J 

= CO! 'tlf <R R/2. >s t:... _ZJ 

(w_ wI. +- 2.I2..t + ~ t 

... sir!If <R11. R1.1 >s _-:.C,,--" ~ 
(w _ uJl. + 2 Q)~ r;z.. 

t $1'.,."1.,, cruLIf ( <R./ ~ _ Ie) ___D _ (29)rc

[1.( LU - W L r +1 . 1.. 2- • 
+ i Sin I.p wSlf Ie 0' (w - w )

L 

As for t he case when t he thermal reservoir is i n the va cuum 

state ra ] , t h e s tea dy- s tat e spe ctrum ( 29) contains three sp ec­

t ral l i nes ce nt er ed at f r e quenci es W = WI. ) W ± 2.n.. . I n 
L 

t he off-re sonan ce case COS Z-lf :l= '!' the central line cont ains
.2. . 

the el a s t i c compone n t wi t h the i n t ens i t y ~ being proporti onal 

NL 
t o (whi ch vanishes for t he exa ct resonance case) and the 

Lor en t zian shaped compon ent wi t h the l inewi d t h r.: and i n t ensi t y 

Sil'\l.lf c..oS\.lf ( <R/ >s - Ie) . The two s idebands are Lorent ... 

zians of t h e linewidt h ~ cen tered a t fre quencies W =WI. _ 212 
and GV =. W L + 2.D. , an d havi ng the i nt en sities whi ch a r e pro­

por tional t o sin'tlf <RnRl l ~ and c.D1't'f (R,zl flu. ..1 res­

pectively. 

As i s s e en f r om t he relat i ons (26),(27), in t he gener a l 

case t he l i n ewi dths of t h e t hre e inelas ti c compo n en t s are exp an d­

ed due to t he pr e s en ce of t he t hermal f ield. The expansion of 

the linewidths r ,~ are SUff icient ly l arge f or t he case of o
 

n») 1 and exact resonance when the collective part
 

[.! (Slnl..tp _ca! r ) (Rj ~ J of t he linewidths vanish es . For t he
 
2. 

8 

off-res ona n ce cas e and N» 1 f r om r el a t i on f or <~ .:t given 

i n AppendiX one f i nds 

!. rUi,.,l..lf _ Wlllf) (RJ >. ;:::; ): N /St'"l./f _ tDJ2.lf I 
1 J Z 

oc: 
iJ c.o! &. '/: _ 1 . 

2-­

Thu s, f or t he case of N») 1 and WSt.1I =F.!. t he col l e ctive 
.2.. 

part of the spectrum linewi dt hs i s i ndepend ent of n 'and do­

minant es over the ot h er on e-atom part s of the l i newidths . Conse­

quently, i n . hi s case t he spe c trum linewi dt hs are approxi ma t ely 

i nde penden t of the t her mal f ield i n tens i t y n 
In contras t wi t h t he spe ctrum line wi dt hs , the i n t ens i t i es 

of the spe c t rum components are independen t of ~ f or the exact 

r es onance case. I n this ca s e , t he el a s t i c componen t vani shes an d 

intensi t i es of the three inel astic comp on ent s have the sup er ­

r adiant be havi our ( rv N1. ). For t he of f - r es onance case wst'f :; !.. 
2. 

the int en si ti es of t he spe ct r um compo nents s t rongly depend on 

the t her mal fi el d i n tensi t y . The dependence of t he intens i t i es 

of t he spectrum components on t he thermal r eservoi r i s shovm 

in f i gs . 1 , 2 wh er e t he r elative i nt ensiti es of the sidebands 

(fig. 1a , b ) , i.e ., t he quantiti es I_liN; cos"cp (R1.I~ '1. >/N 
(solid curves) and Itf IN = c..os'rq <Rl 1 Rll. >1N (da shed cu rve s ) 

and of t he ce n tral line containing t he el as t i c an d i nel a s t i c 

componen t s (fig. 2a,b), i.e., t he quanti ties 1.//'/2·; 

rl~1tc.o!Llf <R!J1.)s /N,z are pl ot t ed a s fun ct ions of 

-the par amet er s COJ 1.~ fo r various va l ues of N and n • As 

is shovm in f i g. 1a, b, in t he cas e of n o ( the curves CD ) 
t he intens i t i es of the two s i debands are equa l and spe c t r um is 

symmetri c . I n the cas e of n.. i: 0 ( the curves ®) t he 

i n t ens i t i es of t wo s i deban ds are quit e di f f er ent for t he of f ­

resonance ca s e co.s1.tp:t i thus s pe ct r um asymmetry i s su bs tan­. l 
t i a l . Analogous concl u sions for t he r esonance f l uo r es cen ce f r om 
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(l..) 

a s i ngle atom i n the presence of thermal r e s ervoi r has been ma de C:r~J J = <f/ S/Ii.s;· >s (i )J: O) :t1) (31) 
i n t he wor k [6 ] by Hil dr ed et al e Using the r el ations f or <s/s. ~ (S/~·1 
<R1 1 /('11) (R'l R~I )S and ( R],1 giv en i n App endix , one can 

show that for a large number of a toms N» 1 and off- r es onan ce Since t he operat or Si does not commute with the operat or ~. 
case t he int ensi t i e s of t he sp e c t rum components are s trongly de ­ in t he general ca se, we have 
pendent on the ther mal f ield intensity ~ and t he fluorescence G~L~ (r.o-,) (i:tJ)LJJ:f;: .J)I 
spect rum i s qUit e asymmetric whil e t he sp e ctrum l i newi dt hs are (2..) 

The cor r elut ion f uncti ons C:r i i ( l- = 0 + 1) des cr i be t he indep endent of ~ 'I ­

ph oton stati s tics of t he spectrum componen ts 51 and the cor r e­
rz) 

l ation f un ct i ons (1,) describe t he cr oss- corre l a t ion between 

the spe ctrum compone nt s Sj and Si 
I V. STATISTI CAL PROPERTIES 

By using t h e s t ea dy s t a te density ma t r i x (1 1) and commuta­
(1.) 

tion r ela tion (9) ,( 10) one finds the quant ities G','L' (i =0 , + 1 ) 
) ­In the recent works[9, 10, 13J , t he sta tistical propert i es 

in t he f or m
 
of the col l e c t i ve r esonance f l uores cen ce in the ca s e when t he t he!
 

(L) 'I / L 

mal reservoir is i n va cuum state have been i nve st i ga t ed. ' The an­ (rO,O :: <RJ >$ <RJ ~ , 
(2) 

t i cor r el a t i on between sidebands and central s pe ct r um components[ o;,] Cr (J.) 

") 1 ~ C7.f~~~ = <RIl. R/2.. RZ1 f(lJ 1 / (<RIl RJ 1 ~ t I (33)
and the nonclassical cor r el a t i on (viola t i on of the Cauchy - " 

Schwarz inequality ) between two sidebands [13 J have been predi c t ed. 
whe r e t he va l ues <RjZ~ (R} ~ J <R,1. f(,2 f(ZI 1<2/ ~) (R,J,. RJI~ 

I n t his s e ct ion, we di s cuss influence of the ther mal re ­
are given in Appendix
 

ser voir on t he s t a t i s t i cal properties of t he f l uore s cen ce fi eld .
 
For the one-a tom case, by using t he operator relation (2 0 ) 

We consider independ enc e of the photon s t a t i sti cs of t he spec t ­
one can show
 

rum componen t and non cl a s s i cal correl a tions between t hem on the ~
 

(; (l-) 
To)o :: «R11 +Ru >r / « R11 -e., >f = 4 (4)ther mal f iel d intensity n
 

It i s easy to se e from t he previous sect ion and rel a t i on Ct.) (L)

Ci 1, -f = Cr.,~_ i .= a
(16 ) tha t the operators - sil1'\.Y R,2, ; SI'nI( CD!. If 1(3 and (5 ) 

~$ ly R" can be considered as operator- s ource s of t he 

spec t rum component s of t he fluorescence f ield at fre quenci es t hu s the pho ton statistics of the central component r emai ns Pois­

"'L . 2n , W L and 4.'L t 2n, and for s imp licity t hese opera­ sonian; t he sidebands have sub-poissoninn statisti cs and ph ot on 

tors will be de noted by .s:; , So't' . and S: , r esp ect i ve ly . statistics of all three Mal l ow' s sp ectrum componen t s a r e inde ­

As Lourlon[17J , we defi ne dh t de gr e e of s econd-order cohe­ pendent of the thermal f i eld i n t ensity n
 
ren ce be t we en t he sp ect rum components Sj and ~' in t he form
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I
 
Con t r a r y to the one - a tom ca s e t he p hot on s tati s t i c s i s 

s t r ong l y dep endent on t he ther mal f i e l d int ensity n:.. ; a s is 
. . . U) 0)

sho wn an f~ g :o . 3,4 wher e the corz-eLa t Lon f un ctions eTo 0 ,q 
, :t' ,1 1 

are plo t t ed a s f un ct i ons of t he paramet er C04 ~ f or f i xed N =50 

and f or various values of i1 • I t i s cl ear f r om f i g s. 3,4 tha t 

ex cep t f or the poi nt of exact r esonance (,()!. ...!f::.:i , t he thermal 
Z. 

field i ntensi ty ~ plays an imp or t an t r ol e in the ph ot on s t a t i s -

t i cs f or Mallow's t r i pl et of the collective r eson an ce f lu or e s c e ~­

(2.)Fig. 3. The quant i t y G­o 0 

as f unc tion of COS.l.lf I 

for t he case N = 50. 
The curves <D ­ G) cor­
r espond t o ii = 0; 0.2; 
1.0, r espec t ively •• 

1.4 

1Gl21 
0,0 

1.8 

1.6 
N =50 

ceo By an 

f un ct i ons 

analogou s appr oa ch one finds t he cross - correl a t ion 
(1.) 

GL) J ( i t i ) f or t h e s ingl e- a t om case i n t h e f ol­ 1.2 

lowin g form 

(2. ) 

Cr 0, 1 :: 
er (l. ) 

f.,0 

CZ-J 
:: G/1, - I :: 

(z.) 

CT ­ 1,0 .: -I J (J6) 
1.0 I 

a '" ...... 
-;;:::;.:=, ' 

... . 
. . ,'S;:-- ­
- , 

-
'S • 

6 C2. ) 
::- X+1 >1 121~, -1 (In G~l ,~1 N = 502.0 

G- ( 2.) 
_ 1, -1 :- 1+ _1_ ,1 

X (J8 ) 

Thus, f or t he one- a t om ca s e t he cen t ral component s:, remai ns 1.8 

un corre l ated wi th the sidebands St1 in spi t e of the pres enc e 

of the therma l f i el d while t he cross-cor relation be t ween the s ide­

bands i s direc t l y dependen t on the t hermal f i eld i nt ensi t y n 
1.6 

1.4 
For t he collec tive case N> 1 , by usi ng the steady-stat e 

densi t y matri x (11 ) one can show that except f or the point of 

exa ct resonan ce c.o~ 
1.

C/.:: -1/2.. the cross-corr ela t ion f unc tion 
( L.) •6- . . (~ -L J' ) i s s t r ongl y dependen t on the t her mal f i el d t, J ..,. • 1.2 

i n t ens i t y. 

Fur t her , we fix our at t enti o~ on t he corr el a t i on be t ween 

t he s i de ba nds and dis cus s the i nf l uen ce of t h e thermal fie l d on o 0.2 0.4 0.6 0.8 cos 2 '(' 

t he nonclassical effe ct-the vi ol a t i on of the Cauchy - Schwarz r: (1.) zFig. 4. The quant i ty \.l I 1, r . as f un ct i on of CD! y f or the 
( C-S ) i ne quality [17- 22J that has be en pr edi ct ed f or the co llec­

ca s e N = 50. The curves <D - Q) cor respond to ~ = 0;
t i ve r eson an ce fluores cen ce in t he work [13] • 

0 . 2 ; 1. 0 , r espe cti ve l y . 
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We s p ea k t hat t h e vi olation of t h e Ca u chy - Sc hwarz i n e qu u ­ K., , + 1 

l i t y h olds fo r t h e correlat i on be tw e en t he s p e ctra l componen t s L a
3.5 SL and Sj if the f ollowing co n dition [ 13]is sati s f i ed :
 

( 2.) ( 2.) (l..) .z.. 3.0
 
K',')i = (G i i G.

J
· ) / (Cri J ' ) <1

),}) :J (J9) 
2.5 

The fa ctor Ki Ii describes t h e deg r e e of t h e vi olation of 2.0 

the Cauchy - Schwarz ine qua l i t y . 
'.5 

One s hows by t h e relation s ( 4 )-(J8) t h a t . KI~J = 0 

( .1i:i ; i.)j = 0/ .± 1 ) for the s ingle-atom case . It means t h a t 1.0 

the C- S inequali t y i s viol a t e d for any t wo spectr um comp on en t s 
30.5 

fr om Mallow' s t ri p l et a s in the case when t h e t h e r ma l fi eld i n ­
2 

t ensi t y i1, i s equal to zero . 
COS2 l(' 

For t h e collec t i v e ca s e ( Nq 2) , a s for the ca s e o f 

K 1,_ 1ii, .. 0[13] , the vi ol a tion of t he C-S i ne qu a l i t y is p res en t e d 

3.5 on l y fo r t wo sidebands of t he fluores cent s pectr um whil e t he 
N = 50

fac t or s I<Ar" and K_I J1 ' de s cr ibing the degr e e of t h e 3.0 
vi o lation of the C- S inequality betwe en the sideban ds 5t1 , 

2.5 i s de p endent on t he t hermal fiel d int en s i t y n. . One ca n wri t e 

t he fa ct ors K1) _1 and /(.1)1 in t h e f ol l owing for m: 2.0 
3, 

K _ <R~ I RJ , .RI ~ R,z /s ( R,z R,1. Rz, e; ~ , ' .5 ( 40 ) 1) - 1 ­

(<R.l. 1 ~ ' 2. RZ 1 12,2>s ) .1. 1. 0 

b30.5 f-
K _ <1<2/ R1.' 12,2- 12, 2. >5 <R,2. R12. R2J Rl.J >S

-fJ-I ­ 2 ~ 1) (41) 
I I I I _' I , ,o(<R,2. Rz., s: Qz., ~ ) .1. o 0.2 0.4 0.6 0.8 cos2 lp 

Fi g . 5 . The quantiti e o K u nd KI 1 a s functions of UJl. 1-'/
. 1 ) +-1 J -

for N = 50 . The cu z-ven (j) -Q) correspond;t; = 0; 0 . 2 ; 
whe re the exp e c t a t i on va lues ( Rl 1 {( l-j e: R,2. ~) ( f<21 12,2. R2/ P'2~ 

1.0, resp e c t i vol y.<R'l- £,2. R1. 1 Rq .1 and <e; Ru R R.l.) .>.r can be f ound i n App en -Jl 

H) / 7 



dix . The b eha vi our of t h e f a ctors K and /(1 -1 as func tions 
. 
" / 1 I 

agai nst the parame ter C-OJ2.lf f or N = 50 and various values 

of ~ i s p lotted in figs . 5a, b , respectively. As is s een from 

f ig. 5 , t h e t her mal r e s er voi r r educes t he f a c t or s (,) 1 and K1) - 1 

describing the de gr ee of viola tion of the C-S ine quali t y . 

V. CONCLUSIONS 

We have cons idered t he pr oblem of co llective res onance f l uo ­

r es cen ce of the small sys tem of N t wo- l evel atoms dr i ven by an 

i n tens e cohere~ t driving f iel d in the p r e s en ce of an a dditional 

incoherent f i el d . I n t he ca s e of an i ntens e ex ter ~al fi eld t he 

s t a t i ona ry so l uti on fo r t he dens i t y op er at or of the atomic system 

is giv en . We have sh ow~n the expans i on of linewi dt h s a nd a s ymmetry 

of the col l e c t i ve re s ona n ce spe ct rum caus ed by t h e ther mal fi eld. 

It ha s be en s h own t hat ex cept for the p oin t of ex act r es onance 
L -1 ­

(.D~ If := - the t herma l f ield i n tensity n.. p l ays an i m- ' 
2. 

por t ant ro le i n dete r min ing the photon statis ti cs of t he spect­

r um componen t , cr oss- corr ela t ion bet we en them. The thermal res er ­

voir reduc es t he degr ee of the viol a t ion of the C- S i ne qua l i ty 

for t he correl a t i ons bet wee n the sidebands . 

APPEliDIX 

In thi s Appen dix we gi ve t he eA~ lic it expre s s i ons for t h e 

s t ea dy-s t a t e a vera ges of t he atomic op erators t hat can be cal cu ­
l a t ed wi t h t he us e of the densi t y ma t r ix (11) 

« 1 " +2 ,... 1 l.
 

1 1 ) S := .Z- CN X _(Nt 1J X ~ X J / (X - ·f) (A . 1 )
 

(R 2. / :: 2" CN1.X "'t 3_ (2 IY L + 2 N.1) X fYt2 
l1 S 

t ( N+1/- X N t ~ x': XJ / ( X_ I/ (A. 2 ) 

( R't~ >,r = Z -I [ NJ X Ir +" (3 /l'J+JN 2.._ 3N;-1 ) X n ..} 

+ (3 NJ. + 6 N _ 4 ) X N t ~ (N 3.d lY z-+ 3 N td X I>'t 
J 

+X 3 +4Xl-tXJ/(X.1)1 (A. J) 

<1(1/ 1 :: 2-' [N IfX"'I-~ (4 N"+ ~N)_ 6N 2.+ 6 IV_f)X"'+'t 
+ ( 6NfI + 12 N 1 _ 6 /v'l-_ /Z N t-./J)X NfJ 

_ ( ~ Nt, +J2 IvJ +(; #2._ 12 N . 11) r N I- 2. + ( N't+ 4- IVJ 

t 6Nl.+ ~ Nt I) XNf~ X '1-_ 11X: J1X~ X]I (X _ t)S" (A. 4) 

(A. 5 ) a , ) J N_2(R 11 ~ = 

<RJ2. >J = f ( R.. 11
1 .1 _ 4 N (fl.1 , >s 1- N L (A. G) 

<R.I L f2.z. )S = _ <Ril l. /.s + ( N-t 1) <R1 1 ),s (A.7 ) 
1 

<1l. 2.1R.11. >S = - ( R,,z- ).r + (N _ 1) ( f(11/ S t N (A. 8) 

(R./i:: 16 <R.114)~ _ J2Al <R1/~ +24Nl..(R1/~
 
_ 8 ;YJ ( R11 >.r + N't (A. 9)
 

<RI 2 2'2- Rz. 1 «; .1 = <P. ,,'t 1- 2·(N+2 ) ( R4f ).s 

t (N J. t 5N t S) ({(1/~ - (N 1:;. 31V 1- 2 ) <P" >.r (A.1 0) 

<R. I- / Rt 1 R,z. R1 l- >S :- (R Y >s _ (211- 9-) ( 1(,1 >.r
 
"
 

+ (Nt. 'fNt 5-J<e,,/ ..1 t C3 1v 1.
_ l-Nt l) <' R-11)S (A. 11) 

+ l/1t L _ ltV 

<Rl., RII. Rl.1 R,2, .:1 = ( 12,1" <s - (2 N- 2) <R4/~ 
t (N l._ 4 N t- 1) <' 1<1t JJ t (2 /v't:~N)<'I211).f fill. (A. 12 ) 

<R/ LRzIR'l.f(2-fA = <fit >.! - ~(Alt1)<,e,:~ 
to (Nt ~.f «R1/ >.r (A.1 J ) 
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Jle XOIII"' Jla a , 
KOJUleKTH BHaH 
B n pHcy Tc TBH

EI7- 88- 753 A.C.lIIYMoBCKHH , YaH Ky aar 
pe30 Ha HCIlaH lPJIyopeCl.J,eH I.J, HH 

H TenJIOBOr O TepMOCTaTa 

06 c y~e HbJ crrex-rp arrsnue H CTaTHCTHqeCKH e CB OHCTB a KOJI­
JIeKTHBHOH p eaoa ancaoa lPJI yope c l~ eHl.l,HH B npHc yTc TBHH TenJIOBO 
ro TepMOCTaTa . IToKa 3a HO BJIHHHH e HHTeHCHBHOC TH TenJIOBOr O 
nOJIH aa pa c ura peuae cn ex -rpans trux IllHpHH H na a CHMMe TpHIO 
c rrex -rpa , Hsyxensr cPO TOHHaH CTaTH CTHK a crt ex-rparn. nsrx KOMn o ­
IWIIT , KpOCC-KOppeJIHI.J,HH M e~y HHMH H HapyllleHH e nepa BeHCTBa 
KOlllH - lIIBa pl.J, a / KlII / B 3aBHCHMOCTH 01' HHTeHCHBHOC TH TenJIO­
Boro nOJI H. 

Pa60Ta BbillOJIHeHa B na60paTopHH TeOpe THQ e CKOH cPH3 HKH • 
OH~H . 

Il pen pa n r 06'be,ltHHeHHOro HH CTHTyTa anepasrx H CCl1e,ltOBaHHH . n y 6 H a 1988 

Le Hong Lan, Shumovsky A. S . , Tran Quang EI7-88- 753 
Co l lec t ive Resonanc e Fluore s c enc e i n th e 
Presenc e o f a Then'!1al Reservo i r 

Spectra l a nd st at is t ica l proper ti e s of t h e co llec t i v e 
r e s on anc e f l uorcscc nce in t he pre s enc e of a t hermal res er 
voir are d iscu s s cd . I n f l u r -n r-r: o f t he t he rma l fi eld i n­
tensity on ex pansion of L11l' s pcc t rum linewi.d th s and on 
synunetry of t h e s pectrum i s l;! lO WIl . Pho t on sta t is t i c s o f 
t h e s pec t r um c ompone n t s , c r o s s -ir-or r o l a t i 0 11 hetwe e n them 
and vio la t i on o f t he Cau chy - Srhw.rr z (C S) in equali t y 
in the depend en c e of t he the r ill a I r i l' l d in t ensity a re 
i nv e s t i ga t ed . 

The i nves t ig a t i on ha s been per formed a t t he Labora­
t o r y of Theo re t i c a l Phys i c s , JINR. 
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