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1. lNTIWDUCTlON 

lt is known[1.2] that the resonant Raman scattering 

of an intense laser field by a three-level atomic system is quite 

different from the ordinary weak-field Raman effect. For very in­

tenso laser fields, when both allowed atornic tr~lsitions ore sa­

turatcd. there is no clear separation between Rayleigh-type and 

Haman-type processes. This is because of the modifications of 

the atomic leveJ:s due to the dynrunic Stark effect, the most apec­

t acuLar oxpLanu t Lon of whã ch can bo given in the Ifdressed at om" 

picture (1 ) • Tho fini te bandwidth of the exci ting laser field 

duo to phase and/or amplitude fluctuations cnn considerably af­

fect the results, as i t hae recently been shovm for opticol 

double resonanco[3] • A nurnber of other effects related to in­

teractlon of fi three-level atom with resonant laser fields and 

extcnsive literuture of the subjcct can ue found in[4) • 

On the othor hand, a lot of work hus been dane to explain 

collcctive proportics of many two-level atoms interacting with 

a r-e s on an t la301' field [5-1 01 . lt would be interesting to know 

ho~ thç propcrties of individual three-level atam interacting 

wi tJ) laser fields are mod1fied when the number of a t orna becomes 

lar~c. Some reccnt publications deaI with such col1ective ef­

f'cc t s in double opticul resonance [11] and the r esonun t Raman 

scattcr.:i-nel12,13] • 

In this pupcr, we consider the effects of the drivine 

field fluctuations on the spectrum in thc collectivc rCSOno.llt 

Ramun processo Wo use the quantum mechanical master equation 

app rouch (14 J , und secular approximation [6,13J to elirn;i.nate rll ­
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pidly oscilluting terms. The theory of mult1p11cutivo Btochn~tic 

pr-occaa es [15] is used to obtain the equut Lon for tho donoi ty 

matrix aver8.gcd oval' tho phase anel/or a.mplitudo 1'luotulltionu 01' 

the cxciting field. V/e assume here that tho phano fluotulltiouo 

are dcucrLbed by a Wiencr-Levy process [16, 17J whoz-oue tho cunp­

litude fluctuations are described by o. nonwh1to QuuncilUl pr-o ce ae 

l18, 19] • It is shown thut even for fluctuL1t1ng lunar !:l.olc1/J nn 

exact steady-state solution of the master equnt10n onu bo onn11y 

obtained Lf' the laser i:ieId is tuned to the renonr..ince wi th tho 

atomí,c transition. Alt collective stcady-sta.to ollf\t'l\oiOrintioD 

of the system can.thus b~ derived with tho UDO af thin uolution. 

The equation; de s cz-Lbí ng the time evo Lut í.on ar thtJ ano-Limo atomic 

expcctation values o.veraged ov er the enscrnbl.oo or vho phnno und 

ampli tude fluctuations can 0.180 be obt aí nod rz-om tho mnnL0'1' oqua­

I, tion. To solve these equations we have app110d a dnoorrollltion 

\ 
scheme 't ha t ullows for cLos i.ng the syotcm oi: oquut í eno , nnd to 

cal cu La t e tv/o-time correlation functionD tho qunn lurn ,..o~rtl[llJ:lo.n 

\ 
bhe or-em is invoked. \'lo have deri vau explic1 t OJ'lulj'l.lonl to emulas 

I for \he field correlation functions of tho Bouttornd 11ghL that 

explain the cffects of the Las er field fluotuat1ollD. Thu oolJ.oc­

tive pr-op er t Les of tho scattered light uro dioounnotl tJhow.Ll1~ u 
\ 

I 
possibili ty of collecti ve narrowine of tl,o ono-atom IJPOO t '1;'111 

I widths. 

\ 2. MASTER EQUATION AND STEADY-S1'lI.TE lI.VgnAG/W 

I We considor a system of N throo-lovol otomu oonf.Lnou ~o 

a region small compared to the wavelengtho oi 011 rolovnnt rnd1a­

tion modes (the Dicke model) interuct1ng with o driv1nr; 1flllo1' 
o 

field of frequency CJL and with tho voouum oi ul1 othor modos. 

, 
ft 

.! 

2 iSchematic diagram Df energy leveIs and W 

• ­ J:12> 
possible transitions for the three-level 

'I' e21 
t2J 

atom considered in the papel'. 
wJ 13> 

:r, 
W 1 ! 1 t It> 

A schematic diagram of atomic energy leveIs ia ShO\Vll inthe Figure. 

The ground state \ 1 >Ls 'coupled to the state \ 2> by the strong, 

resonant laser field, and there ia a spontaneous transition from. 
the Lev eL \ 2 >to \ 3 ). (Stokes line). The dipole transi tion b e t wcen 

the LeveLs \ 3> and 11 > ia i:orbidden due to parity considerat ions, 

and vie introduce a nonradiative relaxation mechanã s m. (which we 

do not specify) that makes the transition \ 3> -?- l1) possible. 

The nonzero transition rate for the transition \3)- \1> is irn­

portant in order to have a nontrivial steady-state solution for 

the density matrix. 

On treating the exciting laser field classically and making 

standard (Born and Mnrkov) approximationa to describe the system­

rescrvoir couplings, one obtains a master equation for the reduced 

density operntor f of the o.tomic system alone in the following 

fOTm [14J ( 11 1 units are used) 

05' i i [ E /f ( t ) J
t 

~ t E u: J1 t ~ f ] 
1.õt 

- (., ~[J.a-JH/gJ ­ j, Jl 3 [ JB ' f J­
:l, 

+Õ.t1 ( Jl i Ju. ~ - Jn f J~l H. c.) (1) 

~J,; (J.t3 J3~ f - J~~ f J,23 + H. c.) 

0'31 ( J3 1 f - J1 !> sJa i + H. c)J13 

;) 

• 



1lrl 

where .n ~ ;: WH - c:,J.4 , ~ ~~ 811d :l ~~ are tho oingla-atom 

spontaneous emission rates for the trens1tiono I 2> -I> \ 1 >and 

\ 2 >~ \.3 >, respectively, and 2 (5'31' 10 tho nonraCliàti ve tran­

sition rate for the transi tion \3> ~ 11> I Ô • W WL 10 the' 4 ­

detuning of the la~er frequency GJL from tho atom10 trunaition 

frequency W1..., • The collective at omíc opornt cr-o J',; J' uro de­

fined as 

N 

J.. ::: t· ><j i c., = ~,,f,,,8) 
q li: l( 

K:: 1 

and satisfy the commutation relations 

[ J.. J.,.,) = J .. S.,. _ J. r , 8.. , 
lol ) lo J loJ 'J "J "J 

In the master equation (1) the rotating wavo approx1mation has 

been used and the equation is written in tho framo roiat1ng with 

respect to the laser frequency. 

We assume tha~ the laser field i8 dosor1bod hy 

[ e, + 11 ECt)J e-.i~(t)E (t) =	 ) (2) 

where Eo and ti = fi (o) are the nonet ochaat o pnrttJ of theí 

o 

field amplitude and phase vlhile the timo-depondont qunnt1t1es 

AE(t) and ~ (t) are stochastic var1abloD donor11l1ne; tho wn­

p l.L tude and phase fluctuations of tho lllDor f101<1., 

As is usually done ~7-19J we wil1 modo1 tho phaoo fIuc-I 

tuations by the Wiener-L~vy procesB (phaoo d1ftuc1on modol) and 

the amplitude fluctuations by a nonwhito GauGo1an no1oo. So, we 

have 
.Ii' 

,	 4 ., 

d~(t) ::: ,u(;t) •	 () 

á,t / 

where ~(t) ia a Gnussian white noise with zero menn Yalue 

o.nd the	 correlation function 

)l-tt)..".u{t/) ::: ,.:t ~ Ó (t-t/)	 (4) 

and	 - ­
lJ. E (t) ::: o ) 

~ - ~Q	 It-t/J (5)/J E (i-) l\ E ri') :: (~E) e 
J 

2­
where (/) E ) is a measure of the amplitude fluctuations, and 

lS"c and 0q. describe finite baudwidths due to phase and amp­

litude, fluctuations •. The bar is used to denote the average value 

over an ensemble of phase or amplitude fluctuations. The double 

bar will be used to denote averaging over both phase and amplitu­

de fluctuations. We treat here the phase and amplitude fluctua­

tions as independent stochastic processes. 

To proceed further, we adopt the way used by Puri and 

Lawande[S] in calculations of laser fluctuation effects in a 

system of two-level atorns. We introduce the transformation 

-im~ft) -i~(t-)(~t-J1") i~(t)(~.t-~1) 
W'tIL(t)::: e . e f e	 (6) 

into the master equation (1), and obtain the following equatirol 

for the tra.nsformed quantity 

d.. \XI'11L (t) =[Lo - i(m.."f'L1)~(t)-iE(t)L.tJ WJ t ) ) 
11 (7)

d: t 

5 

~ 



where 

lo w ':: - i éo [J~i -t ~t J W ] - i í [~~ -~1 J ~m ] ­m m 

i-f1. 3 [J3 3 , \'(Im] -~,f (~"~.z \'(Im -.z {~ W'111 ~1 T ~ ~.f1t)-

, J J ) 
- ~.t3( J.t~ Ja~ Wm - ~ ~:l. Wm ~3 + Wm ·U B!l. 

- t (Ja1 J:s 3 Wm- -t~~ \'<Im J31 r 'W1n '11~.3) } (8)
H 

L w :: t [ J2t - ~t J Wm J )
1 '111 

( J: ~t ) \'(Im] ):: 14 "ti, W111 s s e«»cl E
and f :: ~ (t) = with d =d.t-f 

o T 
o 

~ -t 
being t.he \ransition dipole moment between the states \ 1> and J 2'>. 

Taking into account the stochastic propertioa (eqe. (3)' and 

(4» of th~ phase fluctuat~ons and applying the thoory of multi ­

plicative stochastic processes [15 J one can obta1n tho mas t er 

equation for the averaged over the phase fluctuat10ns donsity 

matrix ~m(t} ,which bas the forro 

2 -'J.., W (t) _m r L' _ v. (m -t li' ) - i é (t ) L JW (t )'( )
lo'c . t?1l 9clt ­

Since the operator .L~ which is multiplied by tho time-de­

pendent coefficient E (t) does not commute with alI other ope­

rators in (S), it is impossible to use thc theory of' multiplice­

tive stochastic processes to obtain the master cquat10n for the 

density matrix averaged over the amplitude fluctuationa in the nume 

fashion as for the phase fluctuations. We tnus restrict our con­

aiderations to strong laser fields anly. To moke thcsc considc­
') 

, 6 

--------------------_....__........ .
---~----

rations more transparent we introduce the SchwinBcr represcnta­

tion for the atomic (angular ~omentum) operatorsl20] 

J.. = C~ Co 
t~ J 1,2,3) (10)'J 'J 

wher e operators C,: obey boaon commu t at í on rules [ eL• , C/'J:; ~./ . 
After performing the canonical (dressing) transformation 

GOS)! -t ~ sinV
 
1


C ::: Qi 

<:05 ~c.,t. ::: - Q-f S '11 )J .,. Q:l 

~ 11) 

C~ = GJ, 

where i~ s:"}J z: ~ to Jt:f 

one can spli t the Liouwille op er-a t or nppearing in e quu t í.on (9) 

into the slowly varying part and the t errns oscillo.ting at frcqu­

encies 2 n: and 4 Jl. , \Vi th J1. de no t Lng one half of the Rab.í, 

frequency. Vie assume here that the Habi frequency is sufficicntly 

large and satisfies the relations 

.f !L z, Y.t 
..n. :: ".t (ó + li éo »> N ~" ; N ~ ~ N 't.J}1 (12) 

but .a:« W!1.f and thc t r ans.i tion I J>-> I .2). is not uffocted 

by thc laser field. In this case the sec~lar app r ox mat ã on [6,1 JJí 

is justified and we retnin only the slowly varying part of the 

Liouwille operBtor. We havo thon (we use prime to distinguish 

the tro.nsforrncd dcnsity matrix) 

cl W~ (f) _ [ 01 .t é (i) $t·'JI}? cos v'. ~JW;(j))(13) 
dt 0 

7 

J! 



where -./ t--" "-,,:lo Wm (t) = - ~ m W-m(t ) - ( l.0.f1. + m ~ ) [ D3 JW (t)J­m 

in. [R Wn:-(.t)] - ~ [D~J D~)i0-: (f)]]­8 33 
J 

~ [Rl 4 J [ ~.z J ~,:{t )JJ- ~ r({1 ~ ) rR,l1 / ~,: (t)J] ­
- ~3 S t-'n:t)J [ 1\13' [R w: (t)J]- ~3 cos:l-}9 [11?J J [Ra-? J W;çi~

31 
J 

_ {f!U Ccsj"~o [R!l1 [R W J (t)ll
In õ/ J 13) m :Jj (14) 

_ ~1 sin3.'lo [Ra-t, [R.t3" W~ (t)J] 
:f W 

- .. 
(t) :: [ DaJ~ (t)]

1 m 

In eqs. (14) we used the notation 

( co 5 ~ V _ S l"n .t)7 ) )'t' =- 'i'c. e ~ ..t ~ 
:: S t-'n~ vco s 2)) + -.E ( co $:1--,,_ s in V')

?lo ~u ~ ) 

5in~)J. cos:b"lJ
(fi = t.,2-1 co_s"v T ({c: 

(15 )
S ,,'n .f.)J. QJs.z)J7f.2-1 S Ú1,1t)J + ((~?5,t. = 

D.3:: R.t.:l - R11 

and the operators R·. :: Q;
+ 

Q. are new, dressed atomic ope­
"J "J 

!ators that satisfy .the sarne commutation relations as the opera­

tors :.r';Jo (the t r-anaf'ç rmat Lon (11) is canonical). 

It is eaay to check that the operator ~ commutes with 

~o and the theory of multiplicative stochastic processes can 

now be used giving the following master equation for theoveraged 

, over the amplitude fluctuations denai ty matrix 
@ 

, 8 

=" ti W/ (x ) ~ W (i)- m [~-t~J m
dt (16) 

The Liouwille operator ~ has the sarne form as given in (14) 

while ~ ia given by 

~ w: (t) ::; [~(t ) - , {o , Jo [D3 ~ [ D3 -' W~ {t; ~JJ ' (1'7} 

with 

4é~ . .:? z -lfa. z 
- S l-7Z, )J.-Cos 1J. e2(t) = )õ: " (18)

<1.­

c1,t (t1 E )l.
é .2-:where -4--- is a measure of the Rabi frequency fluc­

tuations. 

The master equation (16) can be used to calculate the expec­

tation valu~s of the atomi~ observablea averaged over thc phase 

and amplitude fluctuations. When the laser field is tuned to the 

resonance wi th the atomic transition \ 1>- \2 .> ( E = O), we have 
. Z ....q :t.. ./

S c-n: v:; cos )) = -:t and the master equation (16) has .an 

exceptionally simple stationary solution 

101" mi-o
 
- (5:)
 N R.W :: 

(19 ) 

-I 

m 1:-1 XR .LL R / N" >< N1 ) R J 
R=o ~ =o 

where x -= ~" j:'ó.t 3 ' and 

N.,..t 1'1+/
(N+-/ ) X - (N-t ~ ) X -t 1

A :: 
( X --I ):l. 

The states j R.. ~ '> are the eigenstates of the operators R
f 1 

9 

" 



For ao arbitrary operator a • according to (16), we have(tne eigenvalues N )} R -::. (the eigenvuluea+ R.t.t1 Rt 1 
1\ 

and the operator N -= 11 -t R t R wi th the eigenvalue N	 ~ " .,t:<. ~3 .	 d- <Q ~ = - ~ m < Q ~m - (i.n. 1" ~c ) <f Q/ D!2] ~ 
being 't he number (}f atoma,	 ~ m ~ m 

R	 " 1The aolu~ion (19) allows to culculate alI stu"tíonary ex­
-C~ +2(O)-2(t)) <[D.3,,[D.3/ QJJ~ 

pectatíon values of the atomic observables. Some of the results 

that will ~e'needed in our further considerations are given in -~i i <[l~/R11J R1; >m t (R.t., [ R.,~" QJ >-m 1 
the Appendix. It is interesting to notice however, that the so··
 

lution (19) does not depend on the laser field fluctuation pa- c· - r~ {< [G" Ru .1 R2 1 ~ 1- <R1~ [ RZ 1 " QJ Àn- ~
 
rameters.
 

- {(.t~ ~ sin~~ [< [~" KI~ J R31 >111 + <R
' 3 

[Rf31 -' ~J 4r ] + 

3. TlME-DEPENDENT AVERAGES	 2 
+co.s 'l5l [< [Q"RL .3 J Ra-t 4t T<R.t:s[R~.z~QJ~J I , J (21) 

The master equation (16) can be used to describe the time 

- 'lfM~cos~~[<[G"K~.,]1?13>m + <R~-1 [R"SI Q ] 4Jevolution of the expectation values of the atomic observables. 
=/ 

The parameter ~ in the transformed density matrix ~~ (t} 
+ St-n:l )7 [< [a J H >m t <R~t [R.B ~ Q J>m.] jR3 t ] R

haa to be choosen appropriately to the chvracter of the operator 

the average of which ia to be calculated. It is easy to show 

using the transformation (6) and. the commutation rules for the 
, ::=r " 

atomic operators that, for example,	 where <Q /m == TI" l Q W"" (t) 1 . We shall use equa­

tion (21) to find the evolution af atomic observables. Further == 
Tr { ( ~:L - ~1 ) f Ct ) 3 = T#J { (J~t - {t ) ~ (t) 1	 on, we aaaume t hevexact r eaonance case, Ó = O, in which 

c. OS:Z )Y = s ,"n "v z: .i. .. We have t hen 
= 

T~ 1J,z1 f(t>l :: TI"' f ~1 ~ (t) 1 (20) 

. :L
 

4 <R ~ =- [.ti.ll + ~ m L l' ~ ~ ~ ... ~ .,

cit 1 t /m , '" .:5
 

Tt'{J.t3 f(tJl = :Tt--1 ~3 W~. (.tJj.
 
l' 4 (~ oi" '(0)- 2 f t » ] < 1l1~ >m·
 

So, knowing the averages calculated with the transformed density \	 (22) 
,	 - (~~ - ~.,) <R&3 R1~ >ml


matrix one can get the ntrl\ell averagea by put t í.ng for nt, the ap­
~ propriate value. 

lO ]) 

'" 4 

http:D.3,,[D.3


d (-R \, ': _ [i(.fl.'2.+.fl.)"t ~m.f,+ d..(~-t~) 
_ ,,~ /m. ;;J	 Z J/ 2, 

dt 

+ f ~; -t.%" -t ~ -t '2 (0)- *(t) ] <R45 /ni, 

-t(~.H - %'" )l<{R;5 -- ~1 I R13 \ 4, - .<~ t 1\"3 ~ J,( 23) 

d <R' ~ = - [i, (.n.. _.n..) + ~ m ~ -t f (~-I' ~ ) 
dt :t~ m.	 ~ 

-t '~ ~.z + r'1 + (f + ~ (o) - 2 f:t)J <R.: '1 >: 
;;J ~1 o	 ;;J 9~ (24) 

- ~(~3-~i)[< fRÓ3~'~~/~~'~ 4n - <R11 R23'~J1] 

d r ,~i" <R,f,t - R~" /111, :: - ~ m -t .t ( ~ t ~ )-t ~.3 J<R.z.z - ~1 ~ 
t .	 (25) 

J- ( ~~ - ~ -1 ) .( R~ 3 ( R.z~ - Ri 1 ) >m. 

where A) J) j	 :; Af3 -1 BA 

The equations (22)-(25) are so far exact. They contain, however, 

ter~s with the products of operators, which make them unsolvable. 

Some uprroximations are needed. To deal wi th the product 't e rnrs' 

we apply a. decorrelation "acherne similar to' that uaed by Compagno 

and Persico [5 J• ~'he -onLy difference consista in the fact that 

we decorrelate symmetri'zed products of operators (anticommuta­

tora). This allbwa us to pres€rve one-atom terms unchange~ and 

clearly separate th~m from th~ collective terms. The decorrelated 

operators that do no t enter the equations as 1'proper" variables 

are replaced by their steady-s~ate averages calçulated with the 

density matrix (19).	 For example, we assume 
'i> 

,	 12 

'i <{Rii,Rkt:~>m =2<R~L. Rke ~=~< Ri i ,>s'< R"e >, 
(26)


I = 1(5) 1
li V/here <A ~ ~ TI"' 1A Wo • 

\'
rij 

With 8uch approximations the equations (22)-(25) have sirnple expo-

i nential solutions with the one-atom and collective damping constant 

clearly separated.On neglecting the collective part one 1mmediately 

obtains the one-atom results. Of course, for lnrge numbers of atoms, 

the collective part can dominate over the one-atom part,and the 

latter has little importance.By using the density rnatrix (19) one 

can show that[13Jin the case of large N the factorization (26) 

N-1/t;yields a small error (vzí th an or'd er of )in the calcula­

tion of the' steady-state fluorescent spectrum. The explicit expres­

sion~ for the collective terms can'be obtuined with the use of the 

steady-state averages given in 'the Appendix. 

4. TWO-TIME CORRELATION FUNCTION5 

5ince the operator ~~ in the master equation '(16) commutes 

wi th the" operator '/0 this equat~on describes a Markov process 

despite the time-dependent coefficient 1(t) • Thus, the two-tirne 

ave~ages may be derived from the one-time averages by taking the 

advantage of the quantum regression theorem [21 J '. The spectrum of 

light spontaneously emi tted due to tranaitions I 2 >~ \ 1). and 

fi I 2 > ~ \3> is, proportional to the Fourier transforms of the 
" 

~ollowing atomic correlation functionsI	 = &'m <--y (i~ f: f:r- ti»<":t 4 ('t") J,,t .>ss	 ~ l4 
" -? ?'" 

1~ (27) 

I ;{ 

I' 



I
 
&'m. <~3(t-t"t)~~(t»<~? ('t)~.t ~5 = <R R -;»:">:"" - G C'c)
t~ :.P -ti ~~ ~~ i ~ J. (Jo) 

the Rarnan-ct yp e pr-o ce aae s ean b e clearly s eparat ed , In fact the 

JL «W ,so the Rayleigh-type and 
31

V/e have aacumod here that 

I 
~ l: 

" 

where 

J,H = f [RJ:t - Rí'i -t R.l-l - Rn ] 

correlation functions (27) refloct this separat í.on , The first 

(28) 

[R.z 3 - R" 3 ] 
~ 

fi
J.l5 = 

on8 describes the Hayleigh-typc scatterinr; while the seconà. one 

'describes t hc J(IIJ110n-t.Ypc sco.ttering (the Stolc8G li.no) • .l\.ccording 

to the trnnsformo.tion (11), for the r-eaon an t cu ao , we hav e 

{-.t. 
- ..,. 
((q, 

.... ({~I ..,. 

+ (~ B­ ~{) ( N - « R ->s ) 

" (.1­+;r. 1"--t 
... ,3 2r 

Q.. 

+ (~3 - ~1 ) ( N - <: R ~ ) J"[ 
It (;'-- ( .f _ e- ~tL 1" ) 
?{~ 
q, 

1: 

~=..to 1'~ +0 
C ;ti ,z3 

r ("c) = I Cc) = [ ~ (t.,.?r J 
1~ -<1 -<.. C .1-1 

r Ct.):;: r (t.)::= [+ (~c -t i!l"2 1" 't )
1?> ..!?' '" ., 1l?> 

) 

(J1) . 

ing the quantum r-egr e s s i on theorem orie ob t a.í.ns the follow.ing 

expressions for the correlation f'unc t f.oris (27): 

_r "r 

e o'" 
2­1<( R~..( - R11) ~

i. 
lt =<J,zi ('t) ~:z. is 

which relates the "bare" a t orrric op e i-st or-a ~A and '!t 
3 

to t.he 

"dresse'd" op er-a t or s R" • Using the relntions (28), thc solu­
"J 

t Lons of equations (22) -( 25) f'o r one-time av er agea , and opply­

e-"~)6~ 
t - (.f ­

({~ 
tt 

-t 1(~ô-~-f )(N-~<R>s )J't 

The exact expl'essions for the weightin~ factors of the particular 

exponents are given in the Appendix. The terrns proportional to 

( ~~ - ~~ ) in the width functions (J1) are the collective terms 

and ne~lectinG them we obtain the one-atom results that 'include, 

however, the effects of both the phase and amplitude fluctua­

-r .( R R 
1:{ ~-i <,

"5 
-:":" r 
C, 

- r 
1ft 

('t:) 

(29 ) 

tions of the exciting laser field. 

the widths do nQt anyhow depend on 

Since the collective parts of 

the laser field fluctuations 

l' .( RJ A 
~I 

R..
1:t 

~s
' 

e~/JLCC - r~ (T:.) (at least for the resonant case and within the approximations 

used uy us), the immediute reBult of our calculations is thot 

the laser fluctuations affect only the one-atom parta of the 

--:=::==:::=:::.=-==--~ 

«~ ~ (r )~.z ~.5 I 
,l 

~ < R 
7 13 

R <, 

/31 ':5 
e- t.: ( .12.:3 -t.n.. ) r ­ r (r) 

13 + 

~dths. This is similar to the reBult obtained by Puri and Has­

san [10 J for a system of two-level at oms, T.he co r-r eLat Lon func­

"" 

~ 
I 

J ·t 
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:1 
t 

tions (29) and (30) have the well-known str~cture with the Mol­ onal to N and their wídths hav e br oad ('VN ) collective compo-

low t r-Lp Le t for the Rayleigh l1ne and the Autler-Townes splitt­

ing of the Stokes line. For one-atom case, on neglecti;g the 

laser field fluctuations, our results agree with that of Cohen­

Tannoudj i and Reynaud 1.1 J and Agarwal and Jha[2J . For many atoms .. 

however, the collective parts of the widths can become dominant. 

In fact, there are three qualitatively different cases when the 

number of atoms is large. From equation (A.1) we have for N» 1 

()2)f~: 
i:f X ">" 

<({ >s -
i:f X -= ~ 

..tI( 
" :f X < <1 

: ~ F­

,. 

nents. 

In the opposi te case, X < 1, i. e. <Ç <}f practically 0.11
;li .t3 

the population is concentrated on the Lev eL I 3>. The weighting 

factora of the Rayleigh-type lines do not depend on N and 

only very weak radiation with ~ ~road (~N ) width is a remnant 

of the strongly driven \ 1 "> --> 12 > transi t í.on, The Sto,kes 

lines, as before, have the amplitudes and widths proportional to N. 

In the particular case X. = 1, the three atomic leveIs are 

equally populated, 0.11 the coll-ective widths are zero, and 0.11 

the we í.ght'Lng factors are proportional to N ~ •. Thus in this 

particular case algo the Rarnrol-type radiat~on exhibits superradi­

where X :: 't~1 / 0.[3 

( ~~. ­ ~1 ) ( ti - <R); ) 

' and 

~ -~3 
~ O 

N('t -~ 
l? 31 

i:f 

i f 

) ,'f 

x >-1 

x < .., 
x = 1 

(J) 

One thus can say that, for N» 4~ t> 1, the three-level atom 

system behaves like a two-level atom system when looking ato the 
. . 

Rayleigh part of the -emí, t t ed radiation. The effects of t he phase 

and amplitude fluctuations of the laser field are exactly the 

.arrt behaviour.. 

I' f i. :: -1 
sarne as for the two-level atom s ystem[à,10] • The amplitude fluc­

~ (t - i. )hI-'<-< R~ )
""' .tf) 31\ S 

~ ~ : N·I~r~,1 d x =I- 1 
(4) tuations affect only the sidebands while 0.11 tho lines 

by the phase fluctuations. 

are affecte( 

The Stokes lin~8 are affected by both the phase and ampli­

So, for X > 1, i. 8. ~., > ~3 ,practically 0.11 the population tude fluctup~lons of the exciting laser field. 

is shared by t.hc atomic Lev eLa I ~ >and \2> and the collective 5­ CONCLUSIONS 
narrowinc of the one-atom Ro.yleigh lines takes place. In the li­

mí.tí.ng case the ~3 contribution to the one-atam width is comple­

tely canceled out by the colleative ,contribution. In this case the 

We have considered the problem of collective resonance Ra­

man scattering of an intense laser field from the point of view 

of the colleci1vo effects and the influence of the laser field 

weighting fnctors of the Rayleigh-type lines are proportional to fluctuotions. The phase fluctuations of the field were modeled 

l) 

N1­ and this part of the emi t t ed radio.tion exhã bits superro.diant 

behaviour. The Stokes lines have the weighting factors proporti­, 

by the phllae d1ffua1on process whiJ.e the amplitude fluctuations 

1716 
t 

t 



by Q: nonwh í te Gaussian pr'o ceas , The master equa'tion for the 

averaced over the	 phase and the amplitude fluctuations density 

lllatrix has been obtained in the secular approximation. It has 

b ce » :=.rhOVU1 that for the exact resonance the master equation has 

11 very simple soll~tion. Tlüs solution has been used to calculate 

0.11 nceded steady-state av e r-age a, A decorrelation scheme has been 

used to obtain the solutions for the time-dependent averages, 

and trw quan tum rogression theorem to deal VIith t he two-time 

correlntion functions. The field correlation functions have been 

CR,l cu.lat cd for the Ray.l eí.gh-ctyp e anel the Raman-type processes. 

It has boen shovn1 that the laser field fluctuations nffect only 

the one-atom parts of the spectrai widths. The collective nar­

row111[; of the spectral lines has also been predicted. The collec­

tive (supcrradil'.nt )properties of the erni tted Iíght has been discus­

sed for v ar-Lou s ranges of values of the atomic porometers. It.• was ahov.n t hn t on Ly for X:::-I the Raman part of the emi t ­

ted li[;11t exhi bi ts sup ez-í-adí.ant b ehaviour­

Cor-r-e spondí.ng formulas for the intensity correlation func­

ti('m:: curi be obtained in a similar manner , 

APPENDIX 

In this Appendix we givo the explicit expressions for the 

steady-stateaveraGes of the atomic operators that have been cal­

culated with the use of the density matrix (19). The nor~aliza-

tion fuctor A nppen.rin[; in the formulas is [;iven by 

N+<] / 
JA = [ (N+1)X N+.t-(N-t.tt) X +-1 (X-1) Z 

where	 ~3 ' and ~he formulas are:X ::: (f31 / 
I') 

-~ [N+3	 JI+~<R1= A N(N+1)X -:l(N+i-)NX .,. 

N+4 / 3 ... (I-It1) ( N"t:t.) X - ~XJ cx-:«) 
(A. 1) 

:t -1.[ ~ N+'t 2,<R ->s = A N	 {N-t1)X - N(?JN 'ttN-1)X 
JI+~ 

T 

.tr '"t.t:b J/+1+ (N+:l)(3N -t3N-.t-)X -(N+1)(N+:L)X .,. 
,	 ~ 

+ 4 X 2J.+ -f ) , (A. 2).t X J / (X ­

<Rol:L ~ := :; s. < R ~ (A.)< R11 ~ ~ ,$ 

<R~.3 );. N - < R ~ (A.4) 

<R R <, ­< R R"- N- ~ < R~ ) 
(A. 5) 

~~ - .tt "S - 33 - 11 'S - .t S 

_ 1 fl.<R.l~ RU. ~ -= <RI~ R2 -1 ~ - :i <( R.t~ - R11 ) ~ 

z: , .f [ « Rt,~	 T .2<R~J , (A.6) 

<R13 R~11 z: « R,;3 R.~ z ;S = 
(A. 7) 

= i [rNt1)<'I\::; - <"R.t.>s J 

REFERENCE'S 

~. 
[ 1 1C. Cohen-Tannoudji , S.Rejmmd, J.Phys. B.l.Q, )65 (1977) 

[2J G.S.AgCl!'Wo.l, S.Jho., J.PhYD. D.!.S, 2655 (1979) 

I 
~ 

lJ) S.V.Lt'wmncle, n.n.ru-s , R.D'Souza, Phys Rev , A2.2" 2504 (1986)s 

[ 4 ] n,I. Yoo, s.H. Eborly, PhYD. Repor t s lli. 239 (1985) 

IH 
I"t 



n

.I ~ 

; . 

[51 G.COlnl1agno, F.Persico, Phya s Rev , A25, 3138 (1982) 

[61 G.S.llc;arV/8.1, L.M.Narducci, P.H.Feng, R. Gilmore , Phys.Rev.Lett. 

.~ 

42, 12GO (1979) 

(7} L.:M.HW'ducci, P.H.Feng, H.Gilmore, G·.S.Agarwal, Phys s Rev , 

A.l§., 1571 (1978) 

[eJn.R.Puri, S.V.Lummde, Physica 120A, 13 (1983) 

[9] P. n. D_ cl~il.l.·.:",'1.• Phvs , Rev , A22, 1179 (1980) 

[10) Il.H.Puri" S.S.Hn.ssan., Physica. 120A, 55 (1983) 

[11J N.N.Bor;olubov, jr., A.S.Shumovsky, Tran Quang, Phys.Lett. 

A112, 123 (1935) 

L12J M.G.Ra;tJ:1er, I.A.rJalmsley, J.Mostowski, B.Sobolewska, Phy s s Rev , 

A32, 332 (1985) 

[13J N.N.Bobolubov,jr., A.S.Shumovsky, Tran Quang, J.Phys. B20, 

629 (1981); PhY8icu A, 1987, 

[141G.S.Ar;LlTVf8.1, SprinGer Tracts 

to be published 

in lilodern Physics (Springer, 

Bc.rLf.n ) , 1974 

[15J u.c, Vtm Karnp en , Physica 74, 215 arid 239, 1974 

[16J G.S.Ac[u'wal, Phyav Rev s Le't t , n. 1383 (1976) 

[17] J.H.Ehcl'l.y, Phy a s Rev s Le t t , 37, 1387 (1976) 

[18J S.Chatur_vcdi, C.\'I.Gardiner, J.Phys. B1.1, 1119 (1981) 

[19] VI.VoGel, D.G.Vlelsch, K.V/odkiewicz, Phy s s Rev , A28, 1546 (1983) 

(20] J.V.Schwinc;er, i.t): Qunntum Thcory of AnguLaz- Momentum, ed , 

by L. C. Bí.edenharm avI. H. Van Darn (Acadcm í o Presa, Ne\Y-York), 

19G5 

[21] M.IJux, Phys , Hcv. lli, 350 (19G8) 

Received by Fublishing Depnrtment 

on Jlille 17, 1987. 

" 

., 
t 

20 

I, 

mYMOBCKH~ A.C., TaHaCh P., qaH KyaHr E17-87-437 
KonneKTHBHoe pe30HaHCHoe pacceHRHe 
PaMaHa B HHTeHCHBH0M none, HMeID~eM 

c1>a30Bble H asmrnrr-ynnsre <PnYKTya~HH 

PaCCMOTpeHO KDnneKTHBHoe pe30HaHCHoe pacceHHHe PaMaHa 
OT CHCTeMbI N TpeXYP-OBHeBbIX aTOMOB B CHJIhHOM rraaepaox norre , j 

HMeID~eM Q;Ja30Bble H annrrarvnasre qmYKTyan;HH. B crryxae TOLlHo-j 
ro pe30HaHca rronyqeHa TOqHaa CTan;HOHapHaH MaTpHn;a nnOTHQC­
TH nna aTOMHOH CHCTeMbI, oÕCY)Kp;eHbI xonnerc-raanue cneKTpanb­
Hble CBOHCTBa ~nyopecn;e~HH p3ne€BCKOH H paMaHOBCKOH nHHHH. 
IToKa3aHo KonneKTHBHoe CY)KeHHe cneKTpanhHOH nHHHH. 

Pa60Ta BwnonHeHa B fla6opaTopHH TeOpeTHQeCKOH Q;JH3HKH 
O~H. 

TIpenpIDIT 06'be,ZUfHeHHOrO HHCTirtYTa HJJ.epHbIX-HCCJle.nOBalUW. .uy6Ha 1987 

Shumovsky A.S., Tanas R~, Tran Quang 
Collective Resonance Rarnan Scattering 
of an Intense Laser Field with Phase 

E17-87-437 

and Amplitude Fluctuations 

The resonance Raman scattering·from a system of N three 
leveI atoms that are driven by a strong laser field with 
the phase and amplitude fluctuations is considered. The 
exact on-resonance steady-state solution to the atomic 
density matrix is obtained. The collective properties of 
the fluorescent spectrum for both the Rayleigh-type as 
well as the Raman-type processes are discussed. The collec 
tive na~rowing of thc one-atom spectral lines is predicted 

Tho InvoAtigation haa been perforrned at the Laboratory 
of Theoraticnl Physica, JINR. 
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