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I. INTRODUCTION

In the lest decade, the spectral and statistical proper-
ties in the resonance fluorescence of two-level atoms in the
presence of a strong driving laser field have received a great
deal of attention, both theoretical [1,2,6—22:Jand experimental
B—B] . Further understanding of the fluorescence dynamics for a
single~atom case has been considered in the works by Eberly et
al.[8,11] , Renaud et al.[16] , Courtens and Sr¥ke [17] and
Tak-San Ho et al.[13] .

In this peper we investigate the dynamical evoluation of the
collective resonance fluorescence spectrum from N two-level
atoms in the presence oI gtirong and exact resconant driving laser
field. In the secular approximation[18,19] , the analytical for-
mulas for a physical time-dependent spectrum are given. The in-
fluence of the transient spectrel form on the parameters cf the
atomic sysiem such as the number of atoms N , absolute value
of the initial atomic population inversion ’E)I , atomic sporn-
taneous treasition rate 4 and the width of the filter I is
discussed. Essential differences of the transient spectral form

from the gteady state spectrum will be shown in this paper.

IT. THE BASIC EQUATIONS

We consider N two-level identical atoms of the Dicke model
which interact with & strong monochromatic mode of the laser fiel:<
at frequency J and with the vacuum of other modes in the con-
text of collective resonance fluorcscence[18—21] .
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In treating the external field classically aud using the
Born and Markov approximation describing the coupling of the
gystem with the vacuwn field, one finds a master equation for
the reduced density matrix for the reduced atomic system;(in
the interaction representation) in the form[19]
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where & is the atomic spontaneous transition rate LLis the

72
regonant Rabi frequency. The operatoram .T;J (¢ ,,j = 1,2) are
the usual collective atomic angular operators satisfying the

well-known commutation relation

Udj, T = Ty e = Jij &7 @)

For simplicity, the laser frequency J. is assumed to be exact-
ly equal to the atomic transition frequency W,y .

Following the authors of the works [18,23] we introduce the
Schwinger representation for the angular momentum

.T{J = CI'+CJ. (‘.).j = Ijz’) p)
where C" , and Cj+ obey the boson commutation relation
[C.‘)CJ"] = &J .
Further, we investigate only the case of an intense exter-

nal field so that the Rabi frequency.n_ satisfies the relation

527 . (3)

After performing the canonical (dressing) transformation
4 4 .
C« = &7—: Q + v—__- @L )
2
- (4)

CI:—LQ4+—;‘—- 2 V]
vz VZQ

one finds that the Liouville operator I appearing in equa-
tion (1) splits into two components Lo and L4 . The componernt
L0 is slowly varying in time whereas L| contains rapidly os-—
cillating terms at frequencies 2Q and 4-0- . For the case
when the relation (2) is fulfilled, one can maeke the secular -
approximation, i.e., to retain only the slowly varying part [18., 19}
and reduce the master equation (1) to the form

O . i CR,F1+L (2RFR _RF.FR)

ot £

1 I (2«211!?’224- R&c 'Q/z_? -?ﬁukﬂ-)

§ , . (5)

T f (2/ RuFR;z = Rn. Rzl?v- FRIL Ru)
g

~ +
where f = US’U with U is the unitary operator represeniing
the canonical transformation (4); Rj & Ru_ - RM ;
RL-J- = Q: QJ ( t',J. = 1,2) are the collective angular opera-
tors of the dressed atoms. The operators QL' and G: satisfy
the boson commutation
&
i @a’, @j ] = (fc’j J (6)
so that

[ Ry, Rajd = Rej” Suy - Rig & )

The equation of motion for the expectation value of an ear-

bitrary (fixed) atomic operator B follows from equation (5)

<6%:iﬂ ([BJRJJ%.*%{([RJJB‘]&)# |
<R L8, RIGE ¢ L[ CTR,BIR 3o <RIBRI
¢ CTRy,B I Ry 2+ Ro LB, Rt T2 | ,

wvhere

<B> B> = Sp (pt)B) -,
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Jn particular, we have

{% CRyy = 20 <R3- 30 <R
*
A < )

(10)

1

L
’Lt 3% “-;: <R3>t = (11)

‘By using the quantum regression Lheorcm[24,25] one finds the
equations of motion for the two-time correlation functions. In
particular, we obtain equations of motion for the two-time corre-
lation functions (L{, (++%) R_; (t L

Ry (42) Ry (E)D

and (R,l (t+8%) pz,(*)>
in the following form:
4 ¢g (BOR(D>=-T ¢k y
o L (12)
fl; Ry (EHTI R (03 (21 30) Ry R,
(13)
A Ry (D) Ry (£5- (UL - 20) Ry Ry -
dx (14)
Equations (12-14) give the solutions
-y
CRyGb+e) Ry (v )0z e 2" ¢R7), (15)

)

N -.3r)e
SR, (t+B) R, (D02 e( 4 CRyR >, 1 w8

(-2 -3 )t

CRip (£48) Ry, (£))= e * RakRy2, - D
The equatioans of motion f£ar ihe ezpeccvation valiucs ( P_:)r
(E'z.; /\);1 7\;: and <’?u »'\)1,2& can Le derived from equation {8)

and commutation relation (7) and have the exact sclutions in

the following form:

-y re ‘
REZ, = <RE%+ € (<RA-Re2) 1 (g
Ry Rudy = CRyBy 2+ €57 [ <R, R,
R B %+ L <Re (e~ 1] ;b
- -3, T
(R; R, >t: SRRyt e il | L (20)
Tt
- <RuQu>s —‘% <£32 (e "4)] G
where
<2;7S Foos (231.74; S -0 = ..%- (NL+Z/V) b) (2])

<RUR;Z7_(': <RI4’_RZ)>J:6L(NZ+2/V) 4 (22)

< >o denotes the ekpectation value over the initial state of
the atomic system. In the case when the atoms are initially in

the symmetric Dicke state

g I, ny ><ni,ng 1, (23)
where
J;b ’n‘i)n;l7 = N ’h‘q)n‘_)
Jp Ing, > = ny I, >

one can find

<K3>° = U, (24)
CRID = 45 (W4 20D / (25)
<pu'r\)/¢>o < (Rn. 'pu>, < 4/8 (”z+2/V+ D"/\ J (26)

where

D= N, . Ky

I1l1. TIME-DEPENDEUT FLUORESCEJCE SPECTRUM

Follovwing Eberly et al.[EZJ the time dependent physical
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spectrum of the fluorescence field has the explicit form:

7 it ta (C.ia
S ey, M 2l g [dt, @ 7% [ dy ¢ T1YF
¢ ° (27)
< (tbi-G)J;z (0>

where A\ - wf _ wL with wd_ is the center frequency of the
filter; r is the width of the filter; t is the time
at which the spectrum is evaluated.

For the case of intense external field the members in spect-
rum (27), which are proportional to _O.-‘ , are ignored and the
specltrum (27) reduces to -t

4 T(bty) (% -is
S(t,w, F)= Ty Re [ dt e ( dze

L o

E Ry (t98) R (£D>+ <Ry, (H,+8) Ry (8D (28)

R (far8) R (85 ]

For the case when the atoms are initially in the Dicke

state (23), using reletions (17)-(15) and (24)-(26) one can write
the spectrum (28) in the form

S(t,(dj,)r_)= S; (.t) wf)r)‘f'.s;(t)u)i-)r)fs.( (t) wj’)r) 7
where (-2.9)

So (t‘“’d‘)r'):&{%‘)o.r[ exp (- 2 Tt)
(F-3r)(T_2T+2%4)

+ exp (' rt) - 22)(,? ["f:(f-tr-rlid)t_] ]
(r_% T)(F-7-2%8) (r.28:208) (0= 2i8)
+(R}%[ ! o Texp (-2 ¥t)

Fr+ T+ 204 (r_% aﬂ)(r‘ -Za‘+2,A) (30)

. dLep (-1 6T exp [~ Yo (r+ T+2/4 L]
(M- 3 0)(F-0-208) (1 274 200)(T+ 0 208 (1 1. 2 1)
S (t,wp,7)= Re { Ry Ry - r[ exp (-3 7¢)
(r.zga—)(r-gnzm,)

exp (- %) _ Rexp[-t (M+ 30+ 44 )t]
(r-27)(r-% T-2id,) (T3 r)tr 447
RR,>~ 1 _I'exP(';a:r‘L')
Ry bn g Tedfptr+ Udy (T T)(T-347+ 2 44)
Y% Cexp (-T8) , E¥Texp[- % (M3 T+ 2408] )B
B A% Y D) 4A2] (T3 Tr U4,
(r- 2r)(r f—,rr Aq) [(T-3¥ ¢ 4a8)(T+ b
8-1 (t) w:j‘) l") = S4 (A1 o A-a) (32)

A=wp-w 58w -20
quwj-w,_+2ﬂ' _
pi 2
The expectation values { 23 2‘\ . (Rzl 211_ >_g~ and (R.,?o,
<R2) R, >o in eqs. (36), (37) cen be found in eqs.(21), (22)
and (25), (26), respectively.

Exprescions (29)-(32) describe the dynamic evoluation of the
collective fluorescence spectrum. Analogously to the one-&tom
i‘luorescence[16] the spectrum (29) (in ihe strong external fielad
cese) contzins ithree spectrum componenis centered at Irequerncies

W= W, - 20, @, end @, + 2L, respectively, For the
ity

stationary limit t — o the spectrum (29) reduces to[19]

i .
S(°°; wj’)r):i<Nl+zN)§ bz, . 2
? (%*% ¥ (wp - W) )
r 3
fi —’:’ * 4 r + i 'Z,- > gr
2 2 2. 2 t
1/'(&£+$zr)+(wf_wrzﬂ) (sza*)+ (w, ~w, +20)

The collective steady-state spectrum (33) has the same form
as for the single-atom case but all the weighting factors are
proportional to NL « The relations between the peak intensiti-
es of the spectrum components (i.e. the gquantities I&_- S;(A;O);

IS, = %(A,: 0); l.\'.4: \S‘_1(A_1: 0 )) take the fcrm




ISO % IS“ : IIH = 2-‘ 1: 1 for r>> f ’
(34)
: - 3:4:1 for <
1, I, If»a =
For a short time limit &t , ' <<4 the peak intensities
of the three spectrum components 5\0 s S_, and Sh are
I, & 4 <R > >
T 4 3 ‘o ) (35)
5 w | 2
‘[-[1 B IIH - Z < R«M R’l >o rt ’ (36)

For the case when all the atoms are initiaelly in the ground
D: n,-h =N (-r /V), one shows

from equations (25) and (26) that
2 A
SRy = W ’ (31)
Z
<QZ|R12_>0=2;L(N+N) Y

state (or excited state) i.e.

(38)
thus the peak intensity (35) of the central component .f',, is

proportional to N while the peek intensities (36) of the side-

hands 511 are proportional to N* « For the case when the
etomic population inversion D = 0, one finds from eqgs.(25)
and (26):

2 2
CRPZ =L Wh2md e 4 <Ry ReZ =4 <Ra Ry
thus in this case all the three spectrum components have the
peak intensities (35),(36) being proportional to N* and rela-
tions between the peak intensities take the form

Ly o I, IS” = 44 (39)

In other words, the form of the fluorescence spectru:n(i.e. the

relations between the peak intensities) in the initial period of

time is quite different from the

gsteady-state fluorescence

spectrum (33) and is strongly dependent on the number of atoms

N and absolute value of the atomic population inversion ‘D] ‘

For the Rydberg atoms when

T>r ~ (0 the fluorescence

spectrum (30)-(32) reduces to ” '(:E i I'A)f:
S (+ r)- <> Re §_e -4 e )
o (¥, Wy, M)z <), Re + 2 S
. r-%4 rr + 44 (40)
-t - _‘: "A +

S, (f,u.’j)r): <Q2|R,22’Ee§e _1 L2 1. o (2,+ 1) )
r.2d, rer 482 (41)
S (*'_/ wd’)r) S ‘91 (8s=>4.,) . _—

The spectrwa (40)-(42) is in agrecement with

our previous work[21]

concerning the collective resonance fluorescence from N atons

in the ideal cavity where for the case of ]D, ~ N only the

N
gidebands exhivit superradiant behaviour (~N) while the in-

tensity of the central component is proportional to N o

For the other limited case r»r

which are proportional to r
T

tains

S u)i,r):;_(”:-"zm)(d-e'n)i

i Y A T

y ignoring the terms

in the spectrum (29), one ob-

r/2

k>
@)*+ 4% (5

As for the steady state spectrum (33), in this case the transi-

ent spectrum (43) has the spectral form being independent of N

and the weighting factors for all the three spectrum components

are proportional to N* .

In the single-atom case one finds from eqgs. (27,(22) and

(24),(25) thet
< Raz ?f 2 <QJL 7, = 1
( £Z|Qu>_g s <Qz, R;LZ, > —J—;
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and spectrum (29) reduces to the time-dependent spectirum of one
atom in the works[d,16—11] (in the secular approximation).

For the general case the dependence of the transient peak
intensities of the spectrum components s S}, on the atomic
parameters N, 101 5 r and on the width of the filter F
is shown in figs. (1),(2) where the normalized peek intensities
of the central component, i.e. the quantity

IJ'(t}A:O)r)/ISO(OO)A:O/ F) (see fig.1),
and of the sidebands, i.e. the quantities

I, (b, Ay, =00 /Tg 0, 80,207)

(see Tig.2).
are plotted as functions of the time €= It for various values

of the parameters yzo, D and X/r . In contrast with the

steady-state spectrum (33) where the spectrum form is independe:
of the number of stoms, in the general case the transient spect-
rum form is dependent on the nwnber of atoms N exept the cuse
when the initial atomic populetion inversilon D = 0 (see the
curves (4) in figs. 1,2).

. As is seen from figs. 1,2 and relations (3]),(32}, for
the case when the atoms are initially in the symmeiric Dicke
state (23),the spectrum is symmetric. However, we note that in
the case when atoms are initially in the coherent state so that
(R3>o¢o , cne cen show from egs. (19), (20) that (?M 'Q"—7t
;& <Q'LRU >t end consequently the fluorescence spectrum becomes

unsymmetrice.

IV. CONCLUSIONS

We have considered the problem of physical time-dependent
spectrum of the collective resonance fluorescence from N two-

level atoms in the presence of the strong and exact resonant

12

laser driving field. By using the secular approximation the
analytical formules for the transient spectrum are given. In
contrast with the steady-state spectrum, the form of the transi-
ent spectrum is stroqgly dependent on the number of atoms ¥ , the
absolute value of the initial atomic population ’D’ ’ spoﬁtanc-
ous transition rate and the width of the filter r « Por
the initial period of the time (short time limit) and (Dl =z N
only two sidebands exhibit the superradiance behaviour (VNL)
whilz: the intensity of the centrzl specirun component i3 pro-

portional cnly to N .
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