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RESONANCE FLUORESCENCE OF A DRIVEN TW O-LEVEL A TOM

IN A CA VITY WITH INJECTED SQUEEZED V A CUUM:

EFFECT OF THE CA VITY FREQUENCY DETUNING.
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W e deriv e, in the bad ca vit y limit, an e�ectiv e master equation for the reduced

densit y matrix op erator of a strongly driv en atom coupled to a frequency-tunable

ca vit y and damp ed b y a squeezed v acuum. W e �nd that the in tensit y , the reso-

nance 
uorescence sp ectrum and the photon-photon correlation of suc h an atom,

emitted from the ca vit y , are strongly dep enden t up on the ca vit y resonance fre-

quency and squeezing parameters. The enhancemen t and suppression of the 
u-

orescence in tensit y and sp ectral p eaks, sp ectral-line narro wing, and an tibunc hing

in 
uorescence can b e ac hiev ed in a prescrib ed manner b y tuning the ca vit y and

laser frequency , and b y adjusting the squeezed photon n um b er and phase.

1. In tro duction

It is w ell-kno wn that the radiativ e prop erties of atoms placed inside a ca vit y di�er

qualitativ ely from those in free space b ecause of the mo di�cation of the surrounding

electromagnetic mo des, whic h are concen trated around the ca vit y resonan t frequency

[1 ]. F or an excited atom lo cated inside suc h a ca vit y , the ca vit y mo de is the only one

a v ailable to the atom for emission. The sp on taneous emission rate in to the particu-

lar ca vit y mo de can b e enhanced or inhibited [2] b y tuning the ca vit y in to or out-of

resonance with the radiativ e atom. Ca vit y-enhanced and ca vit y-inhibited sp on taneous

emission, resulting in a broadening or narro wing of the sp ectrum, has b een observ ed b y

sev eral groups [3 ].

F or a t w o-lev el atom placed inside a ca vit y and strongly driv en b y a coheren t �eld,

theoretical studies ha v e predicted a phenomenological ric hness not found in the absence
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of the coheren t driving|for example, dynamical suppression of the sp on taneous emis-

sion rate [4 , 5 ], p opulation in v ersion in b oth bare and dressed state bases [5 , 6 ], distortion

and narro wing [4 , 5 , 6] of the Mollo w triplet and m ultip eak ed sp ectral pro�les [6, 7 ].

All these features are v ery sensitiv e to the ca vit y resonan t frequency . Recen tly , Lange

and W alther [8 ] ha v e observ ed the dynamical suppression of sp on taneous emission in a

micro w a v e ca vit y . In the optical-frequency regimes, Zh u et al. [9] ha v e also rep orted

exp erimen tal studies of the e�ects of the ca vit y detuning on the radiativ e prop erties of

a coheren tly driv en t w o-lev el atom. They ha v e sho wn that the atomic 
uorescence of a

strongly driv en t w o-lev el atom is enhanced when the ca vit y frequency is tuned to one

of the sidebands of the Mollo w 
uorescence triplet, whereas it is inhibited b y tuning to

the other sideband. The enhancemen t of atomic 
uorescence at one sideband is a direct

demonstration of p opulation in v ersion.

As man y authors ha v e stated [10{15], the ca vit y is the b est candidate, from the

exp erimen tal p oin t of view, to in v estigate the in teraction of atoms with nonclassical

ligh t. Since the atom in teracts strongly only with the privileged ca vit y mo de, only the

mo des within a small solid angle ab out this ca vit y mo de need b e squeezed, unlik e in free

space, where the squeezed mo des m ust o ccup y the whole 4 � solid angle of space. An

exception is the linear dep endence of the t w o-photon excitation probabilit y for a three

lev el ladder atom excited b y the squeezed v acuum. This pro vided the �rst exp erimen tal

study of atom/squeezed-ligh t in teractions, and w as carried out in a con�ned magnetic-

optical trap [16 ], whic h ma y b e w ell mo delled as a bad ca vit y [17 ].

F or a ca vit y with a �xed resonance-frequency , Rice et al. [12] considered a w eakly

driv en t w o-lev el atom (
 � � ) in teracting with a squeezed v acuum injected via the

input-output mirror of the ca vit y in the bad ca vit y limit, and found that the ev olution

of the atom is formally same as the one in free space, but with a renormalized deca y

constan t ( 
 + 


c

). All the squeezing-induced e�ects predicted in free space, suc h as the

phase-sensitiv e Mollo w triplet [11 ], anomalous sp ectral features | hole-burning and

disp ersiv e pro�les at line cen tre [18 ] and gain without p opulation in v ersion [19 ], can

th us b e carried o v er to the ca vit y con�guration [12]. F or a strongly driv en (
 � � )

t w o-lev el atom coupled to suc h a ca vit y , Cirac [13 ], predicted a squeezing-enhanced

p opulation in v ersion and a phase-sensitiv e Mollo w sp ectrum with in tensit y-dep enden t

linewidths. In the curren t pap er w e extend these studies to a strongly driv en atom

coupled to a fr e quency-tunable ca vit y mo de damp ed b y a squeezed v acuum. W e shall

see that a v ariet y of no v el features will b e displa y ed b y appropriately tuning the ca vit y

frequency .

This pap er is organized as follo ws: In Sec. 2 w e deriv e, in the bad ca vit y limit,

an e�ectiv e master equation of the reduced densit y matrix op erator for the strongly

driv en atom placed inside a frequency-tunable ca vit y whic h is damp ed b y a broadband

squeezed v acuum. It exhibits resonance prop erties when the ca vit y frequency is tuned

to the cen tre and sidebands of the standard Mollo w triplet. In Sec. 3 w e rep ort the

mo di�cation of the resonance 
uorescence of the atom emitted from the side of the

ca vit y , in terms of the in tensit y sp ectrum and in tensit y-in tensit y correlation, whic h are

found to dep end strongly on the ca vit y resonance frequency . The �nal section con tains

a summary .
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2. The mo del

W e consider a single t w o-lev el atom with transition frequency !

A

coupled to a single-

mo de ca vit y �eld of frequency !

C

. The atom is driv en b y a coheren t laser of frequency

!

L

. The ca vit y is damp ed, via the input-output mirror, b y a broadband squeezed

v acuum with carrier frequency !

s

whic h is lo c k ed to the laser frequency !

L

for simplicit y .

The ca vit y mo de is describ ed b y annihilation and creation op erators a and a

y

, while

the atom is represen ted b y the usual P auli spin-

1

2

op erators �

+

, �

�

, whic h satisfy the

comm utation relations [ �

+

; �

�

] = �

z

and [ �

z

; �

�

] = � 2 �

�

. In a frame rotating at the

frequency !

L

the master equation of the densit y matrix op erator � for the com bined

atom-ca vit y system is [12 , 13 , 14 , 15 ]

_� = � i [ H

A

+ H

C

+ H

I

; � ] + L

A

� + L

C

�; (1)

where

H
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�

2

�

z

+




2
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+

+ �

�

) ; (2)

H

C

= � a

y
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H
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�

�

�

a
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�

; (4)

L
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�
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+
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�

�
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�

�
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L
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�
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y
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y
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�

2 a

y

�a � aa

y

� � �aa

y

�
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i �

�
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y
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y
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� � �a
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�

+ h:c:

�

; (6)

H

A

and H

C

are the unp erturb ed Hamiltonians for the coheren tly driv en atom and the

ca vit y resp ectiv ely , while H

I

describ es the in teraction b et w een the atom and the ca vit y

mo de. 
 is the Rabi frequency of the driving �eld, � = !

A

� !

L

and � = !

C

� !

L

are the

detunings of the atomic resonance frequency and of the ca vit y-mo de frequency from the

driving �eld frequency resp ectiv ely , g is the coupling constan t b et w een the atom and the

ca vit y �eld, and � = �

s

� 2 �

L

is the relativ e phase b et w een the squeezed v acuum ( �

s

)

and the laser �eld ( �

L

). (Note that w e ha v e re-de�ned the op erators �

+

= �

+

exp( i�

L

)

and a = a exp( � i�

L

) in the ab o v e equations, in order to merge the phases .) L

A

�

and L

C

� resp ectiv ely describ e atomic damping to bac kground mo des other than the

privileged ca vit y mo de, and damping of the ca vit y �eld b y a broadband squeezed v acuum

reserv oir, with 
 and � the atomic and ca vit y deca y constan ts resp ectiv ely .

The real parameters N and M are the photon n um b er and the strength of the

t w o-photon correlations in the broadband squeezed v acuum. They ob ey the relation

M = �

p

N ( N + 1) , where the quan tit y 0 � � � 1 measures the degree of t w o photon

correlations in the squeezed v acuum. W e tak e � = 1 throughout, that is, the squeezed

v acuum is injected in to the ca vit y with the maxim um t w o-photon correlation.

In this pap er w e are in terested in the bad ca vit y limit, i.e. , the ca vit y has a lo w Q

v alue, and the atom-ca vit y coupling is w eak, so that � � g � 
 , and the ca vit y �eld

deca y dominates. The ca vit y �eld resp onse to the con tin uum mo des is m uc h faster than

that pro duced b y its in teraction with the atom, so that the atom alw a ys exp eriences the

ca vit y mo de in the state induced b y the v acuum reserv oir. Th us one can adiabatically
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eliminate the ca vit y-mo de v ariables, giving rise to a master equation for the atomic

v ariables only . As the pro cedure for eliminating the ca vit y mo de in this pap er is similar

to the one in Refs.[5, 8 , 13 ], w e refer readers to these references for the details, and here

only outline the k ey p oin ts.

W e temp orarily disregard L

A

� in the elimination of the ca vit y-mo de, since it un-

c hanged b y the follo wing op erations. First w e p erform canonical transformations on

the master equation (1):

~� = S U ( t ) �U

y

( t ) S

y

; (7)

where U ( t ) = exp [ i ( H

A

+ H

C

) t ], and S is the usual squeeze op erator that transforms

the annihilation op erator as S aS

y

= �a + � a

y

. The righ t-hand side (r.h.s.) of (7)

represen ts a sequen tial transform of the densit y op erator � to the atom-ca vit y in teraction

picture and the squeezed picture. If w e tak e � =

p

N + 1 and � =

p

N exp[ i (� + 2 � ) t ],

the master equation (1) is then transformed to

_

~� = � i [

~

H

I

( t ) ; ~� ] + L

v ac

~�; (8)

where

L

v ac

~� = �

�

2 a ~� a

y

� a

y

a ~� � ~�a

y

a

�

; (9)

~

H

I

( t ) = g

h

~

D

+

( t ) ae

� i� t

+ h:c:

i

; (10)

with

~

D

+

( t ) = i

h

p

N e

� i �

~�

�

( t ) �

p

N + 1 ~ �

+

( t )

i

;

~�

�

( t ) = e

iH

A

t

�

�

e

� iH

A

t

: (11)

~

H

I

( t ) no w indicates the e�ectiv e atom-ca vit y coupling, whilst L

v ac

~� describ es the ca vit y

loss due to its coupling to an electromagnetic reserv oir in a v acuum state. That is

the transformed ca vit y mo de is damp ed b y a standard v acuum, and the e�ect of the

squeezed reserv oir is transferred to the e�ectiv e atom-ca vit y in teraction.

W e next in tro duce the op erator � [5 , 8 , 13 , 20 ]

� = e

�L

v ac

t

~�; (12)

whic h, according to Eq. (8), ob eys the equation

_� ( t ) = � ig e

�t

f [ a

y

;

~

D

�

( t ) � ( t )] e

i� t

+ [ a; � ( t )

~

D

+

( t )] e

� i� t

g

� ig e

� �t

f [

~

D

�

( t ) ; � ( t ) a

y

] e

i� t

+ [

~

D

+

( t ) ; a� ( t )] e

� i� t

g : (13)

Only the atom-ca vit y in teraction is in v olv ed. Due to the smallness of the coupling

constan t g , w e can p erform a second-order p erturbation calculation with resp ect to g

b y means of standard pro jection op erator tec hniques. Noting that T r

C

� ( t ) � T r

C

~� ( t ) �

~�

A

( t ), w e can trace out the ca vit y v ariables to obtain the master equation for the reduced
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densit y matrix op erator ~�

A

of the atom. Under the Born-Mark o vian appro ximation,

the resulting master equation is

~�

A

( t ) = � g

2

Z

1

0

n

e

� ( � � i� ) �

[ ~ �

A

( t )

~

D

+

( t � � )

~

D

�

( t ) �

~

D

�

( t ) ~ �

A

( t )

~

D

+

( t � � )] + h:c:

o

d� :

(14)

Finally transforming ~�

A

bac k to the original picture via �

A

= exp( � iH

A

t ) ~ �

A

exp( iH

A

t )

and Eq. (11), and restoring the L

A

�

A

con tribution, one �nds the atomic master equa-

tion to b e
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A
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A

; �

A
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�

�

) : (15)

The �rst term on the r.h.s. of the master equation describ es the coheren t ev olution of

the driv en atom, whereas the follo wing four terms represen t the ca vit y-induced atomic

deca y in to the ca vit y-mo de with the rate 


c

= g

2

=� . The last term sho ws the atomic

deca y in to the bac kground mo des with the rate 
 . The other parameters in Eq. (15)

are de�ned as

A
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2

� � i ( � +

�


)

+

(

�


 � �)
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�

; (17)

where

�


 =

p




2

+ �

2

is a generalized Rabi frequency . Ob viously , the co e�cien ts

A

0

; A

1

; A

2

are Rabi-frequency-dep enden t, and resonan t when the ca vit y frequency is

tuned to � = 0 ; �

�


, whic h is reminiscen t of the Mollo w triplet in free space [21 ]. The
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resonance prop ert y re
ects the fact that when the atom is strongly driv en b y a laser

b eam, the atom-laser in teraction forms a `dressed' atom [22 ] whose energy-lev el struc-

ture is in tensit y-dep enden t and whose sp on taneous emission dominates at the three

frequencies !

L

; and !

L

�

�


 . Therefore, when the ca vit y is tuned to these three frequen-

cies, atomic transitions are enhanced.

F rom the master equation (15), one obtains the optical Blo c h equations, in terms

of the in-phase and out-of-phase quadrature amplitudes of the atomic p olarization,

h �

x

i = h �

�

i + h �

+

i and h �

y

i = i ( h �

�

i � h �

+

) i , and the atomic p opulation di�erence

h �

z

i , to b e

h _�

x

i = � 


x

h �

x
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y

h �

y

i + 


1

;

h _�

y

i = � 


y

h �

y

i + �

x
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x
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 h �

z
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2

;

h _�

z
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z
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z
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x
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x
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y
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c

Re

�

�

2

( N + 1) � �

2

N + �

1

M e

i �

� �

1

M e

� i �

�

; (19)

and 


x

; 


y

and 


z

are the relaxation rates of the phase quadratures of the atomic p olar-

ization and of the p opulation di�erence resp ectiv ely . As in the case of free space [10 ],

the relaxation rates of the p olarization quadratures are unequal and phase-sensitiv e. On

the other hand, the rates are also resonan t at di�eren t ca vit y frequencies. F or example,

for � = 0, the rates b ecome




x

= 
 +




c

2

�

�

2

�

2

+ ( � � 
)

2

+

�

2

�

2

+ ( � + 
)

2

�

(2 N + 1 + 2 M cos �) ;




y

= 
 + 


c

�

2

�

2

+ �

2

(2 N + 1 � 2 M cos �) : (20)

The �rst is resonan t with the ca vit y frequency tuned to the Rabi sidebands, � = � 
,

whilst the resonance in 


y

tak es place at the ca vit y frequency � = !

C

� !

L

= 0. With

increasing Rabi frequency , the deca y rate 


x

of the in-phase dip ole quadrature can b e

signi�can tly suppressed at the ca vit y frequency � = 0.
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It is not di�eren t to sho w that the Blo c h equations (18) reduce to Cirac's case, i.e.

Eqs. (3.2) and (3.3) in Ref. [13 ], when the ca vit y and driving frequencies are same:

� = 0. When the atom, driving laser and ca vit y mo de are all in resonance (� = � = 0)

and the Rabi frequency is m uc h less than the ca vit y linewidth (
 � � ), the equations

(18) b ecome the ones obtained b y Rice et al. [12 ], whic h are formally similar to those

in free space, but with the renormalized deca y rate 
 + 


c

. In the presen t pap er w e

shall mainly fo cus on the e�ect of the ca vit y frequency on the resonance 
uorescence

of a strongly driv en t w o-lev el atom (
 � � ). As w e shall see, the 
uorescen t emission

from suc h an atom can b e dramatically mo di�ed b y tuning the frequency of the ca vit y

to the cen tre or sidebands of the Mollo w triplet.

3. Resonance 
uorescence

3.1. The In tensit y

One of the observ ables of in terest is the steady-state 
uorescence in tensit y of the

atom emitted from the side of the ca vit y , whic h is prop ortional to the steady-state

p opulation in the excited state:

I

s

/ h �

11

i

s

=




1

(


x




y

+ �

x




y

) + (


2

� 
) (


x

�

y

� 


x




y

) + ( 


z

� �

0

) ( 


x




y

+ �

x

�

y

)

2 [( 


x




y

+ �

x

�

y

) 


z

+ 
 ( 


x




y

� 


x

�

y

)]

:

(21)

W e plot the in tensit y against the ca vit y frequency (detuning) in Figs. 1 and 2, where

the former corresp onds to the situation where the driving laser is resonan t with the atom

(� = 0), while the latter is for the laser detuned from the atom (� = 100). The solid,

dashed and dot-dashed curv es in these t w o �gures are for � = 0 ; � = 2 and � resp ectiv ely ,

whereas the other parameters are (a) 
 = 100 ; N = 0 : 5; (b) 
 = 100 ; N = 2; (c)


 = 500 ; N = 0 : 5 and (d) 
 = 500 ; N = 2. In this pap er w e w ork in the bad ca vit y

limit, so w e set � = 100 ; g = 30 ; 
 = 1 throughout the follo wing graphics. (Note that

all parameters are scaled in the unit of 
 = 1.)

These �gures sho w clearly that the atomic 
uorescence in tensit y emitted out the

ca vit y w alls v aries dramatically with the ca vit y and driving laser frequencies, the laser

in tensit y and the squeezing phase (the e�ect of the t w o-photon correlations [15 ]). When

the laser �eld is resonan t with the atom, sho wn in Fig. 1, the in tensit y for the squeezing

phase � = 0 is resonan tly enhanced at the ca vit y frequency tuned to the frequency of

the driving laser, i.e. , � = 0. Ho w ev er, for the squeezing phase � = � , the in tensit y is

suppressed at � = 0, while it ma y b e resonan tly enhanced at the ca vit y frequency tuned

close to the Rabi sideband, � � � 
. The resonance pro�le at the cen tral frequency is

a Loren tzian lineshap e, whereas it is a Ra yleigh-wing lineshap e at the Rabi sidebands.

F or certain laser in tensities and squeezing photon n um b ers, the resonance pro�le at the

sidebands ma y so v ery w eak as to b e in visible { see for instance, Fig. 1b. F or other

squeezing phases, sa y � = � = 2, the in tensit y is asymmetric around the ca vit y detuning

� = 0. Sp eci�cally , the 
uorescence emission of the atom out of the ca vit y is enhanced

for � > 0, and suppressed for � < 0.
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Fig. 1. The steady-state 
uorescence in tensit y I

s

as a function of the ca vit y detuning � , for the

parameters: � = 100 ; g = 30 ; 
 = 1 ; � = 0, and (a): 
 = 100 ; N = 0 : 5, (b): 
 = 100 ; N = 2,

(c): 
 = 500 ; N = 0 : 5, (d): 
 = 500 ; N = 2. In these frames the solid, dashed and dot-dashed

curv es are resp ectiv ely for � = 0 ; � = 2 and � . (All parameters are set in the unit of 
 = 1

throughout the graphs in this pap er.)

When the laser �eld is detuned from the atomic transition frequency , the 
uorescence

in tensit y , depicted in Fig. 2 for � = 100, is asymmetric ab out � = 0 for all squeezing

phases. The in tensit y is remark ably enhanced when the ca vit y frequency is tuned to the

lo w er-frequency Rabi sideband, � = �

�


 , while it is suppressed at the other sideband,

� =

�


. Note that the resonance pro�les are opp osite to those in Fig. 1, that is, a

Loren tzian lineshap e when the ca vit y frequency is tuned to the Rabi sidebands, and a

Ra yleigh-wing shap e when the ca vit y frequency is tuned to the cen tral of the Mollo w

triplet.

The enhancemen t of the 
uorescence in tensit y is a direct consequence of the p op-

ulation in v ersion ( h �

11

i

s

> 0 : 5), whic h results from the coupling of the atom to the

ca vit y mo de [5 , 9, 23 ]. Cirac's study [13 ] of a driv en t w o-lev el atom coupled to a �xed-

frequency ca vit y mo de tuned to the laser frequency predicted that squeezed v acuum

damping of the ca vit y mo de enhances the ca vit y-induced in v ersion b y a tin y amoun t.

Ho w ev er, w e �nd that the p opulation in v ersion ma y b e signi�can tly enhanced if the

ca vit y frequency is tuned to one of the Rabi sidebands. F or example in Fig. 2b, a large

in v ersion ( h �

11

i

s

� h �

00

i

s

) � 0 : 25 is ac hiev ed at the ca vit y detuning � � �

�


 .

On the other hand, Cabrillo and Sw ain [15 ] ha v e recen tly prop osed detecting the
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Fig. 2. Same as Fig. 1, but with � = 100.

quan tum t w o-photon correlation in a squeezed v acuum via measuring the phase-sensitiv e

in ternal ca vit y photon n um b er. Our results sho w that the 
uorescence in tensit y of the

atom emitted from the side of the ca vit y is also phase-dep enden t. Alternativ ely , one

ma y measure the quan tum correlation b y recording the atomic 
uorescence photons

emitted out of the ca vit y .

3.2. The Sp ectrum

The incoheren t 
uorescence sp ectrum of the atom, emitted from the side of the

ca vit y , can b e calculated in term of the t w o-time correlation function lim

t !1

h �

+

( t + � ) ,

�

�

( t ) i b y in v oking the quan tum regression theorem together with the optical Blo c h

equations (18). The sp ectrum is of the form,

�( ! ) =

1

2

Re

�

[( 


y

+ z + i �

x

) ( 


z

+ z ) + 
 (


y

� i 


x

)] �

1

[( 


x

+ z ) ( 


y

+ z ) + �

x

�

y

] ( 


z

+ z ) + 
 [( 


x

+ z ) 


y

� 


x

�

y

]

(22)

�

[�

y

� i ( 


x

+ z )] [( 


z

+ z ) �

2

� 
 �

3

]

[( 


x

+ z ) ( 


y

+ z ) + �

x

�

y

] ( 


z

+ z ) + 
 [( 


x

+ z ) 


y

� 


x

�

y

]

�

z = i!

with

�

1

=

1

2

(1 + h �

z

i

s

� h �

x

i

2

s

+ i h �

x

i

s

h �

y

i

s

) ;



230 P eng Zhou, S. Sw ain

-500 0 500
0

0.005

0.01

0.015

0.02

0.025
(a)

L(
w

)

-500 0 500
0

0.02

0.04

0.06

0.08

(b)

-500 0 500
0

0.005

0.01

0.015

0.02

0.025
(c)

-500 0 500
0

0.02

0.04

0.06

0.08

(d)

w

L(
w

)

-500 0 500
0

0.05

0.1

0.15

0.2

0.25
(e)

w
-500 0 500

0

0.02

0.04

0.06

0.08

(f)

w
Fig. 3. The incoheren t resonance 
uorescence sp ectrum �( ! ), for � = 100 ; g = 30 ; 
 = 1 ; � =

0 ; N = 0 : 5 ; 
 = 400, and (a): � = 0 ; � = � 
, (b): � = 0 ; � = 0, (c): � = 0 ; � = 
, (d):

� = � ; � = � 
, (e): � = � ; � = 0, (f ): � = � ; � = 
.
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s

� i h �
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) ; (23)

where h �

i

i

s

( i = x; y ; z ) is the steady-state solutions of Eq. (18).

Figure 3 presen ts the sp ectra for 
 = 400 ; � = 0 ; N = 0 : 5. In the �rst three frames,

Figs. 3a-3c, � = 0, and � = � 
 ; 0 ; 
, resp ectiv ely , while � = � in the other frames.

As in the absence of the squeezed v acuum [4, 5 ], the sp ectral linewidths and heigh ts

are dep enden t on the ca vit y frequency . When the ca vit y is tuned to resonance with

the laser �eld, the 
uorescence sp ectrum is symmetric, whilst it is asymmetric when

the ca vit y frequency is tuned to one of the Rabi sidebands. If the ca vit y frequency

is tuned to the lo w er-frequency sideband, � = � 
, the higher-frequency sideband of

the 
uorescence sp ectrum is enhanced, whereas the other p eaks are suppressed. The

opp osite o ccurs if the ca vit y frequency tuned to the higher-frequency sideband, � = 
.

See, for example Figs. 3a and 3c. These �gures also sho w that all p eaks are broadened,
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Fig. 4. Same as Fig. 3, but with N = 5.

relativ e to the ones for � = 0, when the ca vit y frequency is tuned to one of the Rabi

sidebands, but the sideband ma y b e narro w er than the cen tral p eak. The di�erences

from the standard v acuum case [4, 5 ] are that the sp ectrum is phase-sensitiv e. On

comparing Figs. 3d-3f with Figs. 3a-3c, one sees that all sp ectral lines for the squeezing

phase � = � are narro w er than the corresp onding sp ectral lines for � = 0, except for

the sidebands in the frame 3e, where the ca vit y is resonan t with the laser �eld. On

the other hand, Figs. 3d-3f also demonstrate that, when � = � , the linewidth of the

sidebands of the 
uorescence sp ectrum for the ca vit y detuning � = � 
 is signi�can tly

narro w er than that for � = 0.

W e plot the 
uorescence sp ectrum for a large squeezed photon n um b er, N = 5 ; in

Fig. 4. In addition to the sp ectral features sho wn in Fig. 3 for N = 0 : 5, one ma y see

from Fig. 4b that if the ca vit y is resonan t with the driving laser � = 0, the sidebands

ma y b e made narro w er than the cen tral comp onen t b y increasing the squeezed photon

n um b er. On the other hand, for large photon n um b ers, the sidebands for � = � are

negligibly small compared to the cen tral p eak. The sp ectrum is almost symmetric when

the ca vit y is detuned from the laser frequency , e.g. , in Figs. 4d and 4f.

Figure 5 displa ys the sp ectra when the driving laser is detuned from the atomic
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Fig. 5. Same as Fig. 3, but with � = 100.

transition frequency , � = 100. As for the case � = 0, the sp ectral lines ma y b e

narro w ed as the squeezing phase � v aries from 0 to � , and one of the sidebands ma y

b e enhanced and the others suppressed if the ca vit y is detuned from the laser b y the

Rabi frequency . Ho w ev er, the sp ectrum for � = 0 is, in general, asymmetric ev en in the

case of � = 0, as w e see in Fig. 5b, and the amoun ts of enhancemen t and suppression

of the sp ectral lines are also di�eren t when the ca vit y detuning is set to � = �

�


. On

the other hand, Figs. 5d and 5e sho w that for the squeezing phase � = � , the sp ectra

are almost symmetric when the ca vit y frequency is tuned to the cen tral and sidebands

of the Mollo w triplet.

W e can gain a ph ysical insigh t in to the narro wing and asymmetries of the ca vit y-

mo di�ed Mollo w sp ectrum b y emplo ying the semiclassical dressed states j�i ; whic h are

de�ned via H

A

j�i = � (

�


 = 2) j�i . It is w ell kno wn that the cen tral sp ectral line results

from the atomic do wn w ard transitions b et w een the same dressed states of t w o adjacen t

dressed-state doublets. The lo w er-frequency sideband, ho w ev er, is due to the do wn w ard

transitions from the substate j�i of one dressed-state doublet to the substate j + i of the

next dressed-state doublet, whereas the higher-frequency sideband originates from the

do wn w ard transitions j + i ! j�i b et w een t w o near-lying dressed-state doublets. There-
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fore, the cen tral p eak is prop ortional to the pro duct of the t w o dressed p opulations,

whilst the heigh ts of the lo w er- and higher-frequency sidebands are asso ciated with the

p opulations of the dressed states j�i and j + i , resp ectiv ely . The linewidths of the cen tre

and sidebands are then determined b y the deca y rates of the dressed p opulation and

coherence, resp ectiv ely .

W e here tak e � = 0 as an example. Under the secular appro ximation (
 � � ), the

p opulations in the dressed states j�i are resp ectiv ely P

�

= ( 


x

� 


1

) = 2 


x

; and the deca y

rates of the dressed p opulation and coherence are �

pop

= 


x

and �

coh

=

1

2

( 


y

+ 


z

),

resp ectiv ely .

When the ca vit y is resonan t with the laser �eld and atomic transition, i.e. � = 0,

then 


1

= 0. The sp ectrum is therefore symmetric, b ecause P

+

= P

�

= 1 = 2. The

linewidths of the cen tral p eak and the sidebands are resp ectiv ely determined b y

�

pop

' 
 + 


c

�

�




�

2

(2 N + 1 + 2 M cos �) ;

�

coh

'

3 


2

+




c

2

�

�




�

2

(2 N + 1 + 2 M cos �) + 


c

(2 N + 1 � 2 M cos �) : (24)

One sees that the cen tral p eak ma y b e narro w ed while the sidebands are broadened, as

the phase v aries from 0 to � . See, for example, the frames (b) and (e) of Figs. 4 and 5.

On the other hand, for a squeezed v acuum with a large photon n um b er ( N � 1) and

the relativ e phase � = 0, (24) reduces to

�

pop

' 
 + 2 


c

�

�




�

2

(2 N + 1) ;

�

coh

'
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2

+ 


c

�

�




�

2

(2 N + 1) : (25)

Therefore, the sidebands can b e narro w er than the cen tral one, b ecause 


c

� 
 . F or

example , in Fig. 4b, �

pop

� 13 : 3 whilst �

coh

� 8.

When the ca vit y frequency is tuned to one of the Rabi sidebands, e.g. � = � 
, one

obtains

�

pop

' 
 +




c

2

�

�

�

2


�

2

+ 1

�

(2 N + 1 + 2 M cos �) ;

�
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'
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2
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c

4

�
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2


�

2

(34 N + 17 � 30 M cos �) +




c

4

(2 N + 1 + 2 M cos �) ; (26)
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 + 
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2
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2

(2 N + 1 + 2 M cos �)

�

: (27)

It is not di�cult to see from Eq.(26) that �

pop

and �

coh

decrease as the squeezing phase

v aries from 0 to � , noting that ( �= 
)

2

� 1. F or example, in Fig. 3a, �

pop

(� = 0) � 17 : 8,

and �

coh

(� = 0) � 10 : 2, while �

pop

(� = � ) � 2 : 2, and �

coh

(� = � ) � 4 : 2 in Fig. 4d.
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That is, in the case � = � 
, the sidebands are narro w er than the cen tral p eak for � = 0,

whereas for � = � , they are wider than the cen tral p eak. On the other hand, all sp ectral

p eaks for � = � are narro w er than those for � = 0. W e also �nd from Eq.(27) that

P

+

> P

�

for all phases, and therefore the higher-frequency sideband p eak is higher

than the lo w er-frequency one if the ca vit y frequency is tuned to the lo w er-frequency

Rabi sideband. Moreo v er, if N � 1 and � = � , then Eq. (27) sho ws that P

+

� P

�

,

whic h means that the sp ectrum is appro ximately symmetric|see for example, Figs. 4d

and 4f.
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Fig. 6. The second-order in tensit y correlation g

(2)

( t ), for � = 100 ; g = 30 ; 
 = 1 ; � = 0 ; N =

1, and (a): 
 = 100 ; � = 0, (b): 
 = 100 ; � = � , (c): 
 = 200 ; � = 0, (d): 
 = 200 ; � = � .

The solid curv es are for � = 0, while the dot-dashed curv es for � = � 
.

3.3. The in tensit y-in tensit y correlation

The in tensit y-in tensit y correlation function g

(2)

( t ) of the 
uorescence �eld is de�ned

as

g

(2)

( t ) =

h �

+

(0) �

+

( t ) �

�

( t ) �

�

(0) i

s

h �

+

(0) �

�

(0) i

2

s

: (28)
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It is related to the in tensit y 
uctuations of the 
uorescence �eld, and con tains infor-

mation ab out the probabilit y of detecting a 
uorescen t photon at time t giv en that one

w as detected at time 0.
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Fig. 7. Same as Fig. 6, but with the parameters: � = 100 ; g = 30 ; 
 = 1 ; 
 = 100 ; N = 1,

and (a): � = 100 ; � = 0, (b): � = 100 ; � = � , (c): � = 200 ; � = 0, (d): � = 200 ; � = � .

The solid curv es are for � = 0, while the dashed and dot-dashed curv es are for � =

�


 and �

�


,

resp ectiv ely .

Figures 6{8 are n umerical results of the in tensit y-in tensit y correlation function g

(2)

( t )

for v arious parameters. In Fig. 6 w e tak e � = 0 ; N = 1, and (a): 
 = 100 ; � = 0,

(b): 
 = 100 ; � = � , (c): 
 = 200 ; � = 0 and (d): 
 = 200 ; � = � , resp ectiv ely . In

this situation, the functions g

(2)

( t ) for the ca vit y frequency tuned to either of the Rabi

sidebands are iden tical, and are indicated b y the dot-dashed curv es. The solid curv es,

ho w ev er, are the in tensit y-in tensit y correlation g

(2)

( t ) for the ca vit y tuned to resonance

with the laser �eld. In terestingly , the v alue of g

(2)

( t ) v aries dramatically with the ca vit y

frequency , as w ell as the squeezing phase. F or � = 0 the amplitudes of the oscillations

of the second-order correlation function g

(2)

( t ) with the ca vit y detuning � = 0 are larger

than those with � = � 
. F or � = � ho w ev er, the opp osite results are obtained.

W e plot the function g

(2)

( t ) for di�eren t ca vit y-laser and atom-laser detunings in

Fig. 7, whic h results in di�eren t v alues of g

(2)

( t ) for � = �

�


 : The oscillations of g

(2)

( t )
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for � =

�


 are stronger than those for the other detunings, � = 0 and �

�


 . The latter

exhibits the photon an tibunc hing e�ect, i.e. , g

(2)

( t ) < 1. Although the photon an ti-

bunc hing of the 
uorescence �eld w as predicted and observ ed in free space [24 ], it o ccurs

for w eak Rabi frequencies (
 � 
 ). The photon an tibunc hing predicted here, ho w ev er,

o ccurs at strong Rabi frequency regimes (
 � 
 ), and dep ends up on the ca vit y resonan t

frequency and squeezing phase.

0 0.05 0.1 0.15 0.2
0

0.5

1

1.5
(a)

g(2
) (t

)

0 0.05 0.1 0.15 0.2
0

0.5

1

1.5
(b)

0 0.05 0.1 0.15 0.2
0

0.5

1

1.5

(c)

t

g(2
) (t

)

0 0.05 0.1 0.15 0.2
0

0.5

1

1.5

(d)

t
Fig. 8. Same as Fig. 6, but with the parameters: � = 100 ; g = 30 ; 
 = 1 ; 
 = 100 ; N = 3,

and (a): � = 0 ; � = 0, (b): � = 0 ; � = � , (c): � = 100 ; � = 0, (d): � = 100 ; � = � . All

solid curv es in the frames (a){(d) are for � = 0. The dot-dashed curv es are for � = �

�


 in the

frames (a) and (b). Whereas, the dashed and dot-dashed curv es in the frames (c) and (d) are

for � =

�


 and �

�


, resp ectiv ely .

Figure 8 is the correlation function for a large squeezing photon n um b er, N = 3.

The amplitudes of the oscillations decrease v ery quic kly , b ecause of the increase of the

deca y rates with large squeezed photon n um b er.

As w e kno w, the in tensit y-in tensit y correlation function g

(2)

( t ) ma y b e simply in-

terpreted as the probabilit y for �nding an initially unexcited atom in its upp er state

[24 ]. The probabilit y can b e obtained b y solving the Blo c h equation (18). Qualita-

tiv ely , w e conclude that the probabilit y oscillates at the generalized Rabi frequency
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�


 =

p




2

+ �

2

, with the amplitudes undergoing an exp onen tial deca y at rates asso ci-

ated with 


x

; 


y

and 


z

. Due to the dep endence of these deca y rates 


x

; 


y

; 


z

on the

ca vit y resonan t frequency , the driving laser frequency and in tensit y , and the squeez-

ing photon n um b er and phase, the probabilit y , and therefore the in tensit y-in tensit y

correlation g

(2)

( t ), v aries with these di�eren t parameters.

4. Summary

W e ha v e studied the mo di�cation of the resonance 
uorescence from a strongly

driv en t w o-lev el atom lo cated inside a frequency-tunable ca vit y whic h is damp ed b y a

broadband squeezed v acuum. In the bad ca vit y limit, w e deriv ed an e�ectiv e master

equation for the reduced densit y matrix op erator for this system, whic h exhibits reso-

nance prop erties when the ca vit y frequency is tuned to the cen tre and sidebands of the

standard Mollo w triplet. W e �nd that the in tensit y , resonance 
uorescence sp ectrum

and photon-photon correlation function are all strongly dep enden t up on the ca vit y res-

onance frequency and squeezing phase. The 
uorescence in tensit y of the atom emitted

from the side (mirror) of the ca vit y can b e enhanced or suppressed b y appropriately

tuning the ca vit y frequency to the cen tral p eak or Rabi sidebands of the standard Mol-

lo w triplet, and v arying the squeezing phase. The sp ectral lines can b e also enhanced

or suppressed in a prescrib ed manner b y c hanging these parameters. In general, the

cen tral p eak and one sideband of the 
uorescence sp ectrum are suppressed when the

ca vit y is tuned to resonance, whilst the other sideband is enhanced. F or certain pa-

rameters, the sidebands ma y b e narro w er than the cen tral p eak. All sp ectral lines for

� = 0 are broader than the ones for � = � . The 
uorescence �eld can also exhibit the

photon an tibunc hing e�ect for some ca vit y and laser frequencies and squeezed phase in

the strong Rabi frequency regime.

Ac kno wledgemen t This w ork is supp orted b y the United Kingdom EPSR C.
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