PHYSICAL REVIEW A VOLUME 58, NUMBER 2 AUGUST 1998
Dynamics of a driven two-level atom coupled to a frequency-tunable cavity
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A cavity-modified master equation is derived for a coherently driven two-level atom coupled to a single-
mode cavity in the bad cavity limit, in which the cavity frequency is tuned to either the center or one of the
sidebands of the Mollow triplet. The atomic populations in both the bare- and dressed-state representations are
analyzed in terms of the cavity-modified transition rates. In the bare-state basis, the role of the cavity may be
interpreted as enhancing the stimulated absorption of the atom while suppressing the stimulated emission. The
bare-state population may thus be inverted under appropriate conditions. The dressed-state inversion, however,
originates from the enhancement of the atom-cavity interaction when the cavity is resonant with the atomic
dressed-state transition. We show that two-phase quadratures of the atomic polarization decay at different rates.
The decay of the in-phas@r out-of-phasg quadrature may be greatly inhibited as the driving intensity
increases, depending on the cavity resonant frequency. The spectrum of the atomic fluorescence emitted out the
side of the cavity is also studied. The spectral profiles are sensitive to the cavity frequency. When the cavity
frequency is tuned to the center of the Mollow resonances, the fluorescence spectrum is symmetrical with three
peaks whose linewidths and heights are intensity dependent. When the cavity frequency is tuned to one of the
Mollow sidebands, however, it is asymmetric, and the central peak and the sideband on resonance with the
cavity can be significantly suppressed for strong driving fields. All three spectral lines can be narrowed by
increasing the Rabi frequency. The physics of these striking spectral features is explored in the dressed-state
basis. We also investigate the probe absorption spectrum. When the cavity frequency is tuned to the center of
the Mollow fluorescence triplet, the central component exhibits a Lorentzian line shape, while the side bands
show the Rayleigh-wing line shape. Probe gain may occur at line center due to cavity-induced, bare-state
population inversion. When the cavity is tuned to resonance with one sideband, only two sidebands, with
Lorentzian profiles, dominate. Gain can occur at the sideband far off resonant with the cavity. The sideband
gain is a consequence of an unbalanced dressed-state population distril&ti@s0-2947@8)07706-3

PACS numbes): 42.50.Ct, 42.50.Hz, 42.50.Dv

I. INTRODUCTION The probe absorption spectrum of such a driven atom also
exhibits a triplet structure in high driving intensitie$—6].

A fundamental model for light-matter interactions in The spectral features, however, depend on the detuning of
guantum optics and laser physics is that of an excited, twothe atom from the driving field. For resonant excitation, the
level atom interacting with the infinite number of electro- central component has a Lorentzian line shape, while the
magnetic modes of the vacuum in free space. The radiativRabi sidebands exhibit dispersionlikRayleigh-wing type
properties of this system are well understood: an exponentigirofiles [4,5]. However, when the driving field is detuned
rate of decay to the ground level, giving rise to a Lorentziarfrom resonance with the atomic transition frequency, the
spectrum with the natural linewidth. In the presence of acentral resonance of the absorption spectrum exhibits a
strong laser beam, however, novel radiative effects caflispersion-like profile, while the sidebands are two Lorentz-
dominate, since the excited atom can be stimulated to emi@ns in which one shows absorption of the probe beam and
and absorb several photons from the driving field during théhe other amplificatio5,6]. _
time interval for one spontaneous decay. The decay of the OVer the past decade, considerable interest has been de-
excited state is thus modulated with oscillations at the RabYOt€d 10 systems in which atoms interact with a modified

frequency. Consequently, the fluorescence spectrum deve\f?aium' SUCht. as thgt presented bytatcgl[/ﬁk whgrttahthe it
ops into the Mollow triple{1,2] , in which the sidebands are eleclromagnetic modes are concentrated aroun € cavily

. . resonant frequency. The coupling of the atoms to the modi-
symmetrically shifted from the laser frequenay by the fi . .

) ) — ) ied electromagnetic vacuum is therefore frequency depen-
generalized Rabi frequendy, and are one and a half times gent. For an excited atom located inside such a cavity, the
as wide and one-third as high as the central peak. The widthsayity mode is the only one available to the atom for emis-
and heights of the triplet are independent of the intensity okjon. If the atomic transition is in resonance with the cavity,
the laser field. The characteristic symmetric triplet structurghe spontaneous emission rate into the particular cavity mode
can also be inferred from a dressed-state m8iel is enhanced8]; otherwise, it is inhibited9]. Therefore, one

may manipulate the atomic decay rate by tuning the cavity

into or out of resonance with the radiative atom. Cavity-
*Electronic mail: peng@qgol.am.qub.ac.uk enhanced and cavity-inhibited spontaneous emission, result-
"Electronic mail: s.swain@qub.ac.uk ing in a broadening or narrowing of the spectrum, has been
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observed by several group8,9]. On the other hand, when bad cavity limit. The properties discussed include population
the atom-cavity coupling is very strong, the spontaneouslynversion, transverse and longitudinal decay rates, resonance
emitted photon may be repeatedly absorbed and emitted fjuorescence, and probe absorption spectra. We consider the
the atom before it leaves the cavity. This effect results in argeneral case in which both the atom and cavity can be either
oscillatory exchange of energy between the atom and then resonance or off resonance with the driving field. The bad
cavity field, which in turn leads to a splitting of the sponta- Cavity assumption permits one to obtain analytical expres-
neous emission spectrum. Such a splitting, termed “vacuunions from which one may gain further insight into the modi-

Rabi splitting,” has been widely investigated both theoreti-fication of the atomic radiative properties by a cavity.
cally and experimentally10]. This paper is organized as follows. In Sec. Il, we derive a

Atomic radiative properties can be modified not only bycavity—modified master equation for the atomic density-

the essentially passive means described above, but alggatrix operator from the full master equation by adiabati-

through dynamical means, i.e., by imposing a coherent driVg:ally_eliminating the_cayity variables in the bad cavity Ii_mit_.
ing field on the atoms Ricé ané CarmichEEd] showed that We find that the cavity-induced rate of spontaneous emission
for a system with a large cavity decay rate with weak atom/S strongly depe?‘de”t on the atom-cavity coupling, Rabi frg-
cavity coupling, a weakly driven atom inside the cavity be-duency and C"’?"'W resonance frquenc;y. In Sec. lll, we d'sf
haves formally the same as in free space, but with a renofuss the atomic population dynamics in the bare-state basis

malized decay rate. A fully quantum mechanical analysis of terms of the cavity-modified transition rates, and show

the system by Savage, however, predicted a steady-stav%at the cavity can enhance the stimulated absorption of the
1 ) a

atomic population inversion due to its coupling to the cavityI t(?m whllet?]uppfresatr:g Fhe Stt":;]l;lated ::.mlssmnd.t'!'he pc\;\p/)u—
[12]. Recently, Lewenstein and co-workef&3] demon- ation may therefore be inverted for certain conditions. We

strated that a strong driving field may dynamically supprestplore the origin of the atomic population inversion in Sec.
I

the rate of atomic spontaneous emission, and so dramatically ’ by_ working in the dressed-_state basis. 'I_'he pop_ulatlon
modify the resonance fluorescence spectrum. The intens Iversion results from the cavity-enhanced interaction be-
field effect of the cavity-induced spontaneous emission wa weerlllthe atom with the cavity when the atomic dressed-state
observed later in a microwave cavit§4], as well as in an transition Is in resonance with thg cavity. We study th'e
optical cavity[15,16]. For strong atom-cévity coupling, Sav- intense-field cavity-modified relaxation rates of the atomic
age’s study[17] showed that the resonance fluorescenc olarization and population in Sec. V, where we ghow that
spectrum has two sidebands with a linewidth given by th he two-phase quadrature components of the atomic polariza-

atom-cavity coupling constant rather than the system dissitOn hav[(azst?]lffer(e;nttr]d?tcr?y rat(?ts, 'a?j IS tgedcase 'mt atiqueezed
pation rate. Population inversion and multipeaked spontane\{—acuug] f’tr?n' ?] ee)cav![y-]!n hucia egaytln o the gav—
ous emission spectra of a two-level atom coupled strongly t§ M0d€ of the in-phaseor out-ol-phasequadrature can be

a cavity at a finite temperature were reported by Cirac’completely_suppressed for large Rabi frequencies, depending
Ritsch, and Zollef18]. Similar multipeaked spectral features on the cavity frequency. In Sec. VI, we explore the reso-

have been shown to occur in a strongly coupled atom-cavitiance fluorescence spectrum for emission into the back-

system in which the atom is subject to incoherent pumpinéround modes. The features of the resonance fluorescence
[19] pectrum are displayed numerically and interpreted in the

Most studies mentioned above were carried out by assurrgressed-sta'te basis. Section VIl is devoted to the cavity-

ing that the cavity is in resonance with the atomic transitionmog'f'ek;j probe ak;szk)rptl(l)n spe;ctr_t:rr?. At\gwphﬂca;tlon of tthe
and the driving laser. However, a series of investigation robe béam can lake place al either the center or at one

reported very recently by Freedhoff and Quafgp—22 sideband, depending on the cavity resonant frequency. We

showed a variety of remarkable effects when the cavity frePresent conclusions in Sec. VIII.

guency is tuned to one of the sidebands of the Mollow spec-

trum. For instance, in the moderate atom-cavity coupling re- Il. CAVITY-MODIFIED MASTER EQUATION
gime the steady-state atomic population may be highly
inverted[20], and all the spectral components of the Mollow
triplet become extremely narrof21], whereas, for strong

We consider a single two-level atom with transition fre-
guency w, coupled to a single-mode cavity field of fre-

atom-cavity coupling, both the resonance fluorescence a encywc. The atom 1S driven _by a coherent Iaser_ f!elq of
. e . requencyw, . The cavity mode is described by annihilation
probe absorption spectra split into multiplets whose struc- nd creation operators and a'. while the atom is repre-
tures depend on the photon-number distribution of the cavityZ P da, whi : P
field [22). Recently, Zhu, Lezama, and Mossbdfd] re- ented by the usual Pauli spjnoperatorso, and o,
ported an experimental study of the effects of cavity detunVNich satisfy the commutation relatiofis . ,o_]= o, and
ing on the atomic radiative properties. They showed that the0z:0=]=*20. . In a frame rotating at the frequenay
atomic fluorescence of a strongly driven, off-resonant, two-the master equation of the dens'ty matrix opergidor the
level atom can be enhanced when the cavity frequency igomblned atom-cavity system is of the foft2,2

tuned to one of the sidebands of the Mollow spectrum,

whereas it can be inhibited by tuning to the other sideband. p=—i[HatHc+H,,p]+Lap+ Lcp, @
The enhancement of atomic fluorescence at one sideband is a
direct demonstration of population inversion. where

In this paper, we study the dynamical modification of the
radiative properties of a coherently driven two-level atom H :éa n 9(0 vo) (2a)
coupled to a frequency-tunable, single-mode cavity in the ATzl i mr Tl
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Hco=da'a, (2b) ables only. To do this we at first disregard the atomic spon-
taneous emission into the background modes, represented by
Lap, since this quantity undergoes no change in the elimi-

Hi=g(o_a'+o.a), (29 nation procedure.
We first perform a canonical transformation on the master
Lap=y(20_po,—0 0 _p—po,io_), (2d) ~ equation(1) by
~ _ al(HpotHE)t —i(Hpo+tHE)t
Lep=«k(2apa’—a'ap—pa'a), (2¢) p=¢€ pe ' @)

In the atom-cavity interaction picture the master equation

whereH, andH¢ are the unperturbed Hamiltonians for the then takes the form

coherently driven atom and the cavity respectively, while

describes the interaction between the atom and the cavity _

mode.() is the Rabi frequency of the driving fieldy=w, p=—i[H(t),p]+ Lcp, 6)
—w_ and 6= wc— w| are the detunings of the atomic reso-

nance frequency and of the cavity-mode frequency from thgyhere

driving field frequency, respectively, arglis the coupling

constant between the atom and the cavity fieldp and

Lcp, respectively, describe atomic damping to background Hih=glo_(Ha'e”+o ()ae ], (63)
modes other than the privileged cavity mode, and damping
of the cavity field by the standard vacuum reservoir, with T (1) =eHalg, e Hal, (6h)

and x the atomic and cavity decay constants, respectively.
This master equation contains all the essential physics of the
system: atom-cavity coupling, driving field, detunings of theEquation(5) may be treated by writing it as
atom and of the cavity from the driving field frequency,
atomic spontaneous emission, a_nd ca_vity damping, and has (e~ fctpy = —ie LS, (1),5] )
been extensively employed to investigate cavity quantum
electrodynamics. ] )

Theoretical studies of the fundamental system are usuali@nd introducing the operat$t4,25,26
performed in the so-calleldad cavity{11-14 andgood cav-
ity [17—27 limits, depending upon the parameteysc, and x=e ~c'p. (8)
v. The former is ascribed to the regime of weak coupling of
the atom to the cavity field withe>g> vy, in which the
cavity field decay dominates. The cavity field response to th
continuum modes is much faster than that produced by its

éJsing Eq.(5) and the relations

interaction with the atom, so that the atom always experi- Lc(ap)=a(Lcp) + «ap,

ences the cavity mode in the state induced by the vacuum

reservoir. Effectively, the cavity input-output mirror acts as a Lo(pah=(Lep)at+ wpal,

broadband reservoir of modes, and the atom and cavity 9
maintain essentially individual identities, so that a perturba-

tive description suffices. This is not the situation, however in Lc(lap])=[a.(Lcp—Kp)],

the strong-coupling regime with> «,y, where the internal

interaction of the composite atom-cavity system is much Lo([alph=[a',(Lp— P,

larger than that leading to the incoherent decay of the atom
and cavity into the external reservoir of modes. In this case, )
the photon emitted by the atom into the cavity mode is likelyone obtaing25]
to be repeatedly absorbésinceg> k) and re-emittedsince
g>7y) before irreversibly escaping into the environment. ) t)= —jge[a’ o_(t)y(t)]e*+[a, x(t)o . (t)]e "%}
Therefore, the system must be described in terms of the
structure and dynamics of the composite atom-cavity system —ige " Y[o_(1),x(t)ale+[ o (1),ax(t)]e ",
(the “Jaynes-Cummings molecul@T24].

In this paper we are interested in the bad cavity limit, (10
which is specified by11,12,14
which involves only the atom-cavity interaction, and re-
sembles the evolution equation of the ideal quantum Jaynes-
Cummings mode[24] except for the presence of terms in
which x(t) is sandwiched between operators.
but with C=g?/ ky finite, whereC is the single-atom coop- Due to the smallness of the coupling constgniwe can
erativity parameter familiar from optical bistability. In this perform a second-order perturbation calculation with respect
limit, one can adiabatically eliminate the cavity-mode vari-to g by means of standard projection operator techniques.
ables, giving rise to a master equation for the atomic variWe now integrate Eq.10) formally to give

K>g>y, 3
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t , - o - o t ;o .
x(t):x<0)—igjoe“t {[at,o_(t")x(t")]e" +[a,x(t")o, (t")]e }~dt’—igjoe*“t {{o_(t),x(t")a']e'®

+oL(t),ax(t’)]e M dt’. (11

Substituting fory(t) inside the commutators in E¢L0) leads to
x()=—ige*{[a" T () x(0)]e'"+[a,x(0)F . (H)]e "}

—ige”{[G_(1),x(0)a"le' "+ [T, (1).ax(0)]e”""}

—glelt o f;dt'{[a*,a_a)[at?r_(t')x(t')]]e“*“”“+[a*,a_u)[a,x(t')?n(t')]]e“”ﬁ”’
+[al, o (O[T (t'),x(tHale” I +[al, 5 (O[T, (t'),ax(t))]Je” <ot}

—glelx ! f;dt{[a,[aT,Tf-(t’)x(t’)]?n(t)]e(“m)t'+[a,[a,x(t’)?n(t’)]?n(t)]e("_i‘”"
+[a,[5- (1) x(t)a5 (]e” " +[a [, (1) ax(t)] T () ]e” )

—gle J’Otdt’{[?h(t),[aT.a(t’)X(t’)]aT]e("”‘”"+[?L(t)-[a.x(t’)Tn(t’)]aT]e("_i‘”t'
+[T(),[F-(t),x(t)aTale” 7 +[3_(1),[F, (1), ax(t)]ale” H2}

—gle (o f;dt'{[?u(t),a[a*,?ut')x(t')]]e““é“’+[?u(t),a[a,x(t'>?r+<t')]]e<“-‘5“’

+[T . (1),a[F_(t"),x(t)alle” * OV 1[5, (1),a[T, (t'),ax(t’)]Je” <Oy, (12)

We assume that no correlation exists between the atom ch[azpc(o)]ZO, Trc[aTZPc(O)]ZO, (15)
and the cavity mode at the initial time=0), that isy(t)
=pc(0)pa(0). At later times, correlations may arise due to
the coupling of the atom to the cavity through. However,
we have assumed that the coupling is very weak, and at all
timesy(t) should only show deviations of ordet; from the
uncorrelated state. Furthermore, the cavity dampingadte  The resulting master equation is then of the form
much larger than the coupling constaptand therefore the
integrals in Eq.(12) make nonzero contributions only for

Trc[apc(0)]=0, Tre[a'pc(0)]=0.

. t
<k~ L. Over this time scale the cavity should be virtually Palt)= _ng e—(x—m)T[-ﬁA(t_ N, (t— 1) (1)
unaffected by its coupling to the atom. We can thus factorize 0
x(t) [14.28., 5 (Upat— D5 (t-7)]d7
X(1)=pc(0)pa(t), (13

t _
~g? foe’(”'ﬁ)’[?n(t)?t(t—T)TJA(t—T)
where pc(0) is the density matrix operator of the cavity
mode in the absence of the atom and the driving field. Noting —o_(t—D)pa(t— )T (1)]d7. (16)
that

The assumption tha¢>g, in which the interaction of the
atom with the cavity mode is negligible during the time
_1 . .
we obtain the master equation for the reduced density—matrixS ,Kl » and the fact tha_t the cavity response tioé or_der .
~ . Kk~ ) tends to zero, validates the Markovian approximation
operatorp, of the atom from Eq(12) by tracing out the [14.26], i.e

cavity variables through the following relations:

Trex(H)=Trep(1)=pa(t), (14

Trc[aa’pc(0)]=1, Trla'apc(0)]=0, Palt—7)=Dpa(t). 17
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We can also extend the upper limit of the integrals to infin-;, 5= O,i(_l, which is reminiscent of the Mollow triplet in

ity. Then transformings, back to the original picture via free spacd1]. The resonance property reflects the fact that
pa=exp(=iHtpaexp(Hat), one obtains the master equation yhen the atom is strongly driven by a laser beam, the atom-

for the atom to be laser interaction forms a “dressed” atofi] whose energy-
" level structure is intensity dependent and whose spontaneous
pa(t)= _i[HA,PA(t)]_ngo e T paA) T (—T)o emission dominates at three frequencies: and w, + Q.
Therefore, when the cavity is tuned to these three frequen-
—o_pa(D)T(—7)]d7T cies, atomic transitions are enhanced.

The cavity-modified master equatidh9) reduces to Cir-
ac’s casq26] when §=0. Furthermore, wheh = 6=0 and
) <k, the master equatiail9) becomes the one obtained by
Rice and Carmichagll1], which is formally similar to that
—o_(—7pat)o,]dT. (18)  in free space, but with the renormalized decay ratd
+ C). Otherwise, as we shall see, the atomic radiative prop-

In the above equation the first term describes the COhere%trties are significantly modified when the driving field is

evolution of the dr_lve.n atom, whergas the remaining terr_n%ery strong, and the frequency of the cavity is tuned to either
represent the cavity-induced atomic decay into the Cavityy " center or one of the sidebands of the Mollow triplet
mode. For observation of the cavity-induced fluorescence '

emission, the cavity must have a winddimput-output mir-

ror), so the atom also couples to the modes of the continuum IIl. BARE-STATE POPULATION INVERSION

(the background modgsAfter taking the spontaneous emis-  From the cavity-modified master equatiét), one can
sion to the background modes into account, the completgptain the equations of motion for the reduced density-

master equation of the density-matrix operator for the cohermatrix elements governing the atomic dynamics to be
ently driven atom coupled to the cavity field has the form

~g?[ e T 5 (ot

pa=—i[Ha,pal+v(20_ppo =0, 0_ppa—ppoi0_) poo=(2y+ 70A2+70A§)p11_(7cA0_|E)POl
+Y(0_paS: +S_ppo =0, S_ppr—paS;0-), . Q
- ?’cAo‘HE P10

(19

wherey.= yC=g?/ k specifies the emission rate of the atom

into the cavity mode, and p11= — (2y+ yeAa+ yeAz) purt| vedo—i §> Po1
I (ki) N Q
S =« 0d7'e o (—1)=Ago,+ Ao+ Ao, + 7CA3+I§ P10,
(22)
S,=(S)'=A}o,+ Afo_+ A0, , (20) , , Q
’ por=—(y—i1A+ v A7) port VoAl prot YCAS‘H? Poo
with
* Q
_ — + 'Y(:-AO_|§ P11
Q| 2A OQO+A O—-A
A= | e ————,
402 KT10 kti(6-Q) «k+i(6+Q) N
p1o= — (y+iA+ ycA)piot YeAr1port| veAo—i §> Poo
1 kQ? 2 1 1
= — - — — — , Q
V402 K10 khi(5-0)  k+i(8+Q) +(7C.Ao+i—)p11,
(D) 2

where pyo and p44 are the atomic population in the ground
state (0)) and in the excited statgX)), respectively, and
' po1 and pyo describe the atomic “coherencegbor “transi-
tions”). (Here we have dropped the subscriptfrom the
_ atomic density matrix operatas, for brevity) One sees
whereQ = \/Q?+AZ is a generalized Rabi frequency. Obvi- from the last two equations of EqR2) that the atomic tran-
ously, the coefficientsd,, A;, and A, are Rabi frequency sition from the ground state to the excited staig, couples
dependent, and resonant when the cavity frequency is tundd its conjugatep,,, a transition from the excited state to the

K

_ 202 (Q+A)2 N (Q—A)?
402

— + — —
KH18 hi(6—Q) k+i(6+Q)

2
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ground state, due to the cavity effect, Whi_ch is formally_simi- Poo=—Rowoot RioP11, (233
lar to that of a driven two-level atom interacting with a
squeezed vacuum reservpi3].

We may write the equations of motid22) more simply P11= Ro1poo~ RioP11. (23b
in a physically transparent, rate-equation form, by eliminat-
ing the off-diagonal elements, as where
|
Q)2 0\?
(y+iA+y.A4p) ( YeAo—iz || + VCA’I( YeAo—i 5)
ROJ.: 2 Re . ’
[(y+iA+ye40)|? = | veA4|? (24
Q) : . O . )
YeAo—i 5 || (y+HiA+ yeAo)| veAo —1 5 |+ veAr| veAoti5

RlO: 2y+ Zchqu) —2Re

[(y+iA+ yeAy) [P =] yed 4|

respectively, are the transition rate from the ground gtite K2 02 Yok 2
to the excited statél) and from the excited state to the R;p=2y+ y.+ vc T T - 3 < 5
ground state. Thus E423a expresses the fact that the rate k“+Q (y+7e) K=+

of change of the population in the ground st@teis equal to

the difference between the rate of transitian of state|0) In this case, the stimulated emission rate is not equal to the

absorption rate. These expressions allow one to gain physical

(the first term on the right-hand sidand the rate of transi- insight into how the atom-cavity coupling and the coherent
tionsinto |0) (the second terjnThe rate equation33 and driving field can modify the atomic radiative properties. We

(23b) accurately describe the long-time behavior of the co-

herently driven atom coupled to the single-mode cavity field%izu{];gh t[(t)wreSclg]vpi)thCl(%’c;ha:;tzeoigahgsigiﬁﬁir;ﬁt?on
in the bad cavity limit, and will give the exact solution for y y

the steady state. rates
The steady-state populations are given, respectively, by 02 2 2] 02
g g

Ro=5—+|—||2+|=] |5~ (289

_ RlO _ ROl (25) 27T K K 27T

PO Rt Rag’ P Rogt Rag’ 02 [g\4 02
. Ri=2y:+ =——|—| =—, 28b)
In free spaceRq; and R4, read, respectively, WEEYTT 500 (x) 27 (280)
yQ? yQ? where yr= y+ v, is the total emission rate of the atom into
Roﬁm, Rio=2y+ m (26)  the background modes and the cavity mode. The first term on

the right-hand side of Eq289 is formally the same as the

whereRy; may be interpreted as the absorption rate excitecf1bsorptlon rate excited by_ the cohergnt laser in free_ Space,
by the coherent driving field, whil&®, is composed of an whereas the second term is a cavity-induced absorption rate

ik ; 2 2
incoherent spontaneous emission rate, representedjby ZWh'Ch Is proportional to §/«)" as well as to€)”. For Eq.

and a stimulated emission rate, represented by the remainir( ?]b)’ th? first ‘;’md second terms represcta_nt ;che mqot;erent and
term, which is the same as the absorption rate. The cohere erent spontaneous emission respectively, as in iree space.

driving field thus tends to equalize the population distribu- € last term, however, which is induced by the cavity, tends

tion, while the incoherent spontaneous decay tends to brin decrease t.he St'mIL.“ated em|53|ond rgtek.)_l-:ence Increasing
the population down irreversiblyR,, is always less than € atom-cavity coupling s_trengt_lp and Rabl .rgquencﬁ
Ry, and it is therefore impossible to achieve populationmay enhance the absorption rate while inhibiting the total

inversion for the driven two-level atom in free space; that jsemission rate. g and Q) are I_arge gnough, one may have
p11< poo always holds Ror>R1g, SO that population inversion takes place.

However, the presence of a cavity will modify the con- After straightforward glgebra, one finds from Eg7) that
clusion markedly. For example, in the case in which both the®or> R10 When the Rabi frequency obeys

atom and cavity are in resonance with the driving laser, i.e. 2 2.2 12
» e + y.+ +
A=0, and5=0, the rates of transitionRy; andRy; reduce Q> (rtyet Kyt ye) "« , (29
to (y+2yc+ &) yek— (y+ ) (2y+ ve) ]
02 oK 2 and population inversionp(11>p00) is achieved. _
Ro1= ¢ , We now present the numerical results of the cavity-
2(y+vye) K%+ 0? induced population inversion for high driving intensities.

(27)
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FIG. 1. The population differencep(;— poo) between the ex-
cited statg1) and the ground staf®), as a function of the cavity FIG. 3. Same as Fig. 1, but against the detunidgsdA, for
detuning$ and Rabi frequency), for y=1, g=20, k=100, and v=1, g=20, x=100, and()=1000.
A=0.
function of the Rabi frequenc§ and the cavity detuning,
Throughout these graphs we set=1x=100, andg  for the parameterg=1,g=20, k=100, andA =0. One sees
=10-30(bad cavity in order to study the role of the atom- that for small Rabi frequencieQ <« the population of the
cavity coupling in the population dynamics. ground state is greater than that of the excited state for all
Figure 1 displays the population differenge {—pqg) asa values of 6. However, the atomic population may be in-
verted for larger Rabi frequencies. For intermediate values
(@) (2~ k), the population inversion is maximal @&=0, and

0.02 T ; ; this is a global maximum, yielding an inversion of almost
2%. As() increases beyond the valik= «, the maximum
0.015} at 6=0 decreases and eventually turns into a minimum. For
001 large Rabi frequencies(X> k), the population inversion is
' resonant whens~=*=(. These unusual features are more
Agooos clearly shown in Fig. 2. From Fig.(d), where §=0, one
'f— ' finds that wher() > 36, the value of Eq(29), the population
= o is inverted ;11— poo>0). The population inversion reaches
2 a maximum value (0.0181) at the Rabi frequeriey-72,
~0.005 and then decreases &k increases. In Fig. (), we set()
=500>«, and the population inversion occurs over the
_0.01} range— 500< §<500. The maximum of the inversion occurs
at | 8| ~330, while there is a minimum in the inversion &t
00155 50 100 150 200 =0.
Q

We display the population difference against the detun-
ings A and 8, for y=1, g=20, xk=100, and(2=1000, in
,X10 . : . Fig. 3, frgm which one can see that the difference is resonant

at 6= = (). For the atomic detuning >0, when the cavity

frequency is tuned t&= (), the population differencep(
—poo) is negative, while it is positiv€population inversion
when the cavity is tuned t6= — (). For A<O the situation
is reversed. It is clear that quite large inversions0(05)

arise for 6= and A=300. The resonance profiles of the
population difference are similar to those of the atomic fluo-
rescence observed in R¢L5]. This reflects the fact that the
intensity of the atomic fluorescence light is proportional to
the population of the excited state, that is,

: : : 1 piui—po
Sboo 7500 g 500 1000 I=p n=pyt 5 (30

FIG. 2. Same as Fig. 1, but two-dimensional plots for clarity. In Hence the fluorescence emission can be enhanced or sup-

frame (a), §=0, and in frame(b), 2 =500. pressed when the cavity is tuned de t(_l. The enhance-
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ment of the atomic fluorescence is a direct consequence o x 107 (a)
the atomic population inversion. 4 ) )
In Fig. 4, we show the effect of various atom-cavity cou-
pling constantsg on the population inversion, foy=1, 3F
x=100, andQ)=500, withA=0 in Fig. 4a andA=100 in
Fig. 4(b). Both cases clearly exhibit that the stronger the
coupling, the greater the population inversion. This therefore ~ &
implies that the population may be highly inverted in the <
strong-coupling regim¢20]. (Note that as our formulas are ':
based on the bad cavity assumptiar®-g> vy, we cannot o
makeg arbitrarily large)

—_

IV. DRESSED-STATE POPULATION INVERSION -1F
The resonance properties with the cavity frequency tuned . .
to the center and sidebands of the Mollow triplet can be oo _500 0 500 1000
understood in the semiclassical dressed-staterepresenta- 8
tion. The dressed states, defined by the eigenvalue equatio ®)
Hal£)=*=(Q/2)|+), are associated with the bare atomic 915 ;
states|0), and|1) through
0.1
+)=s|0)+c|1),
[+)=s/0)+[1) an
|=)=cl|0)—s[1),
where
Q+A Q-A
cC= —, S= — (32)
20 20 . ’
The rate equations in the dressed-state representation al 0157 “"
given by 0 ) , )
. 300 -500 0 500 1000
p-—=—R_4p-—+Ri_pis, 33) 8

FIG. 4. Two-dimensional plots of the population difference
againstd, for y=1, k=100, and(2=500, and different atom-cavity
d couplings:g=10 (solid line), g=20 (dashed ling andg=30 (dot-
ted line. In frame(a), A=0, and in framgb), A=100.

P++=Rosp-——Ri-piy,

wherep,,, and p__ are the populations of the dresse
states|+) and |—) respectively, andR, _ is the atomic
transition rate from the substate-) of one dressed-state .

doublet to the substafe-) of the dressed-state doublet be- It is well known that in free space botR_, and R, _,

low, whereasR_, describes the transition rate from the represented by the first term on the right-hand side of Eq.
state| - ) of one dressed-state doublet to the sfatg of the (39, are the same when the atom is in resonance with the

next dressed-state doublet, as depicted in Fig. 5. The statiofiving field, i.e., A=0, so that the atomic population is

ary dressed state populations can be expressed as evenly distributed between the dressed states
However, in the presence of the cavity, the transition rates
R,_ R_. R_, and R, _ are strongly dependent on the cavity fre-

p":R+,+R,+ ' p++:R+,+R,+ - (34 quency, as displayed in E(35). For example, if the atomic
frequency is resonant with the laser frequendy=0), and
Both R_. and R._ are in general very complicated. the cavity is tuned to resonance with the driving field (

. . . =0), thenR_,=R,_, and there is thus no population
However, if the Rabi frequency is very larg@> «,q,v, . + + - .
thenR_, andR, _ can be enormously simplified by invok- difference between the dressed states. However, if the cavity

ing the secular approximatidig], with the physics remain- frequency is tuned to the left sideband of the Mollow triplet,

ing clear. They then have the forms that is 6= — (1, the transition rates reduce to
2
R_,=2ys*+2y s ——, YT A
+ ¢ K2+(5+Q)2 R_+_ 2 ) R+_—2. (36)
(35
K2 - .
R,_=2yc*+2yct—r The symmetry of transitions between the dressed states is

K>+ (65— 5)2' broken. The populations then have the form
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FIG. 5. Diagram of atomic dressed states and dressed-state tran 08 \ \ .
sitions. —-1000 -500 g 500 1000
0% 1 FIG. 6. Two-dimensional plots of the population difference
p——= 27+ 7. T~ orcC (p++—p__) between the dressed stafes) and|—), againsts,
(37) for y=1, g=20, k=100, and different Rabi frequencieQ=200
(solid line), 2=400 (dashed ling and2=600 (dotted ling.
vtvy. 1+C
P++= 2y+vy. 2+C’ quence, there are more populations in the dressed |state

Similarly, if the cavity is resonant with the left-hand side-

It is obvious thatp, ,>p._: dressed-state population in- pon4 s— () the atomic transition rat® . at the cavity
version is achieved. I€>2, the atomic population can be —

approximately trapped in the dressed stat. :;%1‘:?&3;’#0_ éé ':1 f;iog;ae”stéﬁglr;;g;ed' The population is

We present the exadwithout secular approximation
steady-state population difference between the dressed states
|+) and|—) in Figs. 6 and 7. From both graphs one can see
that the dressed-state population difference is resonant with

For 6=(Q—that is, the cavity is in resonance with the
right sideband of the Mollow triplet—the transition rates and
the populations, respectively, are given by

R~ R+7:M, (39)  the cavity frequency tuned t6==(. One can have either
2 2 p++>p__ (dressed-state population inversioor p__
>p,, (opposite dressed-state population invergiote-
y+y. 1+C y 1 pending on the cavity resonant frequency. A high population

y Pii =S s =7, inversion may be achieved by increasing the atom-cavit
27+ Ye “2+C 2ytye 2+C (39) coupling conéant. One can alsyo see that ?he populations a){re
the same when both the cavity and the atom are in resonance
whereR_, <R, _ and the population is hence gathered inWith the laser frequency.
the dressed stafe-) whenC>2. We shall see in Secs. VI and VI that the uneven dressed-
The unbalanced population distribution between theState population distribution will give rise to an asymmetry
dressed statels- ) results from the cavity-induced enhance-
ment or inhibition of the population transition rates. One can
see in Fig. 5 that the atomic transition from the dressed state 0.8}
|+) to the dressed state-), at the rateR,_, occurs at

frequencyw, +Q, while the transition fronj—) to |+), at

rate R_, , takes place at frequenay, — (. If the driven
atom is inside a cavity, whose frequency is tuned to the &
rigﬂt-hand sideband of the Mollow spectrudiz wc— . [

4
=(), the atomic transitiorR. _ is thus resonant with the  o02
cavity. The interaction of the atom with the privileged cavity ~_g 4|
mode is enhanced, and the atom predominafgince g KR v
> y) emits a photon into the cavity mode, describedyps2, | S
besides emitting a photon into the background modes, pre- -o0.8}
sented byy/2. However, the transitiorR_,, at the fre- 1 ; . .

a5 -1000 -500 0 500 1000

quencyw, — ), is far off resonance with the cavitisince 3
0> k), so the atom can only emit a photon into the back- FIG. 7. Same as Fig. 6, but foy=1, x=100, 2=500, and

ground modes. The atomic transition at the frequengy different atom-cavity couplingsg=10 (solid line), g=20 (dashed
+Q is enhanced by the atom-cavity coupling. As a consetine), andg=30 (dotted line.

o
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in the Mollow fluorescence triplet and a sideband gain in the
probe absorption spectrum. The former was observed by

Lezama et al. [16] in strongly driven two-level atoms
coupled to a frequency-dependent vacuum reseftfeokind
of cavity).

V. CAVITY-MODIFIED RELAXATION RATES

For convenience, we rewrite the cavity-modified equa-

tions of motion(22), in terms of the in-phase and out-of-

phase quadrature amplitudes of the atomic polarization,

(o=(0o_)+(o;) and (oy)=i({(oc_)— (o)) , and the
atomic population differencéo,):

(o) = _7x<0'x>_Ay<0'y>+Qx’

<b'y>:_7y<0'y>+Ax<0'x>_Q<Uz>_Qy’ (40
<b'z>: - 72<Uz>+ﬂx<0'x>+ (Q_Qy)<0'y>_ Yz,
where
QX: ZYCRaAO)!
Qy=27yIm(Ap), a1)

A=A+ yIm(A— Ay,

Ay=A+ ylm( A+ Ay).

The relaxation rates of the in-phase and out-of-phase quadra-
ture amplitudes of the polarization, and the population dif-

ference are given, respectively, by
Q+A
K2+ (56— Q)2

2
YcK

20

Yx=7v+ v.Re(A— Ay =y+

Q—A

+
K2+ (8+ Q)3

2
YeK

202

207

Y=yt v Re A+ A =y+ Ny

A(Q+A) B A(Q—A)
K2H(5-0)? K2+ (5+Q)?

: (42

2y yek?| 202 (Q+A)2
Lo 202 K2+ K2+ (5-0)2
(Q-A)2
K2+ (6+0)2]
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FIG. 8. The cavity-modified relaxation rateg,y,, andy, of
the phase quadratures of the atomic polarization and the atomic
population, against the cavity-laser detunifig wc—w, , for the
parametersy=1, g=20, k=100, A=0, andQ) =50 in frame(a),
andQ =500 in frame(b). v,y , andy, are represented by dotted,
dashed, and solid lines, respectively.

tuned to the center and to the sidebands of the Mollow fluo-
rescence spectrum. All the resonant linewidths are the same,
2k.

Figure 8, wherey=1, g=20, k=100, andA=0, displays
the cavity-modified relaxation rates of the atomic polariza-
tion quadratures and population fr=50 in frame(a), and
Q=500 in frame(b), as a function of the cavity frequendy
(taking o, fixed). One finds that for a Rabi frequency small
compared to the cavity decay rate all the relaxation rates
¥x» Yy, andy, are resonant with the cavity frequency tuned
to the atomic transition frequencyor equivalently, the
driving-field frequency, af\=0). However, when()> k,
vy Splits into two peaks located at the Mollow sidebands,
while y, is resonant at the atomic transition frequency, and
v, has peaks at all three frequencies of the Mollow triplet.
Figure 8b) also shows that for large Rabi frequengy

For the specified cavity decay and atom-cavity coupling condominatesy, around =0, whereasy, dominatesy, at &
stant, these relaxation rates depend on the Rabi frequency ef+ ). This reflects the dynamical suppression of the
the driving field and resonate when the cavity frequency isavity-induced relaxation rates of the polarization quadra-
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tures of the atom. For example, when the atom is resonanh the limit > «, the cavity-induced decay rate of the out-
with the driving laser fieldi.e., A=0), then for the cavity of-phase quadrature is completely suppressed, whereas the
frequency tuned to the center of the Mollow fluorescenceate of the in-phase quadrature is reducedytoy /2. The
triplet, 5=0, one has suppression of the cavity-induced decay rates of the phase
quadratures of the atomic polarization will give rise to spec-
5 tral narrowing of the resonance fluorescence and probe ab-
_ K _ sorption.
=7+ Yo g W Y+ 7. (43
« VI. RESONANCE FLUORESCENCE SPECTRUM
Therefore in the limi)>«, the cavity-induced decay rate,  tpe jncoherent fluorescence spectrum of the atom, emit-
associated withy., of the in-phase quadrature is completely (e from the side of the cavity, can be expressed in terms of
suppressed, that ig,=y, while y, is independent of the he two-time correlation of the atomic operators as
Rabi frequency. However, fof=(), y, andy, reduce to [11,17,22

Ye  VYec K? K2
=YVt Sty o = —_. A =Ref lim t+7),0_(t))exp —iwr)dr,
n=rt5 S 2402 7+7CK2+QZ (o) tw(cu( 7),0_(t))exp —iwr)dr

(44) (45)

A _ER [(Z+')’z)(z+')’y+iAx)+Q(Q_Qy_iﬂx)]al_[Ay_i(Z+7x)][(z+Vz)az_QaS]
(@)=3 (25 1)L+ 7,) (2% 72 + Q= Q)1+ A, LA+ 77— 00,] .

with

1 ’ .
al=§(1+<az>s_<0'x>s+'<0'x>s<0'y>s)7
0‘2:_Iz(l+<0'z>s_<o'y>§_i<0'x>s<0'y>s)a (47)

1
az=— §(1+<Uz>s)(<‘7x>s_i<0'y>s):

where

<0_ > _ Qx7y72+(Q_Qy)(QQX_Ay72)
Sy 7’x'yy+AxAy)_QQxAy"‘Q‘)’X(Q—Qy),

')’X'YZ(Q_Qy) —0,(Q0,—Ayy,)

. ' 48
<0'y>s '}’z(7x7y+AxAy)_QQxAy+Q7’x(Q_Qy) “

(0,)=— Yo VxVy T Al y) + Qo 1yt Ay ) + (= Q) (A= ¥4L2y)
s Y2l YxYyt A><Ay) - QQ><Ay‘|'Q')’x(Q_ Qy)

are the steady-state solutions of the in-phase and out-of Yo+ ¥z Yo=Yy 2
phase quadratures of the atomic polarization and the populao=—"7x, Z==——5 = \/(T) —Q(Q—-Qy).
tion difference. (49)
We can gain a general insight into the spectral structures
through a study of the poles df(w), whose real parts de- The spectrum, in general, consists of three components. The
termine the widths, and the imaginary parts the positions, ofirst one is located at line center with linewidthy2, which
the fluorescence lines. For example, in the case\efé  arises from the free decay, at the ratg, of the in-phase

=0, the poles ofA (w) are at quadrature amplitude of the atomic polarizatiplor A= 5
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The departures from the free-space situation are that the
linewidths of the Mollow-like triplet in the cavity are Rabi
frequency dependent, and that the sidebands are shifted by
—,/2. The former can be found from E@3). For a small
Rabi frequency, the central linewidthy2=2(y+ vy.), and
the sideband linewidthy, + y,~3(y+ ). In the limit of
Q0> «, however, the width of the central peak reduces4o 2
whereas the sideband linewidth i3 2y.. In Fig. 9, we
demonstrate the numerical results for the linewidths of the
central peak and the sideband of the fluorescence spectrum
for y=1, g=20, k=100,A=0, and6=0, against the Rabi
frequency(}. It is clear that the larger the Rabi frequency,
the narrower the spectral lines. The narrowing of the spec-
trum is due to the dynamical suppression of atomic sponta-
neous emission into the cavity mof&3].

Figure 10 presents the full spectra of the atomic fluores-
cence emitted out the side of the cavity for the parameters

sideband(dashed ling of the incoherent resonance quorescence,y= 1, g=30, k=100,A=0, andQ =100 in frames(@)—(c)

spectrum fory=1, g=20, k=100, A=0, and §=0, against the

Rabi frequency).

and Q=500 in frames(d)—(f). The cavity frequency is
tuned, respectively, tgthe lower-frequency sideband of the

=0, (o) is decoupled from the other Pauli matrices in Eq.Mollow triplet (6=—0Q) in (a) and (d), to the center §
(40).] However, the remaining components result from the=0) in (b) and (e), and to the higher-frequency sideband
evolution of the coupled out-of-phase quadrature amplitud¢5=()) in (c) and(f). One observes that the resonance fluo-
of the atomic polarizatiofo,) and the atomic population rescence spectra are asymmetric when the cavity frequency
inversion (o). Their positions are dependent on the Rabiis tuned to the Mollow sidebands. Moreover, the sideband
frequency(}. For instance, when the Rabi frequen@yis

less than approximatelyy+ v.)/2, the polesz.. are real, so

corresponding to resonance with the cavity, and the central
peak, are inhibited, while the opposite sideband is enhanced:

both components contribute a single peak located at line cenke larger the Rabi frequency, the more significant the inhi-
ter with linewidths of approximately 2, and 2y,. As ()
increases, the poles. become imaginary. Both components metric three-peak spectrum is considered, when the cavity is

then split into two sidebands, but with the same widsl (

bition and enhancement. On the other hand, even if the sym-

tuned to resonance with the atom and the laser field, the

+1v,). At large values of}, the sidebands are well resolved ratios of the height and width of the central peak to those of
and placed at- (2 —,/2). These results are similar to the the sidebands are different from the Mollow spectrum in free

Mollow spectrum in free spadd].

(a)
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space. See, for instance, Figs(d0and 1@e).
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FIG. 10. The incoherent resonance fluorescence spectrum=fdr, g=30, =100, A=0, and different Rabi frequenci&€3= 100 in
frames(a)—(c), and Q=500 in framesd)—(f). The cavity frequency is tuned, respectively, to the lower-frequency sideb&ad-(2) in
frames(a) and(d), the center §=0) in frames(b) and (e), and the higher-frequency sidebans=(}) in frames(c) and(f).
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The physics associated with the narrowing and asymmepopulation{IT_ ) of the dressed state- ). The right-hand
tries of the cavity-modified Mollow spectrum can be easily sideband originates from the downward transitiorns — |
explored by working in the basis of semiclassical dressed-) between two near-lying dressed-state doublets, and is
states =) [Eq. (31)]. If the conditionQ> « holds, the con-  Proportional t(IL, . )s. Both sidebands have the same line-

tributions from terms with different resonance frequenciegvidth 2T, . . . .
are negligibly small, and the secular approximation is thus Here we examine the spectrum far=0 in detail, as an

valid [3]. The optical Bloch equations then simplify to example of the effect of the cavity resonant frequency on the
intense-field resonance fluorescence. We first assume that the
HV=—(T —iQ—iQ NI , cavity is in resonance with the atom and the laser fiét0.
(I (I s (I1) (500  Correspondingly, Eq(51) reduces to
<Hz>:_FH<Hz>+FOv 3y 1 k2
. - =0 +vy|1+5 )
wherell, =|+){—| is the dressed state transition operator, 2 2 k2402
,= (I, —1II__) with [T, . = |+ )(*| being the popula- (53
tion operator of the dressed state), and K2
Li=yvtye——7.
4282 &4 H “ K2+ 02
[ =y(142%8%) +yer?| 5 + —
K-+ 6 K?+(5+0)? I'p=0.
ct Therefore(I1,)s=To/I'j=0, that is(IT; ; )s=(TI__)s=3.
+ . 2 s—o2|’ This leads to a symmetric three-peak spectrum. It is clear
K+ (6-0) that the heights and linewidths of the spectrum are Rabi fre-
4 4 quency dependent, which is qualitatively different from the
S c

free-space Mollow triplefl]. All the three spectral lines can
be narrowed as the Rabi frequeri@yincreases, for example,
the central linewidth 2| can be reduced from 2(+ y.) to

F”=2’y(C4+ S4)+2’yCK2

—+ —
K2+ (6+ Q)% k2+(6—0)?

< (51) 2y whenQ increases fronf)<« to Q> «, while the side-
Fo=—2y(c?—8?)+ 2y k)| ————— band width ', can be decreased from 8¢ y.) to 3y
K%+ (6+ Q)2 +2v.. The ratio of the central peak height to the sideband
4 height is also enlarged from 3 tot2y./y.
_ C If we tune the cavity frequency to resonance with the
K2+ (5-Q)2] Mollow sidebandsg= =+ (), then Eq.(51) gives rise to
0 s6+Q)  cHe-0) 3y [1 & 1 k2
h= YeK P~ — | I =—+y|-+ +— ,
Tk (5+0)7 kP (6-0)? T2 AT 202 4 202

I', andl’} indicate the decay rate of the dressed-state polar-
ization and of the dressed-state population inversion, respec- = Ye
tively, while Qg is a frequency shift from the generalized 1=t o

Rabi frequency() due to the effects of the intense field and

the cavity. All these parameters are resonant when the cavity )

frequency is tuned to the sidebands of the Mollow spectrum. r= :E 40
The incoherent resonance fluorescence spectrum in the 0 2 24202

dressed state basis then takes the form

K2

1+ ———
K2+4072

: (54)

There is thus a population imbalance between the dressed

Ao e 42T (T ) (104 1 )s ¢ (IT, 4 )s states| +), which gives rise to an asymmetric three-peak
(0)= 24 o2 + F2+( —0-0 02 spectrum. See, for instance, frames, (c), (d), and (f) of
| L@ S Fig. 10. In the limitQ)> «, the dressed-state population dif-
4 ference is given by
. S FL<IT_——>S . (52)
2+ (0+Q+Qg)? y
(M) e=F—= (55

Obviously, the central spectral line with width'? results Y+ve
from the atomic downward transitions between the same )

dressed states of two adjacent dressed-state doublets, andgnce for the cavity frequency tuned to the lower-frequency
proportional to(IT__)(Il. ,)s. The left-hand sideband, sideband of the Mollow fluorescencé=—(}, a dressed-
however, is due to the downward transitions from the substate population inversion{{I ., )s>(I1__)s) is achieved.
state| — ) of one dressed-state doublet to the subdtateof =~ The heights of the three peaks are straightforwardly deduced

the next dressed-state doublet, and is associated with ttie be
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FIG. 11. Same as Fig. 10, but for the probe absorption spectrum.

Y — e —iwT
A= 2y 7067+ 70 A(w)_Reotlmqaf(t)'m(HT)])e dr. (37

where o= w0~ @ is the frequency of the probe beam

2y(y+vye) measured from the driving laser frequency. Again, invoking
Hceﬂzm' (50 the guantum regression theorem together with the optical
Bloch equation€40), one can calculate the two-time corre-
lation function{[o_(7),0,(0)]). The absorption spectrum
(y+7e) is formally the same as E@46), but with

H = .
M (2y+ ) (6y+ ve)
a=— <O-Z>Si
As expected, the peak of the higher-frequency sideband is
enhanced, while the lower-frequency sideband is suppressed.

However, for 6= (—l, that is the cavity is tuned to reso-
nance with the higher-frequency sideband, the population in
the statg —) is then greater than that in the state). Con-
sequently, the peak of the higher-frequency sideband is . - .
lower than that of the lower-frequency sideband. The predic- a:gtlrisga c;;v tielprozesgbso:rplt:)oon S,Apztz)tra;rq ng':lllo’OW'i;h the
tion of the cavity-frequency-dependent asymmetric Mollow?rames (a)—(.g) a’nc? QZS’O'B in frémes( d)—(f) The cavit
triplet is in excellent agreement with the recently experimen;, S ; ' Y
tal observatior[16]. frequency is respectively tuned to_the lower-frequency side-

On the other hand, the spectrum can be also narrowed &and of the Mollow triplet =—() in Figs. 11a) and
Q increases. For example, the linewidth of the central peak1(d), to the center §=0) in Figs. 11b) and 11e), and to

a2:i<0'z>51 (58

a3:<0'x>s_i<0'y>s-

can be reduced from 3(+ y.) to 2y+ y., while the side-
band linewidth can be decreased fromy3(y.) to 3y
+ /2 when( increases fronf) <« to (1> k. The spectral

the higher-frequency sideband<£()) in Figs. 1Xc) and
11(f). It is clear from Fig. 11 that when the cavity frequency
is tuned to the central line of the Mollow triplet, the central

narrowing is due to the dynamical suppression of the cavitycomponent exhibits a Lorentzian line shape, while the side-
induced spontaneous emission by the intense field. bands show a Rayleigh-wing line shape—these profiles are
quite similar to the spectral profiles of the probe absorption
in free spac¢4-6|. However, the probe beam is amplified at
line center(atomic resonant transition frequenguynlike that

The steady-state absorption spectrum of a frequencyin free space where the probe beam is transparent at this
tunable very weak probe field is proportional to the Fourierfrequency. When the cavity is tuned to resonance with one
transform of the stationary average value of the two-timesideband, the center component is negligibly small, and the
commutator of the atomic raising and lowering operatorssidebands exhibit a Lorentzian line shape. The probe beam at
[4,21,27, one sideband can be amplified, depending on the cavity fre-

VIl. ABSORPTION SPECTRUM
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qguency. Specifically, as the cavity frequency is tuned to the VIIl. CONCLUSIONS
lower-frequency sideband of the Mollow triplet, probe gain . . . .
is demonstrated at the higher-frequency sideband, otherwis%, We he_lvz der_|ved a _caV|ty-mod|ff|ed mhasfte”r equation for
gain is obtained at the lower-frequency sideband as the caye at?mr:c ensity-matrix operator from the g mg;tgr 9‘1“'?'
ity frequency is tuned to the higher-frequency sideband of'?n of the c;]omposlte atpgl—cawtyhsystzm, y ? a at|hqahy
the Mollow triplet. This is also qualitatively different from eliminating the cavity variables in the bad cavity limit, whic

the absorption spectral features in free space, where the gafhiaPles us to investigate analytically the dynamical modifi-

at one sideband occurs only when the atom is off resonan(i‘éat'?n of the ra(_jlatllve pré)pertle_zs Olf a str_onlgly driven ‘W.O'
with the driving laser field6]. evel atom in a single-mode cavity. In particular, we examine

The probe gain at line center is due to cavity-inducedthe cavity-induced population inversion in the bare-state and
population inversion in the bare-state basis, while the gain ressed-state bases, and the cavity-modified relaxation rates

the sidebands stems from the uneven population distributioﬂf the phase quadratures of the polarization _and the popula-
between the dressed stafes). For example, in the case of tion of the atom, the spectrum of the atomic fluorescence
A=0 andQ> «, when the cavity frequency’/ satisfies 0 emitted out the side of the cavity, and the probe absorption

the absorption spectrum can be approximately expressed agectrum. We fi_nd that ‘.'"” these_quantities are very gensitive
to the atom-cavity coupling, Rabi frequency, and cavity reso-

nant frequency.
More specifically, atomic population inversion in the
1 [=2(o,)s —i(oy)s bare-state basis as well as in the dressed-state basis can be
Alw)= ZR Fiw | (yot v )l2+i(0+Q) achieved for appropriate atom-cavity coupling constants and
x ARG cavity resonant frequency and high driving intensities. Popu-
() lation inversion is impossible in free space. We also gain
ys ) (59 physical insight into the cavity-induced population inversion
(yyty)2+i(0=Q) both in the bare- and dressed-state representations by per-
forming an analysis in terms of rate equations, which allow
one to examine the modifications of the atomic population

Obviously, if {o,)s>0, indicating bare-state population in- transfer rates. The bare-state population inversion results
version, the central component is then negative—that is, th#om the enhancement of the stimulated absorption rate and
probe beam is amplified. It is well known that bare-statethe simultaneous inhibition of the stimulated emission by the
population inversion can be achieved in such an atom-cavitjtom-cavity coupling. The dressed-state population inversion
coupling system for large Rabi frequencies. On the otheis due to the enhanced atom-cavity interaction when the cav-
hand, one finds that the sidebands have Rayleigh-wing lin8Y is tuned to resonance with the atomic dressed-state tran-
shape, and are associated with the steady-state out-of-phagiion. When the cavity is tuned to resonance with the center
quadrature of the atomic polarization. of the Mollow fluorescence triplet, the cavity-induced decay
However, when the cavity frequency is tuned to the Mol-rate(into the cavity modeof the in-phase quadrature of the

low sidebands, i.e$=*(, the absorption spectrum then is atomic polarization can be greatly suppressed, and the inco-
given by herent resonance fluorescence spectrum shows a symmetric

three-peaked structure with Rabi-frequency-dependent line-
widths and heights, while the absorption spectrum also has
three symmetric components, but with probe gain at line cen-

A(w):lR{ <0X>§ ter. However, when the cavity frequency is tuned to one
4 1(yyty)2+i(0+Q) Mollow sideband, the cavity-induced relaxation rate of the
out-of-phase quadrature can be largely suppressed, and both
—{ay)s spectra are asymmetric. For the resonance fluorescence spec-
(Wt )2+ (0=Q) ] (60 trum the central peak and the sideband on resonance with the

cavity are significantly reduced, while the sideband far-off
resonance with the cavity is enhanced. Probe gain may occur
o ] ] _ at the far-off resonance sideband. In all situations, the side-
In this situation, only the sidebands dominate. Both sideyangs of the fluorescence and absorption spectra are shifted
bands show a Lorentzian line shape, and are associated Wilfjghtly from the standard Mollow sideband position. All the
t_he steady-state in-phase quac_irature _of the atomic p0|af|2§;pectra| lines can be narrowed by increasing the driving in-
tion. In the dressed-state basis, the in-phase quadrature gsnsjty. The physics of these striking spectral features is in-
same as the dressed-state population difference in the caseigfpreted in the dressed-state basis. We also briefly discussed
A=0, thatis(oy)s=(I1,)s. It has been shown that when the ¢ theoretical predictions in the context of the experimental

cavity frequency is tuned to the lower-frequency sideband ofpservations of the cavity-modified resonance fluorescence
the Mollow spectrum, the dressed-state population is inyf 5 strongly driven two-level atorfi5,16].

verted, i.e.(IT,)s>0, and the resultant absorption spectrum

at the higher-frequency sideband has a negative value, show-

ing amplification of the probe beam. Otherwise,diE (), ACKNOWLEDGMENTS
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