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Cavity-induced modifications to the resonance fluorescence and probe absorption
of a laser-dressed V-type atom
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A cavity-modified master equation is derived for a coherently driven, V-type three-level atom coupled to a
single-mode cavity in the bad-cavity limit. We show that population inversion in both the bare- and dressed-
state bases may be achieved, originating from the enhancement of the atom-cavity interaction when the cavity
is resonant with an atomic dressed-state transition. The atomic populations in the dressed-state representation
are analyzed in terms of the cavity-modified transition rates. The atomic fluorescence spectrum and probe
absorption spectrum are also investigated, and it is found that the spectral profiles may be controlled by
adjusting the cavity frequency. Peak suppression and line narrowing occur under the appropriate conditions.

PACS numbgs): 42.50.Gy, 32.70.Jz, 42.50.Ct, 03.65v

[. INTRODUCTION In this paper, we investigate the dynamical modification
of the resonance fluorescence of a coherently driven V-type
A major interest of modern quantum optics is to devisethree-level atom coupled to a frequency-tunable, single-
ways to modify and control the radiative properties of atomsMode cavity in the bad-cavity limit. We demonstrate that the
This may be achieved by changing the environment so theftomic populations, fluorescence spectrum, and absorption

the atoms interact with a modified set of vacuum modes. OngPECtrum can be strongly controlled and manipulated by tun-
"~ Ihg the cavity frequency. In Sec. Il, we derive a cavity-

such rr;]odlﬁedhvamfum 'S prowd(_ad by tge cavity enV|ronmenEOdified master equation for the atomic density-matrix op-
[1], where the electromagnetic modes are concentrategiaior from the full master equation by adiabatically

around the cavity-resonant frequency. The coupling of thgjiminating the cavity variables in the bad-cavity limit. For
atoms to the modified electromagnetic vacuum is thereforgimplicity, we restrict attention to the situation where the
frequency dependent. For an excited atom located insidgser frequency is tuned to the mean Bohr frequency of the
such a cavity, the cavity mode is the only one available to thexcited states. The results obtained here are basic to the
atom for emission. If the atomic transition is in resonancewhole paper, and the equations derived in this section are
with the cavity, the spontaneous emission rate into the pamised to calculatall the numerical results presented. The first
ticular cavity mode is enhancéd]; otherwise, it is inhibited part of Sec. Il is devoted to discussing the atomic population
[3]. When the atom is strongly driven by a laser field, thedistribution in the bare-state representation. It is pointed out
atom-laser system may be considered to form a new dressélgat significant population inversions can be achieved. In the
atom[4,5] whose energy-level structure is intensity depen-second part of Sec. Ill, we analyze the equations for the
dent. For such a coherently driven two-level atom placed®opulations in the dressed-state basis, with particular empha-
inside a cavity, theoretical investigations have predicted &S on the high-field limit. We find that the dressed-state
phenomenological richness that is not found in the absendaopulations obey rate equations, with atomic transition rates
of the strong driving field—for example, dynamical suppres-that aré strongly dependent on the Rabi frequency and the
sion of the spontaneous emission @], population inver- cavity resonance frequency. Und_er certain conditions, th_e
sion in both bare- and dressed-state b43e8}, and distor- population may also be inverted in the dressed-state basis.
tion and narrowing of the Mollow triplef7,9]. All these The plots of the dressed-state populauons against the cavity-
features are very sensitive to the cavity resonance frequengpqgencyfla.ser-frequency Qetunlng are used to prowdg a
because of the cavity enhancement of the dressed atomjcMiquantitative unders_tandlng of the phenomena descrll:_)ed
transitions. in the subsequent sections. In Sec. IV, we study the cavity
Recently, Lange and Walthét0] have observed the dy- eff_ects on the resonance fluorescence spectra of t_hls system.
namical suppression of spontaneous emission in a micr t is shown that dynamical cpntrol of the popullauons and
wave cavity. In the optical-frequency regime, Zétal. [11] luorescence spectrum by adjustment c_>f the cavity resonance
have also reported experimental studies of the effects of Ca\;[equgncy and Rab' frequency is possible. Peak-suppression
ity detuning on the radiative properties of a coherently drivenand Ime-narrow_lng phenomena_are also revealed. In Sec. V,
two-level atom. They have shown that the atomic fluores\V€ briefly c_onS|der the abgorptlon ofa wgak tunable pr(_)be
cence of a strongly driven two-level atom is enhanced Wherqeld transmitted through this system, and in Sec. VI we give
the cavity frequency is tuned to one of the sidebands of th@ Ssummary.
Mollow fluorescence triplet, whereas it is inhibited by tuning
to the other sideband. The enhancement of atomic resonance
fluorescence at one sideband is a direct demonstration of Consider a V-configuration atom consisting of two ex-
population inversion. cited stateg1) and|2) coupled to a ground sta{®) by a

Il. THE CAVITY-MODIFIED MASTER EQUATION
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|2)«|0). For simplicity in the resulting expressions, we as-
sume();=0,=0Q, 9:=9>=0, 1= 72=7, andA=w,/2
in what follows.

We assume that the atom-cavity coupling is weak and the
cavity has a low® value, so that

K>Q>y (4)

(the bad-cavity limit. This condition implies that the cavity-
FIG. 1. Configuration of a V-type three-level atom coupled to amode response to the standard vacuum reservoir is much

single-mode cavity and driven by a laser field. faster than that produced by its interaction with the atom.

Then the atom always experiences the cavity mode in the
single-mode cavity field of frequencyc and a laser field state induced by the vacuum reservoir, and this permits one
with frequencyw_, as shown in Fig. 1. The cavity mode is to eliminate the variables containing the cavity-field opera-
described by the annihilation and creation operato@nd  tors adiabatically, giving rise to a reduced master equation
a', while the atom is represented by the operatdig  for the atomic variables only. As the derivation is tedious,
=|I)(k| (1,k=0,1,2). In the frame rotating at the frequency we refer readers t¢7,10], and here outline only the key
w, , and within the rotating wave approximation, the masterpoints.

equation for the density-matrix operatprof the combined We temporarily disregard ,pt in the elimination of the

atom-cavity system is cavity mode, since it is unchanged by these operations. First,
. we perform a canonical transformation to the atom-cavity
pr=—i[Ha+Hc+H,,pr]+ Lapt+ LcpT, (1) interaction picturdEq. (1)] by

where pr=el(HatHo)t, e=i(HatHO) (5)

Ha= (A= wo) A1+ AAL+ Qo(Agat Asg) + Q1 (Agi+Adg), The master equation then takes the form
2a g(e”Felpr)=—ie  Fe'[H,(1),pr] (6)
He=sa'a, (2b) o

o R where H,(t)=g[D(t)a’exp(st)+H.c], with D(t)
Hi=02(a'Agat Ax) +01(8' Aort Ard), (20 —expH DD exp(iH ) andD =Ag;+Agy. We next intro-
duce the operatoy:

Y1
Lapt=" (2Ag1p1A10— pTA11— A1107) o
2 X =e ‘CCtpT , (7)

2] i - -
+ 7(2A02PTA20— ptAs—Axpr),  (2d)  Which, according to Eq(6), obeys the equation

x(t)=—ige{[a’, D()x(1)]e'?+[a,x(1)DT(t)]e '}
—ige " Y[D(1),x(Ha e +[DT(t),ax(t) e "}
®

Due to the smallness of the coupling constgntve can
perform a second-order perturbation calculation with respect
to g by means of standard projection operator techniques.
Noting that

Lcpr=r(2apra’—a'apr—pra'a), (2¢)
with
W= Wor— W1, 52(1)(:_(1)L, al’ld AZU)Z—(A)L. (3)

HereH, andH ¢ describe the coherently driven atom and the
cavity, respectively, andd, represents the interaction be-
tween the atom and the cavity mode. The Rabi frequéhcy
relates to the atomic transitiofg < |0) (j=1,2) under the - ~
action of the driving laser field, angj is the coupling con- Trex(H)=Trcpr(t)=p(1), 9
stant between the atom and the cavity mode associated with ) ) )

the same transitioncpy and Lapy describe, respectively, W€ can trace out the cavity variables to obtalg the master
the damping of the cavity field by a standard vacuum reserequation for the reduced-density matrix operagoof the
voir, and the atomic damping to background modes othe@tom. Under the Born-Markovian approximation, the result-
than the privileged cavity modes:; and y, are just the ing master equation is of the form

spontaneous decay constants of the le&jsand|2). Here

we also assume that the atomic-dipole momehtsandd,g

are orthogonal to each other, so that there is no spontane-
ously generated quantum interfere&g] resulting from the ~ o
cross coupling between the transitiorj4)«|0) and —D(t—7)p(t)D(t)]+H.cldr.

p(H=—g? f;{e“””"’f[ﬁ*(t)"t’)(t— 7)p(t)
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Finally, transformingp back to the original picture vig ~ Wherey,=2g?  specifies the emission rate of the atom into
= exp(—iH \)pexpH At), and restoring the ,p contribution, ~ the cavity mode, and

we express the reduced master equation for the atomic vari-

ables as B

. Ye S:KJ e  HAD(—7)d7= BoAgot B1A11+ BoAz
p=—i[HA,p]+?(DpST-I-SpDT—DTSp—pSTD) 0

+ B3A10t BaAort BsAorot BePoot BrA21+ BeAia,

Y
+ §(2A01PA10_ pA11~A11p) (11
+ %(2/-\02/3/-\20— pA—Asp), (100  where the coefficientg; (i=0,1, . ..,8) aregiven by
Bl [ O 2ne? —27e? 87° —87° 7 [ K_ T
B —27ne  7ne(l—g) ne(l+te) —np(l—e?)I2 p(1—¢e?)/2 Ko
B> 27 —ne(l+te) —npe(l—e) —np(l—e?)2 np(1—¢e?)/2 ;
2 2 2 2 2 K+|(5_QR)
B3 4y Adn‘e —4ne —2n°(1+e) —277(1l—e)
—| a2 21-e)2 eX1t+e)2  29A1- 272(1+ S
Ba|=| 4r e e 2o 27804 || s a2
Bs 477 — 47 4rle —27%(1—¢) —27%(1+e)
K
Be 47]2 e(l+eg)l2 e(l—¢g)l2 2772(l+8) 27]2(1—8) W_ZQR)
B7 0 —pe(l—e) —ne(l+te) —np(l—e)22 p(l+e)?2 p
LBsl L O ne(l+e) ne(l—e) —n(l+e)?2 n(l—e)?2 ] K +i1(0+20R)

with ' ! i [
P1o=— E( Y—iwz) p10ti1Q(p11—poot p12)

1 Q woq Y
Qr=5Vw3,+80% 7p=5—, e=-——. (13 — [ Bopoo— Bi(p11t+ p12) — Ba(por+ Poo)
2V 204 204 2

+ Bap1ot Bep20— Bs(p2a1t p22) ],

The first term of Eq(10) describes the coherent evolution of
the atom, the second term the cavity-induced decay of the 1 i i
O, ! y-Ind y P20=— §(7+ 1 w21) P20t 1Q(p2o—poot p21)
atom into the cavity mode, and the remaining terms the spon-
taneous atomic emissions to the background modes. e
The equations of motion for the atomic variables take the - ?[ﬂopoo— Bo(pr1t+p22) — Bs(port po2)
form

+ Bap10t Bep20— B7(p11t P12 ],

Yc
3(30P01+ B5 P20

. . Yc . . .
p11=—¥YP11~ 1 Q(po1— P10 — ?(,309014' Bo P10 p21=— (y+iw)pa1—1Q(po1— p2o) —
+ Bap11t B P11t Bsp21t Be P12 (14 + Bap11t By P21t Bep21t Be p22)

lll. STEADY-STATE POPULATIONS

. . Ye
p22=—YP22~ 1 QU po2— p20) — > (Bopozt Bs P20 A. The bare states
. . We have numerically solved E¢l4) for the populations
+ Bap1at By p2at Bep2at Be p22), in the steady state. In all our numerical plots, we assume the
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-1000 597 1000 -1000 5(/)7 1000 -1000 8(/)7 1000 as well as the suggestion of further structure. It is clear that,

for appropriate detunings, a large population inversion be-
FIG. 2. The bare-state populations of a V-type three-level atonfween the excited and ground states can be achieved. When
coupled to a single-mode cavity and driven by a laser field. The) is increased td) =200, as in frame @), the ground-state
ground-state population is represented by a solid line, the first expopulation begins to increase, decreasing the population in-
cited state by a dashed line, and the second excited state by a dottedrsion obtainable. Also, structure at four different frequen-
line. In all our figures, we assume the valugs-1, g=20, k  cies becomes evidenfThe reasons for this will become ap-
=100. In the first three frames here, we assuse= 10, and inthe  parent in Sec. Il B. The trend continues in the final frame,
last threewy;=100. In framega), (b), and(c), we takeQt=4, 10,  \where() =300, and there is no population inversion. For still
and 100, respectively, and in framéd), (), and (f) we takeQ  |arger values of) (not shown, the ground-state population
=100, 200, and 300, respectively. tends to flatten around the value 0.5, and the excited-state
populations around the value 0.25, as in frani@ But with

valuesy=1, g=20, andk=100, so that the condition of Eq. gifferent detailed structure

(4) is satisfied. All the frequencies are also measured in unit
of v.

In Fig. 2, we plot the bare-state populations as a function B. The dressed states
of the cavity-laser detuning. We first consider the case  To study the modification of the atomic populations due
where w,,= 10, taking in frame(@), 2 =4; in frame(b), 1  to the presence of the cavity, we work in the semiclassical
=10; and in framéc), 1 =100. For the smallest value 6f,  dressed-state representation. The dressed states, defined by
all three populations tend to have roughly the same value fothe eigenvalue equatiohi,| a)=N\,|a), are of the forn{12]
large detunings, but for small detunings, a resonant effect is
evident aroundé=0: the population in the ground state
passes through a maximum, while the population in the two
excited states exhibits a minimum. The behavior in frahje
@s qualitatively different; hfere, the pppulation resides mainly Iby=—27|2)+27|1)+£|0), (15)
in the ground state, but this population now shows a dip as
passes through zero. The excited-state populations show a 1
minimum and a maximum close to the origin. There is a very lcy==[(1+8&)|2)+(1—&)|1)+475|0)],
tiny amount of population inversion for staf2) over state 2
|0) for a very short range of negative detunings close to zero,
but the effect is unimportant. As the value @fis increased and the corresponding energies are
to =100 in frame(c), keepingw,,=10, the populations
show a flatter behavior, with the ground-state population Na=—Qr, A,=0, A=0g. (16)
tending to the value 0.5 for larg& and that of the excited
states to the value 0.25. The minimum in the ground-state Within the secular approximation, the equations of motion
population ats=0 in frame(b) has been replaced by a very for the populations in the dressed states may be cast into the
shallow maximum in framéc). It is clear that the most in- rate-equation form
teresting behavior arises f6 ~ w4 .

In the next three frames we assume a larger value for the baa: —(Rap+ Rac) paat ReaPect RbaPbb»
excited-state splittingw,;=200. For the lowest value dd
considered,{Q)=100, the behavior in framéd) is qualita-

1
@)= 5[~ (1-e)[2)~(1+2)[1) +47]0)],

tively different from that shown in the first three frames. Pob= = (Roct Rpa) popt+ Reppect Rappaa,  (17)
Now all three bare populations tend toward the same value )
for large 6. The ground-state population is almost flat, but Pec= — (Reat Rep) Pect RacPaat RbcPob s
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whereR,; (a,8=a,b,c) represents the atomic transition tional to 402, This appears to be more dominant than the
rate from the substatier) of one dressed-state triplet to the resonances at= + g, which occur inR;, andR,, with a
substaté ) of the dressed-state triplet below, as depicted instrength proportional te3,. Resonances af=+ 2 can
Fig. 3. In the high-field limit, that is, when the effective Rabi be clearly seen in frame&)—(f) of Fig. 2, whereas reso-
frequency is much greater than all the relaxation rafbg, nances aBv=*+ (g are only apparent in frames)—(f).

>y,7, the coupling between atomic density-matrix ele- Equations(18) show that, in the presence of the cavity,
mentsp,, associated with the various frequencies may behe transition rateRRap, Rac, Rep, and Re, are strongly

omitted toO(y/Qg) andO(y./Qg), and the transition rates dependent on the cavity frequency, By andRy, are only
may be expressed as related to the spontaneous emission rate. This is because, for

the system considered here, a V-type three-level atom inter-
¥ acting with the cavity mode, there exist nine double channels
Roc= Rba=§(1—82)21 for the atomic transition from the dressed stdigsto |j),
which originate from the atomic bare-state transitiphsto
|0) and|2) to |0), respectively. Constructive or destructive
Rab:Z(1+82)82+7c82R(QR)1 interference happens within every double channel. But the
2 two double channels for the transitiofis)—|c) and |b)
—|a) are completely destructive for the cavity mode—that
Rcb:Z(1+82)82+ y&?R(— Qp), (18) s, the transitions fronb) to |c) and from|b) to [a) never
2 result in the emission of a photon into the cavity mode. So
the atomic transition rateR,. and R,,, are only dependent

_7 4 2 on the spontaneous emission rate and are independent of the
RaC_Z(l_ &) T yeAn R(2QR), cavity frequency. As the other seven double channels are still
open to the cavity mode, this means that for the other tran-
Y 4 ) sitions from|i) to |j) a cavity photon can be generated, but
Rca_Z(l_ )+ yeAn R(—2Q), it will be very strongly damped under the bad-cavity assump-

tion. Therefore, besides the terms describing atomic photon
where R(*x) = «k?/[ k?+ (6= x)?]. The above expressions emission into the background, there occur additional terms
for the transition rates will provide the basis for the physicaldependent on the cavity frequency in the transition rates
explanation of the effects to be described. Rab: Rac: Rep, andRe,.
The function R(*£2Qpg) introduces resonances at= The steady-state dressed populations are found from Egs.
+2Qpg into the ratesR,. and R, with a strength propor- (17) to be

_ Rba(Reat Rept Roe) + Roc(Rea™ Rpa)
Paa (Rab+ Rac+ Rba)(Rca+ Rcb+ Rbc) - (Rca_ Rba)( Rac_ Rbc) ’

_ Rba( Rac_ Rbc) + Rbc( Rab+ Rac+ Rba)
Pec (Rab+ Rac+ Rba)( Rca+ Rcb+ Rbc) - (Rca_ Rba)(RaC_ Rbc) '

(19

Pob=1—Paa=Pcc-

The dressed-state populations are plotted as a function of thenced R,.= y/4+ y.47%7), while the reverse transition is
detuning in Fig. 4 for the same parameter values employed isuppressed R;,= y/4), and thus more population will be
Fig. 3. These plots have been obtained by a numerical solisccumulated into the stafe). For §=2Qg, there exists a
tion of Egs.(14), but we have found that the Egd9) pro-  greater population in the dressed stf®. An example is
vide an excellent approximation in the strong-field limit. ~ shown in frame(c) of Fig. 4, where we takev,;=10,

It is evident that, if the excited levels of the V atom are =100.(The population infb) is very close to zerpIn frame
degenerateg=0) or nearly degenerates &0), the transi- (), where we are only beginning to approach the lifit
tions |a)—|b) and |c)—|b) are turned off(as Ry,,Rey > w3, the behavior is similar, but now there is a small but
~&2), whereas the rate of transitions out of the dressed statsignificant population in statip).
|b), RpatRpc, is nonzero. Thus there is no steady-state However, in the opposite limit, where the excited-level
population in the dressed-stdt®, only in the dressed states splitting is much greater than the Rabi frequenczy%l(
|a) and|c). In general, it follows that in the regim@?  >0?), the transition rateR,., Rea, Rpa, and R,. are
> w3,, the population in dressed st4t® is very small. Fur- very small, and the transitions into the dressed sthje
thermore, if the cavity frequency is tuned &= —2Qg, the  represented byR,, and R;,, dominate. Eventually, the
dressed-state transition frof@) to |c) is resonantly en- population in the dressed stdte) approaches unity, and the
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1 @ 08 (b) 1 () cavity, the transition rate®,;, and R., from the dressed
P ' o~ statega) and|c) to the dressed statb) are faster than those
£08 0.6 0.8 Y in the absence of the cavity, while the reverse r&ggsand
20.6 0.6}.. Yo Rpa remain unchanged because of the closing of the atomic
504 04 0af~, transitions |b)—|c) and |b)—|a) for the cavity mode
%oz-"; ----- -=] o2 ool N\ h caused by destructive interference. The populatjgnsand
< NS ’ N paa @re decreased ang,, is increased by comparison with
~1000 0 7000-1000 1000-1900 0 1000 the case in the absence of the cavity.
@ (f) However, when the cavity frequency is tuned to satisfy
08 1 1 5= —Qg, the atomic transition fronfa) to |b), which oc-
éoe 0.8 0.8 ':'\‘ curs at frequencyw, —Qpg, is resonant with the cavity. The
ﬂé ’ osl & o6k ro interaction of the atom with the privileged cavity mode is
fosb~"" NG LT ’ T enhanced, and the atom predominatgiyceg> y) emits a
Bopso2 o 0'4\‘ photon into the cavity mode, characterized by #3g, term
§0-2 A 02 02f 1/ in Ry, in addition to radiating a photon into the back-
(=) EXAS \ \Y} .
0 0 0 ground, represented by the telg in R,,. In contrast, the
-1000 6c/)y 1000 —1000 6c/)y 1000 ~1000 5% 1000 other transitions describing atomic emission of a photon into

the cavity mode are far off resonance with the caygiynce
FIG. 4. The dressed-state populations, for the same paramete(s.> «), so the atom can only radiate a photon into the back-
used in Fig. 2. The dressed state “b” is represented by a solid lineground. As a consequence, the symmetry of the transitions
the dressed state “a” by a dashed line, and the dressed state “c” byyom Ic) to |b) and from|a) to |b) is broken, which results
a dotted line. In the first three framesy =10, and in the last three i an enhanced population in the dressed dta;teover that
w21=100. In framega), (b), and(c), Q=4, 10, and 100, respec- in |a>.
tively,_ and in framegd), (e), and(f), =100, 200, and 300, re- When the cavity frequency is tuned to satisB=
spectively. —2Qg, the atomic transition rat&R,. at the cavity fre-
quencyw, —2Q is resonantly enhanced, and the other three
population in the statgs) and|c) is very small. In this case, (ates R.p, Rep, andR., are decreased. In this case,»if
the resonance features of the dressed-state populations K8-y(1+£2)/(1—£2), the other five transition rates are much
garding the cavity frequency are less pronounced. We do nQmgjler thanR.,. Thus any population in the dressed state
plot this case here, but the features can be seen beginning Q) resulting from transitions fronb) and|c) to |a), will
emerge in framéa), and to a lesser extent in fram@®. The  return to|c) very quickly becaus®, is much greater than
intermediate regime, wher®,,= (1, is shown in framesb)  the other transition rates. So it seems that the atom is trapped
and(e). _ o in the two dressed staté) and|c), and the population in
In general, the population distributions are strongly de-he state|a) approaches zero. Similar explanations can be

pendent on the cavity frequency. For example, widen0 adopted for the case$=Qr and 5=20x.
the cavity is tuned to resonance with the driving field, and

we have R;p=R.p, Rpa=Rpe, and R,c=R;;. Conse-
guently, there is no population difference between the upper

dressed statfc) ar_ld Fhe _IOW?r onda). 'V'OfeoYef= in the The spectrum of the atomic fluorescence emission emitted
casellg>«, the distribution is the same as in free spaceqom the side of the cavity is proportional to the Fourier
[12\]/V hen th ity § fisfies — O d ib transform of the steady-state correlation function
en the cavity frequency satisfiés- —Q g, describing . 2y 2+ 2(4)

esonance wi the drssed-sate vansta |0, herte LS (00 £ 00, whee S 00 e e
of this transitionR,, is greatly enhanced. Also, the rate of P ga q! yP .

) ” . the far zone, which consists of a free-field operator and a
downward atomic transitions frofa) to |c) is larger than . . : ; T

source field that is proportional to the atomic polarization

the transition ratéc)—|a), i.e., R,c>R.4. As a result, the operator. The fluorescence spectrum is given b
population in the dressed stdt® is greater than that in the P ' P 9 y

state|a) (pcc™paa)-

A similar analysis shows that the populatipg. of the
state|c) is also greater than the populatipg, of the dressed
state|a) if the cavity is tuned toS= —2Qg. The opposite
conclusions hold whed= Qg and A}y, as is clearly dem-
onstrated in Figs. @)—4(f) for different values of the Rabi
frequency(Q. Because we have assumed that the atomic dipole moment

If the cavity is tuned to resonance with the driving field elementsﬂzo andd,, are perpendicular to each other, the two
(6=0), thenRp=Rp, Rea=Rae, and R,c=Ry,. From  correlation functions (Ajg(t+7),Ag(t)) and (At
Fig. 2 we see that the population distribution between thet 7),Aq(t)) make no contribution to the fluorescence emis-
dressed statgs) and|a) is balanced, which is similar to the sion spectrum. Using the quantum regression theorem, the
case in the absence of the caVify2]. In the presence of the spectrum may be expressed as

IV. RESONANCE FLUORESCENCE SPECTRUM

Alw)= Ref:RAzo(t"‘ 7),AgA1))

(A (t+7),Ap(t)) e '@d7.  (20)
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A(w)=Re[Fpy(2) +Gpy2)

F1a=7 (3= 267+ 36%) + 7 ’R(Qp) +47°R(20),
~[lpos(=)1*+]poa )21/} 1= 10 (21)

whereX(z) denotes the Laplace transform X¢r), and Flb:%(3_282+ 3e%) + y[£*R(—Qp)
F(7)=UT(n)1]0)(1]p()]U(7) HATR(=208)]

and Poa= g (1= £9)(362~ 1)+ 74 7PR(~ 207),
G(7)=U"(n[]0)(2|p(>)]U(7), (22)

with U(t) the time development operator, obey the same FZb:%(l_sz)(%z—lH7’c4772R(29R)’

equation of motion ap(7) but with the different initial con-
ditions implied by the definition§22). ¥ Ve

We calculate the resonance fluorescence spectra numeri- Fga:Z(3+82_284)+ 7[4772R(0)+8272(QR)
cally from the equations obtained in Sec. Il. However, the

dressed-atom approach provides a convenient way of inter- +47°R(2QR)],
preting the results so obtained, at least in the strong-field
limit, and so we develop this approach here. In terms of the y Ye
dressed stated5), we have, for example, Fsb:Z(3+82_284)+ ?[477272(0)+82R(_QR)
= = +47*R(—-2Q 2
Foi(z)= B;abc(0|a)FaB(z)</3|l>, (23 7" R( R (26)
Y
with the initial condition Fy=—Ze%(1-¢%,
Faﬁ(o):; <a|o>pyﬁ(w)<1|ﬁ> (24) F5=%(3+84)+ ?{167]2R(O)+82[R(QR)+R(_QR)]
In the high-field limit,(2g> v, y., which is the condition +47[R(2QOR) +47°R(—20R) 1},

for the secular approximation to hold, the dressed energy
levels are well separated, and one can associate the diagonal Ye
terms on the right-hand side of ER3) and those in the Q3=Q0g+ ?[47721(0)+8ZI(QR)+47IZI(ZQR)]1
corresponding equation fd®,(z) with the resonance fluo-
rescence line at the center of the spectruns; w, (see Fig. Ve
3). In a similar way, the element,,, G.y,, Foc, andGy, 0,=0p+ 7[47}21(0)+821(—QR)+47721(—ZQR)].
are associated with the line at=w —Qg, while the ele-
mentsFp,, Gpa, Fepe, and Gg, are associated with the
line at w=w, +Qg. Finally, F,. and G, are associated
with the line atw= w| +2Q0g, andF, andG,, with the line
atw=w —20x

One can apply the secular approximation to simplify the

+x)= + 2 +x)2 i
equations of motion for the atomic density-matrix eIementsWhereI(_x) K(6=EX)/Lk"+(8XX)7, T Is the decay rate

Y
Q5=20r+ 5 {e’[Z(QR) ~ Z(~ QR)]
+477[1(2Q0r) —I(—2QR) ]},
:gvtgeadcréac;srztia:ésttgtgézal%gsentatlon, which are obtained as fc<):|é1vity frequency, whileQQg—Q3, and 20z— 5 are the

. limits, the shifts are negligibly small.
Paa= —T'1aPaaT T 2aPcct Rpa, gy

in the dressed-state representation, which is dependent on the
cavity-induced level shifts. In the bad-cavity and high-field

In the dressed-state representation, the underlying physi-

cal processes are very transparent. As argued in the para-

pec= ~T1ppcct Ioppaat Roc, graph following Eq.(23), the downward transitions between
) the same dressed states of two adjacent dressed-state triplets
Pab=—(I'3a=1Q3)papt Tappe, (25 give rise to the central component of the fluorescence spec-
) trum, i.e.,
pPoc=—(T3p=1Q4) ppct T 1pap,
A (w)=R{ No(z) 27)
bac:_(FS_iQS)Paca ° (Z+Fla)(z+rlb)_r2aF2b Z:iw,

with with
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No(2)=47%(22+T 13+ T 15— T 22— '2p) paaPec This spectral component consists of two Lorentzians with
5 ) linewidths 2yg = (T 14+ T'1p) = V(T 1a— T 1p) 2+ 4T 540 2.
—27°(1=9¢%)[T2apcct'2npaal Pob However, the downward transitions)— |b) and |b)

2 2 —|c) from one dressed-state triplet to the next triplet lead to
27149292+ T'1a)pect (2 T'1p) Paal pip- the lower-frequency inner sideband, yielding an expression
(28) of the form

: (29

Z=iw

A(o)=R A9 (874 (2+ T35 +1Q3)— T 4]pppt 364 (1+&2)(2+ T3y +i1Q4) — 87T 4]paa
)=
! (24T aa+iQ3)(z+Tgp+iQ,) — 2

while the transitiongb)—|a) and|c)—|b) between two near-lying dressed-state triplets result in the higher-frequency inner
sideband,

498742+ 3,—1Q4) —?T4lppp+ 382 (148 (2+ T3, 103) — 87 4]pec
As(w)=R . (30)
Z=lw

(24T 3,—1Q3)(z+TT3,—i1Q,) -T2

Since the cavity-induced level shifts are negligibde, will  of the transition ratesa)—|c) and|c)—|a). The former
display a single spectral line located at frequengy-Qg, decreases while the latter increasesder()g,2Q . There-
and A, a line atw, +{g. It is evident that the inner side- fore the enhanced spectral line of the outer sidebands is nar-
bands are also composed of two Lorentzians with linewidthsowed while the suppressed one is broadened. For large val-
2y; =(Tga+Tap) = \/(I‘ga—l“sb)2+4l“§. ues of the detuning, shown in fran@), the spectrum reverts
The final transitionsla)—|c) and|a)—|c), respectively, to a symmetric form.
generate the lower-frequency and higher-frequency spectral Next, we display the modified spectrum in the limit of
lines of the outer sidebands, which are given by w,1>>) in Fig. 6 where the values,,=200 and() =50 are
taken. Contrary to the spectra of Fig. 5, the inner sidebands
are most pronounced for thé=0 situation, whereas the
outer spectral lines are almost invisible. Tuning the cavity
frequency may also change the spectral profile: the higher-
21+ ?) frequency sideband is somewhat enhanced wief) gz and
A4(w)=Re{n—.p°°} _ 32 29g. As we discussed above, in the limit af>Q, the
(z+T5=iQs) |,_, dressed-state populatiopg, andp. are close to zero while
ppp=1, and all the populations are barely dependent on the
The spectral lines are centered at frequenaigs 2Q g, re-  cavity frequency. It is obvious from Egqé&29) and (30) that
spectively, and have widthlz;. In Egs.(27)—(32), the pj; the A, , are mainly determined by the cavity-frequency-
that appear are the steady-state dressed-state occupatidependent decay rateSg, and I3, . For the parameters of
probabilities, given by equatior(49). Fig. 6, we havel'3,(6=0)=I"3,(6=0)=2.51, TI'3,(Jd
We first consider the fluorescence spectrum of the aton+ Qg)=1.33, I'3,(6=Qg)=4.40, and [I'3,(6=2QF)
with two degenerate(or near-degenergteexcited states, =0.93, I'3,(6=2Qg)=2.50. Therefore A;(w=—Qg)
where the population of the dressed stéteis negligible, as <A ,(w=Qg), which implies that the lower-frequency peak
illustrated in Fig. 5, wherav,;=10 and()=100, and we is lower than the higher-frequency sideband.
consider different detunings. The results may be understood In Fig. 7, we take the values,;=200, (=100, which
from Egs.(27)—(32). It is not difficult to see from Eq929  correspond to the populations shown in frafdg of Fig. 4.
and(30) that the inner sidebands; , will be very small, as  For §=0, the bulk of the population is concentrated in state
ppp=0 ande®=0. Hence the central line and the outer side-|b), and there is little population in statg® and|c). Hence
bands will dominate. This is evident in all the spectra of Fig.the outer sidebands are weak in amplitude, while the inner
5, but particularly for frame &) where the inner sidebands sidebands and the central peak are pronounced. Tuning the
are hardly visible. When the cavity frequend=0, the laser tos=y or §=2QR increases the relative amplitude
spectrum is a symmetric, Mollow-like triplet, while the of the high-frequency or low-frequency inner sideband, re-
lower-frequency outer sideband is enhanced and the highespectively. AsS is increased through= Qg to §=20Qg, the
frequency one suppressed whér (Qr and 2)g. These population in stateéa) increases, while that in state) de-
features are similar to those of a laser-dressed two-level atoereases. The low-frequency outer sideband consequently in-
coupled to such a cavity fielir]. The enhancement and creases in amplitude at the expense of the amplitude of the
suppression of the sidebands is due to the cavity modificatiohigh-frequency outer sideband.

2772(1+82)Paa

R o

1
Z=iw
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FIG. 5. The fluorescence spectrum fog,=10, =100, and FIG. 7. The fluorescence spectrum fog,= 200, (2 =100, and

(@ 6=0, (b) 6=Qg, (0) 6=2Q04, and(d) 56=100y, respectively. (@ 6=0, (b) 6=0Qk, (¢) =20k, and(d) §=10Qg, respectively.

For the general case, by inspection of E€@8) for the ~ Much greater than those in the dressed stéeand|c), as
cavity-induced decay rate;, one finds in the limitQ, ~ Shown in Fig. 4e). Accordingly, the lower-frequency peaks
> i that, if the cavity is tuned to resonance with the driving ¢ higher than their counterparts in the high-frequency side.

laser (6=0), the rates are the same as those in free space
[12] , except forl'; andI'5 being replaced by '3+ y.27?
andI's+ y.87°, respectively. This reflects the fact that the |t js aiso natural to study the absorption spectrum of a
cavity-induced spontaneous emission rates can be greatljeak, tunable probe field transmitted through the system, as
suppressed by increasing the Rabi frequelily As shown  \ye would expect this to be largely determined by the
in Fig. 8(@) for wy;=200 and(2=200, the inner and outer qressed-state populations. The frequencyof the driving
sidebands are broadened, while the central peak is narrowegser is kept fixed, and the absorption is measured as a func-
We illustrate the spectra fof=(g and Al in frames ion of the frequency of the probe laser, measured from the

8(b) and 8c), respectively, where asymmetric spectral fea-|5ger frequencyo. The absorption spectrum is given by
tures are exhibited. The previous explanations apply to this

V. ABSORPTION SPECTRUM

case as well; that is, the enhancement and suppression of the o
spectral lines stems from the cavity modification of the A(v)=Re . {([Az(t+7),An(1)])
dressed-state population distribution and decay rates. For ex- _
ample, foré=2Qx the population in the dressed stéde is H([Ar(t+7),Ap(t) D} 7dT. (33
@ (b) (@) (b)
0.025 0.04 0.1
g 002 0.03 g o1 0.08
Zo.015 g 0.06
an 0.02 (5]
w 001 L 0.05 0.04
. 0.01 0.02
0.005 : :
1 JL JL L oA | 0 |
0 0
—200 0 200 —200 0 200 -500 ] 500 -500 0 500
(¢ (d) () G
0.05
0.1 0.06
g 0.04 % 01
€0.03 Lo.04
@ 0.02 0.05 "
Lo & 000 0.05
0.01
ola ol l 0 o 0
-200 0 200 -200 0 200 -500 0 500 -500 0 500
Sy %% 8y %%
FIG. 6. The fluorescence spectrum foes;= 20, 1 =50, and(a) FIG. 8. The fluorescence spectrum foy;= 200, (=200, and

6=0, (b) 6=Qg, (c) 6=2Q0g, and(d) 5=10Qg, respectively. (@ 6=0, (b) 6=Qg, (c) 6=20% and(d) =100, respectively.
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FIG. 9. The probe absorption spectrum. In the first three frames, FIG. 10. The probe absorption spectrum. In the first three
w21=10, =100, and in the last three,,=200, 3=50. In frames, w,;=200, =100, and in the last three,;=200, ()
frames(a) and (d), §=0, in frames(b) and (e), 6=Qg, and in =200. In framedqa) and(d), §=0, in frames(b) and(e), 6=Qg,
frames(c) and(f), §=2Qg, respectively. and in framegc) and(f), §=2Qg, respectively.

We present only a brief discussion of this phenomenon heré negative value fow representing amplification, and a posi-
As for the resonance fluorescence spectrum, we may use tiige value absorption. It is easily seen that
guantum regression theorem to express the probe spectrum
as Wo(+2Qg)=PRca= PaRac, = —Wa(—20g). (37)
~ ~ ~, ~, Since the populations in leve|a) and|c) are equal when
A(w)=ReFy(2) + GoaA2) = F1d(2) = C20(2) I=iv» 5=0, the difference between absorption and amplification is
(34) determined by the value of the rates.
A similar argument gives

where
Wo(—QRr)=P:Rept PpRpa— PpRpe— PaR
F'(T)ZUT(T)[p(OO)|l><O|]U(7') a( R cMcb bMba bMbc aNab
=P:Rep—PaRap- (38)
and . . )
Using the expressions from E(L8) for the rates, we find
G'(1)=U"(7)[p()[2)(0[U(7). (35 2
Wa(—0g) | 0B @9
It is possible to use the secular approximation to obtain ex- wa(+29R)\ 4Q§ '

pressions for the spectral components, as was done in the
preceding section. However, for brevity, we concentrate on dhese arguments explain the main features of the plot pre-
gualitative discussion here. sented in framéa). In frame(b), we tune the driving laser to
In Fig. 9, frames(a)—(c) show the spectra fow,; 6=k, Which has the effect of significantly increasing the
=10, 0=100, (Qgr=141.5) when most of the population population in|c) and decreasing that in levid). The mag-
resides in the dressed state$ and|c), and the population nitudes of the absorption at=—2Qg and the emission at
in state|b) is practically zero, although the latter does showr=2Q are thus greatly increased. The difference between
a very small maximum for zero detuning=0. The caseS  the populations|a) and |[c) reaches a maximum fos
=0 is shown in framéa). Because there is no population in = *2(g. This value ofs is assumed in fram), where the
state|b), the absorption spectrum is largely determined bygreatest absorption/emission occurs.
the transitions between the outer two levels frahto |a), In frames (d)—(f), we change the parameters to,;
at frequencyr=2Qg, and by the transitions between the =200, =50 (Qg=122.5). The populations for this case,
inner two levels|a) to |c), at frequencyv=—2Qg. For  whose behavior varies greatly from the preceding case, are
example, from Fig. 4, following the arguments of Cohen-shown in frame(c) of Fig. 4. Now we have a large popula-
Tannoudji and Reynauffl3], one can write down an ap- tion in statelb), and only small populations in statgs and
proximate expression for the weight of the line at |c). The absorption spectra are thus quite different: the stron-
—2QOg as gest features occur at= =g, and have a strong dispersive
element, whereas the features st =2y are relatively
Wo(—2QRr)=P,R,:— PcReas (36)  insignificant. Tuning the driving laser té==+Qg or §
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=+2(0r again has the effect of greatly increasing theatom-cavity interaction when the cavity is tuned to resonance

strengths of the absorptions/emissions. with the atomic dressed-state transition. The resultant fluo-
The first three frames of Fig. 10 show the absorptionrescence spectrum is also strongly dependent on the cavity

spectra forw,,=200, Q=100 ((Lg=173.2) and the second frequency. When the cavity is resonant with the driving field,

three frames the absorption spectra éoy;=200, Q=200 the spectrum is symmetric. Specifically, if the excited levels

(Q1g=1300). In these two cases, changing the deturdirgas  of the atom are degenerafer near-degeneratea Mollow-

a greater effect than in the cases of the preceding figure. Thiike triplet is exhibited with central line narrowing, but the

is particularly true in the last three frames, where it can bespectrum has a two-peak structure if the level splitting is

seen that changing the detuning can cause a switch fromuch greater than the laser intensity. Otherwise, the spec-

strong absorption to strong emission, and vice versa. trum consists of five peaks. When the cavity is tuned to
resonance with one of the spectral sidebands, some of the
VI. CONCLUSIONS spectral lines may be enhanced and others suppressed, and so

the spectrum is asymmetric. Dynamical line narrowing and
We have investigated, in the bad-cavity limit, the reso-peak suppression of certain spectral lines can be achieved by
nance fluorescence of a V-type three-level atom stronglyncreasing the laser intensity. We have also demonstrated
driven by a laser field and weakly coupled to a cavity modethat a large degree of control and manipulation of the probe

and we have demonstrated how the fluorescence may be coghsorption spectrum can be achieved by tuning the cavity.
trolled and manipulated by varying the cavity and Rabi fre-

guencies. A strong dependency of the bare- and dressed-state

populations on the cavity-resonant frequency is shown. ACKNOWLEDGMENTS
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