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Dynamical suppression of the Autler-Townes doublet in the presence of a cavity

Peng Zhou* and S. Swain†

Department of Applied Mathematics and Theoretical Physics,
The Queen’s University of Belfast, Belfast BT7 1NN, Northern Ireland, United Kingdom

~Received 17 December 1997!

We study the Autler-Townes absorption spectrum of the upper and intermediate levels of a three-level
cascade atom in which the intermediate and ground levels are strongly driven by a laser field as well as weakly
coupled by a cavity mode@Phys. Rev.100, 703~1955!#. Surprisingly, one of the Autler-Townes peaks may be
greatly suppressed or enhanced by tuning the cavity resonant frequency. The larger the Rabi frequency, the
more pronounced the cavity-induced suppression or enhancement. The Autler-Townes spectrum carries full
information on the cavity-induced modification of the strongly driven levels. A physical interpretation is
presented in the dressed-state basis.@S1050-2947~98!08205-5#

PACS number~s!: 42.50.Hz, 42.50.Dv, 32.80.2t
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I. INTRODUCTION

Over the past decade, considerable interest has bee
voted to systems in which atoms interact with a modifi
vacuum, such as that presented by a cavity@1#, where the
electromagnetic modes are concentrated around the c
resonant frequency. The coupling of the atoms to the mo
fied electromagnetic vacuum is therefore frequency dep
dent. For an excited atom located inside such a cavity,
cavity mode is the only one available to the atom for em
sion. If the atomic transition is in resonance with the cav
the spontaneous emission rate into the particular cavity m
is enhanced@2#; otherwise, it is inhibited@3#, which respec-
tively result in a broadening and narrowing of the sponta
ous emission spectrum@4#. When the atom-cavity coupling i
very strong, the spontaneously emitted photon may be
peatedly absorbed and emitted by the atom before it lea
the cavity and the spectrum correspondingly exhibits
vacuum Rabi splitting@5#.

When the atom is strongly driven by a laser field, t
atom-laser system may be considered to form a new, dre
atom@6# whose energy-level structure is intensity depend
and whose spontaneous emission dominates at the three
quenciesvL ,vL6V̄. For such a coherently driven two-leve
atom placed inside a cavity, theoretical studies have p
dicted a phenomenological richness not found in the abse
of the strong driving, for example, dynamical suppression
the spontaneous emission rate@7,8#, population inversion in
both bare and dressed-state bases@8,9#, distortion and nar-
rowing @7–9# of the Mollow triplet, and multipeaked spectra
profiles @9,10#. All these features are very sensitive to t
cavity resonant frequency because of the cavity enhancem
of the dressed atomic transitions at the frequenciesvL ,vL

6V̄. Recently, Lange and Walther@11# have observed the
dynamical suppression of spontaneous emission in a mi
wave cavity. In the optical-frequency regimes, Zhuet al.
@12# have also reported experimental studies of the effect
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the cavity detuning on the radiative properties of a coh
ently driven two-level atom. They have shown that t
atomic fluorescence of a strongly driven two-level atom
enhanced when the cavity frequency is tuned to one of
sidebands of the Mollow fluorescence triplet, whereas i
inhibited by tuning to the other sideband. The enhancem
of atomic fluorescence at one sideband is a direct demon
tion of population inversion.

Here we study how a cavity coupled to a coheren
driven two-level system affects transitions between one
the cavity-coupled levels and an auxiliary level that is n
coupled to the cavity. This paper investigates the Autl
Townes absorption spectrum@13# of a three-level cascad
atom with one pair of levels coherently driven and coup
to a cavity frequency tunable around the transition frequ
cies of the atomic dressed states. Somewhat surprisingly
find that one of the Autler-Townes peaks may be grea
suppressed or enhanced depending on the cavity frequ
detuning.

There have been a few previous studies dealing with c
ity effects in a three-level atomic system with the two upp
levels coupled to a fixed-frequency cavity, without a drivin
laser. Field@14# reported that the vacuum Rabi splitting ma
induce a probe transparency at the transition frequency of
ground and cavity-coupled upper levels. He also showed
lasing without inversion can occur when the cavity dec
reservoir is warmed up. Without considering cavity los
Zubairy @15# found that the spectral profile of spontaneo
emission from the intermediate level to the ground level h
the same characteristics as the photon statistics of the ca
field coupled to the upper and intermediate levels. He the
fore proposed to measure the quantum state of the ca
mode by monitoring the Autler-Townes spectrum. The mo
fication of quantum jumps of a three-level atom, with tw
upper levels weakly coupled to a cavity of low-Q value, has
also been reported recently@16#.

The present model, different from those in Refs.@14–16#
and described in Sec. II, assumes that afrequency-tunable
cavity couples to a pair of strongly driven levels. The stron
coherent driving field may dynamically modify the cavity
induced effects. Section III shows that the Autler-Town
spectrum of a cavity-uncoupled level and one of the t
3781 © 1998 The American Physical Society



in
en
th
. I

th
an
ve

e

e
-

re

ity

the

on-
ter-
the

oir.
ri-
ri-
to

ese
to

r

e

ting

ua-

g

e

a

3782 57PENG ZHOU AND S. SWAIN
cavity-coupled, coherently driven levels fully carries the
formation of the cavity effects on the two coherently driv
levels. We also present a brief account of the theory in
dressed-state picture. Conclusions are presented in Sec

II. MODEL

We consider a three-level cascade atom in which
ground and intermediate levels are driven by a laser field
coupled by a cavity mode. The upper and intermediate le
decay into background modes at the ratesg2 andg1, respec-
tively, while the cavity mode is damped by a vacuum res
voir at the ratek, as depicted in Fig. 1~a!. In a frame rotating
at the frequenciesvL andv21 @17# the master equation of th
density matrix operatorr for the combined atom-cavity sys
tem is of the form

ṙ52 i @HA1HC1HI ,r#1LAr1LCr, ~1!

where

HA52DA001
V

2
~A101A01!, ~2a!

HC5da†a, ~2b!

HI5g~a†A011A10a!, ~2c!

LAr5g2~2A12rA212A22r2rA22!

1g1~2A01rA102A11r2rA11!, ~2d!

LCr5k~2ara†2a†ar2ra†a!, ~2e!

with

D5v102vL , d5vC2vL , ~3!

where Alk5u l &^ku is an atomic operator,a and a† are the
annihilation and creation operators of the cavity mode,
spectively,V is the Rabi frequency of the driving field,g is
the atom-cavity coupling constant,vL and vC are, respec-

FIG. 1. ~a! Atomic energy-level diagram for observation of th
Autler-Townes spectrum, where the ground levelu0& and the inter-
mediate levelu1& are coupled by a cavity mode and driven by
laser field.~b! Dressed-state level diagram forvL5v10.
-

e
V.

e
d
ls

r-

-

tively, the frequencies of the driving laser and the cav
mode, andv lk is the level splitting between the levelsu l & and
uk& ( l ,k50,1,2).

We assume that the atom-cavity coupling is weak and
cavity has a low-Q value, so thatk@g@g, that is, the cavity
field decay dominates. The cavity field response to the c
tinuum modes is much faster than that produced by its in
action with the atom, so that the atom always experiences
cavity mode in the state induced by the vacuum reserv
Thus one can adiabatically eliminate the cavity-mode va
ables, giving rise to a master equation for the atomic va
ables only. As the derivation is tedious, we refer readers
@8,11# and here only outline the key points.

We temporarily disregardLAr in the elimination of the
cavity mode since it remains unchanged at the end of th
operations. First we perform a canonical transformation
the atom-cavity interaction picture~1! by

r̃ 5ei ~HA1HC!tre2 i ~HA1HC!t. ~4!

The master equation then takes the form

] t r̃ 52 i @H̃I~ t !, r̃ #1LC r̃ ,

or

] t~e2LCt r̃ !52 ie2LCt@H̃I~ t !, r̃ #, ~5!

where H̃I(t)5g@Ã01(t)a
† exp(idt)1H.c.#, with Ã01(t)

5exp(iHAt)A01 exp(2iHAt). We next introduce the operato
x @8,11,18#

x5e2LCt r̃ , ~6!

which, according to Eq.~5!, obeys the equation

ẋ~ t !52 igekt$@a†,Ã01~ t !x~ t !#eidt1@a,x~ t !Ã10~ t !#e2 idt%

2 ige2kt$@Ã01~ t !,x~ t !a†#eidt

1@Ã10~ t !,ax~ t !#e2 idt%. ~7!

Only the atom-cavity interaction is involved. Due to th
smallness of the coupling constantg, we can perform a
second-order perturbation calculation with respect tog by
means of standard projection operator techniques. No
that

TrCx~ t ![TrC r̃ ~ t ![ r̃ A~ t !, ~8!

we trace out the cavity variables to obtain the master eq
tion for the reduced density matrix operatorr̃ A of the atom.
Under the Born-Markovian approximation, the resultin
master equation is of the form
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57 3783DYNAMICAL SUPPRESSION OF THE AUTLER-TOWNES . . .
r̃ A~ t !52g2E
0

`

e2~k2 id!t@ r̃ A~ t !Ã10~ t2t!Ã01~ t !

2Ã01~ t ! r̃ A~ t !Ã10~ t2t!#dt

2g2E
0

`

e2~k1 id!t@Ã10~ t !Ã01~ t2t! r̃ A~ t !

2Ã01~ t2t! r̃ A~ t !Ã10~ t !#dt. ~9!

Finally transformingr̃ A back to the original picture viarA

5exp(2iHAt)r̃A exp(iHAt) and restoring theLArA contribu-
tion, we obtain the atomic master equation to be

ṙA52 i @HA ,rA#1LArA1gc~A01rAS11S2rAA10

2A10S2rA2rAS1A01!, ~10!

wheregc5g2/k specifies the emission rate of the atom in
the cavity mode and

S25kE
0

`

dt e2~k1 id!tÃ01~2t!5a0~A112A00!1a1A10

1a2A01, ~11!

S15~S2!†, ~12!

with

a05
kV

4V̄2F 2D

k1 id
2

V̄1D

k1 i ~d2V̄!
1

V̄2D

k1 i ~d1V̄!
G ,

a15
kV2

4V̄2F 2

k1 id
2

1

k1 i ~d2V̄!
2

1

k1 i ~d1V̄!
G ,

~13!

a25
k

4V̄2F 2V2

k1 id
1

~V̄1D!2

k1 i ~d2V̄!
1

~V̄2D!2

k1 i ~d1V̄!
G ,

whereV̄5AV21D2 is a generalized Rabi frequency. Obv
ously, the coefficientsa0 ,a1 ,a2 are Rabi frequency depen
dent and resonant when the cavity frequency is tuned td
50,6V̄.

The first term of Eq.~10! describes the coherent evolutio
of the driven atom, whereas the final term represents
cavity-induced atomic decay into the cavity mode. TheLArA
term describes spontaneous emission of photons into
background modes.
e

he

From this cavity-modified master equation, the equatio
of motion for the reduced density matrix elements are fou
to be

ṙ005~2g11gca21gca2* !r112S gca02 i
V

2 D r01

2S gca0* 1 i
V

2 D r10, ~14a!

ṙ1152g2r222~2g11gca21gca2* !r111S gca02 i
V

2 D r01

1S gca0* 1 i
V

2 D r10, ~14b!

ṙ1052~g11 iD1gca2!r101gca1r011S gca02 i
V

2 D r00

1S gca01 i
V

2 D r11, ~14c!

ṙ2152~g11g21gca2* !r211S gca0* 1 i
V

2 D r20,

~14d!

ṙ2052~g21 iD!r201 i
V

2
r21, ~14e!

with r001r111r2251 and r lk5rkl* , wherer00, r11, and
r22 are the atomic populations in the levelsu0&, u1&, andu2&,
respectively, andr lk ( lÞk) describes the atomic coherence
~Here we have dropped the subscriptA from the atomic den-
sity matrix operatorrA for brevity.!

III. SUPPRESSION OF THE AUTLER-TOWNES DOUBLET
AND ITS ORIGIN

Our aim is to investigate the influence of the cav
coupled to the two coherently driven levels,u0& and u1& on
the Autler-Townes doublet resulting from transitions of o
of the two driven levels, for example,u1& to a third levelu2&.
Therefore, we introduce a very weak, frequency-tunable
ser beam, indicated byVp in Fig. 1, to probe the transition
betweenu1& and u2&, after the system reaches the stea
state.

According to linear-response theory, the probe absorp
spectrum can be expressed as the Fourier transforma
of the stationary mean value of the two-time commuta
of the atomic transition operators: limt→`^A12(t)A21(t1t)&,
which can be calculated from Eqs.~14d! and~14e! by means
of the quantum regression theorem. We find
L12~vp!5ReF ~z1g22 iD!~r̄112 r̄22!1„gca02 i ~V/2!…r̄01

~z1g11g21gca2!~z1g22 iD!1 i ~V/2!„gca02 i ~V/2!…
G

z5 i ~vp2v21!

, ~15!
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3784 57PENG ZHOU AND S. SWAIN
wherevp is the probe frequency,r̄01 is the steady-state co
herence of the driven levels, andr̄11,r̄22 are the steady-stat
populations of the statesu1& and u2&, respectively. It is not
difficult to see thatr̄2250 in the steady state.

In the absence of the cavity, the Autler-Townes spectr
is symmetric whenD50. In order to see the modification
produced by the cavity, we concentrate on theD50 case in
the following. We numerically investigate the Autle
Townes spectrum in Figs. 2–5, where we take the parame
k5100, g525, g151, g250.5, and D50 (vL5v10)
throughout, but vary the Rabi frequencyV and the cavity
resonant frequencyvC . ~Note that all parameters are me
sured in units ofg1.! Figure 2, forV530, clearly demon-
strates asymmetries in the doublet when the cavity is detu
from the atomic resonance transition frequencyv10 of the
levels u0& and u1&. Specifically, forvC5v102V ~the dash-
dotted curve!, the lower-frequency~left-hand! sideband of

FIG. 3. Same as Fig. 2, but withV5200: ~a! lower-frequency
sideband and~b! higher-frequency sideband.

FIG. 2. Autler-Townes spectrumL12(v) as a function of the
relative probe frequencyv5vp2v21 for V530 and different cav-
ity frequenciesd52V ~dash-dotted curve!, d50 ~dashed curve!,
and d5V ~solid curve!. We take the other parametersk5100, g
525, g151, g250.5, and vL5v10 throughout these graphs
~Note that all variables are scaled byg1.!
rs

ed

the doublet is enhanced and the higher-frequency~right-
hand! sideband is suppressed. ForvC5v101V ~the solid
curve!, however, enhancement occurs at the high
frequency sideband and suppression at the lower-freque
sideband. The larger the Rabi frequency, the more signific
the enhancement and suppression of the Autler-Townes s
bands. See, for example, in Fig. 3 forV5200, where the
dash-dotted, dashed, and solid lines represent the double
the cavity frequencyvC tuned to v102V, v10, and v10
1V, respectively. For clarity, we separately plot the lowe
frequency sideband of the doublet in Fig. 3~a! and the
higher-frequency sideband in Fig. 3~b!. In this case, one
sideband of the doublet is dramatically suppressed while
other is greatly enhanced, depending upon the cavity re
nant frequency. The doublet is symmetric only whenvC
5v10, as shown in the dashed curves in Figs. 2 and 3.

Figures 2 and 3 also show that the linewidths and po
tions of the Autler-Townes doublet vary slightly with th
cavity and Rabi frequencies. For large Rabi frequencies~see,
for instance, Fig. 3!, the lower-frequency sideband is na
rower than the higher-frequency one and both sidebands

FIG. 4. Same as Fig. 2, but withd5V and various Rabi fre-
quencies:V550 ~dash-dotted curve!, V5100 ~dashed curve!, and
V5200 ~solid curve!.

FIG. 5. Three-dimensional Autler-Townes spectrum as a fu
tion of the relative probe and cavity frequenciesv and d for V
5200.
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shifted slightly towards lower frequencies, whenvC5v10
2V. The opposite shifts are obtained ifvC5v101V.

Figure 4, in which the cavity frequencyvC is fixed at
v101V with the Rabi frequencyV taking the valuesV
550 ~the dash-dotted line!, 100 ~the dashed line!, and 200
~the solid line!, respectively, clearly exhibits dynamical su
pression and enhancement within the Autler-Townes d
blet. Increasing the Rabi frequency can lead to signific
suppression of the lower-frequency sideband and great
hancement of the higher-frequency sideband. In addition
creasing the Rabi frequency can give rise to narrowing of
enhanced sideband and broadening of the suppressed
band.

We plot a three-dimensional Autler-Townes spectrum
Fig. 5 forV5200, which shows how the doublet is modifie
when the cavity frequency varies. Whend50, the doublet is
symmetric. Whend5200, however, there is a minimum i
the lower-frequency sideband and a maximum in the high
frequency sideband.~When d52200 the situation is re-
versed.!

Moreover, whend@V, both sidebands tend to the sam
height and the symmetry in the doublet is recovered.~We
e
e

tri

er
te
,

tl
th

e

u-
t
n-

n-
e
ide-

r-

have not presented the graph here.! This actually is the same
as in free space because the cavity is so far off resona
with any atomic transition frequencies that no photon can
emitted into the cavity mode. In other words, the atom
effectively in free space.

We may gain a physical insight into the suppression a
enhancement of the Autler-Townes doublet by working
the semiclassical dressed-state representation,u6&, which
linearly mixes the laser-driven levelsu0& andu1&. For a reso-
nant driving field (vL5v10), the dressed states are

u1&5
1

A2
~ u0&1u1&), u2&5

1

A2
~ u0&2u1&). ~16!

In the dressed-state picture, the weak probe laser cou
the upper levelu2& to a dressed state doublet. See, for
stance, Fig. 1~b!. The corresponding Autler-Townes spe
trum, therefore, is expected to exhibit a doublet. In the se
lar approximation (V@g1 ,g2 ,gc), the doublet takes the
form
L12~vp!5
1

2
ReF r̄112 r̄22

z1 ~1/2! ~g112g21gca22gca01 iV!
1

r̄222 r̄22

z1 ~1/2! ~g112g21gca21gca02 iV!
G

z5 i ~vp2v21!

,

~17!
t
e-

tate
is

i-

t is
is

-
-

t is
ed.
where

r̄115
g11gc Re~a22a112a0!

2g112gc Re~a22a1!
,

~18!

r̄225
g11gc Re~a22a122a0!

2g112gcRe~a22a1!

are the steady-state population of the dressed statesu6&, re-
spectively, andr̄2250.

Obviously, the heights of the Autler-Townes doublet d
pend strongly on the distribution of population within th
dressed-state doublet. In the absence of the cavity~i.e., gc

50), the dressed-state populations are equal,r̄115 r̄22

50.5, and the Autler-Townes doublet is thus symme
about the atomic resonance frequencyv21 of the levelsu1&
and u2& and separated by the dressed-state level splittingV.

In the presence of the cavity coupled to the two coh
ently driven levelsu0& and u1&, however, the dressed-sta
population is cavity-frequency dependent. For example
the cavity frequency is tuned tov10 (d50), then both
dressed-state populations are the same and the Au
Townes components have the same height. However, if
cavity frequency is tuned tovC5v102V, the dressed-stat
populations in the case of large Rabi frequencies (V@k) are
-

c

-

if

er-
e

r̄11.
g11gc

2g11gc
,

~19!

r̄22.
g1

2g11gc
.

It is obvious thatr̄11Þr̄22 , so the Autler-Townes double
is asymmetric. The amplitude of the lower-frequency sid
band, proportional to the population of the dressed s
u1&, is larger than that of the higher-frequency one, which
proportional to the population of the dressed stateu2&. Fur-
thermore, ifgc@g1, the atomic population can be approx
mately trapped in the dressed stateu1& and therefore the
higher-frequency sideband of the Autler-Townes double
completely suppressed, while the lower-frequency one
greatly enhanced.

Otherwise, ford5V, that is, when the cavity is in reso
nance with the frequencyv101V, the dressed-state popula
tions are approximately given by

r̄11.
g1

2g11gc
,

~20!

r̄22.
g11gc

2g11gc
.

As a result, the lower-frequency sideband of the double
suppressed whereas the higher-frequency one is enhanc
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TABLE I. Linewidths and positions of the Autler-Townes doublet (vL5v10,V@k).

Cavity frequency
(d5vC2v21) WLFS WHFS PLFS PHFS

d52V g112g2 g112g21gc/2 2V/223g2/8V V/22g2/4V

d50 g112g21gc/2 g112g21gc/2 2V/22g2/4V V/21g2/4V

d5V g112g21gc/2 g112g2 2V/21g2/4V V/213g2/8V
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The asymmetric profile of the Autler-Townes doublet
the direct consequence of the unbalanced population di
bution between the dressed statesu6& induced by the cavity
@8#. It is well known that spontaneous and stimulated tran
tions of a strongly driven atom in the bare state basis
equivalent to spontaneous emission between two adja
dressed-state manifolds@6#. For the model at hand@see, for
example, Fig. 1~b!#, if the cavity frequencyvC is tuned to
v10, which is in resonance with spontaneous transitions
the same dressed stateu6& from the upper manifold to the
lower manifold, both transition rates are the same and
population distributes evenly within the dressed statesu6&.
The Autler-Townes doublet is symmetric.

However, if the cavity frequency is tuned tov102V,
which is in resonance with the atomic transition from t
state u2& of the upper dressed-state doublet to the s
u1& of the lower dressed doublet and is far off resonan
with the other downward transitions, the transition fro
u2& to u1& is enhanced, while the other is inhibited by th
atom-cavity coupling. As a result, the population is mo
likely to be in the dressed stateu1&. Otherwise, if the cavity
is in resonance withv101V, the frequency of the atomic
transition from u1& of the upper manifold tou2& of the
lower manifold, the transition fromu1& to u2& is enhanced
while the other is suppressed: Therefore, there is more po
lation in the dressed stateu2&. The corresponding Autler
Townes doublet is asymmetric.

In addition, Eq.~18! clearly shows that the linewidths an
positions of the Autler-Townes doublet are also depend
on the cavity frequency and the driving intensity. For i
stance, the linewidth and position of the lower-frequen
sideband of the doublet are, respectively,

WLFS5g112g21gc Re~a22a0!,
~21!

PLFS52
1

2
@V2gc Im~a22a0!#.

Those of the higher-frequency sideband are

WHFS5g112g21gc Re~a21a0!,
~22!

PHFS5
1

2
@V1gc Im~a21a0!#.
e

ri-

i-
re
nt

f

e

te
e

t

u-

nt

y

The cavity-frequency dependence of the linewidths of
Autler-Townes doublet reflects the fact that the cavity c
modify the transition rates of the dressed statesu6& and the
upper stateu2&, whereas the shifting of the positions is due
the cavity-induced level shifts of the dressed statesu6&. We
list the linewidths and positions in the case ofV@k in Table
I.

Both the linewidths and positions of the Autler-Town
doublet are different when the cavity frequency is detun
from the atomic transition frequencyv10. One may be much
broader than the other ifgc@g1 ,g2, depending on the cavity
frequency. Likewise, the positions of the doublet are a
slightly shifted in the presence of the cavity.

IV. CONCLUSIONS

In this paper we investigate the absorption spectrum
the upper and intermediate levels of a three-level casc
atom in which the intermediate and ground levels a
strongly driven by a laser field as well as weakly coupled
a cavity mode. We find that the Autler-Townes spectru
fully reflects the cavity-induced effects on the coheren
driven levels. Specifically, the dynamical suppression a
enhancement of the Autler-Townes doublet directly refl
the cavity-induced redistribution~polarization! of the
dressed-state population since the lower- and high
frequency sidebands are respectively proportional to
population of the dressed stateu6&, whereas the displacing
of the positions of the doublet is the consequence of
cavity-induced level shifts of the dressed stateu6&. In addi-
tion, the cavity-dependent linewidths of the doublet are a
due to the modification of the transition rates of the dres
stateu6& and the upper stateu2& due to the cavity.

As the dynamical modifications of the radiative propert
of a two-level atom inside a cavity whose resonant freque
is tunable and the Autler-Townes doublet of a three-le
atom system in free space have been observed in many l
ratories @11–13,19#, the scheme presented in this pap
should provide an experimentally feasible way of investig
ing cavity effects and may lead to the probing of cav
quantum electrodynamics using Autler-Townes spec
scopic techniques.
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