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Dynamical suppression of the Autler-Townes doublet in the presence of a cavity
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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 modgPhys. Rev100, 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 bd$2050-2947@8)08205-5

PACS numbgs): 42.50.Hz, 42.50.Dv, 32.86t

[. INTRODUCTION the cavity detuning on the radiative properties of a coher-
ently driven two-level atom. They have shown that the
Over the past decade, considerable interest has been datomic fluorescence of a strongly driven two-level atom is
voted to systems in which atoms interact with a modifiedenhanced when the cavity frequency is tuned to one of the
vacuum, such as that presented by a caMfly where the sidebands of the Mollow fluorescence triplet, whereas it is
electromagnetic modes are concentrated around the cavitghibited by tuning to the other sideband. The enhancement
resonant frequency. The coupling of the atoms to the modiof atomic fluorescence at one sideband is a direct demonstra-
fied electromagnetic vacuum is therefore frequency deperiion of population inversion.
dent. For an excited atom located inside such a cavity, the Here we study how a cavity coupled to a coherently
cavity mode is the only one available to the atom for emis-driven two-level system affects transitions between one of
sion. If the atomic transition is in resonance with the cavity,the cavity-coupled levels and an auxiliary level that is not
the spontaneous emission rate into the particular cavity modePupled to the cavity. This paper investigates the Autler-
is enhanced?]; otherwise, it is inhibited3], which respec- |oWnes absorption spectrufd3] of a three-level cascade
tively result in a broadening and narrowing of the spontane&t0mM With one pair of levels coherently driven and coupled

ous emision spectul, When th aton-caviy couping s 1% Y1 ey wnabe sround he uansion fecuer
very strong, the spontaneously emitted photon may be re: : P gy,

peatedly absorbed and emitted by the atom before it Ieavzﬂsnd that one of the Autler-Townes peaks may be greatly

the cavity and the spectrum correspondingly exhibits %thf;ﬁlsgsed or enhanced depending on the cavity frequency

Va(\:/l\J/lrJ]m Fiﬁb' Sfl'tt'n.d‘r’]'t v dri b | field. th There have been a few previous studies dealing with cav-
¢ Ien € a;om IS str)ongy _(;lver(lj tyfa aser ne d' City effects in a three-level atomic system with the two upper

alom-iaser system may be considered o Torm a new, ressT els coupled to a fixed-frequency cavity, without a driving

s s s e 14 repored it vauum Rabi pting mey
) pi i induce a probe transparency at the transition frequency of the
quenciesw, ,w * (). For such a coherently driven two-level ground and cavity-coupled upper levels. He also showed that
atom placed inside a cavity, theoretical studies have pregsing without inversion can occur when the cavity decay
dicted a phenomenological richness not found in the abseng@servoir is warmed up. Without considering cavity loss,
of the strong driving, for example, dynamical suppression ofzybairy [15] found that the spectral profile of spontaneous
the spontaneous emission rg#8], population inversion in  emjssion from the intermediate level to the ground level has
both bare and dressed-state baj&8], distortion and nar- the same characteristics as the photon statistics of the cavity
rowing[7-9] of the Mollow triplet, and multipeaked spectral fie|d coupled to the upper and intermediate levels. He there-
profiles [9,10]. All these features are very sensitive to thefore proposed to measure the quantum state of the cavity
cavity resonant frequency because of the cavity enhancemepigde by monitoring the Autler-Townes spectrum. The modi-
of the dressed atomic transitions at the frequenaigsw.  fication of quantum jumps of a three-level atom, with two
+ (). Recently, Lange and Walth¢t1] have observed the upper levels weakly coupled to a cavity of ldgvalue, has
dynamical suppression of spontaneous emission in a micralso been reported recenfly6].
wave cavity. In the optical-frequency regimes, Zhual. The present model, different from those in R¢fsi—16
[12] have also reported experimental studies of the effects adind described in Sec. I, assumes thdtemuency-tunable
cavity couples to a pair of strongly driven levels. The strong,
coherent driving field may dynamically modify the cavity-
*Electronic address: peng@gol.am.qub.ac.uk induced effects. Section Il shows that the Autler-Townes
"Electronic address: s.swain@qub.ac.uk spectrum of a cavity-uncoupled level and one of the two
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(a) {b) tively, the frequencies of the driving laser and the cavity
mode, andv,, is the level splitting between the levels and
k) (I,k=0,1,2).
We assume that the atom-cavity coupling is weak and the
cavity has a low® value, so thaik>g> v, that is, the cavity
Q field decay dominates. The cavity field response to the con-
tinuum modes is much faster than that produced by its inter-
action with the atom, so that the atom always experiences the
y cavity mode in the state induced by the vacuum reservoir.
A ; : Y [-> Thus one can adiabatically eliminate the cavity-mode vari-
v o A ables, giving rise to a master equation for the atomic vari-
Y, | 1o MotQ ‘DIOJQ ables only. As the derivation is tedious, we refer readers to
\ . [8,11] and here only outline the key points.
; . [-> We temporarily disregard ,p in the elimination of the
cavity mode since it remains unchanged at the end of these
K operations. First we perform a canonical transformation to
FIG. 1. (a) Atomic energy-level diagram for observation of the the atom-cavity interaction pictur@) by
Autler-Townes spectrum, where the ground leN®l and the inter-
mediate levell) are coupled by a cavity mode and driven by a = _ gi(HatHo)t
laser field.(b) Dressed-state level diagram fof = 4. P

S W — 2> 11 12>

e
o

&

2

pe_i(HA"'HC)t_ (4)

cavity-coupled, coherently driven levels fully carries the in-The master equation then takes the form
formation of the cavity effects on the two coherently driven

levels. We also present a brief account of the theory in the - - - -
dressed-state picture. Conclusions are presented in Sec. IV. dp=—Ii[H(t),p]+ Lcp,

Il. MODEL or

We consider a three-level cascade atom in which the
ground and intermediate levels are driven by a laser field and (e fetp)=—ie L [H (1), p], (5)
coupled by a cavity mode. The upper and intermediate levels
decay into background modes at the raggsand y,, respec- _ _ _
tively, while the cavity mode is damped by a vacuum reserwhere H,(t)=g[Aq(t)a’ expidt)+H.c], with Agy(t)
voir at the ratex, as depicted in Fig.(®). In a frame rotating = exp({Hat)Aq1 exp(—iHat). We next introduce the operator
at the frequencie®, andw,; [17] the master equation of the x [8,11,1§
density matrix operatop for the combined atom-cavity sys-
tem is of the form

x=e £cp, (6)
p=—i[Ha+Hc+H, ,p]+Lap+Lcp, ()
where which, according to Eq(5), obeys the equation
Ha=— Mot 5 (Asot Ag) 2o  x(O=—ige{[a" Au(t)x(h)]e?+[ax(VAt)]e "}
—ige”{[Apy(t), x(t)a']e'™
Hco=da'a, (2b) - .
+[A(t),ax()]e "}, @
Hi=g(a’Api+Asd), (209
_ . _ Only the atom-cavity interaction is involved. Due to the
Lap=72(2R12pA21~ Azp = PAZ) smallness of the coupling constagt we can perform a
+ ¥1(2A01pA 10— Ap— pAqy), (2d  second-order perturbation calculation with respecgtby
means of standard projection operator techniques. Noting
Lcp=«(2apa’—atap—pa'a), (2¢)  that
with _ _
Trex()=Trep(t)=pa(t), 8
A=wp~w, d=wc—ow, ()

where A =|1)(k| is an atomic operatorm anda' are the =~ We trace out the cavity variables to obtain the master equa-
annihilation and creation operators of the cavity mode, retion for the reduced density matrix operajox of the atom.
spectively,() is the Rabi frequency of the driving field,is  Under the Born-Markovian approximation, the resulting
the atom-cavity coupling constanty and wc are, respec- master equation is of the form
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- o [ F tisi~ — From this cavity-modified master equation, the equations
palt)=—g JO e T p A At — 1) Agy(t) of motion for the reduced density matrix elements are found
to be

—Ao(V)pa(t)A(t—7)]d7 N

_ngo e~ TIITA (1) Agy(t— ) palt) poo=(2y1+ veart veas)p1i—| Yeao > | pox

A
—Roi(t=7)pa()Asg(t)1d7. 9) - ( Yoo ti g) P10, (149

Finally transformingp » back to the original picture vian
=exp(—iHAt) pa expHat) and restoring thelapa contribu-

_ p11=2 — 291+ Yo+ yead ) put
tion, we obtain the atomic master equation to be Pu=272p2 (271 Yozt ¥ea3 )pu

Q0
VcCVo—'E Po1

- ; + otis 14b)
pa=—1[Ha,pal+ Lapat Yc(Ao1paSs +S_pahio Yoo 715 ]P0, (140
—A10S-pa—pPaS+ Ao, (10 0

wherey.=g? « specifies the emission rate of the atom into P10= — (1 +iA+Yeaz)p1gt Yeaport| yeao—i 5) Poo
the cavity mode and
Q
. | veaot 15| p1as (149
S.= Kf dr e WHITA (= 7) = ap(Ar—Ago) + @1A10
0
. * * i Q
+ azA01, (11) pn=—(v1t y2t veaz)pant| veao +i5 | p20,
(140
S,=(s)T, (12
with - - 2
p20= ~(v2+1A)pagti 5 par, (149
Q| 2A Q+A N Q-A with poot p11tpo=1 and py = py;, where pg, p13, and
ap=——, P — — : — | p2, are the atomic populations in the levély, |1), and|2),
2
402 K HI0 k+i(6-Q)  k+i(8+Q)] respectively, ang,, (I #Kk) describes the atomic coherences.
(Here we have dropped the subscipfrom the atomic den-
<02 2 1 1 T sity matrix operatop for brevity)
aj_: __ R - —_ - )
402 KTI16  k+i(6—Q) k+i(6+Q)] IIl. SUPPRESSION OF THE AUTLER-TOWNES DOUBLET
(13 AND ITS ORIGIN
Our aim is to investigate the influence of the cavity
K [ 202 (Q+A)2 (Q—A)? coupled to the two coherently driven level®) and|1) on
R R— P E— — —_ | the Autler-Townes doublet resulting from transitions of one
40 { KHIO  k+i(6-Q) «k+i(6+Q) of the two driven levels, for examplél) to a third level 2).

_ ) ) . _ Therefore, we introduce a very weak, frequency-tunable la-
where€l=(°+A" s a generalized Rabi frequency. Obvi- ser beam, indicated b, in Fig. 1, to probe the transitions

ously, the coefficientsy, a;,a, are Rabi frequency depen- petween|1) and |2), after the system reaches the steady

dent and resonant when the cavity frequency is tuned to gtate.

=0,-Q. According to linear-response theory, the probe absorption
The first term of Eq(10) describes the coherent evolution spectrum can be expressed as the Fourier transformation

of the driven atom, whereas the final term represents thef the stationary mean value of the two-time commutator

cavity-induced atomic decay into the cavity mode. Th@,  of the atomic transition operators: im,.(A(t) Ay (t+ 7)),

term describes spontaneous emission of photons into th&hich can be calculated from Eqd.4d) and(14e by means

background modes. of the quantum regression theorem. We find
Z+y,—1A)(pr1—p2o) + —i (Q/2))pg
Afwy)=R (z+ 72 )(p11 Pzz_) (%?Cfo ( ))Pc?l ’ (15)
P (z+ y1+ 2t vear) (z+ v2—14) +i (Q2) (yeap—i (2/2))

Z:i(wp*wzp
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FIG. 2. Autler-Townes spectrum ;,(w) as a function of the FIG. 4. Same as Fig. 2, but with=( and various Rabi fre-

relative probe frequency = w,— w,, for =30 and different cav-  quencies{) =50 (dash-dotted curye) =100 (dashed curve and
ity frequenciesé= —Q (dash-dotted curye §=0 (dashed curve =200 (solid curve.
and 5= (solid curve. We take the other parametexs= 100, g
=25, y;=1, v,=0.5, and w =w;, throughout these graphs. the doublet is enhanced and the higher-freque(rayht-
(Note that all variables are scaled by.) hand sideband is suppressed. Fog=w.ot+Q (the solid
curve, however, enhancement occurs at the higher-
frequency sideband and suppression at the lower-frequency
. = sideband. The larger the Rabi frequency, the more significant
herence of the driven levels, apgy ,p,, are the steady-state "o \hancement and suppression of the Autler-Townes side-
populations of the_statdﬂ) and|2), respectively. It is not bands. See, for example, in Fig. 3 for=200, where the
difficult to see thajp,,=0 in the steady state. dash-dotted, dashed, and solid lines represent the doublet for
~ Inthe absence of the cavity, the Autler-Townes spectrumne cavity frequencywc tuned to wyp—Q, w19, and wqg
is symmetric whem =0. In order to see the modifications 1 ) respectively. For clarity, we separately plot the lower-
produced by the cavity, we concentrate on the0 case i frequency sideband of the doublet in Fig@Band the
Townes spectrum in Figs. 2—5, where we take the parametegdeband of the doublet is dramatically suppressed while the
x=100,9=25, y;=1, 7,=0.5, and A=0 (e, =w19) other is greatly enhanced, depending upon the cavity reso-
throughout, but vary the Rabi frequen€y and the cavity nant frequency. The doublet is symmetric only whep
resonant frequencyc . (Note that all parameters are mea- =, as shown in the dashed curves in Figs. 2 and 3.
sured in units ofy;.) Figure 2, for()=30, clearly demon- Figures 2 and 3 also show that the linewidths and posi-
strates asymmetries in the doublet when the cavity is detunegbns of the Autler-Townes doublet vary slightly with the
from the atomic resonance transition frequeney, of the  cavity and Rabi frequencies. For large Rabi frequenies,
levels|0) and|1). Specifically, foroc=w;o— € (the dash-  for instance, Fig. B the lower-frequency sideband is nar-
dotted curve, the lower-frequencyleft-hand sideband of  rower than the higher-frequency one and both sidebands are

wherew, is the probe frequencﬂ)l_is the steady-state co-
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03 03 : - |
i R N T T R
it
i
i
i
i

0.2 .................. ii. ................... 0.2. ................... g 4
i

5

~

< -
0.1 ............. 0-1 ................... :
-?20 %0

FIG. 5. Three-dimensional Autler-Townes spectrum as a func-
FIG. 3. Same as Fig. 2, but with =200: (a) lower-frequency tion of the relative probe and cavity frequenciesand & for ()
sideband andb) higher-frequency sideband. =200.
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shifted slightly towards lower frequencies, wher=wq, have not presented the graph hgfkhis actually is the same
— . The opposite shifts are obtaineddt= w4o+ (2. as in free space because the cavity is so far off resonance
Figure 4, in which the cavity frequencyc is fixed at  with any atomic transition frequencies that no photon can be
w0+ Q with the Rabi frequency) taking the values)  emitted into the cavity mode. In other words, the atom is
=50 (the dash-dotted line 100 (the dashed ling and 200 effectively in free space.
(the solid ling, respectively, clearly exhibits dynamical sup- We may gain a physical insight into the suppression and
pression and enhancement within the Autler-Townes douenhancement of the Autler-Townes doublet by working in
blet. Increasing the Rabi frequency can lead to significanthe semiclassical dressed-state representafion, which
suppression of the lower-frequency sideband and great efinearly mixes the laser-driven level8) and|1). For a reso-
hancement of the higher-frequency sideband. In addition, innant driving field @, = w40), the dressed states are
creasing the Rabi frequency can give rise to narrowing of the
enhanced sideband and broadening of the suppressed side- L L
band.
We plot a three-dimensional Autler-Townes spectrum in [+)= E(|O>+|l>)’ =)= E(|O>_|l>)' (16
Fig. 5 for ) =200, which shows how the doublet is modified
when the cavity frequency varies. Whér- 0, the doublet is
symmetric. Whens=200, however, there is a minimum in In the dressed-state picture, the weak probe laser couples
the lower-frequency sideband and a maximum in the higherthe upper level2) to a dressed state doublet. See, for in-
frequency sideband(When §=—200 the situation is re- stance, Fig. (b). The corresponding Autler-Townes spec-
versed) trum, therefore, is expected to exhibit a doublet. In the secu-
Moreover, whens> (), both sidebands tend to the samelar approximation > vy;,v,,v.), the doublet takes the
height and the symmetry in the doublet is recover@le  form

P++7 P22 pP——"P22

1
Awy)= =R —+ - ,
12 wp) 2 %Z-I— (1/2) (y1+ 295+ yeas— Yeaoti)  z+ (L2) (y1+2yy+ year+ veap—iQ) 2= (w3
17)
|
where — Y1t ve
Pra=5—,
2y1+
Y1T Ve (19)
— Y1t ¥e Re(az—as+2ay)
Pr+™ 2y1+2v. Reay—aq) ’ p_,,z % .
LreTe 2 7t (18) 2y1+ e
R ) It is obvious thatp, . # p__, so the Autler-Townes doublet
— _nitye Reley—a—2ag) is asymmetric. The amplitude of the lower-frequency side-
2y1+2y.Relaz—ay) band, proportional to the population of the dressed state

| +), is larger than that of the higher-frequency one, which is
proportional to the population of the dressed state. Fur-
are the steady-state population of the dressed statpsre-  thermore, ify.> y,, the atomic population can be approxi-
spectively, ang,,=0. mately trapped in the dressed state) and therefore the
Obviously, the heights of the Autler-Townes doublet de-higher-frequency sideband of the Autler-Townes doublet is
pend strongly on the distribution of population within the completely suppressed, while the lower-frequency one is
dressed-state doublet. In the absence of the cdiity, y.  greatly enhanced.
=0), the dressed-state populations are eqpal,=p_ _ Otherwise, foré=(), that is, when the cavity is in reso-
=0.5, and the Autler-Townes doublet is thus symmetrich@nce with the frequency,+ (), the dressed-state popula-
about the atomic resonance frequenay, of the levels|1)  tions are approximately given by
and|2) and separated by the dressed-state level splifing

In the presence of the cavity coupled to the two coher- P—++2 4!

ently driven levels|0) and|1), however, the dressed-state 2y1t e (20)
population is cavity-frequency dependent. For example, if

the cavity frequency is tuned tw,y (6=0), then both — Nty

dressed-state populations are the same and the Autler- p“_271+ Yo

Townes components have the same height. However, if the
cavity frequency is tuned t@c= w9~ (2, the dressed-state As a result, the lower-frequency sideband of the doublet is
populations in the case of large Rabi frequencl@s-(x) are  suppressed whereas the higher-frequency one is enhanced.
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TABLE |. Linewidths and positions of the Autler-Townes doublet, & wqq,Q2> k).

Cavity frequency

(6=wc—wy) Wirs Whirs Pirs Phrs

5=—0 Yit2v, Yit2v,+ v /2 —0/2—3g%/180 Q12— g?140
5=0 Y1t 2v,+ v /2 Yit2v,+ v /2 — Q02— g?%/140 Q2+ g%140
5=0Q Y1t 2v,+ v /2 yi+2v, —Q/2+g?%40 Q/2+3g%/8Q

The asymmetric profile of the Autler-Townes doublet is The cavity-frequency dependence of the linewidths of the
the direct consequence of the unbalanced population distrAutler-Townes doublet reflects the fact that the cavity can
bution between the dressed stdte§ induced by the cavity modify the transition rates of the dressed state$ and the
[8]. It is well known that spontaneous and stimulated transiupper stat¢2), whereas the shifting of the positions is due to
tions of a strongly driven atom in the bare state basis aréhe cavity-induced level shifts of the dressed states. We
equivalent to spontaneous emission between two adjacefist the linewidths and positions in the case(d$ « in Table
dressed-state manifold§]. For the model at hanfkee, for

example, Fig. (b)], if the cavity frequencywe is tuned to Both the linewidths and positions of the Autler-Townes
w10, Which is in resonance with spontaneous transitions offublet are different when the cavity frequency is detuned

the same dressed stdte) from the upper manifold to the "0 the atomic transition frequenays,. One may be much
lower manifold, both transition rates are the same and th@roader than the other #:> vy, y,, depending on the cavity

: L L requency. Likewise, the positions of the doublet are also
_?_?]Zu'laﬂfer:_?_g’\%'r?eljstedsoﬁ\éleerllzlsvgmrr‘nteﬁﬁCdressed Statel slightly shifted in the presence of the cavity.

However, if the cavity frequency is tuned ®©,— (2,
which is in resonance with the atomic transition from the _ _ _ _
state|—) of the upper dressed-state doublet to the state In this paper we investigate the absorption spectrum of
|+) of the lower dressed doublet and is far off resonancdhe upper and intermediate levels of a three-level cascade
with the other downward transitions, the transition from@&©m in which the intermediate and ground levels are
|—) to | +) is enhanced, while the other is inhibited by the STongly driven by a laser field as well as weakly coupled by
atom-cavity coupling. As a result, the population is most2 caVity mode. We find that the Autler-Townes spectrum
likely to be in the dressed state ). Otherwise, if the cavity fully reflects the cavity-induced effects on the coherently

o . " driven levels. Specifically, the dynamical suppression and
IS In resonance Withoyo+ 02, the frequ_ency of the atomic enhancement of the Autler-Townes doublet directly reflect
transition from|+) of the upper manifold td—) of the

) o X the cavity-induced redistribution(polarizationn of the
lower manifold, the transition fron-) to |—) is enhanced dressed-state population since the lower- and higher-

while the other is suppressed: Therefore, there is more popirequency sidebands are respectively proportional to the
lation in the dressed stafe-). The corresponding Autler- popuylation of the dressed stdte ), whereas the displacing
Townes doublet is asymmetric. of the positions of the doublet is the consequence of the
In addition, Eq.(18) clearly shows that the linewidths and cayity-induced level shifts of the dressed state. In addi-
positions of the Autler-Townes doublet are also dependention, the cavity-dependent linewidths of the doublet are also
on the cavity frequency and the driving intensity. For in- gye to the modification of the transition rates of the dressed
stance, the linewidth and position Qf the Iower—frequencystate|i> and the upper state) due to the cavity.
sideband of the doublet are, respectively, As the dynamical modifications of the radiative properties
of a two-level atom inside a cavity whose resonant frequency
(21) is tunable and the Autler-Townes doublet of a three-level
atom system in free space have been observed in many labo-
ratories [11-13,19, the scheme presented in this paper
should provide an experimentally feasible way of investigat-
ing cavity effects and may lead to the probing of cavity
quantum electrodynamics using Autler-Townes spectro-
scopic techniques.

IV. CONCLUSIONS

Wies=v1+ 272+ vc R a— ),

1
PLrs=— E[Q_ Ye IM(ay—ap)].

Those of the higher-frequency sideband are

Whes= v1+2y,+ v. R+ ap), 22)
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