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Cavity implementation of quantum interference in a A-type atom
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A scheme for engineering quantum interference ih-&ype atom coupled to a frequency-tunable, single-
mode cavity field with a preselected polarization at finite temperature is proposed. Interference-assisted popu-
lation trapping, population inversions, and probe gain at one sideband of the Autler-Townes spectrum are
predicted for certain cavity resonant frequencies.
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Within recent years, there has been a resurgence of intelently, two parallel dipole transition momentan be
est in the phenomenon of quantum interference between difichieved in such a system. Interference-assisted population
ferent transition paths of atoni&]. The principal reason is trapping, population inversions, and probe gain at one com-
that it lies at the heart of many new effects and applicationponent of the Autler-Townes spectrum are predicted for cer-
of quantum optics, such as lasing without population invertain cavity resonant frequencies.
sion [2], electromagnetically induced transparen@y, en- The model consists of A-type three-level atom with the
hancement of the index of refraction without absorpfidhh ~ ground subleveld0) and |1), with a level splitting o
fluorescence quenching—7|, and spectral line narrowing =E;—E,, coupled by the single-mode cavity field to the
[7,8]. excited level2). Direct transitions between the ground dou-
The basic system consists of a singlet state connected toldet |0) and|1) are dipole forbidden. The master equation
closely spaced doublet by a single electromagnetic vacuurfor the total density matrix operat@r; in the frame rotating
interaction[6,7,9, so that the two transition pathways from with the average atomic transition frequeney,= (w5
the doublet states to the singlet are not independent and mayw,,)/2 takes the form
interfere. It is important for these effects that the dipole mo-
ments of the transitions involved are parallel, so that the
cross-transition terms are maximal. From the experimental
point view, however, it is difficult to find isolated atomic .
systems which have parallel momeh#s6,9-11. with
Various alternative proposd|8,8,10,13 have been made
for generating quantum interference effects. For example, for H :@(A ~Ag) ©
three-level atomic systen@ V, A, and= configurationy AT g VL 700k
excited by two laser fields: one being a strong pump field to
drive two levels(say|1) and|2)) and the other being a weak He=sa'a 3)
probe field at different frequency to probe the levi@s and '
|1) or|2), the strong coherent field can drive the levidls

pr=—i[Ha+Hc+H prl+ Lo, ™

and|2) into superpositions of these states, so that different Hi=1(91A12+ goAoDa’ —H.c., )
atomic transitions are correlated. For such systems, the cross-

transition terms are evident in the atomic dressed picture Lpr=r(N+1)(2apra’—a'apr—pra'a)
[3,8,13. Other schemes for generating quantum interference, T T N

based on cavity QED, have been also propdd€i In fact, +xN(2a'pra—aa’pr—praa)), )

the experimental observation of the interference-induced
suppression of spontaneous emission was carried out in s#hereHc, Ha, andH, are the unperturbed cavity, the un-
dium dimers where the excited sublevels are superpositiorgerturbed atom, and the cavity-atom interaction Hamilto-
of singlet and triplet states that are mixed by a spin-orbithians, respectively, whil€p+ describes damping of the cav-
interaction[5]. Detailed theoretical investigations of this sys- ity field by the continuum electromagnetic modes at finite
tem have recently been providétil,12]. temperature, characterized by the decay constaand the
The major purpose of this paper is to propose a schem@ean number of thermal photohls a anda' are the photon
whereby quantum interference can be readily engendered @nnihilation and creation operators of the cavity mode, and
realistic practical situations. We study A-type atom Ajj=|i)(j| is the atomic populatiorithe dipole transition
coupled to a frequency-tunable single-mode cavity field withoperator fori=j (i#]); 6= wc— wq is the cavity detuning
a preselected polarization which is damped by a thermal regrom the average atomic transition frequency, ame-e,
ervoir, and show that maximal quantum interferefeguiva- - di»Vhwc/2¢0V (i=0,1) is the atom-cavity coupling con-
stant withd;,, the dipole moment of the atomic transition
from |2) to |i), e, , the polarization of the cavity mode, and
*Electronic address: peng.zhou@physics.gatech.edu V, the volume of the system. In the remainder of this work
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we assume that the polgriza_tion of thg cavity field is prese- -+ g¥ g, (A,ppA,— pAig]+H.Cl, (6)
lected, i.e., the polarization index is fixed to one of two
possible directions.

In this paper we are interested in the bad cavity limit WhereF(*wyg) =[x +i(5* w192)]7".
>g;, that is, the atom-cavity coupling is weak and the cavity ~Obviously, Eq.(6) describes the cavity-induced atomic
has a lowQ so that the cavity field decay dominates. Fordecay into the cavity mode. The real partff+ wyg)|gi|®
simplicity, we here assume that the rageof spontaneous represents the cavity-induced decay rate of the atomic ex-
emission of the atom to background modes other than théited level|2) to the ground leveli), (i=0,1), while the
privileged cavity mode is negligible small. These conditionsimaginary part is associated with the frequency shift of the
may be easily achieved with current experimental techatomic level resulting from the interaction with the thermal
niques. For example, in a recent cavity QED experiment wittfield in the detuned cavity. The other terfi$+ w,0)g;g; ,
squeezed light carried out in Kimble’s group, the atomic andi#j), however, represent the cavity-induced correlated
cavity parameters were set to {x,9,y} transitions of the atom, i.e., as the atom emits a photon from
=2m{200,40,2.5 MHz [14]. Agarwal, Lange, and Walther the excited leve]2) to one of the ground sublevels, s@),
have recently developed a theory based on the bad cavifipr example, it drives an absorption of the same photon on a
limit and without accounting for the atomic decay to the different transition|1)—|2), and vice versa, which give rise
background ¢=0), which perfectly describes their experi- to the effect of quantum interference.

mental observationgl5]. In fact, the early cavity QED ex- The effect of quantum interference is very sensitive to the
periments were mostly conducted in the bad cawtgak orientations of the atomic dipoles and the polarization of the
coupling regime[14-16. cavity mode. For instance, if the cavity-field polarization is

In the bad cavity limit, the cavity field response to the not preselected, as in free space, one must repg@g;ie by
continuum modes is much faster than that produced by itthe sum over the two possible polarization directions, giving
interaction with the atom, so that the atom always experiX, g;g; =d;,-d}, [10]. Therefore, only nonorthogonal dipole
ences the cavity mode in the state induced by the thermatansitions lead to nonzero contributions, and the maximal
reservoir. Thus one can adiabatically eliminate the cavityinterference effect occurs with the two dipoles parallel. As
mode variables, giving rise to a master equation for thepointed out in Refs[2,6,10,11, however, it is questionable
atomic variables only15,17], which takes the form whether there is a isolated atomic system with parallel di-

poles. Otherwise, if the polarization of the cavity mode is

- ) fixed, say e,=e¢,, the polarization direction along the
p=—i[Ha,p]+{F(= @10 (N+1)[|go|*(AgzpAz0— Aczp) x-quantization axis, theg;g «(d;,)(d%)x, which is non-

+009% AgapAar] + F(w10) (N+ 1)[|g1|2(ArpAsy vanis_:hing, regardless of the orientat_ion of the a_tomic di_pole
matrix elements. Actually, by selecting the cavity polariza-
—Asop) + 98 91A10A] +F(— w9N tion, we can in some cases even engineer a system with two
parallel or anti-parallel dipole moments. For example, for an
X [|9ol*(Az0pAcz— pAco) + 90T atom with Zeeman ground states with F,m=0)

—|j—1m==1) transition, if we preselected the cavity po-
larization to the x-quantization axis, we will achieve a
scheme with two parallel dipole moments, whereas if the
0.5 T T T T ' cavity polarization is preselected to tlggguantization axis,
: : : : : we will have a system with two antiparallel dipole moments.

It is apparent that ifk> 8,w,g, the frequency shifts are
negligibly small. Moreover, if we define the cavity-induced
decay rates of the excited level to the ground sublevels as
Yo= K| Qol*/[ k*+ (6= w10)?]1=|go|*/ x and y,= «|g4|*/[ «*
+(6+ w10)%]1=|91|% k, the master equatioi®) then reduces
to the approximate form

X (A21pA02— pAop) 1+ F (@10 N[|91|%(A21pA1— pA)

p=—i[Ha.p]+ yo(N+1)(2A0pAz0~ Azop— pAz))

+ YoN(2A200A02~ Agap — pAoo) + v1(N+1)
5 5 5 X (2A12pA21— Aop = pA2) + ¥1IN(2A21pA1— Arsp
600 400 200 % 200 400 600 — A1)+ 2\ vy (N+1)ApAx

+V70Y1N(2A21pA02— Ap1p — pAo1)

FIG. 1. The steady-state population differences and coherence

vs the cavity detuning fogo=g,=10, =100, w1,=200, andN +2 /70),1(N+ 1)AgpAgy+ /7071N
=20. The solid, dashed, and dot-dashed lines represgpt (
—poa), (p22—p11), and Repyy), respectively. X (2A00A15— A10p — pA10)- (7)
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This equation is same as that ofAatype three-level atom Our numerical calculations show no trapped state at all in
with two parallel transition matrix elements in free spé@f  the nondegenerate case(#0). Nevertheless, the cavity-

In other words, the maximal effect of quantum interferenceinduced quantum interference between the two transition
in a A-type atom can be achieved in a cavity with a presepaths|0)«|2) and|1)«|2) gives rise to the steady-state
lected polarization. Furthermore, transforming K@) into  population inversions and coherence, as shown in Fig. 1,
the  basis  {|2),[S)=(Vy0l0)+ Vyi| 1) /Vyo+ y1,|A)  where w,o=2x=200, N=20, andg,=g,=10 are taken.
=(\/%|1>— \/ﬂ|0>)/\/yo+ v1}, shows that the cavity mode The steady-state populations and coherence are highly de-
only couples to the staté§) and|2) with a cavity-induced pendent on the cavity frequency. The coherence is symmetric
decay rate of {5+ y41), and the asymmetric staf8) is de-  with the cavity detuning and reaches the maximum value at
coupled from the excited stat2). Interestingly, in the case §=0, while the population differences are asymmetric. Fur-
of degenerate ground states,(=0), the steady-state solu- thermore, the population inversions may be achieved for cer-
tion is highly dependent upon initial conditions of the atom.tain cavity frequency. For example, if the cavity frequency is
For example, if the atom is initially in the asymmetric statetuned to —139.2<§<82.3, the population is inverted be-
|A), it will stay in the state forever, i.e|A) is a complete tween the excited levéR) and the ground sublevéd) (i.e.,
trapped state, whereas the steady-state populations are, &~>pq,), Whereasp,,>p;; in the region of —82.3<¢
spectively, p,=N/(2N+1), pss=(N+1)/(2N+1), and <139.2. Itis clear thap,,>p11>pgo is achieved in the re-
paa=0, if the atom is initially in either the symmetric state gion of —139.2<$<0. The steady-state population inver-
|S) or the excited statg2). Otherwise, for the atom initially ~sions and nonzero coherence manifests the cavity-induced
in one of the ground doublefy,,=N/(4N+2), ps<=(N quantum interferencfgl8].

+1)/(4N+2), and paa=1/2, where a half population is Now we investigate the effects of cavity-induced interfer-
trapped in the statgd). It is evident that the existence of the ence on the Autler-Townes spectruiiw), by illuminating
population trapped state and the dependence of the steady-weak, frequency-tunable probe field on such a system,
state population on the initial atomic states originate from thevhich can be calculated from the master equati®n with
cavity induced quantum interference. the help of the quantum regression theorem:

2 [191]%a12— 9097 (a11+i ) ]p10+ [ 9ol *a21— 93 91(@z2 i @) Ipos
A(w)=—R - -
K (aptio)(aption)—aay;

N E Re{ (9097 @21 01| %(az+i®)1(p11— p22) T[98 91812~ |dol *(Ara+i @) (poo— Pzz)] ®
K t

(aptio)(aption)—aay

wherepg1,p10 @Ndpgg.p11,P22 are the steady coherence and centrate on the case;;~2«> v, y1,N, so that the doublet
populations of the atom, respecticely, and is well resolved. See, for example, in Fig. 2 whapgg
=2k=200, N=20, gp=9,;=10 and different cavity detun-
ings are taken, in which the solidashedllines represent the
spectrum in the presend@bsencg of the cavity induced
interference. It is clearly shown that when the cavity is reso-
nant with the average frequency of the atomic transitiéns
=0, the interference widens and strengthens the absorption
doublet, which is symmetri¢Fig. 2(a)]. Otherwise, it is
asymmetric. Rather surprisingly, probe gain may occur at

a= — F(w10)|gl|2(2N+ 1)_F(_ w10)|90|2(N+1)
=+ % ia)lo,
a1,= —F(— 0100097 N,

a,n=—F(w10959:N,

——F 2(N+1)—F(— 2(9N+1 either the lower- or the higher-frequency sideband, e.g., the
822 (@10)]91/ )= F(= 010190/ ) probe field is amplified at the lower-frequency sideband for
—3iwg. (99  6=50 and 100, while at the other sideband &&r 200, see

o in Figs. 2b)—2(d), for instance. When the cavity detuning is

One may predict that in the absence of the cavity-induceghych larger than the ground sublevel splitting and the cavity
interference(i.e., no cross transition associated wWhg:  linewidth 8> wy0,2«, the effect of the cavity induced inter-
and g;9; is taken into accouit two transition paths ference is negligibly small so that the absorption spectrum is
|0)«<|2) and|1)«|2) areindependentwhich respectively virtually same as that without interferen6ge show no fig-
lead to the higher- and lower-frequency sidebands of the ahire hereg.
sorption doublet with respective linewidthgy(2N+ 1) It is well known that the probe absorption of multilevel
+7y1(N+1) and yo(N+1)+y,(2N+1). Whereas, the atoms is attributed to population difference between two di-
spectral features may be dramatically modified in the prespole transition levels and coherence between two dipole for-
ence of the cavity-induced interference. Here we only conbidden levels, see, for instance, in E&), and either the
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) FIG. 3. Different contributions to the absorption spectrum, for
FIG. 2. Absorption _spectrum\(w) vs the scaled fre_quenay 9,=0,=10, k=100, w,;= 200, N=20, ands=0, 50, 100, 200 in
=(wp—wo), wherew, is the frequency of the probe field, foo  (5)_(q), respectively. The dashed curves represent the contributions

=0,=10, K=1QO- @10~ 200,'N=20, andé=0, 50, 100, 200 ip of the coherences, while the solid curves are the ones of the popu-
(@—(d), respectively. The solid curves represent the spectrum in theyion differences.

presence of the cavity-induced interference, while the dashed

curves are the spectrum in the absence of the interference. when 5= 200, the situation is reversed: the coherence gives

rise to probe gain, while the populations lead to probe ab-

inverted populations or the coherence can lead to probe gaigorption at both the sidebands. The net probe gain occurs at
As demonstrated in Fig. 1, the population between the twahe higher frequency sideband, which is purely attributable to
transition levels|2) and |1) is inverted in the region of  the cavity-induced steady-state atomic coherence. We can
—82.3<6<139.2. Therefore, the gain at the lower- anticipate the similar results occur wish<0, but the higher-
frequency sideband stems from the cavity-induced steadyrequency gain is due to the population inversion, while the
state population inversion betwef) and|1) for 5=50 and  |ower-frequency one is attributed to the nonzero coherence.
100, whereas the cavity-induced coherence between the two With an ensemble of many atoms inside the cavity, coop-
dipole-forbidden excited sublevel®) and|1) must be the erative effects may lead to larger coherence and population
origin of the gain at the higher-frequency one in the case inversions, in turn, a larger probe gain. According to the
=200. linear response theory, the absorption coefficiemt

To further explore the origin of the probe gain, we sepa-= ayIm[ pyi(wp) + paolwp) 1/E,, Where&, is the amplitude
rate the Autler-Townes spectrum into two parts, in whichof the weak probe beanp,i(wp), poo(w,) are associated
one corresponds to the contribution of the coherence, reprevith atomic complex polarizations at the probe frequency
sented by the first part of the right-hand sid®HS) of Eq.  w,, anday is proportional to the number density of atoms
(8) and the dashed curves in Fig. 3, while the other result§19]. One can therefore expect that the more atoms are in-
from the populations, the second part of the RHS of BY.  jected into the cavity, the larger gafor absorptioh may be
and the solid lines in Fig. 3. We have assumed that g, produced.
=10, k=100, w,,=200, N=20, and various cavity fre- In summary, we have shown that maximal quantum inter-
quencies in Fig. 3. It is obvious that wheh=0, 50, and ference can be practically achieved inaype atom coupled
100, the contributions of the populations to the spectrum argo a single-mode, frequency-tunable cavity field at finite tem-
of amplification of the probe beam, due to the populationperature, with a preselected polarization in the bad cavity
inversions, whereas the coherence make positive contribuimit. The cavity-induced interference may give rise to the
tions (probe absorption see, for example, Figs.(@-3(c).  population trapping and inversions, and the probe gain at
One can also see that the spectral component resulting frogither sideband of the Autler-Townes doublet, depending
the populations is symmetric only whei+0, otherwise, it upon the cavity resonant frequency, the ground level split-
has different values at the lower and higher frequency sideting, and the mean number of thermal photons. The gain
bands, which are proportional topf,—p;1) and (p;  occurring at different sidebands has the various origin: in the
— poo), respectively. As shown in Fig. 1, if the cavity detun- case of6>0, the higher-frequency gain is due to the non-
ing is zero, then f,,—p1)=(p2o—poo), Whereas f,»  zero coherence, while the lower-frequency one is attributed
—p11)>(p2o— poo) for 6=50 and 100. As a result, the lower to the population inversion. As shown in Ref8,8,13, an
frequency sideband is deeper than the other in the céisesapplied laser coupling to multilevel atoms may result in the
=50 andé=100. The total spectrum may therefore exhibit steady-state coherence and population inversions. We here
probe gain at the lower frequency sideband at these cavitgresent another scheme whereby they can be generated by
frequencies. See, for example, Fig&)3and 3d). However,  the cavity-induced interference.
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We should emphasize that there are no special restrictiors wide range of atomic species. In this sense, our study may
on the atomic dipole moments in our system, as long as thprovide a way to generate new short-wavelength laSers
polarization of the cavity field is preselected and the effectrobe gain at the higher frequency sideband

of the cavity-induced interference occur over ranges of the This work was partially done at the Department of Ap-
parameters, and are profound when the ground level splittinglied Mathematics and Theoretical Physics, The Queen’s
is the same order of the cavity linewidth and the mean numuniversity of Belfast. | would like to thank Z. Ficek and S.
ber of thermal photonkl>1, which should be applicable to Swain for helpful conversations.
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