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Cavity implementation of quantum interference in a L-type atom
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A scheme for engineering quantum interference in aL-type 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 in
est in the phenomenon of quantum interference between
ferent transition paths of atoms@1#. The principal reason is
that it lies at the heart of many new effects and applicati
of quantum optics, such as lasing without population inv
sion @2#, electromagnetically induced transparency@3#, en-
hancement of the index of refraction without absorption@4#,
fluorescence quenching@5–7#, and spectral line narrowing
@7,8#.

The basic system consists of a singlet state connected
closely spaced doublet by a single electromagnetic vacu
interaction@6,7,9#, so that the two transition pathways fro
the doublet states to the singlet are not independent and
interfere. It is important for these effects that the dipole m
ments of the transitions involved are parallel, so that
cross-transition terms are maximal. From the experime
point view, however, it is difficult to find isolated atomi
systems which have parallel moments@2,6,9–11#.

Various alternative proposals@3,8,10,13# have been made
for generating quantum interference effects. For example
three-level atomic systems~in V, L, andJ configurations!
excited by two laser fields: one being a strong pump field
drive two levels~sayu1& andu2&) and the other being a wea
probe field at different frequency to probe the levelsu0& and
u1& or u2&, the strong coherent field can drive the levelsu1&
and u2& into superpositions of these states, so that differ
atomic transitions are correlated. For such systems, the c
transition terms are evident in the atomic dressed pic
@3,8,13#. Other schemes for generating quantum interferen
based on cavity QED, have been also proposed@10#. In fact,
the experimental observation of the interference-indu
suppression of spontaneous emission was carried out in
dium dimers where the excited sublevels are superposit
of singlet and triplet states that are mixed by a spin-o
interaction@5#. Detailed theoretical investigations of this sy
tem have recently been provided@11,12#.

The major purpose of this paper is to propose a sche
whereby quantum interference can be readily engendere
realistic practical situations. We study aL-type atom
coupled to a frequency-tunable single-mode cavity field w
a preselected polarization which is damped by a thermal
ervoir, and show that maximal quantum interference~equiva-

*Electronic address: peng.zhou@physics.gatech.edu
1050-2947/2001/63~2!/023810~5!/$15.00 63 0238
r-
if-

s
-

a
m

ay
-
e
al

or

o

t
ss-
re
e,

d
o-

ns
it

e
in

h
s-

lently, two parallel dipole transition moments! can be
achieved in such a system. Interference-assisted popula
trapping, population inversions, and probe gain at one co
ponent of the Autler-Townes spectrum are predicted for c
tain cavity resonant frequencies.

The model consists of aL-type three-level atom with the
ground sublevelsu0& and u1&, with a level splitting v10
5E12E0, coupled by the single-mode cavity field to th
excited levelu2&. Direct transitions between the ground do
blet u0& and u1& are dipole forbidden. The master equatio
for the total density matrix operatorrT in the frame rotating
with the average atomic transition frequencyv05(v20
1v21)/2 takes the form

ṙT52 i @HA1HC1HI ,rT#1LrT , ~1!

with

HA5
v10

2
~A112A00!, ~2!

HC5d a†a, ~3!

HI5 i ~g1A121g0A02!a
†2H.c., ~4!

LrT5k~N11!~2arTa†2a†arT2rTa†a!

1kN~2a†rTa2aa†rT2rTaa†!, ~5!

whereHC , HA , andHI are the unperturbed cavity, the un
perturbed atom, and the cavity-atom interaction Hamil
nians, respectively, whileLrT describes damping of the cav
ity field by the continuum electromagnetic modes at fin
temperature, characterized by the decay constantk and the
mean number of thermal photonsN; a anda† are the photon
annihilation and creation operators of the cavity mode, a
Ai j 5u i &^ j u is the atomic population~the dipole transition!
operator fori 5 j ( iÞ j ); d5vC2v0 is the cavity detuning
from the average atomic transition frequency, andgi5el

•di2A\vC/2e0V ( i 50,1) is the atom-cavity coupling con
stant with di2, the dipole moment of the atomic transitio
from u2& to u i &, el , the polarization of the cavity mode, an
V, the volume of the system. In the remainder of this wo
©2001 The American Physical Society10-1
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we assume that the polarization of the cavity field is pre
lected, i.e., the polarization indexl is fixed to one of two
possible directions.

In this paper we are interested in the bad cavity limitk
@gi , that is, the atom-cavity coupling is weak and the cav
has a lowQ so that the cavity field decay dominates. F
simplicity, we here assume that the rateg of spontaneous
emission of the atom to background modes other than
privileged cavity mode is negligible small. These conditio
may be easily achieved with current experimental te
niques. For example, in a recent cavity QED experiment w
squeezed light carried out in Kimble’s group, the atomic a
cavity parameters were set to $k,g,g%
52p$200,40,2.5% MHz @14#. Agarwal, Lange, and Walthe
have recently developed a theory based on the bad ca
limit and without accounting for the atomic decay to t
background (g50), which perfectly describes their exper
mental observations@15#. In fact, the early cavity QED ex
periments were mostly conducted in the bad cavity~weak
coupling! regime@14–16#.

In the bad cavity limit, the cavity field response to th
continuum modes is much faster than that produced by
interaction with the atom, so that the atom always exp
ences the cavity mode in the state induced by the ther
reservoir. Thus one can adiabatically eliminate the cav
mode variables, giving rise to a master equation for
atomic variables only@15,17#, which takes the form

ṙ52 i @HA ,r#1$F~2v10!~N11!@ ug0u2~A02rA202A22r!

1g0g1* A02rA21#1F~v10!~N11!@ ug1u2~A12rA21

2A22r!1g0* g1A12rA20#1F~2v10!N

3@ ug0u2~A20rA022rA00!1g0g1*

3~A21rA022rA01!#1F~v10!N@ ug1u2~A21rA122rA11!

FIG. 1. The steady-state population differences and cohere
vs the cavity detuning forg05g1510, k5100, v105200, andN
520. The solid, dashed, and dot-dashed lines representr22

2r00), (r222r11), and Re(r01), respectively.
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1g0* g1~A20rA122rA10!#1H.c.%, ~6!

whereF(6v10)5@k1 i (d6v10/2)#21.
Obviously, Eq.~6! describes the cavity-induced atom

decay into the cavity mode. The real part ofF(6v10)ugi u2

represents the cavity-induced decay rate of the atomic
cited level u2& to the ground levelu i &, (i 50,1), while the
imaginary part is associated with the frequency shift of
atomic level resulting from the interaction with the therm
field in the detuned cavity. The other termsF(6v10)gigj* ,
( iÞ j ), however, represent the cavity-induced correla
transitions of the atom, i.e., as the atom emits a photon fr
the excited levelu2& to one of the ground sublevels, sayu0&,
for example, it drives an absorption of the same photon o
different transition,u1&→u2&, and vice versa, which give ris
to the effect of quantum interference.

The effect of quantum interference is very sensitive to
orientations of the atomic dipoles and the polarization of
cavity mode. For instance, if the cavity-field polarization
not preselected, as in free space, one must replacegigj* by
the sum over the two possible polarization directions, giv
Slgigj* }di2•dj 2* @10#. Therefore, only nonorthogonal dipol
transitions lead to nonzero contributions, and the maxim
interference effect occurs with the two dipoles parallel.
pointed out in Refs.@2,6,10,11#, however, it is questionable
whether there is a isolated atomic system with parallel
poles. Otherwise, if the polarization of the cavity mode
fixed, say el5ex , the polarization direction along th
x-quantization axis, thengigj* }(di2)x(dj 2* )x , which is non-
vanishing, regardless of the orientation of the atomic dip
matrix elements. Actually, by selecting the cavity polariz
tion, we can in some cases even engineer a system with
parallel or anti-parallel dipole moments. For example, for
atom with Zeeman ground states with au j ,m50&
↔u j 21,m561& 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
cavity polarization is preselected to they-quantization axis,
we will have a system with two antiparallel dipole momen

It is apparent that ifk@d,v10, the frequency shifts are
negligibly small. Moreover, if we define the cavity-induce
decay rates of the excited level to the ground sublevels
g05kug0u2/@k21(d2v10)

2#.ug0u2/k and g15kug1u2/@k2

1(d1v10)
2#.ug1u2/k, the master equation~6! then reduces

to the approximate form

ṙ.2 i @HA ,r#1g0~N11!~2A02rA202A22r2rA22!

1g0N~2A20rA022A00r2rA00!1g1~N11!

3~2A12rA212A22r2rA22!1g1N~2A21rA122A11r

2rA11!12Ag0g1~N11!A12rA20

1Ag0g1N~2A21rA022A01r2rA01!

12Ag0g1~N11!A02rA211Ag0g1N

3~2A20rA122A10r2rA10!. ~7!

ce
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This equation is same as that of aL-type three-level atom
with two parallel transition matrix elements in free space@9#.
In other words, the maximal effect of quantum interferen
in a L-type atom can be achieved in a cavity with a pre
lected polarization. Furthermore, transforming Eq.~7! into
the basis $u2&,uS&5(Ag0u0&1Ag1u1&)/Ag01g1,uA&
5(Ag0u1&2Ag1u0&)/Ag01g1%, shows that the cavity mod
only couples to the statesuS& and u2& with a cavity-induced
decay rate of (g01g1), and the asymmetric stateuA& is de-
coupled from the excited stateu2&. Interestingly, in the case
of degenerate ground states (v1050), the steady-state solu
tion is highly dependent upon initial conditions of the ato
For example, if the atom is initially in the asymmetric sta
uA&, it will stay in the state forever, i.e.,uA& is a complete
trapped state, whereas the steady-state populations are
spectively, r225N/(2N11), rSS5(N11)/(2N11), and
rAA50, if the atom is initially in either the symmetric sta
uS& or the excited stateu2&. Otherwise, for the atom initially
in one of the ground doublet,r225N/(4N12), rSS5(N
11)/(4N12), and rAA51/2, where a half population is
trapped in the stateuA&. It is evident that the existence of th
population trapped state and the dependence of the ste
state population on the initial atomic states originate from
cavity induced quantum interference.
nd
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Our numerical calculations show no trapped state at a
the nondegenerate case (v10Þ0). Nevertheless, the cavity
induced quantum interference between the two transi
paths u0&↔u2& and u1&↔u2& gives rise to the steady-stat
population inversions and coherence, as shown in Fig
where v1052k5200, N520, andg05g1510 are taken.
The steady-state populations and coherence are highly
pendent on the cavity frequency. The coherence is symme
with the cavity detuning and reaches the maximum value
d50, while the population differences are asymmetric. F
thermore, the population inversions may be achieved for c
tain cavity frequency. For example, if the cavity frequency
tuned to2139.2,d,82.3, the population is inverted be
tween the excited levelu2& and the ground sublevelu0& ~i.e.,
r22.r00), whereasr22.r11 in the region of 282.3,d
,139.2. It is clear thatr22.r11.r00 is achieved in the re-
gion of 2139.2,d,0. The steady-state population inve
sions and nonzero coherence manifests the cavity-indu
quantum interference@18#.

Now we investigate the effects of cavity-induced interfe
ence on the Autler-Townes spectrumA(v), by illuminating
a weak, frequency-tunable probe field on such a syst
which can be calculated from the master equation~6!, with
the help of the quantum regression theorem:
A~v!5
2

k
ReH @ ug1u2a122g0g1* ~a111 iv!#r101@ ug0u2a212g0* g1~a221 iv!#r01

~a111 iv!~a221 iv!2a12a21
J

1
2

k
ReH @g0g1* a212ug1u2~a221 iv!#~r112r22!1@g0* g1a122ug0u2~a111 iv!#~r002r22!

~a111 iv!~a221 iv!2a12a21
J , ~8!
-
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wherer01,r10 andr00,r11,r22 are the steady coherence a
populations of the atom, respecticely, and

a1152F~v10!ug1u2~2N11!2F~2v10!ug0u2~N11!

1 1
2 iv10,

a1252F~2v10!g0g1* N,

a2152F~v10!g0* g1N,

a2252F~v10!ug1u2~N11!2F~2v10!ug0u2~2N11!

2 1
2 iv10. ~9!

One may predict that in the absence of the cavity-indu
interference~i.e., no cross transition associated withg0g1*
and g1g0* is taken into account!, two transition paths
u0&↔u2& and u1&↔u2& are independent, which respectively
lead to the higher- and lower-frequency sidebands of the
sorption doublet with respective linewidthsg0(2N11)
1g1(N11) and g0(N11)1g1(2N11). Whereas, the
spectral features may be dramatically modified in the pr
ence of the cavity-induced interference. Here we only c
d

b-

s-
-

centrate on the casev10;2k@g0 ,g1 ,N, so that the doublet
is well resolved. See, for example, in Fig. 2 wherev10

52k5200, N520, g05g1510 and different cavity detun
ings are taken, in which the solid~dashed! lines represent the
spectrum in the presence~absence! of the cavity induced
interference. It is clearly shown that when the cavity is re
nant with the average frequency of the atomic transitiond
50, the interference widens and strengthens the absorp
doublet, which is symmetric@Fig. 2~a!#. Otherwise, it is
asymmetric. Rather surprisingly, probe gain may occur
either the lower- or the higher-frequency sideband, e.g.,
probe field is amplified at the lower-frequency sideband
d550 and 100, while at the other sideband ford5200, see
in Figs. 2~b!–2~d!, for instance. When the cavity detuning
much larger than the ground sublevel splitting and the ca
linewidth d@v10,2k, the effect of the cavity induced inter
ference is negligibly small so that the absorption spectrum
virtually same as that without interference~we show no fig-
ure here!.

It is well known that the probe absorption of multilev
atoms is attributed to population difference between two
pole transition levels and coherence between two dipole
bidden levels, see, for instance, in Eq.~8!, and either the
0-3
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inverted populations or the coherence can lead to probe g
As demonstrated in Fig. 1, the population between the
transition levelsu2& and u1& is inverted in the region of
282.3,d,139.2. Therefore, the gain at the lowe
frequency sideband stems from the cavity-induced stea
state population inversion betweenu2& andu1& for d550 and
100, whereas the cavity-induced coherence between the
dipole-forbidden excited sublevelsu0& and u1& must be the
origin of the gain at the higher-frequency one in the casd
5200.

To further explore the origin of the probe gain, we sep
rate the Autler-Townes spectrum into two parts, in whi
one corresponds to the contribution of the coherence, re
sented by the first part of the right-hand side~RHS! of Eq.
~8! and the dashed curves in Fig. 3, while the other res
from the populations, the second part of the RHS of Eq.~8!
and the solid lines in Fig. 3. We have assumed thatg15g2
510, k5100, v105200, N520, and various cavity fre-
quencies in Fig. 3. It is obvious that whend50, 50, and
100, the contributions of the populations to the spectrum
of amplification of the probe beam, due to the populat
inversions, whereas the coherence make positive contr
tions ~probe absorption!, see, for example, Figs. 3~a!–3~c!.
One can also see that the spectral component resulting
the populations is symmetric only whend50, otherwise, it
has different values at the lower and higher frequency s
bands, which are proportional to (r222r11) and (r22
2r00), respectively. As shown in Fig. 1, if the cavity detu
ing is zero, then (r222r11)5(r222r00), whereas (r22
2r11).(r222r00) for d550 and 100. As a result, the lowe
frequency sideband is deeper than the other in the casd
550 andd5100. The total spectrum may therefore exhi
probe gain at the lower frequency sideband at these ca
frequencies. See, for example, Figs. 3~c! and 3~d!. However,

FIG. 2. Absorption spectrumA(v) vs the scaled frequencyv
5(vp2v0), wherevp is the frequency of the probe field, forg0

5g1510, k5100, v105200, N520, andd50, 50, 100, 200 in
~a!–~d!, respectively. The solid curves represent the spectrum in
presence of the cavity-induced interference, while the das
curves are the spectrum in the absence of the interference.
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whend5200, the situation is reversed: the coherence gi
rise to probe gain, while the populations lead to probe
sorption at both the sidebands. The net probe gain occu
the higher frequency sideband, which is purely attributable
the cavity-induced steady-state atomic coherence. We
anticipate the similar results occur withd,0, but the higher-
frequency gain is due to the population inversion, while t
lower-frequency one is attributed to the nonzero coheren

With an ensemble of many atoms inside the cavity, co
erative effects may lead to larger coherence and popula
inversions, in turn, a larger probe gain. According to t
linear response theory, the absorption coefficienta
5a0Im@r21(vp)1r20(vp)#/Ep , whereEp is the amplitude
of the weak probe beam,r21(vp), r20(vp) are associated
with atomic complex polarizations at the probe frequen
vp , anda0 is proportional to the number density of atom
@19#. One can therefore expect that the more atoms are
jected into the cavity, the larger gain~or absorption! may be
produced.

In summary, we have shown that maximal quantum int
ference can be practically achieved in aL-type atom coupled
to a single-mode, frequency-tunable cavity field at finite te
perature, with a preselected polarization in the bad ca
limit. The cavity-induced interference may give rise to t
population trapping and inversions, and the probe gain
either sideband of the Autler-Townes doublet, depend
upon the cavity resonant frequency, the ground level sp
ting, and the mean number of thermal photons. The g
occurring at different sidebands has the various origin: in
case ofd.0, the higher-frequency gain is due to the no
zero coherence, while the lower-frequency one is attribu
to the population inversion. As shown in Refs.@3,8,13#, an
applied laser coupling to multilevel atoms may result in t
steady-state coherence and population inversions. We
present another scheme whereby they can be generate
the cavity-induced interference.

e
d

FIG. 3. Different contributions to the absorption spectrum,
g15g2510, k5100, v215200, N520, andd50, 50, 100, 200 in
~a!–~d!, respectively. The dashed curves represent the contribut
of the coherences, while the solid curves are the ones of the p
lation differences.
0-4
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We should emphasize that there are no special restrict
on the atomic dipole moments in our system, as long as
polarization of the cavity field is preselected and the effe
of the cavity-induced interference occur over ranges of
parameters, and are profound when the ground level split
is the same order of the cavity linewidth and the mean nu
ber of thermal photonsN@1, which should be applicable t
tt.

.

.
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a wide range of atomic species. In this sense, our study
provide a way to generate new short-wavelength lasers~i.e.,
probe gain at the higher frequency sideband!.
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