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Gain components in the Autler-Townes doublet from quantum interferences in decay channels
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We considernondegeneratepump-probe spectroscopy ofV systems under conditions such that interference
among decay channels is important. We demonstrate how this interference can result in new gain features
instead of the usual absorption features. We relate this gain to the existence of a new vacuum induced
quasi-trapped-state. We further show how this also results in a large refractive index with low absorption.

PACS number~s!: 42.50.Gy, 42.50.Hz
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I. INTRODUCTION

The properties of a medium are significantly altered wh
the medium is driven by strong, resonant, coherent fie
Mollow first studied in detail the physical characteristics o
two-level system driven by a coherent field of arbitra
strength. He discovered new features in the emission spe
@1#. These new features are best understood in terms of fi
dependent eigenstates and eigenvalues or dressed sta
the system@2#. Mollow, in a later paper@3#, further demon-
strated the possibility of amplification of a probe field in
coherently driven two-level system. This gain can also
understood in terms of dressed states@4#. An alternative way
of probing a driven two-level model is by coupling a pro
field to one of the states~e.g., the ground state! of the
strongly driven transition and a different excited stateV
system!. The absorption spectra will show new resonan
related to the dressed states of the strongly driven two-le
atom. The strong drive splits the absorption resonance
two components known as the Autler-Townes compone
@5#. Various experiments in gases@6# and in solid-state sys
tems@7# have confirmed the presence of the Autler-Town
splitting of absorption lines. Such a three-level model is
known to show gain unless additional fields are introduc
For example, an incoherent pumping along the probing tr
sition of aV system will give rise to gain@8,9# . Other three-
level models with coherent and incoherent pumping also
hibit gain @10#.

In this paper, we demonstrate that quantum interfere
between different paths of spontaneous emission in aV sys-
tem can producegain under conditions when one would ha
otherwise observed absorption peaks. Interference due to
spontaneous emission can arise when spontaneous em
from one level can strongly affect a neighboring transitio
For example, consider excited levelsu1&, u2& of the same par-
ity and the ground stateu3& of a different parity@see Fig.
1~a!#. Let the spontaneous-emission rates from levelsu1& and
u2& to level u3& be denoted as 2g1 and 2g2, respectively. In
the interaction picture, the equations of motion for dens
matrix elements will be@11#

ṙ11522g1r112Ag1g2cosu~r12e
2 iW12t1r21e

iW12t!,
~1!

ṙ22522g2r222Ag1g2cosu~r12e
2 iW12t1r21e

iW12t!,
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ṙ1252~g11g2!r122Ag1g2cosueiW12t~r111r22!,

ṙ1352g1r132Ag1g2cosueiW12tr23,

ṙ2352g2r232Ag1g2cosue2 iW12tr13.

Here\W12 is the energy separation between the excited l
els which we keep arbitrary. The above equations are der
without making any kind of secular approximation, and c
be solved under the conditionsr331r221r1151 and r i j

5r j i* . The off-diagonal radiative coupling terms in the equ
tions for diagonal elements ofr are due to interference
among decay channels. Here the parameteru is the angle
between the dipole matrix elementsdW 13 anddW 23, wheredW i3
5^ i udu3& ( i 51,2) and d is the dipole moment operator
Note that this interference exists only whenuÞ90°. A result
of such an off-diagonal radiative coupling is that the coh
encer12(t) will evolve even whenr12(0)50. The coher-
ence arises from the vacuum of the electromagnetic field.
refer to it as vacuum-induced coherence~VIC!. This coher-
ence term will change the steady-state response of the
dium and under suitable conditions cancreate trapping in a
degenerate V system@11#. The coherence can also modif
significantly the emission spectrum of a near-degeneratV
system@12#. Recent works@13# generalize Eq.~1! to include
thermal photons as well as incoherent pumping. The p
ence of both thermal photons and VIC leads to additio
features in the spectrum. Moreover, it should be borne

FIG. 1. ~a! Schematic diagram of a three-levelV system. The
pump and probe fields have frequency detuningsD2 andD1, respec-
tively. The g’s denote the spontaneous-emission rates from the
spective levels.~b! The arrangement of field polarization require
for a single field driving one transition if dipoles are nonorthogon
©1999 The American Physical Society07-1
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SUNISH MENON AND G. S. AGARWAL PHYSICAL REVIEW A61 013807
mind that the coherence terms in Eqs.~1! are insignificant
whenW12@g1 ,g2, as then the oscillatory terms will averag
out to zero and such effects vanish.

In the present paper, we study how to probe VIC by us
a pump-probe spectroscopy. We demonstrate that the
can manifest itself via gain features instead of the traditio
absorption features. The organization of this paper is as
lows. In Sec. II we present basic equations describing
pump-probe spectroscopy under conditions when inter
ence between decay channels is important. We also poin
the crucial difference between the present work and the
vious studies. In Sec. III we discuss our numerical resu
We show the possibility of new gain features due to VIC.
Sec. IV we report the possibility of quasi-trapped-states t
arise strictly from the interference between decay chann
In Sec. V we analyze the effect of this trapping on the a
sorption and dispersion properties of the pump field. In S
VI we explain the numerical results of Sec. III in terms of t
trapped states discussed in Sec. IV.

II. BASIC EQUATIONS

Consider the pump-probe setup shown in Fig. 1~a!. The
transition dipole momentsdW 13 anddW 23 are nonorthogonal. To
study the situation as much parallel to the usual case w
the pump and probe fields act on two different arms of thV
system, we consider an arrangement of field polarization
shown in Fig. 1~b!. This enables us to study the VIC effec
as well as compare with the usual situation@14#. Thus the
pump field (EW 25«W 2e2 iv2t1c.c.) with a Rabi frequency
2G52dW 23•«W 2 /\ drives theu2&↔u3& transition (dW 13•«W 250)
and similarly the probe field (EW 15«W 1e2 iv1t1c.c.) with a
Rabi frequency 2g52dW 13•«W 1 /\ drives theu1&↔u3& transition
(dW 23•«W 150). We note here that for Fig. 1~b! the Rabi fre-
quencies will also depend on the angleu. But for conve-
nience in comparison with different values ofu, we will keep
the Rabi frequencies the same, which in practice can be d
by suitably increasing/decreasing the field strength. T
Hamiltonian for this system will be

H5\W13u1&^1u1\W23u2&^2u2\~Gu2&^3u

3e2 iv2t1gu1&^3ue2 iv1t1H.c.!, ~2!
-
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where \Wi3 ( i 51,2) is the energy of the stateu i & when
measured with respect to the stateu3&. In the rotating-wave
approximation the density-matrix equations with the inc
sion of all the decay terms will be

ṙ11522g1r112h~r121r21!1 ige2 idtr312 igeidtr13,

ṙ22522g2r222h~r121r21!1 iGr322 iGr23,

ṙ1252~g11g21 iW12!r122h~r111r22!

1 ige2 idtr322 iGr13, ~3!

ṙ1352@g11 i ~D21W12!#r132hr23

2 iGr121 ige2 idt~122r112r22!,

ṙ2352~g21 iD2!r232hr132 ige2 idtr21

1 iG~12r1122r22!,

where d5v12v2 is the probe-pump detuning. The prob
detuning D15W132v1 and the pump detuningD25W23
2v2 are related byD12D25W122d. In deriving Eqs.~3!
we have made the canonical transformations so thatr13 and
r23 are obtained by multiplying the solution of Eqs.~3! by
e2 iv2t. We also use the trace conditionr111r221r3351.
Hereh5Ag1g2cosu is the VIC parameter, which is nonzer
whenuÞ90°. Note that for the geometry shown in Fig. 1~b!,
u is always nonzero, though it could be small. In the abse
of external fields as seen from Eqs.~1!, the VIC effect is
important when the separation between the two excited
els is of the order of the natural linewidth. However, th
condition may be relaxed when the system is being driven
external fields, as we will see later.

Let us first consider the case whenu590°. Making a fur-
ther canonical transformation onr13 andr12, we can get rid
of the explicit time dependence. The imaginary part ofr13
yields the probe absorption. In the limit of a weak probe fie
(g!g1 ,g2), we obtain
r135
g$~g2

21D2
21G2!@D22D11 i ~g11g2!#1G2~D22 ig2!%

~g2
21D2

212G2!$G21~D12 ig1!@D22D11 i ~g11g2!#%
. ~4!
ec-

of
in
In the limit of vanishingg ’s and largeG, the above expres
sion shows that two complex poles exist atD15@D21 ig2

12ig16A(D21 ig2)214G2#/2. The probe absorption as
function of D1, i.e. as a function of probe frequency wi
have two resonances atD15@D26A(D2

214G2)/2. These are
the two Autler-Townes components in the absorption sp
trum. It can be further shown that Im(r13).0.

We now consider the effects of VIC~uÞ90°!. The system
of Eqs. ~3! has been studied under a very wide range
conditions. We would now recall what has been done and
7-2
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GAIN COMPONENTS IN THE AUTLER-TOWNES DOUBLET . . . PHYSICAL REVIEW A61 013807
what ways our current work differs from the existing work
~a! We could first consider the case when pump is also
placed by the probe («W 1[«W 2 , v15v2). Here the effects of
VIC manifest both in the emission@15,16# and absorption
spectrum@17–19#. Zhou and Swain demonstrated the ex
tence of ultranarrow spectral lines in emission@16#. Cardi-
monaet al. showed a vanishing of absorption under cert
conditions@17#, whereas Zhou and Swain demonstrated
possibility of gain with no pump field present@18#. ~b! An-
other case which is extensively studied by Knight and
workers corresponds to degenerate pump and probe fi
i.e., «W 1Þ«W 2, but v15v2 ~d50!. Here the pump can hav
arbitrary strength while the probe is kept relatively wea
Paspalakiset al. showed how VIC can lead to gain withou
inversion@19#. ~c! In the present work we study the impo
tant case of nondegenerate pump and probe fields,«W 1Þ«W 2 ,
v1Þv2. We show how the VIC can invert the tradition
Autler-Townes splittings in the absorption spectrum and p
duce gain features.

While we work with a three-level system, it should b
noted that effects of VIC in the context of four- and fiv
level schemes have been very extensively investigated@20–
28#. In particular, Zhu and co-workers discovered quench
of spontaneous emission@21,22#. An intuitive picture for
spontaneous-emission suppression and enhancement
provided by Agarwal@23#.

The nondegenerate case, which we treat, has a m
complication due to explicit time dependence in the eq
tions of motion~3!. Since the time dependence in Eqs.~3! is
periodic, we can solve these equations by Floquet analy
The solution can be written as

r i j 5(
m

r i j
(m)e2 imdt. ~5!

Thus the absorption and emission spectra get modulate
various harmonics ofd. The dc component in the probe a
sorption spectrum is related tor13

(11) . The absorption coeffi-
cient a per unit length can be shown to be

a5
a0g1

g
Im~r13

(11)!, ~6!

where a054pNud13u2v1 /\g1c and N denotes the atomic
density. Note that in Eq.~6! only one term from the entire
series~5! contributes. For the case of degenerate pump-pr
~d50!, all the terms in the series~5! are important.

III. NUMERICAL RESULTS

In order to obtain the probe absorption spectra, we so
Eqs. ~3! numerically using the series solution~5! and the
steady-state conditionṙ i j

(m)50. The situation is much simple
for a weak probe whenr i j

(11) can be computed to first orde
in g, otherwise we use the Floquet method. In Fig. 2 we p
the probe absorption as a function of probe detuning. T
dashed curves in Figs. 2~a! and 2~b! are the usual Autler-
Townes components in the absence of VIC effects. The s
curves show the absorption spectra when VIC is includ
01380
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We observe thatone of the Autler-Townes components fli
sign to give rise to significant gain. This type of behavior is
seen for any value ofW12 provided the pump-field strengt
satisfies the conditionG5uW12u for D250. ForW125G and
D250, the gain appears atD152G. The solid curve in Fig.
2~b! shows that the effect of VIC is observed even for lar
W12 compared tog1 ,g2. This is in contrast to the situation
that exists in the absence of external fields, where one fi
that VIC effects are important when the separation betw
the vacuum coupled levels is of the order of the natural li
width. As can be seen from Fig. 2~b!, for strong pump fields,
such a restriction can be relaxed. Also note that one of
Autler-Townes components can be almost suppressed f
certain set of parameters~see, for example, the solid curve i
Fig. 3!. Thus the parameteru ~angle between the two trans
tion dipole matrix elements! controls the spectra in the pres
ence of VIC. The dot-dashed curve in Fig. 3 also shows
effect of unequal decays. Forg2.2g1, both the Autler-
Townes components flip. We analyze the origin of gain
the following sections. We note that the previous wor
@19~a!# on the degeneratepump and probe fields also re
ported gain, provided the energy separation between the
excited states can be scanned.

Finally, as mentioned in Sec. II, the observation of VIC
related effects requires the use of transitions with non

FIG. 2. Effect of interference between decay channels on pr
absorption. For both of the frames, the dashed curves show
usual Autler-Townes components in the absence of VIC~u590°!
and the solid curves are foru515°. The common parameters a
g50.01g1 , g25g1, and D250. Note thata will depend onW12

only when VIC is present and we takeW1252G. In frame~a! we
have keptG510g1 and in frame~b! we takeG550g1. The solid
curve in frame~b! shows that the effect of VIC is retained even f
largeW12.
7-3



na
t

in

n
ub
c

r-

he

n

c
ite
th

es

en

e
.
-

t

vior
low,

in
e
res-

se
en

te

SUNISH MENON AND G. S. AGARWAL PHYSICAL REVIEW A61 013807
thogonal dipole matrix elements@11–13,15–19,21–28#. The
question of the production of a transition with nonorthogo
dipole matrix elements has been extensively discussed in
literature. This can be achieved by mixing the states us
either internal fields@22# or external fields@27–30#. We may
further note that the relaxation need not occur by sponta
ous emission. For example, in problems involving inters
band transitions in semiconductors the relaxation can oc
by emission of LO phonon@31#. In such cases the nono
thogonality of dipole matrix elements is not required.

IV. QUASI-TRAPPED-STATES FROM INTERFERENCE
OF DECAY CHANNELS

For a very weak probe field (g!g1 ,g2) we can solve
Eqs. ~3! perturbatively with respect to the strength of t
probe field. To the lowest order ing, the solution may be
written as

r i j 5s i j
0 1gs i j

1e2 idt1gs i j
2eidt. ~7!

We first examine the behavior of the system in the prese
of pump field alone (g50). Note that in the absence of VIC
effects the system reduces to the well known case of a
herently driven two-level atom. But the behavior is qu
different in the presence of VIC effects, as we show in
following.

It is clear that fieldG creates a coherent mixing of stat
u2& and u3&. The new eigenvalues will be

l65
D26AD2

214G2

2
, ~8!

and the corresponding dressed energy states can be writt

u1&5coscu2&1sincu3&, ~9!

FIG. 3. Plots show the important roleu and unequalg’s play in
the presence of VIC. The common parameters areG510g1 , g
50.01g1 , D250, andW1252G. The solid curve presents the ca
when g25g1 and u535° and the dot-dashed curve arises wh
g256g1 andu515°.
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u2&52sincu2&1coscu3&,

where tanc52G/l1 . The crucial point to note is that th
level u1& is coupled withu6& because of the presence of VIC
Thus the population inu6& also depends on the VIC param
eterh. An important case arises whenu1& is degenerate with
either u6&, i.e., whenW125l6 . The degenerate levels ge
strongly coupled via VIC, giving rise to trapping. Whenu1&
andu2& are degenerate, we show that the dynamical beha
of the system can be best analyzed in the basis given be

u1&,uc&5
A2g1u1&1Ag2u2&

Ag212g1

,

uuc&5
Ag2u1&2A2g1u2&

Ag212g1

. ~10!

Using the transformations~9!, ~10!, and Eqs.~3!, with g
50, we numerically compute the steady-state population
the states~10!. In Fig. 4 we plot the population of thes
states as a function of pump detuning. Note that in the p
ence of VIC,sucuc

0 approaches unity atD250, i.e., when the
statesu1& andu2& are degenerate becauseW1252G. A simi-
lar kind of trapping will occur whenu1& is degenerate with

FIG. 4. The atomic population in the basis~10! as a function of
pump detuningD2 /g2 the in presence@frame~b!, u515°# and in the
absence@frame ~a!, u590°# of VIC. The parameters areG
520g2 , W1252G, and g15g2. The solid curves denotesucuc

0 ,
the dashed curves are forscc

0 , and the dot-dashed curves deno
s11

0 .
7-4
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u1&. When uW12uÞG, the trapping will occur for an off-
resonant pump field. Trapping also requiresu to be small.
We show later thatsucuc

0 cannot be unity, and for this reaso
we refer to it as a ‘‘quasi-trapped-state’’~QTS!. Figure 4
also shows that forD2!2G, the entire population remain
in u1&. This is not an interference effect and happens ir
spective of whether VIC is present or absent. For large ne
tive pump detuning,l1→0 and thus sinc→1 ~cosc→0! in
Eqs.~9!. Since the levelu3& is the ground state, most of th
population remains here if the pump is highly off-resona
The QTSuuc& is a result of interference among decay cha
nels of u1& and u2& levels. As a consequence, even ifW12 is
large in the bare basis, strong VIC effects can appear w
dressed levels are degenerate with the bare excited le
unconnected by the pump field.

We next examine how the quasi-trapped-state is form
For this purpose we transform the equations of motion~3!
for the density-matrix elements in basis~10!. For D250 and
W1252G, a long calculation leads to

ṡucuc
0 52

4g1g2~g11g2!~12cosu!

~2g11g2!2
sucuc

0

1
g1~4g1

214g1g2cosu1g2
2!

~2g11g2!2
scc

0 1
g1g2

2g11g2
s11

0

2
g2Ag1g2~2g12g2!~12cosu!

A2~2g11g2!2
~succ

0 1scuc
0 !,

~11a!

ṡcc
0 52

~4g11g2!~4g1
214g1g2cosu1g2

2!

2~2g11g2!2
scc

0

1
2g1g2

2~12cosu!

~2g11g2!2
sucuc

0 1
g2

2

2~2g11g2!
s11

0

2
g1~2g12g2!A2g1g2~12cosu!

~2g11g2!2
~succ

0 1scuc
0 !,

~11b!

ṡ11
0 52

g2

2
s11

0 1
~4g1

214g1g2cosu1g2
2!

2~2g11g2!
scc

0

1
2g1g2~12cosu!

~2g11g2!
sucuc

0

1
~2g12g2!Ag1g2~12cosu!

A2~2g11g2!
~succ

0 1scuc
0 !,

~11c!
01380
-
a-

t.
-

en
els

d.

ṡucc
0 52F4g1

2g2~12cosu!

~2g11g2!2
1

g1g2cosu1g2
2

~2g11g2!
1g1Gsucc

0

2
g1g2~12cosu!~2g12g2!

~2g11g2!2
scuc

0

2
Ag1g2~12cosu!

A2
sucuc

0

2@8g1
2~12cosu!1~2g11g2!2cosu#

3
Ag1g2

A2~2g11g2!2
scc

0 2
g2Ag1g2

A2~2g11g2!
s11

0 , ~11d!

ṡ1uc
0 52

g2

2~2g11g2!
@g21g1~116A22cosu!#s1uc

0

2
Ag1g2

A2~2g11g2!
@2g11g2cosu22g2#s1c

0 ,

~11e!

ṡ1c
0 52

A2g1g2

~2g11g2!
@g1~12cosu!2g2#s1uc

0

2@2g1g2~11cosu!14g1
213g2

2#
s1c

0

2~2g11g2!
.

~11f!

The above equations have been derived by neglecting te
rotating at e62iGt ~secular approximation!. Note that the
above equations are not the usual rate equations becaus
diagonal elements are coupled with the off-diagonal e
ments as in Eqs.~1!. It is this coupling which leads to
quasitrapping even thoughsucuc

0 decays at a rate

Guc5
4g1g2~g11g2!~12cosu!

~2g11g2!2
. ~12!

Also note that for small nonzerou the decay from stateuuc&
is very small, which makes it a highly ‘‘stable’’ state. W
solve Eqs. ~11! numerically with the initial condition
s33

0 (0)51. In Fig. 5 we plot the time evolution of the popu
lation in statesu1&, uc&, anduuc&. Note that bothu1& anduc&
decay very rapidly, while population gets accumulated
uuc&. Here complete trapping will occur@sucuc

0 (`)51#
whenGuc50. This is not possible for the geometry shown
Fig. 1~b!. However, we have a quasi-trapped-state for sm
u.

It should be noted that trapped states were shown to o
in the presence of VIC under several conditions. For
ample, a trapped state arises at a certain parameter re
when u1& and u2& are degenerate and when no external fie
are applied, however the system is prepared in one of
excited states@11#. Trapping is also known to occur in th
degenerate case~d50! and when pump and probe have ide
7-5
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SUNISH MENON AND G. S. AGARWAL PHYSICAL REVIEW A61 013807
tical strengths («W 2[«W 1) @16#. Recently, new trapping state
in the presence of VIC have been found for four-level s
tems@25,26#. However, note that the QTS discussed abov
due to a pump fieldG couplingu2&↔u3& transition and thus is
different from all the previous works.

V. EFFECTS OF QUASI-TRAPPED-STATE
ON THE PUMP-FIELD LINE PROFILES

We now show the effects of the above trapping on
absorption and dispersion profiles of the pump field. T
trapping leads to a very steep increase in the refractive in
and reduces absorption drastically for the pump field. Va
n
en

-
e

01380
-
is

e
e
ex
i-

ous models in the past have demonstrated and discusse
importance of such a medium@32–34#. However, in the
present case we show how VIC can be used to control
refractive index of a medium. It is known that a large pop
lation difference between the dressed states can resu
large dispersion with vanishing absorption@33#. For our sys-
tem the population of dressed states depends onh and hence
in principle we can get a situation where a large populat
difference between dressed states can exist. Consider
case whenD250 andW1252G. The coherences23

0 can be
evaluated using Eqs.~3! and~7!. The optical coherence to a
orders in the pump field is found to be
s23
0 5

G2h2$G2~2g11g2!g11~h22g1g2!~g11g2!2%1 iG~g1g22h2!$Ag22h2g1~g11g2!2%

B
, ~13!
the
ing
where

A5G2g2
214G2g1g21g1

2g2
214G2g1

212g1
3g21g1

4 ,
~14!

B5~g1g22h2!$A~g2
212G2!1h2G2g1~g212g1!%

1h2G4~g212g1!21h2~g11g2!2~3g1g2h2

22g1
2g2

22h4!.

It is known that the Re(s23
0 ) corresponds to the dispersio

and Im(s23
0 ) corresponds to absorption. When the alignm

parameteru is small, we haveh2'g1g2 ~for example, when
u515°, h250.93g1g2). Then we can approximate Eq.~13!
by

FIG. 5. Evolution of atomic population in the statesu1&, uc&,
and uuc& when D250, W1252G, and u515°. The other param-
eters areG520g2 , g15g251, andu515°. The solid curve repre
sentssucuc

0 , the dashed curve is forscc
0 , and the dot-dashed curv

shows the evolution ofs11
0 .
t

s23
0 '

g1

g212g1
1 i

~g1g22h2!$A2g1
2~g11g2!2%

G3g1~g212g1!2
,

~15!

with the constraint thatGÞ0. Thus forg1.g2 one can have

FIG. 6. Plots show the absorption and dispersion curves for
pump field in dimensionless units as a function of pump detun
D2 /g2. The solid curves show the effect of VIC,u515°, and the
dashed curves are foru590°. The parameters areG520g2 and
g1510g2. For the solid curve,W1252G.
7-6
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Re(s23
0 ) as high as 0.5 while the absorption remains low

should be borne in mind that the absorption and dispers
have been computed to all orders in the pump-field stren
In Fig. 6 we plot the absorption and dispersion parts ofs23

0

as a function of detuningD2 /g2. For comparison the dashe
curves show the result in the absence of VIC. These cu
are obtained from the steady-state numerical solutions
Eqs.~3! with g50. Note that in the presence of VIC there
a dip in absorption and a peak in the dispersion curve. Du
trapping, most of the population tends to remain in statesu1&
and u2&. For W1252G and D250, the population in the
en
is

01380
t
n
h.

es
of

to

three dressed states and the coherences12
0 was evaluated to

be

s11
0 5

G2h2~g11g2!2~h22g1g2!2G4h2g2~g212g1!

B
,

~16!

s22
0 5@~g2

212G2!A~g1g22h2!2h2G2~g1g22h2!

3~3g2
215g1g21g1

2!14G4h2g1g21h2

3~g21g1!2~3h2g1g222g1
2g2

22h4!#/2B, ~17!
s11
0 5

~g1g22h2!$A~g2
212G2!1G2h2g1~g212g1!1h2~g11g2!2~G222g1g21h2!%

2B
. ~18!

s12
0 5$~h22g1g2!@Ag2

22G2~g2
21g1g22g1

2!h2#2h2~g11g2!2~3g1g2h222g1
2g2

22h4!

22iG~h22g1g2!@Ag22h2g1~g11g2!2#%/2B, ~19!

which under the conditionh2'g1g2 reduce to

s11
0 '

g2

g212g1
, s22

0 '
2g1

g212g1
, ~20!

s11
0 '

~g1g22h2!$A~g2
212G2!1G2g1

2g2~g212g1!1g1g2~g11g2!2~G22g1g2!%

2G4g1g2~g212g1!2
, ~21!
on
s

es
e of
of

sed

or

tler-
. 3.

ts
Im~s12
0 !'

~g1g22h2!$A2g1
2~g11g2!2%

G3g1~g212g1!2
. ~22!

Note thats11
0 and Im(s12

0 ) are very small compared tos11
0

ands22
0 . One can equally writes23

0 as

s23
0 5~s22

0 2s11
0 !/21 i Im~s12

0 ! at D250. ~23!

Thus thelarge difference in population between statesu2&
and u1& gives rise to the large dispersion. Also note that
state u2& lies below the ground stateu3&, which can also
cause a large index of refraction with small absorption@33#.
When u590°, we see from Eqs.~17!, ~18!, and ~19! that
s22

0 5s11
0 and Im(s12

0 )Þ0, and hence dispersion atD2

50 is zero with substantial absorption, which is consist
with the well known power-broadened absorption and d
persion profiles for a two-level atom.
t
-

VI. ORIGIN OF GAIN THROUGH
QUASI-TRAPPED-STATES

The origin of the Autler-Townes doublet in the absorpti
spectrum is well understood. The pump dresses the stateu2&
and u3&. The population in the dressed statesu6& absorbs a
photon from the probe field leading to the Autler-Town
doublet. The situation changes drastically in the presenc
VIC, which, as shown in Sec. V, for a suitable choice
parameters, leads to a quasi-trapped-stateuuc&. For D250,
W1252G, g15g2, and small values ofu the dressed state
u1& is almost empty, whereass22

0 .s11
0 @Eq. ~20!#. Thus the

probe can be absorbed in the transitionu2&→u1& ,whereas the
probe will experience gain in the transitionu1&→u1&. We
also note that in principle the coherence between two dres
statesu6& can also contribute to the gain@35#. As discussed
in Sec. V, the population in the statesu6& andu1& depends on
the angleu between the two dipole matrix elements. F
intermediate values ofu’s, the population inu1& and u1& can
be almost the same. This can suppress one of the Au
Townes components as shown by the solid curve in Fig
Wheng2.2g1, it is possible to haves11

0 .s22
0 for small u

@see result~20!#. Thus both the Autler-Townes componen
7-7
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will give rise to gain. This behavior is shown by the do
dashed curve in Fig. 3.

VII. CONCLUSIONS

In summary, we have studied thenondegeneratepump-
probe spectroscopy ofV systems when the presence of inte
ference in decay channels is significant. We have shown
possibility of gain components in the Autler-Townes do
blet. We present a physical interpretation of this gain. W
lo
,

v.
S.
.

tin

be
se

l

01380
he
-
e

have also shown the possibility of new trapped states du
VIC, which we further show results in a very high refractiv
index with very low absorption.
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