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Gain components in the Autler-Townes doublet from quantum interferences in decay channels
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We considemondegeneratpump-probe spectroscopy ¥fsystems 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 numbegps): 42.50.Gy, 42.50.Hz

I. INTRODUCTION - i
p12= — (v1+ ¥2)p12— \¥172€0860€" 12 (p11+ pyy),

The properties of a medium are significantly altered when
the medium is driven by strong, resonant, coherent fields.
Mollow first studied in detail the physical characteristics of a - — y7,cos0e- Wiz
two-level system driven by a coherent field of arbitrary P23~ = Y2P23 V¥1Y2C0S0€ P13-

strength. He discovered new features in the emission spect erefiWy, is the energy separation between the excited lev-

[1]. These new features are be_st understood in terms of fiel els,which we keep arbitrary. The above equations are derived
dependent eigenstates and eigenvalues or dressed states

the systenf2]. Mollow, in a later papef3], further demon- w%out making any kind of secular approximation, and can

strated the possibility of amplification of a probe field in abe *solved undgr the con.dltl.or)@3+ P22t pu=1 and pj;
coherently driven two-level system. This gain can also be. Fii - The c_)ff—d|agonal radiative coupling term_s in the equa-
understood in terms of dressed stdi#ls An alternative way tions for diagonal elements of are due to. interference
of probing a driven two-level model is by coupling a probe among decay .channels.. Here theﬁ param?tm the anagle
field to one of the statege.g., the ground stateof the  between the dipole matrix elemerdg; andd,s, whered;s
strongly driven transition and a different excited state ( =(ild|3) (i=1,2) andd is the dipole moment operator.
system. The absorption spectra will show new resonanced\ote that this interference exists only whe#90°. A result
related to the dressed states of the strongly driven two-levéf such an off-diagonal radiative coupling is that the coher-
atom. The strong drive splits the absorption resonance int6Ncepix(t) will evolve even whenp;,(0)=0. The coher-
two Components known as the Autler-Townes Component§nce arises from the vacuum of the eIeCtromagnetiC field. We
[5] Various experiments in gas&] and in solid-state sys- refer to it as vacuum-induced COherer(wC). This coher-
tems[7] have confirmed the presence of the Autler-Townesence term will change the steady-state response of the me-
splitting of absorption lines. Such a three-level model is notdium and under suitable conditions cereate trapping in a
known to show gain unless additional fields are introduceddegenerate V systefll]. The coherence can also modify
For example, an incoherent pumping along the probing transignificantly the emission spectrum of a near-degenevate
sition of aV system will give rise to gaifi8,9] . Other three-  System[12]. Recent work$13] generalize Eq(1) to include
level models with coherent and incoherent pumping also exthermal photons as well as incoherent pumping. The pres-
hibit gain [10]. ence of both thermal photons and VIC leads to additional
In this paper, we demonstrate that quantum interferencéeatures in the spectrum. Moreover, it should be borne in
between different paths of spontaneous emission\Vhsgs-
tem can producgain under conditions when one would have '?
otherwise observed absorption peaksterference due to
spontaneous emission can arise when spontaneous emissi \ . s
from one level can strongly affect a neighboring transition. \\ i s
For example, consider excited levéls, [2) of the same par- 9 2
ity and the ground stat¢8) of a different parity[see Fig. \ ? G 0
1(a)]. Let the spontaneous-emission rates from le{@lsnd '
|2) to level |3) be denoted as® and 2y,, respectively. In ; 2 €
the interaction picture, the equations of motion for density- [*) Frobe P
matrix elements will bé11] @ )

p13= — Y1P13— \ ¥172€050€ W12 pss,

. Wt Wert FIG. 1. (a) Schematic diagram of a three-lewélsystem. The
P11= —2¥1p11~ N ¥1Y2C080(p1se 1%+ ppieiZ), pump and probe fields have frequency detunifigsindA ;, respec-

.Y tively. The y's denote the spontaneous-emission rates from the re-
) ) ) spective levels(b) The arrangement of field polarization required
P25=—2VoPar— \ V1Y2€080(pre” Wid+ p,eWidy for a single field driving one transition if dipoles are nonorthogonal.
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mind that the coherence terms in E@$) are insignificant whereAW;; (i=1,2) is the energy of the stafé) when
whenW, > y1,7y,, as then the oscillatory terms will average measured with respect to the sté@g In the rotating-wave
out to zero and such effects vanish. approximation the density-matrix equations with the inclu-

In the present paper, we study how to probe VIC by usingsion of all the decay terms will be
a pump-probe spectroscopy. We demonstrate that the VIC
can manifest itself via gain features instead of the traditional
absorption features. The organization of this paper is as fol- p11=—2vy1p11— 7(p1ot+pr) +ige™
lows. In Sec. Il we present basic equations describing the
pump-probe spectroscopy under conditions when interfer-
ence between decay channels is important. We also point out ,')22= —299p22— NP1t pr1) TiGpar—iGpag,
the crucial difference between the present work and the pre-
vious studies. In Sec. Il we discuss our numerical results.
We show the possibility of new gain features due to VIC. In
Sec. IV we report the possibility of quasi-trapped-states that ,
arise strictly from the interference between decay channels. +ige"‘”p32—iGp13, 3)
In Sec. V we analyze the effect of this trapping on the ab-
sorption and dispersion properties of the pump field. In Sec.
VI we explain the numerical results of Sec. Ill in terms of the p13=—[y1+i(Ar+Wi)1p1s— 7p23
trapped states discussed in Sec. IV. . ) 4

—iGpitige  (1=2p11—p2o),

"pa—ige'?pys,

p12= — (Y11 Y2+ 1W1) p1o— n(p11t p2o)

II. BASIC EQUATIONS

Consider the pump-probe setup shown in Figp)1The poz=—(Y2+iA5)pas— npia—ige ¥p,,
transition dipole moment&lg and&23 are nonorthogonal. To S iG(1— 2
study the situation as much parallel to the usual case where IG(1=pu=2p2),

the pump and probe fields act on two different arms of\the |\ here 8= w,— w, is the probe-pump detuning. The probe
system, we consider an arrangement of field polarization a8etuning A;=W,3— 0, and the pump detuning,=W.
shown in Fig. 1b). This enables us to study the VIC effects —w, are rélatedlgbyAll—Az:Wm— 5. In deriving éqs.(é)a
as well as compare Y‘_"tht the usual situatidd]. Thus the e have made the canonical transformations so shaand
pump field E;=e,e"'“?'+c.c.) with a Rabi frequency ., are obtained by multiplying the solution of EqS) by
2G=2d,3 &,/ drives the|2)«|3) transition @d,3-£,=0) e '“2'. We also use the trace conditign,+ ps,+ p33=1.
and similarly the probe fieldE;=¢,e '1'+c.c.) with a Heren=1y,y,cosdis the VIC parameter, which is nonzero

Rabi frequency Q=2513~ Ellh drives the[1)«|3) transition When 6+90°. Note that for thg geometry shown in Figb},

d,y 5,=0). We note here that for Fig.(t) the Rabi fre- 0 is always nonzero, though it could be small. In the absence
(dag-24 '.” 5o d q th 9- But f of external fields as seen from Eq4), the VIC effect is
quencies will also depend on the angle But for conve- important when the separation between the two excited lev-
nience in comparison with different values @fwe will keep

. ; o . els is of the order of the natural linewidth. However, this
the Rabi frequencies the same, which in practice can be do ndition may be relaxed when the system is being driven by
by suitably increasing/decreasing the field strength. Theex

Hamiltonian for thi term will be ternal fields, as we will see later.
fiton IS Sys wi Let us first consider the case whér90°. Making a fur-

ther canonical transformation gn; andp4,, we can get rid

H =AWy 1)( 1| + %Wy 2)(2| — (G| 2)(3| o_f the explicit time depe_ndence. T_he_ imaginary paerQj_
' ' yields the probe absorption. In the limit of a weak probe field
xe 'v2+g[1)(3le 1"+ H.c), (2 (9<71.72), we obtain

(5 ASHGO[A— Ay ti(y1+¥2) ]+ GX (A~ y))

_ | , . (@)
P (24 A2 2G?) G2+ (Ay— i y)[ Dg— A +i(y2+ 72) ]}

In the limit of vanishingy’s and largeG, the above expres- the two Autler-Townes components in the absorption spec-
sion shows that two complex poles exist®t=[A,+iy,  trum. It can be further shown that Im{3)>0.

+2iy, (A, +i7y,)%+4G?]/2. The probe absorption as a  We now consider the effects of VI@+#90°). The system
function of A, i.e. as a function of probe frequency will of Egs. (3) has been studied under a very wide range of
have two resonances At =[A,* \/(A22+4Gz)/2. These are  conditions. We would now recall what has been done and in
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what ways our current work differs from the existing works.

(a) We could first consider the case when pump is also re- oas | @ ""‘. ;‘“ i
placed by the probegi=¢,, w;=w,). Here the effects of I\ ! \
VIC manifest both in the emissiofil5,16 and absorption 0.05 - J\ PN 1

spectrum[17—-19. Zhou and Swain demonstrated the exis-
tence of ultranarrow spectral lines in emissidé]. Cardi-
monaet al. showed a vanishing of absorption under certain
conditions[17], whereas Zhou and Swain demonstrated the o015
possibility of gain with no pump field presefit8]. (b) An-
other case which is extensively studied by Knight and co-
workers corresponds to degenerate pump and probe fields,
i.e., £1#&,, but w;=w, (6=0). Here the pump can have
arbitrary strength while the probe is kept relatively weak.
Paspalakist al. showed how VIC can lead to gain without o 4
inversion[19]. (c) In the present work we study the impor- o1 L
tant case of nondegenerate pump and probe fiélgéc,,
w1# w,. We show how the VIC can invert the traditional 0.0
Autler-Townes splittings in the absorption spectrum and pro- g
duce gain features. -0 -
While we work with a three-level system, it should be
noted that effects of VIC in the context of four- and five- 02
level schemes have been very extensively investigi26e
28]. In particular, Zhu and co-workers discovered quenching 03—
of spontaneous emissio21,22. An intuitive picture for A,
spontaneous-emission suppression and enhancement was
provided by Agarwa[23]. FIG. 2. Effect of interference between decay channels on probe
The nondegenerate case, which we treat, has a maj@,bsorption. For both of the frames, the dashed curves show the
complication due to explicit time dependence in the equalsual Autler-Townes components in the absence of WE90°)
tions of motion(3). Since the time dependence in E(.is and the solid curves are fat=15°. The common parameters are

periodic, we can solve these equations by Floquet analysi€.=0-01y1, v2=71, andA,=0. Note thata will depend onW,,
The solution can be written as only when VIC is present and we také;,= —G. In frame(a) we

have keptG=10y,; and in frame(b) we takeG=50y,. The solid
curve in frame(b) shows that the effect of VIC is retained even for

pij= % Pi(jm)e_im&- 5 large Wy,.

We observe thabne of the Autler-Townes components flips
Thus the absorption and emission spectra get modulated gfgn to give rise to significant gaifThis type of behavior is
various harmonics ob. The dc component in the probe ab- seen for any value ofV;, provided the pump-field strength
sorption spectrum is related 3. The absorption coeffi- - satisfies the conditios = |W;| for A,=0. ForW,,=G and

ol

-0.05 - 1

-025 : : ‘ :
30 -20 -10 0 10 20 30

cient a per unit length can be shown to be A,=0, the gain appears at; = — G. The solid curve in Fig.
2(b) shows that the effect of VIC is observed even for large
_ %N (+1) W,, compared toy,,y,. This is in contrast to the situation
a= |m(p13 ); (6)

that exists in the absence of external fields, where one finds
that VIC effects are important when the separation between
where ao=4mN|d1g?w; /A y.c and A denotes the atomic  the vacuum coupled levels is of the order of the natural line-
density. Note that in Eq(6) only one term from the entire width. As can be seen from Fig(18, for strong pump fields,

series(5) contributes. For the case of degenerate pump-probguch a restriction can be relaxed. Also note that one of the

(6=0), all the terms in the serig®) are important. Autler-Townes components can be almost suppressed for a
certain set of parametefsee, for example, the solid curve in
Ill. NUMERICAL RESULTS Fig. 3. Thus the parametet (angle between the two transi-

. . tion dipole matrix elemenjsontrols the spectra in the pres-
In order to obtain the probe absorption spectra, we Solve,cq of \/iC. The dot-dashed curve in Fig. 3 also shows the

Egs. (3) numerically.using the series solutidd) and the  ,gant of unequal decays. Fop,>2y;, both the Autler-
steady-state conditiop{|” =0. The situation is much simpler Townes components flip. We analyze the origin of gain in
for a weak probe whep{;™" can be computed to first order the following sections. We note that the previous works
in g, otherwise we use the Floguet method. In Fig. 2 we plo{19(a)] on the degeneratepump and probe fields also re-
the probe absorption as a function of probe detuning. Th@orted gain, provided the energy separation between the two
dashed curves in Figs(& and Zb) are the usual Autler- excited states can be scanned.

Townes components in the absence of VIC effects. The solid Finally, as mentioned in Sec. Il, the observation of VIC-
curves show the absorption spectra when VIC is includedrelated effects requires the use of transitions with nonor-
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FIG. 3. Plots show the important roteand unequalys play in
the presence of VIC. The common parameters @rel10y,, g g 06
=0.01y,, A,=0, andW,,= — G. The solid curve presents the case %
when y,=1vy,; and §=35° and the dot-dashed curve arises when g
° £ 04
Y2= 6’)’1 and 6=15°.
thogonal dipole matrix elemenf4d1-13,15-19,21-38The 02
question of the production of a transition with nonorthogonal
dipole matrix elements has been extensively discussed inthe ¢4

literature. This can be achieved by mixing the states using
either internal field$22] or external field§27-30. We may
further note that the relaxation need not occur by spontane- FIG. 4. The atomic population in the bag0) as a function of
ous emission. For example, in problems involving intersubpump detuning\, /v, the in presencErame(b), 6=15°] and in the
band transitions in semiconductors the relaxation can occuabsence[frame (a), #=90°] of VIC. The parameters arés

by emission of LO phonofi31]. In such cases the nonor- =20y,, Wi,=—G, and y;=y,. The solid curves denote{,.,
thogonality of dipole matrix elements is not required. the dashed curves are fo'r‘c)c, and the dot-dashed curves denote

al,.
IV. QUASI-TRAPPED-STATES FROM INTERFERENCE .
OF DECAY CHANNELS | —)=—siny|2)+cosy(3),

For a very weak probe f|e|dg(< »)/17')/2) we can solve where tan//= _G/)\Jr_. The crucial point to note is that the
Egs. (3) perturbatively with respect to the strength of the level 1) is coupled with+) because of the presence of VIC.

probe field. To the lowest order ig, the solution may be Thus the population if+) also depends on the VIC param-
written as eter . An important case arises whél) is degenerate with

either |=), i.e., whenW,;,=\. . The degenerate levels get
pij :Uioj +gofj’e‘i‘$t+gai]ei&. (7)  strongly coupled via VIC, giving rise to trapping_. Whéh) _
and|—) are degenerate, we show that the dynamical behavior

We first examine the behavior of the system in the presenc@l the system can be best analyzed in the basis given below,

of pump field alone §=0). Note that in the absence of VIC —
effects the system reduces to the well known case of a co- |+),lc)= 27|+ ‘/z|_>
herently driven two-level atom. But the behavior is quite ' Vyat+ 2y,
different in the presence of VIC effects, as we show in the
following. Vval1) = V24| —

It is clear that fieldG creates a coherent mixing of states luc)= 2|1 1l=) . (10
|2) and|3). The new eigenvalues will be Vy2t 271

Using the transformation$9), (10), and Egs.(3), with g
2
\ :Azi \/A27+4G ®) =0, we numerically compute the steady-state population in
* 2 ' the states(10). In Fig. 4 we plot the population of these

states as a function of pump detuning. Note that in the pres-
and the corresponding dressed energy states can be writtenasce of VIC,0? .. approaches unity at,=0, i.e., when the
stateg1) and|—) are degenerate becausdg,= —G. A simi-
| +)=cosy|2) +siny|3), (90 lar kind of trapping will occur whenl) is degenerate with
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[+). When |W,4#G, the trapping will occur for an off-
resonant pump field. Trapping also requi¢$o be small.

We show later thair’,.,,. cannot be unity, and for this reason
we refer to it as a “quasi-trapped-statdQTS). Figure 4
also shows that foA,< — G, the entire population remains

in [+). This is not an interference effect and happens irre-
spective of whether VIC is present or absent. For large nega-
tive pump detuning) . —0 and thus sigF—1 (cosyg—0) in
Egs.(9). Since the leve|3) is the ground state, most of the
population remains here if the pump is highly off-resonant.
The QTS|uc) is a result of interference among decay chan-
nels of|1) and|—) levels. As a consequence, evenif, is
large in the bare basis, strong VIC effects can appear when
dressed levels are degenerate with the bare excited levels
unconnected by the pump field.

We next examine how the quasi-trapped-state is formed. o
For this purpose we transform the equations of moti@n
for the density-matrix elements in basi). For A,=0 and
W,,=—G, a long calculation leads to

"0 _
Tyce™

‘0 4y1¥2(y1+ v2)(1—cosd) .

Oucuc™ — Tucuc 0L~

(2914 7,)?

+71(47§+47172C030+7§) 0 Y1Y2

PHYSICAL REVIEW A1 013807

4y3y,(1—coS)  y17,C080+ 3

0

— + + lod
2yty)? | @utyy T
~ 71v2(1-c0s0)(2y1—v2)
2 + 2 O-CUC
(2y1+y2)
Vy1y2(1—cosf)
_TO—UCUC
—[874(1—c0s6) + (271 + v,)?cosb]
VY172 o0 YaNY1Y2 0 (110
\/5(2714'7’2)2 ¢ \/5(27’1+72) o
Y2 0
0'+uc:_m[72+71(1+6\/§_C059)]0+u0
VY172
—m[271+720039—27’2]03m
1 2
(11e
V27172 0
—m[Vl(l—COSG)—Yz]U+uc
[27175(1+CoS6) + 472+ 32] T
- +C0S0) +4y3+393] s
Y172 Y1 Y2 2(271+72)
(11f)

The above equations have been derived by neglecting terms

(2 g
(2y1+ 72)? © 2yty, 7T
Y2\ Y1Y2(2y1— y2)(1—cosh) 0
B \/5(27, +7)2 (oucet ocud)
1T 72

rotating ate™2'®! (secular approximation Note that the
above equations are not the usual rate equations because the
diagonal elements are coupled with the off-diagonal ele-
ments as in Eqgs(1). It is this coupling which leads to
quasitrapping even thoughﬁCuc decays at a rate

_Ay1ya(y1t y2)(1—cosb)

Iye= 12

v (2y1+72)° 42
Also note that for small nonzeré the decay from statgic)
is very small, which makes it a highly “stable” state. We
solve Egs. (11) numerically with the initial condition
ag3(0)= 1. In Fig. 5 we plot the time evolution of the popu-
lation in stateg+), |c), and|uc). Note that botH+) and|c)
decay very rapidly, while population gets accumulated in
|uc). Here complete trapping will occu[aﬁcuc(oo)zl]
whenI",.=0. This is not possible for the geometry shown in
Fig. 1(b). However, we have a quasi-trapped-state for small

It should be noted that trapped states were shown to occur
in the presence of VIC under several conditions. For ex-
ample, a trapped state arises at a certain parameter regime
when|1) and|2) are degenerate and when no external fields
are applied, however the system is prepared in one of the

(113
o (Ayity)(4yi+4y,y,c080+95)
Occ™ 2 Occ
2(2y1t+y2)
2y173(1—cosé) % o,
fAre oV .
(2y1+72)? U 2(2yt ) T
Y1(2y1— ¥2)V2y172(1—cosf) 0
N (27 +7 )2 (O-UCC+ (TCUC)'
1t 72
(11b
‘0 __ Y2 ¢ (49i+4y17,c080+v5)
T 22yity) e F
2y17,(1—cosf)
(2yrtyy) - ueue
(2y1—y2)Vr1va(1—cosd)
* O-UCC+O-CUC)’
V2(2y,+ v)

(119

excited state$l1l]. Trapping is also known to occur in the
degenerate casé=0) and when pump and probe have iden-
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tical strengths §,=¢,) [16]. Recently, new trapping states ous models in the past have demonstrated and discussed the
in the presence of VIC have been found for four-level sysimportance of such a mediurf82-34. However, in the
tems[25,26. However, note that the QTS discussed above ipresent case we show how VIC can be used to control the
due to a pump field coupling|2)«3) transition and thus is  refractive index of a medium. It is known that a large popu-

differentfrom all the previous works. lation difference between the dressed states can result in
large dispersion with vanishing absorpti@8]. For our sys-
V. EFFECTS OF QUASI-TRAPPED-STATE tem the population of dressed states depends and hence
ON THE PUMP-FIELD LINE PROFILES in principle we can get a situation where a large population

We now show the effects of the above trapping on thedlfference between dressed states can eX|st.OConS|der the
hem,=0 andW,,=—G. The coherence; can be

absorption and dispersion profiles of the pump field. Thec@S€ W : :
trapping leads to a very steep increase in the refractive indeRvaluated using Eq$3) and(7). The optical coherence to all

and reduces absorption drastically for the pump field. Vari-orders in the pump field is found to be

o GG (2yi+ v vt (0P = yiv2) (vit ¥} +iG(v1v2— 7 AY2— P yvi(vit v2)?}

|
where 0 7L (y1v2— PHA=Yi(y1t v2)%
0237
A=G?y5+4G?y17,+ Y175+ 4G Y+ 293y, + 91, Y22y G y1(y2+2y1)? a5
2 2 2 22 (14)
B=(y1v2— 7 ){A(72+2G%) + 7°G y1(y2+271)} with the constraint tha® # 0. Thus fory,> vy, one can have
+7°G* (2 2y + 7 (v1+ ¥2)*(By1y2n® 004
—297— 7. @
It is known that the Raf23) corresponds to the dispersion
and |m(023) corresponds to absorption. When the alignment Lo
parametei is small, we have;?~ y,y, (for example, when ooz
6=15°, °=0.93y,7,). Then we can approximate E€L3) E AN
by

1.0 T T

5
k5
H
2 ~
)
&
FIG. 5. Evolution of atomic population in the states), |c), FIG. 6. Plots show the absorption and dispersion curves for the

and |uc) whenA,=0, W;,=—G, and #=15°. The other param- pump field in dimensionless units as a function of pump detuning
eters arég5=20y,, y1=7v,=1, andf=15°. The solid curve repre- A,/y,. The solid curves show the effect of VI@=15°, and the
sentsal. ., the dashed curve is farl;, and the dot-dashed curve dashed curves are fa#=90°. The parameters ai®=20y, and
shows the evolution of9 | . v1=10y,. For the solid curveW,,=—G.
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Re(gg3) as high as 0.5 while the absorption remains low. Itthree dressed states and the cohererfce was evaluated to
should be borne in mind that the absorption and dispersioR€
have been computed to all orders in the pump-field strength. 2 o 2, 4 2

- . . . + - — +2
In Fig. 6 we plot the absorption and dispersion partsrdf gglzG 7 (it v) (1" v1v2) =G vl ye 7/1),
as a function of detuning,/vy,. For comparison the dashed B
curves show the result in the absence of VIC. These curves
are obtained from the steady-state numerical solutions of o _r. 2,552\ — 2= 232 _ 2
Egs.(3) with g=0. Note that in the presence of VIC there is 7 L2 A=) =G (e 7)

(16)

a dip in absorption and a peak in the dispersion curve. Due to X (3y5+5y1y2+ v2) +4G* 9Py v+ 7P
trapping, most of the population tends to remain in sttes o 22 4
and |-). For W,=—G and A,=0, the population in the X(y2+ v (37 y1y2—2v1v5—1")1/2B, (17)

o (71727 A +2G?) + G272 yi(v2+ 2y0) + 0P (vt ¥2)(GP = 2y172+ 7))

o4 B (18
0_0 :{( 2_ A2_G2 2+ 2N 27 .2 + 23 2_222_ 4
=17 = v17v2)[AY; (Yot v1v2= YD 7] = 77 (y1t+ v2) “(By1y2n = 2¥1v5—7")
—2iG(7*— y17)[Ay2a— n*y1(y1+ v2)21}2B, (19
which under the conditiom?~ vy, v, reduce to
0 Y2 0 271
Oii~————, 0o _~—7—, 20)
oyt 2y, Y2+2v1 (
oy WA+ 267+ Giya(vat 2v) + mva(1at 72 (G- 1)) 21
o 2G y1ya( 2+ 271)? '
[
VA A2 2 VI. ORIGIN OF GAIN THROUGH
HA +v2)
|m(a‘i_)~(7’1y2 mHA” Nty }. (22) QUASI-TRAPPED-STATES

G3y1(y2+271)? . . .
The origin of the Autler-Townes doublet in the absorption

spectrum is well understood. The pump dresses the d2tes
0 0 0 and [3). The population in the dressed state¢s absorbs a
Note thato™; . and Im(o. ) are very small compared #;;  photon from the probe field leading to the Autler-Townes
anda? _ . One can equally writer3; as doublet. The situation changes drastically in the presence of
VIC, which, as shown in Sec. V, for a suitable choice of
parameters, leads to a quasi-trapped-dtatd. For A,=0,
W,=—G, y,=1,, and small values of the dressed state
095=(0% _—ol )2+ilm(c% ) at A,=0. (23  |+)is almost empty, whereas’ >3, [Eq.(20)]. Thus the
probe can be absorbed in the transitien—|1) ,whereas the
probe will experience gain in the transitigh)—|+). We
Thus thelarge difference in population between states  also note that in principle the coherence between two dressed
and |+) gives rise to the large dispersiollso note that states/=) can also contribute to the gaj5]. As discussed
state|—) lies below the ground statg), which can also in Sec. V, the population in the states) and|1) depends on
cause a large index of refraction with small absorpfi8d].  the angle# between the two dipole matrix elements. For
When 6=90°, we see from Eqs17), (18), and (19) that intermediate values of's, the population ifl) and|+) can
o =0, and Im@% )#0, and hence dispersion &,  be almost the same. This can suppress one of the Autler-
=0 is zero with substantial absorption, which is consistenifownes components as shown by the solid curve in Fig. 3.
with the well known power-broadened absorption and dis\Wheny,>2v,, it is possible to havergl> o° _ for small 6
persion profiles for a two-level atom. [see resul{20)]. Thus both the Autler-Townes components
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will give rise to gain. This behavior is shown by the dot- have also shown the possibility of new trapped states due to
dashed curve in Fig. 3. VIC, which we further show results in a very high refractive
index with very low absorption.
VII. CONCLUSIONS

In summary, we have studied ﬂnmndegeneratqaump— ACKNOWLEDGMENTS
probe spectroscopy &f systems when the presence of inter-
ference in decay channels is significant. We have shown the One of us(G.S.A) thanks Olga Kocharovskaya and Mar-
possibility of gain components in the Autler-Townes dou-lan O. Scully for a number of discussions on the subject of
blet. We present a physical interpretation of this gain. Wevacuum-induced coherences.
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