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Quantum Interference in Probe Absorption: Narrow Resonances, Transparency, and Gain
without Population Inversion
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We examine the absorption of a weak probe beam for a V-type atom with a closely spaced doublet
and demonstrate that quantum interference between the two excitation pathways can result in very
narrow resonances, transparency, and even gain without population inversion. The origin of these
effects is discussed. [S0031-9007(96)02035-2]
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Following earlier work [1–3], there has been much
terest in a variety of new effects which have their orig
in the phenomenon of quantum interference. Examp
are lasing without population inversion [3,4], electroma
netically induced transparency [5], enhancement of the
dex of refraction without absorption [6], and fluorescen
quenching [1,2,7–10]. Quantum interference between
laser-induced channels can lead to the elimination of
spectral line at the driving laser frequency in the spon
neous emission spectrum [8], and to the existence of a
line in the spontaneous emission from one of the exc
sublevels [11]. The former effect has been observed v
recently by Xiaet al. [9] in sodium dimers, with the dipole
moments of the two upper levels for spontaneous em
sion being parallel. We have recently shown that quan
interference can give rise to a very narrow resonance
fluorescence [10].

In this paper we investigate the effects of quantum
terference in a V-type atom—a model similar to othe
studied previously [1,2,7,10] except for the absence o
coherent driving field. We report a variety of effects, i
cluding narrow resonances, transparency, and gain w
out inversion. Since experiments on this type of syst
have been recently reported [5,9], and experiments inv
ing probe absorption should be easier than those detec
resonance fluorescence, for example, observation of t
features may be possible with current technology.

In our model the ground statej0l is coupled by the
vacuum modes to the closely spaced doubletj1l, j2l. The
equations of motion of the reduced density matrix eleme
for the atomic variables in the frame rotating with th
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average atomic transition frequencyv0  sv1 1 v2dy2
take the form [1,10],

Ùrjj  2gjrjj 2
1
2 g12sr12 1 r21d ,

Ùr21  2
1
2 sg1 1 g2 1 i2v21dr21 2

1
2 g12sr22 1 r11d ,

Ùr10  2
1
2 sg1 2 iv21dr10 2

1
2 g12r20 ,

Ùr20  2
1
2 sg2 1 iv21dr20 2

1
2 g12r10 , (1)

wherev21  E2 2 E1 is the level splitting between the
excited sublevels, andgj is the spontaneous decay con
stant of the excited sublevelj jls j  1, 2d to the ground
level j0l. However,g12 represents the effect of quantum
interference resulting from the cross coupling between t
transitionsj1l $ j0l andj0l $ j2l. Its value is very sen-
sitive to the orientations of the atomic dipole polarizations
If they are parallel, theng12  gM ; p

g1g2 and the in-
terference effect is maximal, while if they are perpendicu
lar, theng12  0 and quantum interference disappears.

This atomic system is illuminated by a weak, frequency
tunable probe beam. Linear response theory gives t
steady-state probe absorption spectrum to be [12]

Asvpd  R
Z `

0
lim
t!`

kfDst 1 td, Dystdgleisvp2v0dt dt ,

(2)
wherevp is the frequency of the probe field andDstd 
d10j0l k1j 1 d20j0l k2j is the component of the atomic
polarization operator [13] in the direction of the probe
field polarization vectorep, with dj0  dj0 ? ep being the
dipole moment of the atomic transition fromj0l to j jl. We
evaluate the spectrum by utilizing the quantum regressi
theorem and Eqs. (1) as
Asvpd  R

"
sGy2 2 ig1v2d sr̄00 2 r̄11d 1 sGy2 2 ig2v1d sr̄00 2 r̄22d 1 ig12sv1r̄21 1 v2r̄12d

s 1
2 g1 2 iv1d s 1

2 g2 2 iv2d 2
1
4 g

2
12

#
, (3)

wherev6  vp 2 v0 6
1
2 v21, G  sg1g2 2 g

2
12d measures the degree of quantum interference,r̄jj is the steady-

state population of levelj jl, s j  0, 1, 2d, and

r̄21  2
g12sr̄11 1 r̄22d

g1 1 g2 1 i2v21
, r̄12  r̄p

21 , (4)

are the steady-state atomic coherences, induced by the quantum interference effect.
© 1997 The American Physical Society
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Expression (3) is our basic result and clearly dem
strates that the absorption spectrum consists of three p
the first two originating from the direct atomic transitio
j0l ! j jl, s j  0, 1, 2d and proportional to the popula
tion differencer̄00 2 r̄jj between the statesj0l and j jl,
while the final one stems from quantum interference
tween the two absorption channels, and is proportio
to g12, r̄21, and r̄12. If g12  0, the probe absorption
spectrum (3) reduces to the sum of two Lorentzians w
linewidthsg1 andg2 located atv1 andv2, respectively.
Without population inversion, it is impossible to ampli
the probe field. However, if quantum interference is tak
into account, this conclusion is dramatically modified.

First we consider the casev21  0; g1  g2  g and
g12  gM  g. ThusG  0. The steady-state solution
in this situation are surprisingly dependent on the partic
initial states of the atom [14], due to quantum interferen
We consider the following cases.

(i) If the atom is initially in the antisymmetric stat
jal  sj1l 2 j2ldy

p
2, then the steady-state solutions a

r̄00  0, r̄11  r̄22  1y2, andr̄21  21y2.
(ii) If the atom is initially in the symmetric statejbl 

sj1l 1 j2ldy
p

2, or in the ground statej0l, then r̄00  1,
r̄11  r̄22  0, andr̄21  0.

(iii) If the atom is initially in one of the excited double
statesj1l, j2l, then r̄00  1y2, r̄11  r̄22  1y4, and
r̄21  21y4.

The case (i) is the most interesting, because the
sorption is zero for all frequencies of the probe bea
Asvpd  0, and the medium is transparent for the pro
field. This effect is attributed to population trapping, a
is also an example of population inversion without las
[2]. For the case (ii), the probe absorption spectrum
single Lorentzian with linewidth2g, and for the case (iii)
the probe absorption spectrum is also a Lorentzian w
linewidth2g, but the maximum value is only half the valu
of case (ii). This is because half the population is trap
in the statejal [14,15], which is totally decoupled from th
probe field.

We consider now imperfect quantum interference,G fi

0, whenr̄00  1 andr̄11  r̄22  r̄21  0, independent
of the initial atomic states. Figure 1 shows the pro
absorption spectrum forv21  0 and different strength
of quantum interference. A very narrow resonance
curs at the atomic frequencyv0 when the dipole mo-
ments are very nearly parallel. See, for example,g12 
0.9gM in Fig. 1(b) andg12  0.99gM in Fig. 1(c). The
linewidth is also dependent on the decay constants of
excited doublet. For example, the resonance forg2 
0.1g1 (dashed curve) is narrower than the one forg2  g1

(solid curve). However, when both moments are perp
dicular [frame (a),g12  0] or exactly parallel [frame (d)
g12  gM ], the narrow resonance does not occur. In
former case there is no interference at all, which res
in the absorption spectrum being a sum of two indep
dent Lorentzians with respective linewidthsg1, g2, while
the latter is attributed to completely destructive interf
on-
arts,
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FIG. 1. The dimensionless absorption spectrum of a closed
type atomic system with the degenerate excited doublet (v21 
0), as a function ofv  vp 2 v0, for variousg12: (a) g12 
0, (b) g12  0.9gM , (c) g12  0.99gM , and (d)g12  gM ,
where gM  sg1g2d1y2 is the maximum value of the interfer
ence term. The solid lines correspond to the case ofg2  g1,
while the dashed lines show the case ofg2  0.1g1. All quan-
tities are measured in units ofg1 in all our graphs.

ence, resulting in a single broad Lorentzian with reduc
height.

In order to see the effects of quantum interferen
analytically, we assumeg12 to be close to its maxima
value gM 

p
g1g2, so thatG ø g2

s wheregs  g1 1

g2. We may then approximate the spectrum (3) as

Asvpd .
1
2

∑
´

2
0

s 1
2 ´0d2 1 v2

1
g2

s
1
4 g2

s 1 v2

∏
, (5)

wherev  vp 2 v0 and´0  Gygs ø gs. It consists
of the superposition of a broad Lorentzian with linewid
sg1 1 g2d and a narrow Lorentzian with linewidth́0: the
spectral profile shows a very sharp peak imposed o
broad one. Although it is clear from Fig. 1(a) that it
possible to obtain a narrow spectral line in the abse
of quantum interference if one decay rate is much sma
than the other, the narrow resonance reported her
certainly a result of quantum interference. In princip
the resonance becomes arbitrarily narrow as the two dip
moments approach perfect alignment. For example,
widths of the solid and dashed lines in Fig. 1(c) a
respectively,1% and 0.18% of g1. The expression (5)
also clearly demonstrates that the quantum interferenc
destructive. If the dipole moments are exactly parall
destructive interference is complete: no narrow line occu
and the spectrum (5) is just a broad Lorentzian w
linewidth sg1 1 g2d.

For the case ofv21 fi 0, we first assumeg1  g2  g.
If G  0, the spectrum is composed of two Lorent
ians centered at the frequencyv0 with linewidths s6 
g2s1 2 2´1 6

p
1 2 4´1 dy2 with ´1  sv21y2gd2,
833
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FIG. 2. Same as Fig. 1, but for the nondegenerate exc
doublet, withv21  0.5g1.

which depend on the doublet splitting. Interesting
one Lorentzian has a negative weight, and at line cen
Asv0d  0: transparency occurs. The effect of quantu
interference on the absorption spectrum with the splitt
v21  0.5g1 is shown in Fig. 2. The spectrum is ver
broad in the absence of interference [Fig. 2(a)], wh
if quantum interference is taken into account, there is
hole bored into the broad spectrum. The stronger
interference, the deeper the hole. For maximal quant
interference, transparency occurs at the average ato
transition frequencyv0. See Fig. 2(d).

The width of the interference-induced hole is also d
pendent on the doublet splittingv21. For ´1 ø gs, the
absorption spectrum is approximately

Asvpd . 2

∑
g2

g2 1 v2
2

sv2
21y4gd2

sv2
21y4gd2 1 v2

∏
. (6)

The width of the hole represented by the Lorentzian w
negative weight can be very narrow forv21 ø g. We
exhibit the dependence of the width of the interferenc
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FIG. 3. Same as Fig. 1, but forg2  g1, g12  gM , and
different splittings:v21  0.1 (solid line), v21  0.5 (dashed
line), andv21  1 (dot-dashed line).

induced hole onv21 in Fig. 3. Forv21  0.1g1, illus-
trated by the solid line, the hole linewidth is only0.25%
of g1.

For the general case ofv21, G fi 0, g1 fi g2, the ab-
sorption spectrum, shown by the dashed lines in Fig. 2 fo
g2  0.1g1, is asymmetric. A strongly dispersive pro-
file occurs around the atomic transition frequencyv2 
v0 1 v21y2 for G fi 0. Figure 2(d), where interference
is maximal, also shows probe transparency at frequenc
vp 2 v0 . 0.2g1. Generally, transparency only occurs
for maximal quantum interference,g12  gM , and then at
the frequency

vT  v0 1
v21sg1 2 g2d

2sg1 1 g2d
. (7)

The formula (3) also permits a qualitative insight
into gain without population inversion due to quantum
interference in this simple system. Withg1  g2  g,
the value of the probe absorption spectrum at the averag
atomic transition frequencyv0 is
Asvp  v0d 
2Gsr̄00 2 r̄11d 1 2Gsr̄00 2 r̄22d 2 2g

2
12v

2
21sr̄11 1 r̄22dysg2 1 v

2
21d

G 1 v
2
21

. (8)
ce,

ally

2.
The first two terms result from the usual absorption tra
sitions j0l ! j1l and j0l ! j2l, and describe amplifica
tion of the probe beam if population inversion could b
achieved. Since they are also proportional toG, quan-
tum interference reduces the magnitude of the usual c
tributions. For maximal interference,G  0, these two
terms disappear. However, the last term originates fr
quantum interference and is always negative—it p
motes probe amplification. The interference contrib
tion is nonzero only when there is some population
the doublet and it is nondegenerate. Assumingv21 fi 0,
-

e

n-

m
-
-

n

r̄11  r̄22 fi 0, and r̄00 2 r̄11 . 0 (no population in-
version), we find thatAsvp  v0d , 0, and we have am-
plification of the probe beam due to quantum interferen
wheng12 satisfies

g2
12 .

g2sg2 1 v
2
21d

g2 1 hv
2
21

, with h 
r̄00

r̄00 2 r̄11
. (9)

We plot the absorption spectrum forv21  g in Fig. 4,
where the stationary populations are phenomenologic
taken to ber̄00  0.8, r̄11  r̄22  0.1. The spectral
profiles are qualitatively similar to those shown in Fig.
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FIG. 4. The dimensionless absorption spectrum forv21  g1
with r̄11  r̄22  0.1, g1  g2 (solid lines) andg2  0.1g1
(dashed lines). In (a)g12  0, in (b) g12  0.966gM , in
(c) g12  0.98gM , and in (d)g12  gM .

However, a significant difference is that gain for the prob
beam around the frequencyvp  vT occurs when the
quantum interference is sufficiently strong. For examp
in the case ofg1  g2, shown by the solid lines in Fig. 4,
transparency occurs forg12  0.966gM at the probe
frequencyvp  v0 [frame 4(b)], with amplification for
g12 . 0.966gM , e.g., g12  0.98gM , gM in Figs. 4(c)
and 4(d), respectively.

It is worth emphasizing that for the closed V-typ
system with a nondegenerate excited doublet, described
Eqs. (1), the steady-state solution can only be the grou
state:r̄00  1, r̄11  r̄22  0. Thus no gain is possible
because the contribution of the quantum interference to
probe amplification is also proportional to the population
of the excited doublet. However, if we extend our mod
to include a fourth atomic levelj fl, where the direct
transition betweenj0l and j fl is forbidden, the situation
is different. If the additional level is coupled to the
excited doublet by a coherent field [3,8,9], the atom m
be partially populated to the excited doublet in the stea
state. Furthermore, if the separation betweenj fl and the
doublethj1l, j2lj is much greater than that betweenj0l and
the doublet, the effect of the additional levelj fl on atomic
absorption under the levelshj0l, j1l, j2lj to be probed may
be omitted, and our Eq. (3) for the absorption spectrum
e
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thus still valid. Gain without population inversion, but du
to quantum interference is possible.

It may be possible to observe these effects in syste
similar to those in which interference experiments ha
recently been conducted [5,9].
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