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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]

PACS numbers: 32.70.Jz, 03.65.—w, 42.50.Gy

Following earlier work [1-3], there has been much in-average atomic transition frequenay = (w; + w3)/2
terest in a variety of new effects which have their origintake the form [1,10],
in the phengmenon of quantum int'erference. Examples~jj = —yipi; — %ylz(plz + pa1),
are lasing without population inversion [3,4], electromag- " 1 . !
netically induced transparency [5], enhancement of the in-P21 = —3(y1 + y2 + 2021)p21 — 3¥i2(p22 + p11),
dex of refraction without absorption [6], and fluorescence 0=
quenching [1,2,7—10]. Quantum interference between two | ) |
laser-induced channels can lead to the elimination of theP20 = —3(y2 + iwa1)p20 — 3¥12P10, (1)
spectral line at the driving laser frequency in the spontawhere w,; = E, — E; is the level splitting between the
neous emission spectrum [8], and to the existence of a dadxcited sublevels, angt; is the spontaneous decay con-
line in the spontaneous emission from one of the excitedtant of the excited sublevgli)(j = 1,2) to the ground
sublevels [11]. The former effect has been observed verievel |0). However,y;, represents the effect of quantum
recently by Xiaet al. [9] in sodium dimers, with the dipole interference resulting from the cross coupling between the
moments of the two upper levels for spontaneous emistransitions|1) < |0) and|0) < |2). Its value is very sen-
sion being parallel. We have recently shown that quantungitive to the orientations of the atomic dipole polarizations.
interference can give rise to a very narrow resonance iff they are parallel, ther;, = yy = /7172 and the in-
fluorescence [10]. terference effect is maximal, while if they are perpendicu-
In this paper we investigate the effects of quantum indar, theny,;, = 0 and quantum interference disappears.
terference in a V-type atom—a model similar to others This atomic system is illuminated by a weak, frequency-
studied previously [1,2,7,10] except for the absence of aunable probe beam. Linear response theory gives the
coherent driving field. We report a variety of effects, in- steady-state probe absorption spectrum to be [12]
cluding narrow resonances, transparency, and gain with- o _
out inversion. Since experiments on this type of system A(w,) = mf lim{D( + 7), DY (e~ ar,
have been recently reported [5,9], and experiments involv- 0 5
ing probe absorption should be easier than those detectin i , 2)
resonance fluorescence, for example, observation of the¥'€réw,, is the frequency of the probe field ailz) =
features may be possible with current technology. diol0){1] + d»|0)(2| is the component of the atomic
In our model the ground stat®) is coupled by the polarlzathn operator [13] in the direction of t_he probe
vacuum modes to the closely spaced douHlgt2). The field polarization vectoe,,, with d;o = d;o - e, being the

equations of motion of the reduced density matrix element8iPole moment of the atomic transition frd) to | ). We
for the atomic variables in the frame rotating with the evaluate the spectrum by utilizing the quantum regression
theorem and Egs. (1) as

1 . 1
—5(71 - lwzl)Pm — 3Y12P20,

| /2 —iyiw-)(poo — p11) + (I'/2 — iyaw) (Poo — p22) + iyi(wipa + @-p1a)
Alwp) =N 1 . 1 . 1 2 NS
(571 - lw+)(§72 —iw-) — 7712
wherew: = w, — wy * %wm, I = (y1y2 — y%) measures the degree of quantum interferepgejs the steady-
state population of levdlj), (j = 0,1,2), and

Yi2(pi1 + p2)
Y1+ y2 + 2wy’

P2 = — P12 = Pay > 4)

are the steady-state atomic coherences, induced by the quantum interference effect.
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Expression (3) is our basic result and clearly demon-
strates that the absorption spectrum consists of three part 4
the first two originating from the direct atomic transitions 3
[0y — |}, (j =0,1,2) and proportional to the popula- 3
tion differencepy — p;; between the statd$) and| j), <v2
while the final one stems from quantum interference be- 4
tween the two absorption channels, and is proportiona
to y12, p21, and pr2. If y12 = 0, the probe absorption 9%
spectrum (3) reduces to the sum of two Lorentzians with
linewidths y; andy, located atw; and w,, respectively.
Without population inversion, it is impossible to amplify
the probe field. However, if quantum interference is taker
into account, this conclusion is dramatically modified.

First we consider the case,; = 0; y; = y, = v and
vi2 = vy = y. ThusI' = 0. The steady-state solutions
in this situation are surprisingly dependent on the particula
initial states of the atom [14], due to quantum interference

We consider the following cases. . ) ,
(i) If the atom is initially in the antisymmetric state FIG. 1. The dimensionless absorption spectrum of a closed V-

_ - type atomic system with the degenerate excited doublgt &
lay = (|1) — |2))/+/2, then the steady-state solutions ey as a function ofw — w, — wo, for variousy.,: (@) yi» =

(b)

0
-0.2 0 0.2 -2 0 2

poo =0, p11 = pxn = 1/2,andpy = —1/2. 0, (b) y12 = 09yy, (€) y12 = 0.99yy, and (d)yi2 = yu,
(ii) If the atom is initially in the symmetric stath) =  where yy, = (y,7,)"/? is the maximum value of the interfer-

(11) + [2))/+/2, or in the ground statf), then pgy = 1, ence term. The solid lines correspond to the casg,of v,

pii = pn =0, andp21 = 0. while the dashed lines show the caseyef= 0.1y,. All quan-

(iii) If the atom is initially in one of the excited doublet tities are measured in units of in all our graphs.

states|1), |2), then poy = 1/2, p11 = p» = 1/4, and

pa1 = —1/4. ence, resulting in a single broad Lorentzian with reduced
The case (i) is the most interesting, because the adeight.

sorption is zero for all frequencies of the probe beam, In order to see the effects of quantum interference

A(w,) = 0, and the medium is transparent for the probeanaWUCa”y we assume, to be C|OSG to its maximal

field. This effect is attributed to population trapping, andvalue vy = /7172, so thatl' < y; wherey, = y; +

is also an example of population inversion without lasingy2. We may then approximate the spectrum (3) as

[2]. For the case (ii), the probe absorption spectrum is a 1 &2 2

single Lorentzian with linewidtly, and for the case (iii), Alw)y) = [ S R 2}, )

the probe absorption spectrum is also a Lorentzian with (280) tTo v T

linewidth 2y, but the maximum value is only half the value wherew = w, — wo andeg = I'/y; < ;. It consists

of case (ii). This is because half the population is trappeaf the superposition of a broad Lorentzian with linewidth

in the statda) [14,15], which is totally decoupled from the (y; + 7y,) and a narrow Lorentzian with linewidt: the

probe field. spectral profile shows a very sharp peak imposed on a
We consider now imperfect quantum interferences broad one. Although it is clear from Fig. 1(a) that it is

0, whenpgy = 1 andpy; = p2 = p21 = 0, independent possible to obtain a narrow spectral line in the absence

of the initial atomic states. Figure 1 shows the probeof quantum interference if one decay rate is much smaller

absorption spectrum fo#,; = 0 and different strengths than the other, the narrow resonance reported here is

of quantum interference. A very narrow resonance oceertainly a result of quantum interference. In principle,

curs at the atomic frequency, when the dipole mo- the resonance becomes arbitrarily narrow as the two dipole

ments are very nearly parallel. See, for example,=  moments approach perfect alignment. For example, the

0.9y in Fig. 1(b) andy,;; = 0.99y, in Fig. 1(c). The widths of the solid and dashed lines in Fig. 1(c) are,

linewidth is also dependent on the decay constants of theespectively,1% and 0.18% of y,. The expression (5)

excited doublet. For example, the resonance yor=  also clearly demonstrates that the quantum interference is

0.1y, (dashed curve) is narrower than the onejior= y;  destructive. If the dipole moments are exactly parallel,

(solid curve). However, when both moments are perpendestructive interference is complete: no narrow line occurs,

dicular [frame (a);y1» = 0] or exactly parallel [frame (d), and the spectrum (5) is just a broad Lorentzian with

v12 = yul, the narrow resonance does not occur. In thdinewidth (y; + 7,).

former case there is no interference at all, which results For the case ofb,; # 0, we first assume, = y, = v.

in the absorption spectrum being a sum of two indepenf I' = 0, the spectrum is composed of two Lorentz-

dent Lorentzians with respective linewidths, v,, while  ians centered at the frequeney with linewidths o+ =

the latter is attributed to completely destructive interfer-y2(1 — 2e; = /T — 4g;)/2 with &, = (w21/27)?,
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FIG. 3. Same as Fig. 1, but foy, = y1, vi2 = yu, and
FIG. 2. Same as Fig. 1, but for the nondegenerate excitedifferent splittings:w,; = 0.1 (solid line), w,; = 0.5 (dashed
doublet, withw,; = 0.57v;. line), andw,; = 1 (dot-dashed line).

which depend on the doublet splitting. Interestingly,induced hole orw;; in Fig. 3. Forwj;; = 0.1y, illus-
one Lorentzian has a negative weight, and at line centetrated by the solid line, the hole linewidth is ory25%
A(wp) = 0: transparency occurs. The effect of quantumof vy;.
interference on the absorption spectrum with the splitting For the general case @,;, I' # 0, y; # y», the ab-
wy1 = 0.5y, is shown in Fig. 2. The spectrum is very sorption spectrum, shown by the dashed lines in Fig. 2 for
broad in the absence of interference [Fig. 2(a)], whiley, = 0.1y, is asymmetric. A strongly dispersive pro-
if quantum interference is taken into account, there is dile occurs around the atomic transition frequenegy =
hole bored into the broad spectrum. The stronger theyy + w,;/2 for I' # 0. Figure 2(d), where interference
interference, the deeper the hole. For maximal quanturis maximal, also shows probe transparency at frequency
interference, transparency occurs at the average atomic, — wo = 0.2y,. Generally, transparency only occurs
transition frequency. See Fig. 2(d). for maximal quantum interference;, = 7y, and then at
The width of the interference-induced hole is also dethe frequency
pendent on the doublet splitting,;. For e; < vy, the

absorption spectrum is approximately wr = ap + w @)
s (2 Jay)? 2(y1 + 72)
Alw)) = 2[ x - 21/°Y } (6) The formula (3) also permits a qualitative insight
’ VPt 0l (03/4y)? + 0

into gain without population inversion due to quantum
The width of the hole represented by the Lorentzian withinterference in this simple system. With = y, = v,
negative weight can be very narrow fan; < v. We the value of the probe absorption spectrum at the average
exhibit the dependence of the width of the interferen(featomic transition frequency, is

_ 2I(poo — p11) + 28 (Poo — p2o) — 2yho31 (P11 + )/ (Y + 03)

Alw, = w
(P 0) F-i-w%l

(8)

The first two terms result from the usual absorption trén—;‘)ll = pn # 0, and poy — p11 > 0 (no population in-
sitions [0) — [1) and |0) — |2), and describe amplifica- version), we find thatt(w, = w() < 0, and we have am-
tion of the probe beam if population inversion could beplification of the probe beam due to quantum interference,
achieved. Since they are also proportionalltoquan- whenwy, satisfies

tum interference reduces the magnitude of the usual con- Y2(y2 + 0d) oo
tributions. For maximal interferencd; = 0, these two  y{, > “— 2, with p = ——2—. (9)
terms disappear. However, the last term originates from YTt oy poo = P11

guantum interference and is always negative—it pro- We plot the absorption spectrum fer; = vy in Fig. 4,
motes probe amplification. The interference contribu-where the stationary populations are phenomenologically
tion is nonzero only when there is some population intaken to bepy = 0.8, p1; = p2» = 0.1. The spectral
the doublet and it is nondegenerate. Assuming # 0,  profiles are qualitatively similar to those shown in Fig. 2.

834



VOLUME 78, NUMBER 5 PHYSICAL REVIEW LETTERS 3 EBRUARY 1997

thus still valid. Gain without population inversion, but due
to quantum interference is possible.

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