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Ultranarrow Spectral Lines via Quantum Interference
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We show that ultrasharp spectral lines, with widths 2 orders of magnitude below the natural width,
may be produced in the resonance fluorescence of a V-type three-level atom excited by a single-
mode laser field when the dipole moments are nearly parallel. The smaller the splitting of the excited
doublet, the narrower the line. This effect is due to quantum interference between the two transition
pathways. [S0031-9007(96)01561-X]

PACS numbers: 42.50.Gy, 32.80.Bx, 42.50.Lc
e

a
c
a

c
T
r
e

e
t
d
r
l
n
u

a

d
l

a

r

h
ta
n

r

free
rs.
ions
ave
ing
ns

ms
rst

um
flu-

om-
of

tis-
f
nd
ide
fre-
plit-
be

Ac-
ne
ted
ely
are
Quantum interference, one of the basic features
quantum mechanics, lies at the heart of many new eff
and applications of quantum optics which have be
reported recently. In this Letter we show that ultrash
lines (less than 1% of the natural width) can be produ
in the resonance fluorescence spectra of a three-level
through the mechanism of quantum interference.

The basic system consists of a singlet state conne
to a closely spaced doublet by a single-mode laser.
resurgence of interest in quantum interference stems f
the work of Harris and co-workers [1], who consider
V-type systems where the excited doublets decay
an additional continuum or to a single auxiliary lev
in addition to the ground state. They found that a
certain frequency the absorption rate goes to zero
to destructive interference, whereas the emission
remains finite. It is possible to amplify a laser fie
at this frequency without population inversion bei
present [2]. The first observations of lasing witho
inversion have recently been reported [3]. In the c
of a single auxiliary level, quantum interference can le
to the elimination of the spectral line at the drivin
laser frequency in the spontaneous emission spectrum
Fluorescence quenching has been recently observe
sodium dimers involving transitions with parallel dipo
moments by Xiaet al. [5].

Various related effects such as electromagnetic
induced transparency [6], enhancement of the index
refraction without absorption [7], and modification of th
spontaneous emission spectrum [8] inL and J atomic
systems featuring dark lines and very narrow structu
have been extensively studied.

Here we consider a V-type atom consisting of tw
excited sublevels coupled to a singlet ground level
a single-mode laser field as shown in Fig. 1. This w
studied by Cardimona, Raymer, and Stroud [9], w
found that the system can be driven into a dark s
in which quantum interference prevents any fluoresce
from the excited sublevels, regardless of the intensity
the excited laser. Similar predictions were reported
Scully et al. [10], who showed that if the two uppe
levels of a V-type quantum beat laser are coupled
a microwave field, an atom in the ground state m
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absorb pump photons and at the same time be
of radiative decay, even if population inversion occu
The macroscopic dark periods of fluorescence emiss
due to quantum interference in such a system h
been demonstrated by Hegerfeldt and Plenio [11] us
quantum jump theory. Striking experimental observatio
of destructive interference effects in three-level ato
have been reported in thin systems [12]: The fi
observation in thick systems was by Bolleret al. in [6].
(See also [13].)

In this paper we concentrate on the effect of quant
interference on the spectral features of the resonance
orescence emissions. The fluorescent emission is c
pletely quenched at all frequencies under conditions
maximum quantum interference, if the detuning sa
fies condition (6) of [9] (“the quenching condition”). I
the quantum interference is not quite maximal, we fi
that a very sharp line occurs at line center, over a w
range of Rabi frequencies and detunings. The Rabi
quency does, however, need to exceed the doublet s
ting. A physical understanding of these results may
obtained by invoking the dressed atom approach.
cording to this theory, the width of the central sharp li
goes to zero with the square of the ratio of the exci
doublet splitting to the Rabi frequency. Thus extrem
sharp lines, less than 1% of the natural linewidth,
possible.

FIG. 1. A V-atom driven by a single-mode laser.
© 1996 The American Physical Society 3995
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The Hamiltonian in the frame rotating with the lase
frequencyvL is of the form

H  sD 2 v21dA11 1 DA22

1 fsV1A10 1 V2A20d 1 H.c.g , (1)

where we use units such thath̄  1. Here D  sE2 2

E0d 2 vL is the detuning between thej0l $ j2l transition
and the driving laserVk  ELeL ? dk0 sk  1, 2d de-
notes the Rabi frequencies,EL is the laser field amplitude,
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r dk0 is the dipole moment of the atomic transition fromj0l
to jkl, which is assumed to be real,v21  E2 2 E1 is the
level splitting between the excited sublevelsj1l and j2l,
and Alk ; jllkkj represents a population operator wh
l  k and a dipole transition operator forl fi k. (We
note thatkAkll  rlk , where r denotes the density ma
trix of the system.) Direct transitions between the excit
sublevelsj1l andj2l are dipole forbidden.

The equations of motion of the reduced density mat
elements for the atomic variables take the form [9]
Ùr11  2g1r11 2
1
2

g12sr12 1 r21d 2 iV1sr01 2 r10d , Ùr22  2g2r22 2
1
2

g12sr12 1 r21d 2 iV2sr02 2 r20d ,

Ùr10  2

∑
1
2

g1 1 isD 2 v21d
∏

r10 2
1
2

g12r20 1 iV2r12 1 iV1sr11 2 r00d ,

Ùr20  2

µ
1
2

g2 1 iD

∂
r20 2

1
2

g12r10 1 iV1r21 1 iV2sr22 2 r00d ,

Ùr21  2

∑
1
2

sg1 1 g2d 1 iv21

∏
r21 2

1
2

g12sr22 1 r11d 1 iV1r20 2 iV2r01 ,

(2)
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wheregk is the spontaneous decay constant of the exc
sublevelk sk  1, 2d to the ground levelj0l. However,
g12 represents the effect of quantum interference resul
from the cross coupling between the transitionsj1l $ j0l
and j2l $ j0l. The effects of quantum interference a
very sensitive to the orientations of the atomic dip
polarizations. For example, ifd10 is parallel to d20,
theng12 

p
g1g2 and the interference effect is maxima

while if d10 is perpendicular tod20, theng12  0 and the
quantum interference disappears. Quantum interfere
plays a crucially important role in the spectral narrowi
and fluorescence quenching in the system considered

The fluorescence emission spectrum is proportiona
the Fourier transform of the steady-state correlation fu
tion limt!`kEs2dsr, t 1 td ? Es1dsr, tdl, whereEs6dsr, td
are the positive and negative frequency parts of the ra
tion field in the far zone, which consists of a free-field op
ator, and a source-field operator that is proportional to
atomic polarization operator. The fluorescence emiss
spectrumGsvd is composed of coherent and incohere
components. The coherent Rayleigh part, due to the el
scattering of the driving field, gives rise to onlyd-function
contributions, while the incoherent one, which stems fr
the fluctuations of the dipole polarizations, makes the m
contribution. Hereafter we pay attention only to the inc
herent resonance fluorescence spectrum, defined as

Gincsvd  R
Z `

0
lim
t!`

kDDyst 1 td ? DDstdle2ivtdt ,

(3)

where DDstd  Dstd 2 kDs`dl represents the deviatio
of the dipole polarization operatorDstd from its mean
steady-state value, and

Dystd  d10A10std 1 d20A20std . (4)

The two-time correlation function limt!`kDDyst 1 td ?

DDstdl can be obtained by invoking the quantum
d
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gression theorem and making use of the equations
motion (2).

Defininga  d10yd20 as the ratio of the transition am
plitudes of the two allowed transition pathways, we ha
the relationshipsg1  a2g2 andV1  aV2. Figs. 2–4
present the results of numerical calculations of the fluor
cence spectrum. We consider a few special values of
detuning. First of all, we consider the single-photon res
nanceD  0 in Fig. 2. In the absence of quantum interfe
enceg12  0, as shown in frames (a) and (c), the spec
demonstrate three-peaked and seven-peaked features
the level splitting of the excited doublet isv21  g2 and
v21  5g2, respectively. However, a remarkably narro
spectral line occurs at line center in the case of maxim
quantum interference, wheng12 

p
g1g2, as shown in

the frames (b) and (d).
We next consider the detuning to satisfy the quen

ing conditionDV
2
1 1 sD 2 v21dV2

2  0 [9], as we can
obtain analytic solutions for this case. Figure 3 (whe
v21  g2d shows at once that when the atom has nea
parallel or parallel transition dipole moments, the inc
herent fluorescence spectrum is dramatically modified
quantum interference. We haveg12  0.999

p
g1g2 in

Fig. 3(c) andg12 
p

g1g2 in Fig. 3(d). In the former
situation a significant sharp peak occurs at the line cen
For the latter situation, the fluorescent emission is co
pletely quenched. The quantum interference in Figs
and 3 is clearly destructive.

To explore the origin of the unusual spectral featur
produced by quantum interference, we employ the dres
atomic state representation [14]. Analytic expressions m
be obtained when the quenching condition, equivalen
D  v21ys1 1 a2d, is satisfied, so we concentrate on th
case here. For simplicity, we also take the magnitudes
both dipole moments to be identical so thatg1  g2  g

andV1  V2  V. In this situation the eigenvalues an
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FIG. 2. The incoherent resonance fluorescence spec
as a function ofn  sv 2 vLdyg for a  1, V1  V2 
5g, D  0, and different splittings: (a)v21  g, g12  0,
(b) v21  g, g12  g, (c) v21  5g, g12  0, (d) v21 
5g, g12  g. Hereg1  g2  g.

eigenstates of the interaction Hamiltonian (1) are given

la  2
1
2

VR , lb  0, lc 
1
2

VR , (5)

and

jal 
1
2

f2s1 2 ´dj2l 2 s1 1 ´dj1l 1 4hj0lg ,

jbl  22hj2l 1 2hj1l 1 ´j0l , (6)

jcl 
1
2

fs1 1 ´dj2l 1 s1 2 ´dj1l 1 4hj0lg ,

where VR 
q

v
2
21 1 8V2, h  VyVR , and

´  v21yVR .
In the high field limit, where the effective Rabi fre

quency is much greater than all relaxation rates,
VR ¿ g, the equations for the diagonal and off-diago

FIG. 3. Same as Fig. 2, but fora  1, V1  V2 
5g, v21  g, D  0.5g, with different values of g12: (a)
g12  0, (b) g12  0.9g, (c) g12  0.999g, (d) g12  g.
Hereg1  g2  g.
rum
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elements uncouple. We are interested here in the feat
at line center, which are governed by the diagonal ma
elements. We find

Ùrbb . 2G1rbb 1 G0 ,

Ùrcc 2 Ùraa . 2G2srcc 2 raad , (7)

with

G0 
1
2

fsg 1 g12d´2 1 sg 2 g12d´4g ,

G1 
1
2

fsg 1 g12d´2 1 sg 2 g12d
°
3´4 2 4´2 1 2

¢
g ,

G2 
1
2

fsg 1 g12d 1 sg 2 g12d´2g . (8)

In this case, the incoherent resonance fluorescence s
trum consists of five spectral components: the central re
nance, the inner sidebands placed at frequencies6VRy2,
and the outer sidebands located at frequencies6VR .

In the dressed state representation, the underlying ph
cal processes are evident. The various components in
resonance fluorescence spectrum are associated with
ferent transitions between neighboring dressed state m
folds. The central peak comes from transitions betwe
identical dressed levels of adjacent manifolds and cons
of a superposition of two Lorentzians with linewidths2G1
and 2G2, the decay rates ofrbb and rcc 2 raa, respec-
tively. However, one of the inner sidebands (located
2VRy2) is the result of the transitions fromjal to jbl
and from jbl to jcl. The other pair of inner sideband
arises from the transitionsjcl ! jbl andjbl ! jal. Tran-
sitions between the dressed statesjal andjcl contribute the
outer sidebands. As the stationary dressed-state pop
tions raa andrcc are identical in the secular approxima
tion, the spectrum is symmetric.

The physical mechanisms of fluorescence quench
and spectral narrowing are as follows.

Fluorescence quenching.—If g12 
p

g1g2  g, i.e.,
the dipole moments of the two transitions are exac
parallel, it can be shown from our analytical results th
raa  rcc  0 andrbb  1: The population is trapped
in the dressed statejbl. As a consequence, there
no photon emission at all,Gincsvd  0, as one sees in
Fig. 3(d). However, ifg12 deviates from the maximum
value g, the destructive interference is incomplete, a
the corresponding fluorescence emission can take plac

Spectral narrowing.—It has been shown numericall
that an extremely narrow peak may arise at the line cen
In order to explore the physical origin of the spectral na
rowing, we assume thatg12 has a value slightly less tha
its maximum

p
g1g2, so that the dressed statesjal andjcl

have a very small, but nonzero, population. Consequen
some fluorescent emission takes place,Gincsvd fi 0. The
linewidths of the two Lorentzians comprising the centr
component areG1 . g´2 and G2 . g, respectively. If
´ ø 1, which requires that the effective Rabi frequen
VR greatly exceed the level splittingv21, thenG1 ø g,
giving rise to a pronounced and very sharp feature at l
3997
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center. Thus the spectral feature at line center cons
of a sharp peak superimposed on a broad Lorentzian p
file. We emphasize that the sharp peak can be very n
row. For example, the linewidth in Fig. 3(c) is predicte
to beG1 . gy200 by the dressed atom theory, and foun
to be so numerically. The linewidth of the sharp featu
in Fig. 2(b) is also close to this value.

The spectral narrowing is due to the slow decay
the dressed state populationrbb, and originates from the
quantum interference between the two transitions. In fa
when g12 is far from the maximum allowed valueg,
the decay rate of the population in the dressed statejbl
increases and becomes comparable withG2. In the case
of g12  0 (no quantum interference) and́ø 1 we have
G1  g, G2  gy2, and no significant spectral narrowin
occurs.

The line narrowing effect occurs over a wide range
detunings and Rabi frequencies, not just the ones cho
in Figs. 2 and 3. We consider a quite different set
parameter values in Fig. 4, by way of illustration. W
show the central region of the spectrum as a function
Vyg for a larger value of the detuning,D  30g, and
for v21  5g, in frames (a) and (b), andv21  20g in
frames (c) and (d), withg12  0.99g and 0.999g. The
line narrowing is most pronounced in frame (d), where
frames (c) and (d) show clearly how the broad natu
linewidth apparent for very smallV evolves rapidly into
a much narrower peak asV increases.

For the experimental observation of these phenome
we need a closely spaced excited doublet with alm
parallel dipole moments. The realization of such syste
has been discussed in some detail in [9]. It is necess
to employ frequency stabilized lasers and to minimize t
effects of Doppler broadening. Recently, thej2sl andj2pl
states of the hydrogen atom, mixed by an electric fie
to produce a separation of40g, as employed in quantum
interference experiments [6], has been suggested [4] a
suitable system for investigating this class of phenome

FIG. 4. The incoherent spectrum as a function ofn andVyg,
with a  1, D  30g, and v21  5g in (a) and (b), and
v21  20g in (c) and (d). We takeg12  0.99g in (a) and
(c), andg12  0.999g in (b) and (d).
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With V  20g, for example, we find numerically tha
only modest line narrowing is possible (by a factor of1

2 ),
but with V  100g andD  83g, pronounced narrowing
occurs with a width of the order ofgy20.

In summary, we have shown that the resonance fl
rescence spectrum in a V system is strongly modified
quantum interference. For slightly less than maximu
quantum interference, extremely narrow lines may be p
duced at the center of the spectrum for small splittings
the excited sublevels. The effects may be understood
terms of the trapping and slow decay of the population
one of the dressed states.
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