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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

Quantum interference, one of the basic features oébsorb pump photons and at the same time be free
guantum mechanics, lies at the heart of many new effectsf radiative decay, even if population inversion occurs.
and applications of quantum optics which have beerThe macroscopic dark periods of fluorescence emissions
reported recently. In this Letter we show that ultrasharpdue to quantum interference in such a system have
lines (less than 1% of the natural width) can be producedeen demonstrated by Hegerfeldt and Plenio [11] using
in the resonance fluorescence spectra of a three-level atoguantum jump theory. Striking experimental observations
through the mechanism of quantum interference. of destructive interference effects in three-level atoms

The basic system consists of a singlet state connectdthve been reported in thin systems [12]: The first
to a closely spaced doublet by a single-mode laser. Thebservation in thick systems was by Bollet al. in [6].
resurgence of interest in quantum interference stems frorfSee also [13].)
the work of Harris and co-workers [1], who considered In this paper we concentrate on the effect of quantum
V-type systems where the excited doublets decay tinterference on the spectral features of the resonance flu-
an additional continuum or to a single auxiliary level, orescence emissions. The fluorescent emission is com-
in addition to the ground state. They found that at apletely quenched at all frequencies under conditions of
certain frequency the absorption rate goes to zero dumaximum quantum interference, if the detuning satis-
to destructive interference, whereas the emission rates condition (6) of [9] (“the quenching condition”). If
remains finite. It is possible to amplify a laser field the quantum interference is not quite maximal, we find
at this frequency without population inversion beingthat a very sharp line occurs at line center, over a wide
present [2]. The first observations of lasing withoutrange of Rabi frequencies and detunings. The Rabi fre-
inversion have recently been reported [3]. In the casguency does, however, need to exceed the doublet split-
of a single auxiliary level, quantum interference can leading. A physical understanding of these results may be
to the elimination of the spectral line at the driving obtained by invoking the dressed atom approach. Ac-
laser frequency in the spontaneous emission spectrum [4¢ording to this theory, the width of the central sharp line
Fluorescence quenching has been recently observed goes to zero with the square of the ratio of the excited
sodium dimers involving transitions with parallel dipole doublet splitting to the Rabi frequency. Thus extremely
moments by Xiaet al. [5]. sharp lines, less than 1% of the natural linewidth, are

Various related effects such as electromagneticallypossible.
induced transparency [6], enhancement of the index of
refraction without absorption [7], and modification of the

spontaneous emission spectrum [8] Anand E atomic " 2>
systems featuring dark lines and very narrow structures, \ A o
have been extensively studied. ! -y 21 P

" >

Here we consider a V-type atom consisting of two
excited sublevels coupled to a singlet ground level by
a single-mode laser field as shown in Fig. 1. This was

\
found that the system can be driven into a dark state ’Yz oL

studied by Cardimona, Raymer, and Stroud [9], who K
in which guantum interference prevents any fluorescence l;
from the excited sublevels, regardless of the intensity of

the excited laser. Similar predictions were reported by yl

Scully et al.[10], who showed that if the two upper
levels of a V-type quantum beat laser are coupled by
a microwave field, an atom in the ground state may FIG. 1. A V-atom driven by a single-mode laser.
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The Hamiltonian in the frame rotating with the laser dy is the dipole moment of the atomic transition frg@)

frequencyw, is of the form
H= (A — w)A; + AAp

+ [(Q1A10 + Q245) + Hel], (1)
where we use units such that= 1. Here A = (E, —
Ey) — w is the detuning between th@) — |2) transition
and the driving lasef), = E e, - dyo (k = 1, 2) de-
notes the Rabi frequencieg; is the laser field amplitude,

to |k), which is assumed to be real,; = E, — E; is the
level splitting between the excited sublevéls and |2),
and Ay, = |I)(k| represents a population operator when
I = k and a dipole transition operator fér+ k. (We
note that(A;;) = p;, where p denotes the density ma-
trix of the system.) Direct transitions between the excited
subleveld 1) and|2) are dipole forbidden.

The equations of motion of the reduced density matrix
elements for the atomic variables take the form [9]

1 . . 1 .
= —vilpi + p21) —iQi(por — p10), P22 = —v2pn — Zvi2(pi2 + p21) — iQa(po2 — p20),

P11 = —Y1P11 5 >
. M1 . 1 . .
P10 = = 371 + i(A — w21)},010 R RALLED + iQopi2 + iQi(pi1 — poo)s

. 1 . 1 . .
P = —<§ v2 + 1A>P2o — —vyipio + iQipa + iQ(p2 — poo),

2

. 1 .
P21 = — 5(71 + y2) + lwzl}Pm

2

)

1 . .
— =vilpn + pu) + iQip — iQapor,

wherevy, is the spontaneous decay constant of the exciltegression theorem and making use of the equations of

sublevelk (k = 1, 2) to the ground leve|0). However,

motion (2).

v12 represents the effect of quantum interference resulting Defininga = dio/d»o as the ratio of the transition am-

from the cross coupling between the transitiphs— |0)

plitudes of the two allowed transition pathways, we have

and [2) « |0). The effects of quantum interference arethe relationshipgy; = a?y, andQ; = aQ,. Figs. 2—4

very sensitive to the orientations of the atomic dipolepresent the results of numerical calculations of the fluores-
polarizations. For example, il;y is parallel todyy, cence spectrum. We consider a few special values of the
theny; = /y1y2 and the interference effect is maximal, detuning. First of all, we consider the single-photon reso-
while if dq is perpendicular ta,y, theny;, = 0 and the nanceA = 0inFig. 2. Inthe absence of quantum interfer-
quantum interference disappears. Quantum interfereneancey;, = 0, as shown in frames (a) and (c), the spectra
plays a crucially important role in the spectral narrowingdemonstrate three-peaked and seven-peaked features when
and fluorescence quenching in the system considered hetae level splitting of the excited doublet is;; = y, and

The fluorescence emission spectrum is proportional taw,; = 57,, respectively. However, a remarkably narrow
the Fourier transform of the steady-state correlation funcspectral line occurs at line center in the case of maximum
tion lim,—.(EC)(r, 7 + 1) - EM)(r,1)), whereE®)(r,7)  quantum interference, whep, = ./¥1y3, as shown in
are the positive and negative frequency parts of the radiahe frames (b) and (d).
tion field in the far zone, which consists of a free-field oper- We next consider the detunin% to satisfy the quench-
ator, and a source-field operator that is proportional to théng conditionAQ? + (A — w,)Q5 = 0 [9], as we can
atomic polarization operator. The fluorescence emissionbtain analytic solutions for this case. Figure 3 (where
spectrumG(w) is composed of coherent and incoherentw,; = y,) shows at once that when the atom has nearly
components. The coherent Rayleigh part, due to the elastjgarallel or parallel transition dipole moments, the inco-
scattering of the driving field, gives rise to ordyfunction  herent fluorescence spectrum is dramatically modified by
contributions, while the incoherent one, which stems fromguantum interference. We have, = 0.999./y17y, in
the fluctuations of the dipole polarizations, makes the maitfrig. 3(c) andy;; = /y17y2 in Fig. 3(d). In the former
contribution. Hereafter we pay attention only to the inco-situation a significant sharp peak occurs at the line center:
herent resonance fluorescence spectrum, defined as For the latter situation, the fluorescent emission is com-

* , letely quenched. The quantum interference in Figs. 2
Gine(w) = SR]O !LrTJO(ADT(T + 1) - AD(t)e "Tdr, znd 3yisqclearly destructiv?e. ’
3

To explore the origin of the unusual spectral features
where AD(r) = D() — (D(=)) represents the deviation produced by quantum interference, we employ the dressed
of the dipole polarization operatdd(s) from its mean

atomic state representation [14]. Analytic expressions may
be obtained when the quenching condition, equivalent to
steady-state value, and
DT (1) = dioAi0(t) + daoAx(r). (4)

A = wy /(1 + a?), is satisfied, so we concentrate on this
The two-time correlation function lim..(ADT(+ + 7) -

case here. For simplicity, we also take the magnitudes of
both dipole moments to be identical so that= vy, = y
AD(r)) can be obtained by invoking the quantum re-andQ; = Q, = Q.

In this situation the eigenvalues and
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206 0.03 - elements uncouple. We are interested here in the features

= (a) (b) . . - .

5 at line center, which are governed by the diagonal matrix

So4 0.02 elements. We find

IS .

2 ~ — +

Z02 001 Pbb Lipoy + To,

ff A Pcc — Paa = _F2(pcc - paa), (7)

< % 0 20 %0 0 20 with

204 0.2 1

5 © @ Lo ==[(y + y)e® + (v — y)e'l,

£0.3 0.15 2

©

= 1

502 0.1 I = 5[(7 + y)e® + (y — yi2) (3e* — 4e” + 2)],

0.1 0.05 1

(]

T o I = 5[(7 + ) + (v = y)e’l. (8)

-20 0 20 -20 0 20
viy vhiy In this case, the incoherent resonance fluorescence spec-

FIG. 2. The incoherent resonance fluorescence spectrufjum consists of five spectral components: the central reso-
as a function ofy = (w — w;)/y for @ =1, Q; = Q, =  nance, the inner sidebands placed at frequenti@g /2,
5y, A =0, and different splittings: (a)w,; = v, yi2 =0,  and the outer sidebands located at frequentifs;.
(b) wn =7y, yo =7 (€) @ =57, 72=0, (d) o= In the dressed state representation, the underlying physi-
3. yi2 = v Herey, =y, =y. cal processes are evident. The various components in the

eigenstates of the interaction Hamiltonian (1) are given b)gesonance fluorescence spectrum are associated with dif-
| ) erent transitions between neighboring dressed state mani-
Ag = ) Qr, A =0, A= =Qp, (5) folds. The central peak comes from transitions between

2 identical dressed levels of adjacent manifolds and consists

and | of a superposition of two Lorentzians with linewidthk;
la) = =[—(1 — &)|2) — (1 + &)|1) + 47]|0)], and2l,, the decay rates ofy, and p.c — paa, respec-
2 tively. However, one of the inner sidebands (located at
IbY = —2912) + 279]1) + £]0), (6) —Qr/2) is the result of the transi'tions_ fror‘m>.to |b)
and from|b) to |c). The other pair of inner sidebands
_ 1 B arises from the transitioris) — |b) and|b) — |a). Tran-
le) = 2 [+ #)12) + (1 = &)l) + 47[0)], sitions between the dressed stdtesand|c) contribute the
outer sidebands. As the stationary dressed-state popula-
where Qg = \/‘”%l + 802, n = Q/Q, and  tions p,, andp.. are identical in th?e/ secular approxri)mgl—
& = wy/Qg. tion, the spectrum is symmetric.

In thehlgh field I|m|t, where the eﬁecti.ve Rabi fre-' The phySiCa| mechanisms of fluorescence quenching
quency is much greater than all relaxation rates, i.e.gng spectral narrowing are as follows.

Qg > v, the equations for the diagonal and off-diagonal  Fjyorescence quenching:If y;, = JY7 =, ie,
the dipole moments of the two transitions are exactly

506 06 parallel, it can be shown from our analytical results that
E @ (b) Paa = pec = 0 andpp, = 1: The population is trapped
S04 0.4 in the dressed statp). As a consequence, there is
£ no photon emission at all;;,.(w) = 0, as one sees in
502 02 Fig. 3(d). However, ify;, deviates from the maximum
f value y, the destructive interference is incomplete, and
€ 95 0 20 95 0 20 the corresponding fluorescence emission can take place.
o4 ; Spectral narrowing—It has been s_hown numerically
T © @ that an extremely narrow peak may arise at the line center.
£03 05 In order to explore the physical origin of the spectral nar-
o2 o rowing, we assume that;, has a value slightly less than
%01 s its maximum, /17, so that the dresseq stale$ and|c)
s ' have a very small, but nonzero, population. Consequently,
£ 9 -1 some fluorescent emission takes plagg.(w) # 0. The
-20 0 20 -20 0 20 . . . ..
viy viy linewidths of the two Lorentzians comprising the central

FIG.3. Same as Fig. 2, but fora — 1,0, — Q, — component ard’ = ye? and T, = y,.respect_ively. If
5y Wy = v, A =05y with different values clnfm:z(a) e < 1, which requires that the effective Rabi frequency

yi2 =0, (B) y12 = 0.9y, (c) y1» = 0.999y, (d) vy, =y. & greatly exceed the level splitting,;, thenT'; < v,
Herey, = vy, = y. giving rise to a pronounced and very sharp feature at line
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center. Thus the spectral feature at line center consis#/ith () = 20y, for example, we find numerically that
of a sharp peak superimposed on a broad Lorentzian prenly modest line narrowing is possible (by a factor%()f
file. We emphasize that the sharp peak can be very naput with ) = 100y andA = 83+, pronounced narrowing
row. For example, the linewidth in Fig. 3(c) is predicted occurs with a width of the order of /20.
to beI'; = /200 by the dressed atom theory, and found In summary, we have shown that the resonance fluo-
to be so numerically. The linewidth of the sharp featurerescence spectrum in a V system is strongly modified by
in Fig. 2(b) is also close to this value. quantum interference. For slightly less than maximum
The spectral narrowing is due to the slow decay ofquantum interference, extremely narrow lines may be pro-
the dressed state populatipp,, and originates from the duced at the center of the spectrum for small splittings of
quantum interference between the two transitions. In facthe excited sublevels. The effects may be understood in
when vy, is far from the maximum allowed valug, terms of the trapping and slow decay of the population of
the decay rate of the population in the dressed dfate one of the dressed states.
increases and becomes comparable With In the case This work is supported by the United Kingdom EPSRC,
of y12 = 0 (no quantum interference) amd< 1 we have by the EC, and by a NATO Collaborative Research
I't = y,I'; = v/2, and no significant spectral narrowing Award. P.Z. wishes to thank the Queen’s University of

occurs. Belfast for financial support.
The line narrowing effect occurs over a wide range of

detunings and Rabi frequencies, not just the ones chosen

in Figs. 2 and 3. We consider a quite different set of

parameter values in Fig. 4, by way of illustration. We

show the central region of the spectrum as a function of[l] S.E. Harris, Phys. Rev. Lett62, 1033 (1989); S.E.

Q/y for a larger value of the detuningy = 30y, and
for wy; = 57, in frames (a) and (b), an@,; = 20y in
frames (c) and (d), withy;» = 0.99y and 0.999y. The

line narrowing is most pronounced in frame (d), whereas
frames (c) and (d) show clearly how the broad natural

linewidth apparent for very smalll evolves rapidly into
a much narrower peak 4% increases.

For the experimental observation of these phenomena,
we need a closely spaced excited doublet with almost
parallel dipole moments. The realization of such systems[4]
has been discussed in some detail in [9]. It is necessary
to employ frequency stabilized lasers and to minimize the [5)

effects of Doppler broadening. Recently, {2€) and|2p)

states of the hydrogen atom, mixed by an electric field [6]

to produce a separation dfy, as employed in quantum

interference experiments [6], has been suggested [4] as a
suitable system for investigating this class of phenomena.

0.5

pi

<>
lll,,,,lll llll,‘

&

100

FIG. 4. The incoherent spectrum as a functionvaindQ /vy,

with @« = 1, A = 30y, and w,; = 5y in (a) and (b), and
wy = 20y in (c) and (d). We takey;; = 0.99vy in (a) and
(c), andy; = 0.999y in (b) and (d).
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