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Quantum interference in resonance fluorescence for a drivev atom
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We investigate the effect of quantum interference between the two transition pathways from the excited
doublet to the ground level of a drivahatom on the spectral features of the resonance fluorescence emission.
The ultranarrow spectral line at line center, which arises due to quantum interference, occurs over a wide range
of parameters. The smaller the ratio of the excited doublet splitting to the effective Rabi frequency, the more
pronounced the spectral line narrowing. However, the fluorescence emission is completely quenched when the
atomic dipole moments are exactly parallel and the driving field is tuned to the average frequency of the atomic
transitions. The narrow line is due to the slow decay rate of one dressed state, while the quenching arises from
dressed-state trapping. A finite laser linewidth destroys the spectral narrowing features and the fluorescence
guenching[S1050-294{@7)07509-4

PACS numbeps): 32.80.Bx, 42.50.Gy, 42.50.Lc

I. INTRODUCTION such a system have been demonstrated by Hegerfeldt and
Plenio [10], using quantum jump theory. We have shown
Over the past few years, much attention has been devotaécently that the quantum interference can also give rise to a
to the effects of quantum interference between multiplevery narrow resonandd1], with linewidth depending on the
atomic transitions pathways and its applications in quantunsplitting of the excited doublet as well as the Rabi frequency
optics and laser physic6A recent review has been presented of the driving field.
by Arimondo [1].) One basic system consists of\atype Harris and co-worker$12] generalized thé/-type atom
atom, with a single ground state and a closely spaced excited systems where the excited doublet decays to a continuum
doublet, damped by the usual vacuum interactions, so thair to a single auxiliary level, in addition to the ground state.
the two decay pathways from the excited doublet to theThey found that at a certain frequency the absorption rate
ground state are not independent. As the atom decays frogoes to zero due to destructive interference, whereas the
one of the excited doublets it drives the other excited subemission rate remains finite. It is possible to amplify a laser
level and vice versa. One well-known effect of radiative in-field at this frequency without population inversion being
terference in such an atomic system is quantum beat oscillgresent. In the case of a single auxiliary level, quantum in-
tions of the fluorescence intensif—4], which has been terference can lead to the elimination of the spectral line at
observed in many laboratori¢s]. Recent studies have also the driving laser frequency in the spontaneous emission
shown that radiative interference results in periodic darkspectrum[13], which has been recently observed by Xia
states when the atom is initially in a coherent superpositioret al. [14] in sodium dimers with the dipole moments of the
state of the excited doublpt], and a dark spectral line in the two upper levels for the spontaneous emission being parallel
steady-state spontaneous emission spec{®inThis dark (or antiparallel. An appealing physical picture for the ob-
state is attributed to an interference-induced trapped [8ate served spontaneous emission cancellation has been devel-
We have examined recently the probe absorption spectrumped very recently by Agarwall5].
[7] and demonstrated that quantum interference in such a Generally, for three-level atomic systeftas V, A, and=
system is also the origin of narrow resonances, transparencygonfigurations excited by two laser fields, one being a
and gain without population inversion. strong pump field to drive two levelsay|1) and|2)) and the
By introducing an applied field, Cardimona, Raymer, andother being a weak probe field at different frequency to probe
Stroud|8] studied the effect of quantum interference on resothe levels|0) and |1) or |2), the strong coherent field can
nance fluorescence and found that the system can be drivehive the level§1) and|2) into superpositions of these states
into a dark state in which quantum interference prevents angdressed statgsHence the weak field actually probes the
fluorescence from the excited sublevels, regardless of thstate|0) and two dressed states, and two correlated transition
intensity of the excited laser. Similar predictions were re-channelgfrom the level|0) to the dressed levelsire created
ported by Scullyet al.[9], who showed that if the two upper for atomic absorption. Quantum interference between the
levels of aV-type quantum beat laser are coupled by a mi-laser-induced transition pathways can be constructive or de-
crowave field, an atom in the ground state may absorb pumgtructive, depending on the energy of the st@y¢16,17. If
photons and at the same time be free of radiative decay, eved) is the ground state of the three-level atom, the interfer-
if population inversion occurs. The macroscopic dark periodence is destructive; otherwise, it is constructive. The destruc-
of fluorescence emissions due to quantum interference itive interference can cancel the probe absorption from the
ground state to the dressed state, and the spontaneous emis-
sion of the reverse process, thus resulting in probe transpar-
*Electronic address: peng@qol.am.qub.ac.uk ency[18], optical amplification without population inversion
Electronic address: sswain@qub.ac.uk [19], enhancement of the refractive index with zero absorp-
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tion [20], spectral line narrowing21-23, as well as a dark - 12>
line in spontaneous emission from one of the excited sublev- \ A o

els[16]. The experimental observation of the destructive in- \‘ . 21 1>
terference between the transition probability amplitudes from | ,

the ground state to the excited doublétsessed stat¢sn M N
electromagnetically induced transparency has been presented \ /
recently[24]. Laser oscillation without population inversion 1 oL ,’

via quantum interference also has been demonstrated experi- 4

mentally in several atomic systeni25]. Both theory and N
experiment agree very well. I 0>

Recently, Camparo and Lambropoul@§6] have demon-
strated a phase-sensitive rate of atomic excitation due to FIG. 1. AV atom driven by a single-mode laser.
guantum interference between a three-photon transition and a
one-photon transition pathway. ngntu_m interference feafollows. In Sec. Il we present the formulism and numerical
tures in three-photon down-conversion in phase space als

nave been reponge7], The moduition ofhe o-pnoton =45 21 1 HEelen fesonance Muotescete specrn
excitation rate ofZ-type atoms, as a function of the relative PP

phase of multiple excitation fields, has been observed b ver wide ranges of the parameters if the effect of radiative

Georgiadesat al. [28], which may be applied to a recently nterference is tf':lken into account. When the appligd field is

developed frequency metrological technique and to detectiof!"€d o @ special frequency the fluorescent emission can be

of nonclassical correlation functions of fields. We haveCOmpletely quenched in the presence of maximum quantum

shown that quantum interference between the stepwise twdbterference. We also demonstrate that the latter corresponds

photon transition pathway and the one-step two-photon trarf® the atom being in a pure state. A physical understanding

sition pathway in the nonclassical two-photon excitation ofof these results is obtained by invoking the dressed atom

atoms can lead to a very narrow spectral line in the fluoresapproach in Sec. lll. According to this theory, the width of

cence spectrurf9]. the central sharp line is proportional to the square of the
Narrow spectral features have been predicted previouslgxcited doublet splitting. Thus extremely sharp lines, less

for other, related systems. Indeed, such effects are a posshan 1% of the natural linewidth, are possible. We investi-

bility in any system where very small decay rates exist,gate the effect of laser linewidth on the interference-induced

whatever their origin. Buzek30] has shown the existence of phenomena in Sec. IV. The conclusions are summarized in

very narrow lines in the spectrum emitted by a system ofSec. V.

N two-level atoms in which only one atom is initially ex-

cited, when the separation between the atoms is very small

but nonzero. The presence of extremely sharp structures in ||, RESONANCE FLUORESCENCE SPECTRUM

the fluorescence of a three-levél system with one meta-

stable excited level has been demonstrated by Hegerfeld and We consider &/-type atom consisting of two excited sub-

Plenio for the resonance fluorescence spectrum and in akvels|1) and|2) coupled to a common ground levié) by a

sorption by Plenid31] (see alsd32]). These effects have single-mode laser field with amplitudé_ and phases, .

been attributed to “electron shelving,” the existence of light The energy-level scheme is shown in Fig. 1. The Hamil-

and dark periods in the resonance fluorescence emitted danian in the frame rotating with the laser frequengyis of

the strong transition. They have also shown that system the form

driven by a single laser, having close-lying lower levels and

parallel transition moments, may exhibit light and dark peri- ,

ods similar to those exhibited by the well-known Dehmélt  H=(A— w)Ajg+ AAp+[(Q1A10+ QA e P+ H.c],

system[33]. The unitary equivalence between thesystem (1)

with cross-decay terms and doubly driven three-level sys-

tems with two closely spaced levels coupled by an intense

microwave field has been demonstra{@4,31]. There are Where A=(E,—Eg)—w_ is the detuning between the

thus several distinct physical phenomena that will producé0)«—|2) transition and the driving laseQ,=E_ € -dyg

effects equivalent to those described, and the experimenték=1,2) is the Rabi frequencyl, is the dipole moment of

may choose the most appropriate. Narduetcal. [22] also  the atomic transition fron0) to |k), which is assumed to be

considered av-type atomic system in which two excited real in our system, and,=E,—E, is the level splitting

levels are coupled to the ground state by different lasebetween the excited sublevdls and|2). A =|1)(k| repre-

fields, with one strongly driven and one weakly driven tran-sents a population operator fork and a dipole transition

sition. They found line narrowing to be possible on theoperator forl #k. Here direct transitions between the excited

strong transition. subleveld1) and|2) are dipole forbidden. We use units such
In this paper we consider\&type atom consisting of two that#z=1.

excited sublevels coupled to a singlet ground level by a Assuming that such an atomic system is damped by the

single-mode laser field as shown in Fig. 1. Here we examinstandard vacuum, the master equation for the reduced density

the effect of quantum interference on the spectral features afperatorp of the atom in the rotating frame then takes the

the resonance fluorescence emissions. Our organization is #sm [6—8,11,35
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] 1 The fluorescence emission spectr@(w) is composed
p=—i[H.p]+ 5 71(2A01pA10~ AP~ pA11) of coherent and incoherent components. The coherent Ray-
1 1 leigh part, whose origin can be traced to the elastic scattering

+ 572(2A02PA20— Agop— pAgy) + E),12(2,5‘01@420 of the driving field, gives rise to only-function contribu-

tions, while the incoherent part stems from the fluctuations
of the dipole polarizations. Hereafter we pay attention only
to the incoherent resonance fluorescence spectrum, which is

_ ~ defined as
where vy, is the spontaneous decay constant of the excited

sublevelk(k=1,2) to the ground level0). However, y;, = N Cior
represents the effect of quantum interference resulting from Alw)=R 0 t“";<AD (7+1)-AD(t))e”'*"d7,  (6)
the cross coupling between the transitioiis«|0) and -

|2)+|0). It reflects the fact that as the atom decays from th‘?/vhereAD(r)=D(r)—<D(oo)> represents the deviation of

excited subleve(l) it drives the other excited sublevid) 4 o dipole polarization operatoD(r) from its mean
and vice versa. The effects of quantum interference are Vergteady-state value. The two-time correlation function

sensitive to the orientations of the atomic dipole polariza-“mt (AD'(r+1)- AD(t)) can be obtained by invoking the
tions. If dio is parallel tody, then yi,=1y1y, and the  qyantum regression theoref87], together with the equa-
interference effect is maximum, whiledk is perpendicular  jons (38—(3e) of motion. To do this, we define vectors

10 dyo, theny,,=0 and the quantum interference disappearsy, (1) (j=1,2) for the steady-state two-time correlations of
The quantityy,, plays a crucial important role in the spectral {ne atom

narrowing and fluorescence quenching of the system consid-
ered here. The equations of motion of the reduced density Uj(t) =[(AAx(1)AAG(0)), (AAg(t)AAy(0)),
matrix elements for the atomic variables take the fp&yl 1]

1
—Azp—pAz)+ > Y12 2A020A10— A1p— pA1p), (2)

. (AA(1)AAG(0)), (AA(1)AAG;(0)),
P10~ 5 Y12P20" i1Q2p12 (AApi()AAG(0)),  (AAL(1)AAG(0)),
(AAZ(DAAG(0)), (AADAAG(0)]". (7)

1 .
571+|(A_w21)

1510=

+iQ1(p11~ P00, (3a)

According to the quantum regression theorg®7], when

: 1 1 .
P20~ ~ <§72+'A P20~ 5 Y12P10t 1€ap2 t>0 we have

d
+1Q2(p22— poo), (3b) an(t):MUj(t) (1=1,2), 8

) 1 1 . . - .
Po1=— [5(71+ ¥2) +Hiwog|por— 5 Yid paot p11) +iQ1p20 where M is an 8<8 matrix of coefficients of the equations

(3a—(3¢9 of motion of the Bloch vector B(t)

—i1Q%p01, @Bo)  =[{Ax1), (Agt)) (A1), (A1o(t)).(Aoi(1)), (Asa(t)),
(Ap(1)),{A1(t))]T. Note that({A;(t))=p(t). Due to the

. 1 time independence oM, Eg. (8) is readily solved. Hence

P11= — Y1P11— E’ylz(plz-i- p21)—1Q1(po1—p1o), (3d) one obtains the incoherent resonance fluorescence spectrum

to be

8

) 1
=— — = + —-iQ — . (3e .
P22 Y2P22 2 Y1 P12t p21) 2(Po2—p20)- (38 A(w):mgl {le(lw)[yzU(zk)(O)-i- 712U(1k)(0)]

The fluorescence emission spectrum is proportional to the . K K
Fourier transformation of the steady-state correlation func- + Ry ) [ y1U77(0) + y12U57(0) ]}, 9
tion lim,_ .(EC)(r,7+1)-E((r,t)) [36], whereE(X)(r t) Ky i
are the positive and negative frequency parts of the radiatiowrlereuj (0)_ IS the initial compongnt of the vectd;(t)
field in the far zone, which consists of a free-field operator) =1.2), defined in Eq(7). Ry(iw) is one element of the
and a source-field that is proportional to the atomic polarizamMatix R(iw)=(iwl—M) "%, with | being the identity ma-
tion operator. Therefore, the fluorescence spectrum can

expressed in terms of the atomic correlation function Defining a=d,/d5 as the ratio of the dipole moment

amplitudes of the two g\llowe% transition pathways, we have
% , the relationshi =a‘y,=a‘y and Q1=all,=al). In
G(w) =9%J lim(D'(7+1)-D(t))e~'*dr, (4 what follows wzsgkeajlz. ! ' ’
0t We first consider the case of tieatom with a degenerate
excited doubletw,;= 0, which actually serves as a two-level
atom. The resonance fluorescence spectrum, as expected,
DT (1) =dyoA10(t) + dogAsg(t) (5)  consists of a single peak at line center for weak driving in-
tensities(it is not displayed hepeand a Mollow-like triplet
andfR denotes “the real part.” for strong driving intensities. See, for example, in Fig. 2 for

whereD'(t) is the atomic polarization operator
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FIG. 2. The 2D incoherent resonance fluorescence spectrum o1 | 05
A (w) of theV atom with a degenerate excited doublet{=0), as
a function of w, with =5, A=0, and y,,=0 (solid curve, or 9 - o %0 5 2 <ho 5 2

v12=1 (dashed curve respectively.(All variables are scaled by o o o)

v throughout these figures where we take 1, for simplicity) ) )
FIG. 4. Same as Fig. 3, but with= w,4/2.

=5y andA =0, in which the solid and dashed curves are,cence spectrum is dramatically modified by quantum inter-
respectively, for zero§;,=0) and maximum {,,=7) de-  ference. When the atom has nearly parallel dipole moments,
grees of quantum interference. As one sees, quantum intefor example,y;,=0.999y in Figs. 4b) and 4e), a significant
ference broadens the Mollow-like triplet. sharp peak occurs at line center. However, when the atomic

For the nondegenerate case, we display the resonanggnsition dipole moments are exact parallel, iygy= 7, the
fluorescence spectrum far=0, (1 =5y, with various split-  fluorescence emission quenches completely at all frequen-
tings of the excited doublet and different degrees of quantungies, as one sees in Figs(c#and 4f). The latter effect
interference in Fig. 3. One finds that for the given Rabi fre-recently has been confirmed experimentally in a slightly dif-
quency() =5y, the spectrum exhibits a three-peak structureferent atomic system with parallel transition dipole moments
for a small splittingw,;= v, shown in Figs. 8)—-3(c), while  under the conditiom\ = w,,/2 [14].
the remaining spectrum consists of seven peaks for We show three-dimensional plots of the central region of
w,;=57y. However, the most significant feature in the figurethe spectrum in Figs. 5-8, in which the spectral narrowing
is a very narrow peak imposed on the central peak when theccurs over very wide ranges of the parameters, not just the
quantum interference between the two transition channels adnes chosen in Figs. 3 and 4. See, for example, Fig. 5, where
the ground state to the excited doublet is taken into accounthe detuningA = w,,/2 and both dipole transition monents
See, for instance, Figs(13, 3(c), 3(e), and 3f). The smaller  are nearly parallely;,=0.999y. The splitting w,; has the
the ratio of the level splitting to the Rabi frequency, the moreyaluesw,,;= y in Fig. 5@) and w,;=57 in Fig. 5b). These
pronounced the narrow spectral profile. figures clearly show that the larger the Rabi frequency, the

We next consider a special circumstandes w»1/2 in narrower the interference-induced peak, and the smaller the
Fig. 4, which shows once again that the incoherent fluoressplittings of the excited subleve{for fixed Rabi frequency

the more pronounced the narrow spectrum. This conclusion

os @ 0s ® 008 © also fits with other cases, for instance, in Fig. 6, where the

’ ' ' splitting is largew,;,= 20y and the detuning\ =0 [Fig. 6(a)]

04 03 002 and A =50y [Fig. 6b)]. These graphs clearly exhibit how
§°-3 o2 ’ the spectral narrowing develops as the Rabi frequency in-
<o2 001 creases.

o1 0.1 Figure 7 displays the three-dimensiori@D) spectrum in

0 o o the case of) =50y, A=30y, andy;,=0.999y, against the

20 0 20 -0 0 20 -0 0 20 splitting of the excited sublevels,,/y. Apparently, the nar-

(@ (e) v} rowest spectral line occurs at;~ 3. The linewidth is ap-
o4 02 02 proximately y/300. As the splitting increases, the central
03 0.15 0.15 spectrum broadens.
Bos o o W_e present the SD resonance fluorescence spectrum as a
D=0t ' ' function of the detuning\/v in Fig. 8, for y,,=7 and (a)
0.1 0.05 0.05 0 =57y, wy=7 and(b) 2=100y, w,;=40y, from which
one can see that the most significant line narrowing occurs

20 0 20 20 0 20 o 0 20 aroundA=—4.5y and 5.5 in Fig. 8@ andA=—80y and
®© © © 120y in Fig. 8b). The fluorescence quenching occurs at
FIG. 3. Same as Fig. 2, but with a nondegenerate excited douvA = 0.5y and A=20y, respectively.
blet (w,,#0), for =5, A=0, and (&) wy;=1, y1,=0; (b) We examine the atomic purity in Fig. 9 f@=5vy and
wy=1, ¥1,=0.999; (0) wy»=1, y1,=1; (d) w,=5, y1,=0; (&) w»1=10y as a function ofy;, andA. The purityP is defined
w2,=5, ¥1,=0.999; andf) w,,=5, y1,=1. as[35]
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s
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SN

[0} Q o] Q
FIG. 5. The 3D spectrum versus and (), for y,,=0.999, FIG. 6. Same as Fig. 5, but foy;,=0.999, w,,=20, and(a)
A=w21/2, and(a) le::I. and(b) (,()21:5. A=0 and(b) A=50.
2 2 2 i i i i
P=Tr(p?) = p2y+ p21+ p2ot 2(| pro 2+ | P2l 2+ | P2l D). and the magnitudes of both dipole moments to be identical

(10) (so thaty,= y,=y andQ,=Q,=Q). In this situation, the
eigenvalues and eigenstates of the interaction Hamiltonian

1) are given b
P=1 corresponds to a pure state of the atom, white1/3 @) given by

represents the maximum mixed state of the atom, an unpo-

larized state. Obviously, one sees from Fig. 9 that the atomic Ng=— EQR, Ap=0, )\CZEQR (12)
purity in the vicinity of A= w,,/2 is strongly dependent on 2 2
the quantum interference. An atomic pure state can be
achieved atA = w,,/2 with the maximum quantum interfer- and
ence, whereas foy;,~=0, we have a maximally mixed state.
We shall see in the following section that the pure state in- ,,,,,,,,,
volved is a dressed state. This implies that the atomic energy '0‘\‘\\ vvvvv
is completely trapped in the pure state, which prevents any . I \\ vvvvv
photon from emitting, giving rise to fluorescence quenching. R /,‘,:‘“\\‘\\\\\
R (0 \\\\ ,,,,,
IIl. ORIGIN OF SPECTRAL NARROWING Sado ”7/'?'?‘:““‘\‘\‘\‘\\\\\\\\\\ T
AND FLUORESCENCE QUENCHING D D
Ut Y % \i e
To explore the origins of the unusual spectral features 7 ;
produced by quantum interference we employ the dressed- ,,
atomic-state representatidB8], which makes the physical 0.01
processes transparent, to derive a compact form of the reso- y
nance fluorescence spectrum. For simplicity, we here assume T 001 10
that the excitation field is tuned to w2l

FIG. 7. The 3D spectrum againat and w,;, for y;,=0.999,
A= wx/2 (1)  Q=50, andA=30.
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FIG. 9. The 3D atomic purity versug,, andA, for w,,=10 and
®) Q=5.
1.5 v - - 1
: ; Pchb= — Iﬂ3+|§QR pcbtTappas
o .
<0.5\.‘. \ \\ : pac=—(I's—1QR)pac, (15
A .
N 7 with
02 N
01 wﬁ“:"‘:‘&:“"‘?{" 1
SIS _ 2 4
~300 Fo=5[(y+ v+ (y—v12e"],
2
02 g 200
w A

1
_= 2. (0 4_ 4.2
FIG. 8. The 3D spectrum againstand A, for y;,=1 and(a) 1ﬂ1_2[(y+ 712)e" (v~ 712 (327 —427+2)],

925, W= 1 and(b) 0= 100, W= 40.

_1 _ 2
2= 5[-(1-e)l2)~(1+e)|1) +47/0), temallrryd Tyt

b)=—27[2)+27|1)+¢|0), My= 2127+ (7= (1 +52=26%)]
; :

1
le)=5[(L+e)|2)+(1=e)|1)+47[0)], (13

1 2.2
1ﬂ4:_§(7’_7’12)(1_8 )e”,
where

Q (1)21 l
Qg= w3, +80% =g e=qg. 19 Ts=7[3(y+ v+ (y=712e*= v2e°]. (1)

In the high-field limit, where the effective Rabi frequency
is much greater than all relaxation rates, i@gz> 1y, the
coupling between matrix elements associated with various
frequencies may be omitted ©(y/Qg). Correspondingly, _ _Fl_ro _E 1
the equations of motion in the dressed-state representation Paa™Pcc™ 5+ PBOTT - (7
are obtained as

Only the diagonal elements are nonzero in the steady state:

It is not difficult to see, in the presence of maximum quan-

Pob="1"1pppt o, tum interferencey,,= v, that p,z=p.c=0 andp,,=1: the
: - atom is trapped in the dressed stdt¢. Therefore, there is
Pec™ Paa= " I'a(Pcc™ Paa), no fluorescence at all in this circumstance.

Under the secular approximation, the incoherent reso-
nance fluorescence spectrum can be expressed as an analyti-

) 1
Pab=— ( [3—i EQR) papt Tappc, cal form
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1 A, A, Az A. The case of the degenerate excited sublevela,;=0
Aw)= 4 R IN+io * IN+iow * I3—Ty+i(w+Qr/P2) For theV atom with two degenerate excited sublevels, the
steady-state populations of the dressed state reduce to
Ay As Paa=Pcc=1/2, ppp=0, which demonstrates that the atom

+ - + - : »
I3+ T+ i(0+Qr12)  T3—Titi(0—Qr/2) stays only in the dressed statds and|c). The transition
amplitudes associated with the dressed sthjethus are

+ As + A7 zero. The resultant spectrum gives a triplet structure of the
Ag 2
S (y+ 712 1
T Teti(o—0p)’ (18) Aw)=~"—3 1
777t e?
where
3/4
A1=9(y—719&* (1= &%) (paat Pcc) Pob> +35
Ta(vT71)°+ (0+8Q)°
Ay=(y+ 712)(1_82)[(Paa+ Pcc) PobT 4PaaPccls 16
_ 2 2 4 3/4
As=(y— y1[(1—&°)(1~2&%) ppp+2&7paal +3 : (20
+2v18%paa, 1_6('Y+ 712)2"'(0’_\/59)2

— _ _ a2 2
As=(y= 711~ 8%)poot 278", which resembles the Mollow spectrum of a two-level atom.

) ) 4 5 It is not difficult to see that the ratios of the height and width
As=(y= 71l (1=e7)(1=26%) pppt 28" pcc] +27128"pecs of the central peaks to those of the sidebands are 3 and
2/3, respectively, the same as in the Mollow trip[&9].

As= (7= v12) (1~ &%) pppot 278 e, However, the sidebands are displaced ¥8Q from line
center, instead of) as in the original Mollow case. In addi-
Ar=[y+ v+ (v—v10e?1(1— &%) paa, tion, the widths of the central and sideband peaks,
(v+vy12) and 3(y+ y19)/2, respectively, which also differ
Ag=[ v+ v+ (v—y10e?]1(1— &%) pec. (199  from the Mollow values,y and 3y/2, are sensitive to the

degree of quantum interference. Quantum interference al-

The incoherent resonance fluorescence spectrum for the d@ays broadens the spectral lines in the casegf=0.
tuning (11) consists of five spectral components: the central
resonance, the inner sidebands placed at frequenC|esB. The case of the nondegenerate excited sublevel®y,# 0

+Qg/2, and the outer sidebands located at frequencies _ _
+Qg. In Sec. Il we found that quantum interference can result in

In the dressed-state representation, the underlying phys*{;_pe_ctral line narrpwing and fluorescence quenc_:hing when t.he
cal processes are evident. Various components are associaf¢fited doublet is nondegenerate. The analytical expression
with different transitions in the dressed states. The centrg{18) for the resonance fluorescence spectrum allows greater
peak comes from transitions between the same level of twiSight into the physical mechanisms of these interference-
neighboring manifolds of the dressed states and consists ofigduced effects.
superposition of two Lorentzians with linewidthd 2 and
2I',, which are related to the decay rates of the population
pop in the dressed staid) and of the population difference It is apparent from Eq(17) that if y,,= v, i.e., the dipole
pec—Paa Of the dressed statem) and |c), respectively. moments of the two transitions are exactly parallel, then
However, onglocated at—g/2) of the inner sidebands is p,,=p.,=0 and pp,=1, and the population is entirely
the result of the transitions frofa) to |b) and from|b) to  trapped in the dressed state). Consequently,A;=0,
|c). Both transitions couple each other, so the spectral line i¢j=1,2,..,8) in Eq.(18), which impliesA (w)=0, no fluo-

a superposition of two Lorentzians with linewidths rescence at all. Fluorescence quenching is due to completely
2(I'3=TI',), which are associated with the decays of thedestructive interference.

dressed-state coherengeg=* p,.. The other inner sideband However, if y,, deviates from the maximum valug,

is associated with the transitiofs)—|b) and |[b)—|a). = which makes the destructive quantum interference incom-
This peak is also composed of two Lorentzians with line-plete, thenp,,=p..#0 and fluorescent emission becomes
widths 2(";=1",), but they are the results of the decays of possible. On the other hand, it is apparent that the amplitudes
the dressed-state coherengeg= p,,. Transitions between of the fluorescence spectrui8) are maximal in the absence
the dressed stat¢a) and|c) contribute the outer sidebands. of quantum interferencey;,=0), the case in which the di-
Since the stationary dressed-state populatigg@ndp..are  pole moments are perpendicular.

identical in the secular approximation, the spectrum is sym- It is worth emphasizing that the fluorescence quenching
metric. effect is not just restricted in the special caseacf 1. In

1. Fluorescence quenching
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fact, as long as the dipole moments of the two transitions arsidebands even being more pronounced than the outer side-
exactly parallely;,=+/y,y, and the detuning satisfies that bands in the latter frame when quantum interference is taken
A=w,/(1+a?), then the population is always trapped in into account.
the dressed stad) and the fluorescence radiation will be  In the general case, the dressed stg@s|b),|c) no
suppressed completely, no matter what values,a@$,;, and  longer have equally spaced splittings. As a result, the transi-
Q2 are taken. tions of|c)—|b) and|b)—|a) will lead to two spectral lines
and the spontaneous decays|af— |b) and|b)—|c) also
give rise to different spectral components. Consequently,
there exists a maximum of seven peaks, as may be seen in
As we have shown above, an extremely narrow peak magigs. 3d)—3(f), for example. In this circumstance, spectral
arise at line center when the atomic dipole moments ar@arrowing at line center can still occur when<1l and
nearly parallel. In order to explore the physical origin of the y,,~vy. See Figs. @) and 3f). This is also a result of the
spectral narrowing employing the analytical results we asslow decay rate of one of the dressed state populations in-
sume thaty,, has a value slightly less than its maximum duced by the quantum interference.
V7v172. In this case, the dressed stafa$ and|c) have a We note that Narduccet al. [22] considered aVv-type
very small, but nonzero, population. As a consequence, sonmetomic system in which two excited levels are coupled to the
fluorescent emission may take pladg,w)# 0, and the line- ground state by different laser fields. When one transition is
widths of two Lorentzians forming the central component ofvery weakly driven compared to the other, the spectral line
the spectrum are reduced o =ye? andI',=17, respec- arising from fluorescence from the strong transition can be
tively. Hence, ife<<1, which requires that the splitting,;  narrowed. The spectral narrowing in such a system was later
of the excited sublevels be much less than the effective Ratsionfirmed experimentally by Gauthiet al.[23]. Similar ef-
frequencyQg, thenT'; <y, a very narrow Lorentzian line fects were also investigated, using the Green’'s-function
shape. However, the other Lorentzian always has a linewidtimethod and quantum jump theory, respectively, byeFal.
of ordery. Thus the spectral feature at line center consists oind Hegerfeldt and Plen[@0,31], who demonstrated that an
a sharp peak superimposed on a broad Lorentzian profil@dditional sharp peak is superimposed at line center of the
We emphasize that the sharp peak can be very narrow. Feesonance fluorescence spectrum in the presence of a meta-
example, the linewidth in Fig. ) is predicted to be stable excited state that is coupled the ground state by a very
I';=17/100 by the dressed state theory and found to be sweak laser field and that the width of the narrow peak is
numerically. The linewidth of the sharp feature in Fig)3 essentially proportional to the intensity of the laser driving
and 3c) is also close to this value. the metastable transition. The phenomenon can be classified
We conclude that the spectral narrowing is due to anto a kind of quantum jump proposed by Dehn&8].
slowly decay of the dressed-state populatieg,, which
originates certainly from quantum interference between two
transition pathways. In fact, whep, is far from the maxi-
mum allowed valuey, the decay rate of the population inthe  For more realistic cases, the driving laser may undergo
dressed stat¢b) increases and becomes comparable withvarious kinds of fluctuations, such as phase and amplitude
I',. In the case ofy;,=0, no quantum interference, diffusion, so that the laser output has a finite bandwidth. For
I';=v(3e*—3e2+2)/2 and I',=y(1+&?)/2, leading to operation above threshold the phase and amplitude fluctua-
two Lorentzians with linewidths wider thay and no narrow tions are decoupled and for a well-stabilized laser the ampli-
spectral feature is exhibited. tude fluctuations can be neglected. Therefore, we consider
In addition, quantum interference can also narrow theonly a driving laser subject to the phase diffusion effect. The
sidebands. See, for example, Fig&d)dand 4e). The former  corresponding Hamiltoniafl) is replaced by
is in absence of quantum interferencg {=0) and the line-

2. Spectral narrowing

IV. EFFECT OF LASER LINEWIDTH

width of the inner sidebands is approximately4,.&vhile in H=(A—wy) A+ AA,,
the latter figure the inner linewidth ig when a nearly maxi- _
mum value §41,=0.999y) of quantum interference is taken. +[( Q1A+ QLA e PV +H.c], (21

However, the linewidth of the outer sidebands increases from

1.5y to 2.9y when y,, increases from 0 to 0.999in this where ®(t) = ¢, + ¢(t) and ¢(t) is the fluctuating part of

case. The modifications are due to influence of the quantuny,, phase of the driving laser, which is assumed to be a
interference on the decays of the dressed-state coherenceg;, ssian random process with’the properties

We turn to the effect of the splitting of the excited sub-
levels on the spectral structure. One finds from form{@B) )
that when the splitting is very small, i.e.<1, the heights of $()=F(t), (F(1))=0, (F(OF(t"))=2Ls(t-t"),
the central, inner, and outer sidebands are approximately (22)
proportional to 6°—92,)(1—3¢?), (y*—v%)e?, and
(y— v12) (1—2¢?), respectively. Therefore, the inner side- whereL is the linewidth of the driving laser due to the phase
bands are hardly visible in the case£f 0, as we see, for diffusion.
example, in Figs. @) and 4b), where the resonance fluores-  For such a laser model, the effect of the laser linewidths
cence spectrum demonstrates a Mollow-like triplet. How-can be accounted for by modifying the equatig8a)—(3b)
ever, the inner sidebands become visible with increasingf motion for the off-diagonal elements of the density matrix
splitting, as shown in Figs.(d) and 4e), with the inner as[41]



(0]

[0}

®

®

[0}

[0V]

56 QUANTUM INTERFERENCE IN RESONANE . .. 3019
(a) (b) () (a) (b) (©
0.2 0.4 0.4 05 05 04
0.15 0.3 0.3 0.4 0.4 03
B 203 03
< 041 0.2 0.2 Che ’ 0.2
< <02 0.2
0.05 0.1 0.1
0.1 0.1 01
0 0 0
5 . = 0 0 -
20 0 20 -20 0 20 -20 0 20 9 P > % o > 9% P 2
(d) (e) () (@ (e) ()
0.05 0.1 0.1 02 02 02
0.04 0.08 0.08
,§ 0.06 0.06 015 0.15 0.15
Z0.03 3
< 0.04 0.04 z
0.1 0.1 0.1
0.02 0.02 0.02
0.01 0 0
X 0.05 0.05
-20 0 20 -20 0 20 -20 0 20 0.05, 0 > 005, o 5 005, 0 2

FIG. 10. The 2D resonance fluorescence spectrum including the F|G. 11. Same as Fig. 10, but far,,= 20, Q =50, A=30, and
effect of the laser linewidth, fof) =5, w,;=1, A= w,4/2, and(a)— (@ L=0, y,,=0; (b) L=0, y;,=0.99; (¢) L=0, y1,=1; (d)
(© L=1 and(d)~(f) L=5. L=1, y12=0; (¢) L=1, 7;,=0.99; and(f) L=1, y;,=1.

The corresponding steady-state populations and spectrum
have the same forms as E¢$7) and(18), respectively, but
with T'; being replaced b)FjL (j=0,1,..,5). It is notdiffi-

cult to show that the dressed-state populations in the case of
the maximum quantum interference take the form

1 )
P10~ 5712P20+|92P12

. 1 .
P10~ _[5 Y1+ L+i(A—wy)

+iQ41(p11—poo), (233

1 .
P20~ 5 Y1210t 1Q1p21

. 1
on:_(§72+|—+m

L(1—¢?) y+L(1—¢€?)
Paa=™Pcc™ _ T a1 (1_2y' Pbb™_ a1 (1_.2)"
The formulas preciously used to evaluate the spectrum are y+3L(1-e) y+3L(1=e?) (25)
easily modified for this circumstance. We display the effect
of laser linewidth in Fig. 10 for the case dl=5v,
wn=7y, A=wy/2, and L=y in Figs. 1Ga)-10c) and  No population is trapped in a special state, so no fluores-
L=5y in Figs. 1Gd)-10f). It is clearly seen from Figs. cence quenching occurs if the driving laser undergoes phase
10(b), 10(c), 10(e), and 1Gf) that the spectrum still exhibits itfsion, and hence has a finite linewidth.
a very sharp interference-induced peak imposed on the liné ajthough the presence of a laser linewidth always in-
center in the presence of laser linewidth. Comparing Withyreases the dressed-state decay rates, broadens the spectral
Fig. 4, one finds that the laser linewidth has a twofold effeclines, and reduces their amplitudes, nevertheless, quantum
on the spectrum: first it broadens all spectral componentgerference can still lead to a very narrow spectral line. For
(including the narrow spectral lin@nd reduces their heights example, in the case af<1 andy,~ v, the linewidth of
and second it eliminates fluorescence quenching in the casge sharp peak is approximately 2¢ 3L)&2. As shown in

Y12= V- Fig. 10, the linewidth of the narrow spectral line is about

These effects may also be interpreted in the dressed reR25 in Figs. 10b) and 10c), whereas it approximates to
resentation. In the presence of nonzero laser linewidth thngs in Figs. 10e) and 1af).

decay rateg16) _o_f the dressed-state populations and coher- Figure 11 shows the central region of the spectrum in-
ences are modified by cluding the effect of laser linewidth, for a large level split-
ting, strong Rabi frequency, and large detuning, say,
wo1=20y, =50y, and A=30y. We takeL=0 in Figs.
11(a)—11(c), wheread. =y in Figs. 11d)—11(f). The graph
exhibits once again that the interference-induced narrow
spectral lines will be widened and reduced if the linewidth of
the driving laser is taken into account. For large laser line-
widths, for exampleL. =5+, the sharp peak will disappear
(not shown here

+iQ5(p22— Poo)- (23b)

I5=To+Ls3(1—¢?),
Ii=T,+3Le?(1-¢?),

I5=T,+L(1-¢?),
L 1 2 4
I;=I;+ EL(l_S +2&7),

Ii=T,+Le’(1-¢?), V. CONCLUSION

We have shown that the resonance fluorescence spectrum

1
L_ - !
Fg=Ts+5L(1=&%. (29 of a drivenV atom is greatly modified by quantum interfer-

2
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ence between the two transition pathways from the excitetiveen the two transition pathways can drive the atom into a
doublet to the common ground level. For the case of thalressed state that is decoupled from the fields, preventing
degenerate excited doublet, the spectrum exhibits a Mollowany fluorescence, although population inversion is achieved
like triplet. Radiative interference always broadens the specwhen the coherent field is tuned to the average frequency of
tral lines. However, more interesting phenomena due tdhe atomic transitions. The dressed state decays very slowly
guantum interference emerge in the situation in which thdor small excited doublet splittings for nearly maximum
excited doublet is nondegenerate. The fluorescent emissiaquantum interference. It is the slow decay that gives rise to
can be completely suppressed if the atomic dipole momentthe striking narrow spectral profile at line center. The width
are parallelwhich maximizes quantum interferenand the  of the narrow spectral line is proportional to the square of the
coherent field is tuned to the average frequency of the atomiratio of the level splitting to the effective Rabi frequency and
transitions. Otherwise, significant spectral narrowing at linemay thus be very narrow for small splittings.
center takes place over a wide range of parameters, for par-
allel or nearly parallel dipole transition moments. If the laser
linewidth is taken into account the atom can be never trapped
in a dressed state, so that no fluorescence quenching dis- The authors wish to thank V. Buzek, E. Arimondo, and
plays. Nevetheless, the spectral lines can still be significantiiy. Plenio for conversations on quantum interference and J.
narrowed provided the laser linewidth does not greatly ex<C. Camparo, P. L. Knight, and S. Y. Zhu for providing us
ceed the natural width. with copies of their work prior to publication. This work was
These effects have a straightforward interpretation in thesupported by the United Kingdom EPSRC, by the EC, and
dressed-state representation. The quantum interference dm¢ NATO.
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