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Resonance fluorescence quenching and spectral line narrowing via quantum interference
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The resonance fluorescence from a four-level atom driven by two coherent fields is studied. If the dipole
moments between the two upper levels and each of the two lower levels are parallel, the spontaneous emission
paths from the upper levels to the lower levels will have strongly or even completely destructive quantum
interference. We show that this quantum interference will result in a complete inhibition of the fluorescence
when one of the driving fields is tuned at the middle point of the upper levels. The quantum interference will
lead to the dependence of atomic populations at steady state on the initial condition, when both of the driving
fields are tuned to the middle point of the upper levels. When the dipole moments are close to but not exactly
parallel, or none of the driving fields is tuned at the middle point of the upper levels and there is a small
difference between detunings of the two driving fields to the uppermost level, ultranarrow lines at the spectral
center appear because of the destructive quantum interfeSi@50-29479)02203-9

PACS numbses): 42.50.Ct, 42.50.Gy, 32.80.Bx, 42.50.Lc

[. INTRODUCTION systems employed in most of existing studies of quantum
interference for cancellation of spontaneous emission have a
The linear superposition of states is one of fundamentatommon feature that there is an excited doublet which is
principles of quantum mechanics. It results in various intercoupled by the same vacuum modes to a single lower level.
ference phenomena in quantum mechanics. When an atomTée two transition pathways from the upper levels to the
initially at a linear superposition of excited states, i.e., atomidower one can have quantum interference under certain con-
coherent state, the probability for transition from the superditions. It was shown that when the atom is initially in a
position state to a single lower level is given by squaring thesuperposition of the upper levdl$6] or the excited doublet
dipole moment matrix element between the initial and finalis driven by a coherent field to an auxiliary leal7—19,
states. Since the initial state is a linear superposition of exthe quantum interference can lead to depression or even can-
cited levels, the transition probability contains interferencecellation of spontaneous emission from the excited doublet
terms contributed by different transition pathways betweerio the lower level. The theoretical prediction was demon-
the excited levels to the single lower one. The interferencestrated in an experimef20].
terms can depress the transition. Moreover, under certain Since the incoherent part of resonance fluorescence re-
conditions the transition may even be totally inhibited via thesults from spontaneous emission of a driven atom, it is natu-
interference although the excited levels are populated. In reral to ask what are the effects of the quantum interference to
cent years, this quantum interference appearing in a multithe resonance fluorescence. By applying a coherent field to
level atomic system has attracted a lot of attention becaude transition from the doublet to the lower level, Cardimona,
it can lead to absorption cancellatiph-10], electromagneti- Raymer, and Stroud showed that the atom can be driven into
cally induced transparencyEIT) [6-8], and population a dark state in which the fluorescence is totally depressed via
inversion without emissiof2], which have potential appli- the guantum interference regardless of the intensity of the
cations to a new type of laser system operating withouexcited lasef22]. In Refs.[23-25, the conclusion was con-
population inversion (LWI) [1-4], transparent high- firmed again, and moreover it was shown that an ultranarrow
refraction index material§11-14, and highly sensitive central peak appears in the resonance fluorescence spectrum
magnetometergl5]. In particular, it is shown that spontane- when the quantum interference becomes incomplete.
ous emission of an excited atom in free space can be de- In this paper, we consider a four-level atomic model
pressed via the quantum interference in a wide frequencwhich was proposed for studying cancellation of spontane-
region[16—20. Therefore, it may become possible to control ous emission via quantum interferenf&7]. In previous
spontaneous emission of an atom and the corresponding eftudies[17-19, the two upper levels are coupled to one of
fects via the quantum interferenfl]. Studing the influence the lower levels by a coherent field and to another level by
of quantum interference on spontaneous emission of atoms thke vacuum modes. We now apply two coherent fields to
becoming a hot subject in the field of quantum optics. transitions between the upper and lower levels. We are inter-
The realization of quantum interference in an atomic sysested in the effects of quantum interference to resonance
tem depends on an atomic level configuration. The atomidluorescence spectra of the atom. In contrast to the case stud-
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apy — : vacuum modes. If the separations|af) and|a,) from |c)

| L are much larger than those frofi) or vice versa, we can
‘ consider that the vacuum modes couplig ,) to |b) are
totally different from those couplinfn ,) to |c). Meanwhile,
we assume that the vacuum modes which coligi¢ and
|a,) to |b) (|c)) are the same. We also assume that the dipole
Wi transition betweerb) and |c) is forbidden because of the
i " b> same parity. Detunings shown in Fig. 1 are defined\as
=W, ,” Wy~ @1 and Aj,= Wa, ,~ W™ W3 With the
i rotation-wave approximation2%a)] the model can be de-
scribed by the Hamiltonian

le>

H=Ho+Vap+ Vact Vro+ Vre, (1)
FIG. 1. Level scheme of a model atom.

ied in Refs.[23-29, since there are two coherent driving where

fields in this model the quantum-interference effects created

by the two fields may interact each other. Therefore, it may

be possible in the present case by using one of the driving ﬁozﬁwal|al><a1|+hwa2|a2><a2|+hwb|b><b|
fields to control the resonance fluorescence induced by an-

other one. T +

As is well known, the spontaneous emission spectrum of +hodc)c| +% ﬁ“’qaqaﬁ% hobby,  (2)
an atom can be altered by driving the atom with resonant
fields. The resonant fluorescence spectrum for a driven two-
level atom develops a three-peak distribution when the driv- .~ : )
ing field is sufficiently strong26]. The widths and peak Vap=h0 7 1ag)(b[+ 4 Qe “'|ay)(b| +H.c., (3)
heights of resonance fluorescence spectra fo¥-type,

A-type, and cascade three-level atom are strongly affected by

driving fields[27,28. These modifications can be attributed \A/ac=h03e““’2‘|a1>(c| +ﬁQ4e—iwzt|az><c|+ H.c., (4)
to different reasons such as the driving configuration, atomic

parameters, amplitudes of Rabi frequencies of driving fields,

and so or{27,28. Here we want to know, except with those R

approaches, by use of quantum interference between differ- Veo=1 > (gél)aq|a1)(b|+g&2)aq|a2>(b|+H.c.), (5)
ent spontaneous emission processes how to modify the reso- 4

nance fluorescence spectra. We will show that the interfer-

ence can result in many interesting effects such as

ultranarrowing central lines and population trapping in the Y (3) (4)

upper levels. Without the interference, these effects com- VRc_ﬁ; (g adan(cl+ g adaz)(c|+H.c). (6)
pletely disappear. One cannot except these results when not

considering the interference.

This paper is organized as follows. In Sec. Il the model isin the above equation§); (i=1,2,3,4) are the Rabi frequen-
presented and the formula of the calculation of the fluorescies of the coherent fields driving the transitions from the
cence spectra is developed. In Sec. Ill we study nondecayingpper levelda, ,) to the lower-lying levelsb) and|c), which
dressed states and total inhibition of the resonance fluoresye defined as
cence. In Sec. IV we show some numerical results of the
fluorescence spectra and discuss how the destructive quan-
tum interference leads to the ultranarrowness of the spectra Q1o=h 'Eqpa, i1, ™
line. The conclusions are summarized in Sec. V.

Qs,=%"'E - )
IIl. THE MODEL AND THE CALCULATION 34 2May 5072

OF THE FLUORESCENCE SPECTRA a .
whereE, , and &, , are the complex amplitudes and polar-

A. Model izations of the two driving fields, respectivelyu,, .,

The model under consideration has four levels as showrr (a2 (—er)|b) andﬂalvz;c:<al,2|(_el’)|C> are the matrix
in Fig. 1. The transitions from the upper levets,) with  elements of the electric dipole moments of the transitions
energyfiw, and |a,) with energyfiw,, to the lower-lying  from |a, ,) to [b) and|c), respectivelya, (ag) is the annihi-
levels |b) with energyfw, and |c) with energyfw, are lation (creatior) operator for thegth mode of the vacuum
driven by two coherent fields with frequencies andw,,  which couples|a; ) to |b), and by (b)) is the annihilation
respectively. These transitions are also coupled by thécreation operator for thekth mode of the vacuum which
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couples|a; ,) to [c). g2 (gi>*) are the coupling constants
between thegth (kth) vacuum mode and the atomic transi-
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tions from|ay 5 to |b) (|c)).

In the interaction picture, the Hamiltonidh) can be writ-

ten as

where

Vei=

with Ajq=w, —
—we— ok, andAy=w,,— o,
eralized reservior theory with the Weisskopf-Wigner ap-
proximation[29(b)], we can derive the equations of motion

B. Motion equation of the density matrix

|:llz\A/cr“\A/Rh 9

7 Q€1 a; ) (b|+A Qe 22 a,)(b|+ H.c.
+7Q4e"3Ya, ) (c|+ Q464 ay)(c|+H.c.,
(10)
\A/R|:ﬁ2 (gff)emlqtaqlaﬁ(bl
q
+gP e 2atag|ay)(b|+H.c)
+72 (g€ ayla)(c]
X
+gPeltada |a,)(c|+H.c.) (11)

wp— ©q, A2q=wa2—wb—wq, Alk:wal

— wy . According to the gen-
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—(¥2+ Ya)Paya,~ 2(P1V Y172
+ P2V ysya)( eIAtpazal

~i0,e42py, +i0%e

Pa2a2
—iAt

Palaz)

—idgt

Pajb

—iAgt (16)

—iQ4e%pe, +iQ%e
Pap= —2(P1V7172
+P2VY3Ya)€ e p— 10262 (ppy—paja,)

i iAqt i 1At
+i€Q,€ 1Paza1_|94(:3I “Pcb

Payc»

3 (v2F Ya)Payp

17

—2(v2+ ¥a)paye— 2(P1V Y172
+poyysys)e A

X (1= ppp— Paja, ™

bazc:
Pac™ [ Q4eiA4t
2Paza2)

+iQSGiAstpazal_iQZeiAztpbca (18

At

Pbb= Y1Paja,t Y2Pasa, T P1VY1Y2(€7 " paja,

iAt H iAqt FO)Vx a—iAqt
+é pazal)‘HQleI 1Pbal_lﬂle I lPalb

+i92em2tpba2_i9§ eiiAztpazba (19

O ——i0*e —iAqt * A— iAot
ppc=—iQ7e *p _|Q ZPayc

+ iQSeiAstha1+iQ4eiA4tha2 (20

for the reduced atomic density-matrix elements which are

[18,30
Paja, =~ (V1+ ¥3)Pasa,~ 3(P1Vy1Y2t P2y ¥3Ya)
X (% paya, +€7 M pa 0,) —1021€ 0 oy
+iQTe M, —iQ4e'0pe, +i0Fe M, ¢,
(12)
Paja,= —2(v1t V2t ¥at Va)pasa,— 1(p1r1y2
+ P2 y3Y2)€ Y (paja, + Paya,) — 102161 ppq,
—iQges'pe, +iQT e 2, pHiQ e MY,
(13
Pap=—2(71F ¥3)Pap— HpVrniy2
+P2VY372) €4 pap— 10161 (ppp—pg a)
+ ineiAthalaz_ iQge 43y, (14
pa,c=—2(71+ ¥3)pac— 3(p1ri72

+P2v ')’374)eiAtPazc_ i QseiA3t(l_ Pbb™ Paya,

_2Pa1a1)+ iQ4eiA4tPa1a2_ ineiAltprv (15

When arriving at Eqs(12)—(20), we have used the normal-
ization conditionpalalJr Paja,T Pobt pec=1 10 replacep...

In the above equations;;, v,, v3, andy, are the sponta-
neous decay rates from the two upper levels to the lower
levels given by 1y, 2_|M'a12b| (@a, ,~ wp)313meghc® and
V3.4~ |"3120| (wa,, — w.)¥3meshicd. When deriving Egs.
(12—(20) by use of the generalized reservior thef2@¥(b)],

we have the crossing termsZ(g{”)*g{” and

= (93 * g . with the Weisskopf-Wigner approximation,
these crossing terms can easily be written P3b

) l-‘azb(walvz_ wp) 3/377"50ﬁ(:3 and Mac’ ﬂazc(walyz_ wc)3
I3meghc®, respectively. Considering that the upper level
separatiom\ = w4, is much smaller than the optical transition
frequenciesw, ,—w, and W, ,~ W, We have replaced

these terms byil\/ylyz and p,vv3ya, respectively, where
p1 are the alignments of the matrix elements of the dipole
moments and are given by

Ma,;bc” Ma,;b,c

—_— (21
|/-"al ;b,cl | Maz;b,c|

P12=

In Egs. (12—(20), the termpyVy1y2 (P2V7y3ya) repre-
sents the effect of quantum interference between the

spontaneous-emission pathways fréay) to |b) (/c)) and
from |a,) to |b) (|c)). It reflects the fact that as the atom
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decays from the excited sublevi,), it drives the other C. The calculation of the spectra
excited subleve|a,) and vice versa because of atomic co- _ o .
herence betweeja;) and|a,), which is created by the driv- The model under consideration involves the two driving

ing fields. We notice that in the above equations the usudields with quite different carrier frequencies. In this way,
decay terms proportional tg; , and y; 4 are always paired each field induces its own atomic polarization, which gener-
with the decay interference terms proportionalptp/y,y,  ates its own scattering field. The correlation between the two
and p,+\/ysy4, respectively, as long ap;#0 and p,#0. fields can be neglected. That is to say, the atomic polariza-
They may cancel each other. We will show that under certaitions induced by the two driving fields can be considered
conditions the spontaneous emission pathways frafhto  separately.

by (|c)) and from|a,) to |b) (|c)) display a destructive inter- In the interaction picture, the negative-frequency parts of
ference and the cancellation really happens, which has thie polarization operators are written as

atom decouple from the vacuum modes and the fluorescence

depressed. 2 (<) (g —op)t (0 — wp)t
The explicit time-dependent factors of the complex expo- Po, (t)_"albel P |al><b|+/“azbeI % “*ag)(bl,
nential in Eqs.(12)—(20) can be removed with the transfor- (33
mation
_i B(—) — i(wy —we)t i(wy —we)t
Vi=e M., We=W3, (22) P., (D)= pa € “a” “|ag)(c|+ pra,ce' 2 Iaz><<zg4)
Wo=e M2p, . W=V, (23)
. and the positive-frequency parts are
Wa= e_IASIPalcr W= ; ) (24)
. PUI=[P, ()%, PLIm=[P,(t]*. (35
Weme iy, WiV 29 L O=[P, (01, PLM=[P 1. (39
WSZe*iAtpalaz, V=P, (26) In the above, the indice®; and w, obviously refer to the
two driving fields. Using the transformations defined in Egs.
_ (22)—(28) and the formal solutio31), we obtain the single-
Wy=e (a8 W=, (27 time expectation values (ﬁf;l)(t) and Pf;z)(t), which are
‘PGZPalala ‘I,?:pazaz! We=ppp- (28) 15
Substituting Eqgs.(22)—(28) into Egs. (12)—(20), we can (P(w_l)(“fT)>:ei(t+7)wlﬂalbj21 {(e™)o;¥;(1)

write Egs.(12)—(20) in the compact vector forrf27,2§ )
+[LHe™ = 1)]g 15}

d. ~- - 15
—U=LV+I, (29 . -
dt +e'(t+7)wlﬂa2bj§1 {(e™)10;%;(1)
whereV is a column vector whoseh component isP; and ~ ; -
| . i j +IL et D)oyl 1 (36)
the inhomogeneous teriis also a column vector with the
nonzero components
15 .
- . ~ ~ ~ . ~ ~ B(—) —al(t+ Do 7L .
la=—iQg, 1y=1%, l,=—iQ4, l5=1%. (30) (P, (t+1))=¢ 2/Malclzl {(e™ )11
In Eq. (29), L is a 15x 15 matrix whose explicit expression ><\Ifj(t)+[|:‘1(e7':— 1)]mfj}
can be easily derived from Eqg€l2)—(20). Since matrix el- 15
ements ofL are time-independent, ER9) is a set of linear +eltrnozy, 2 {(eff.)lz_q,_(t)
first-order differential equations with constant coefficients. =} )
Therefore, it has the formal solution . . .
R . R . +L™H ™= 1)]gpl ). (37
Y(t+7r)=e™W(t)+L et —1]I (31)
and the steady-state solution With the help of the quantum regression theort], the

~ A two-time expectation values of Eq83)—(35) can be written
Y(o)=—L"1. (32 as



2334 FU-LI LI AND SHI-YAO ZHU PRA 59

<ﬁ>;1><t+r>-ﬁi,§><t>>=e”w1|ualb|2( (€™)g. oW 6(1) + (67)g g 1(1) + (™) 16V 5(1)

15

+(e TL)914‘I’3('1)+2 [L-Yet—1)]g,1, ¥4 (t) () oW 14(1)

+ée mlﬂalb Mba,
~ ~ ~ 15 ~

+(eTL)g,s‘I’z('[)ﬂL(eTL)g,lo‘I'7('[)+(eTL)g,14‘I'4('[)+JZl [L_l(eTL—l)]g,jH‘I’z(t))

+e g - Mbal( (e™)109¥6(t) +(e™)108¥ 1(1) +(e™)1010¥ 5+ (€7) 10.14¥ 5(1)

15
+2 (Lt DT ¥a()

+é T‘”1|Ma2b|2( (8™)106% 15(t) + (€7) 108V 5(t)

) ) 15 ) i
+ (eTL)lo'lo\IH(t)+(eTL)10,14\If4(t)+jZl [L™e™~ 1)]1o,j|jq’2(t)) ) (39

<|55;2)(t+7')'ﬁg)(t)>:eimz|ﬂalc|2 (e™)1111%6(t) + (€™ ) 1112V () + (€7 ) 13 18V (1)

15

+E [L-Y(e™ — 1)1, Wa(t)

+e”“'2/,¢a ¢ Mcay| (€7 )11 11‘1’13(t)+(eﬂ')11 12V (1)

15
+(e™)11,16¥ () + ]Z::l [L-Ye™— 1)]114iiq’4(t)

+€ 72y o prea | (€7)1211%6(1)

15
+(e™)121¥ 5(t) + (™) 1218V 1 (1) +j21 [L- Y™~ 1)]12,jij‘1'3(t)

+eiml|ﬂazc|2

15
X (eTL)lz,ll‘I’ls(t)+(eTL)12,12W7(t)+(eTL)12,15‘I’2(t)+;1 [Ll(eTL_l)]lz,jij‘I’4(t))- (39

Taking the Fourier transformations of Eq488) and(39), in the limitt—o, we find the incoherent fluorescence spectra in the
forms[27,2§

S*2(w)=Rel 2(2)|,-s,, 49

where
R 15
riz)= |ua1b|2( Mg Z1)Wg(20) + Mg 1d Z1) Ws(%) + Mg 14 Z1) W5(20) + Mg g Z1) ¥ (0) +Z Noj(Z1)1| woo))
15
+Ma1b'ﬂba2< Mo dZ1)W15(%) + Mg 1d Z0)W7(%2) + Mg 14 Z1) W o(20) + Mgs(zl)‘l’z(oo)+2 NQJ(Zl)I ‘1'2("0))

+ May, Moa,| M10d Z1)W6(20) +Mag1d Z0) Ws(%) + Mg 14 Z1) W5(20) + Mg d Z1) W1 ()

15

"‘Z NlO](Zl)I V(o) | +] papl? 109(21)‘1’13(“’)4"\/'101((2) W (%) +Mig14 Z1) W ()

15
+ Mm,g(zl)\vz(oowgl Nlo,j(zlﬁplfz(oo)) (42)

with Z,=Z—iw, for the fluorescence light induced by the driving field with frequeagyand
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15
M 11,110Z2) V() + M 11,14Z2)¥5(*) + M 11,14 Z2) W 1() +j21 l’\\lll,j(ZZ)IAj\IIB(OC))

FEUZZ)(Z) = |l‘alc|2

15
M 11,110Z2) W 15(0) + M 11,14Z2) U 7(0) + M 11,14 Z2) V() +j§=:1 &114(22)ijw4(m))

+ Mac Mca,

15
Mlz,n(zz)%(ooHMlz,u(zz)%(wwMlz,lg(zszl(oowgl NnJ(zz)ij\Ifs(oo))

+l‘azc'l‘cal
15
+ |Ma2c|2 M12110Z5) W13(0) + Mo 1A Z5) W7 () + M12,15(22)‘I'2(°°)+j2=:l le,j(zz)|j‘1’4(°°)> (42
|
W|.th. ZZ='Z—|<'1)2 for the fluorescence Ilght mAducedAb)'/ the Vé:ﬁﬂlla1><b|+hﬂz|a2)(b|+H.c.,
driving field with frequencyw,. The matriceaM andN in
Egs.(41) and(42) are defined as +hQala){c|+hQ4laz){c|+H.c., (48)
/ = ! N7/ i(w— o
M@)=@z-b™ “3 VR:ﬁé e't“r”ed'[giMaglar)(b] + 9P aglar) (b 1+ H.c.
N(Z)=L"M(2). 44 .
e e WY e wigPadan(el+gfadan (el He.
K
I1l. QUENCHING STATES OF FLUORESCENCE (49

Although the fluorescence spectra can numerically be cal- ~, ~ L .
culated according to the formula developed in the precedind!©W Ho andV. are time-independent. The eigenvectors of
section, we have to come into the atomic dressed-state rept,, i.e., the bare atomic stat¢s; ,), |b), and|c), define
resentation in order to get some physical insights from théhe bare atomic-state representation. The eigenvectors of
numerical results. In this section, we consider the model iny; 1! constitute the atomic dressed-state representation.
the atomic dress_ed-st_ate representation apd show that ther€| ot us consider the eigenequation
are some states in which the fluorescence is totally quenched

because of the d.est'rucnve guantum interference between the ALV 0n) =4l @), (50)
spontaneous-emission pathways froja,) and |a,) to
b),[c). . o where
To remove the time-dependent exponentials in the coher-
ent driving parts of the Hamiltoniafl), we perform the l@,)=Ci,la1)+Cyylay) +Cs,|b)+Cy,lc)y  (51)

rotation transformation exp(iﬁ‘lﬁdt) to the system under

consideration. where with the integero (=1,2,3,9 to label the four eigenvectors

(dressed statgsThe matrix form of Eq(50) is

Hy=7i(wp+ w1)(|ag)(as] +|ax)(as]) + f wp|b)(b] hA—e, 0 hQ, 7 Qg
0 hAz_S(r ﬁQZ hQ4
+ﬁ(wb+wl—w2)|c><c|+2 ﬁwqagaq 7y 1Q, —&4 0
q h Qg hQy 0 A(A—A3)—e,
+> hobiby. (45) gl,r
k
x| & | =o. (52)

30
In the rotated frame, the Hamiltonian of the system takes the C,
form 7

In the following discussions, we assunfile =, and (),
|:|’=|:|{)+\A/é+\7§, (46) =(,. To the model under consideration, we believe that
these assumptions will not bring serious restrictions to our
conclusions. For Eq52), we find that there are several spe-
cial cases in which the analytical solutions can be obtained.
R (i) WhenA;=w,,/2=A, but Ay;# A, one of the eigen-
Hy=7%A|a1)(a.| +AhAsa) (ay|+A (A —Ajz)|c){c|, values for Eq.(52) is £y=0, and the corresponding eigen-
(47)  vector(dressed stajas

where
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1
lo1)=———[—Q4la;) +Qq]ay)+Agb)]. (53

V205+A2

(i) For the opposite case, whéiy=A  butA;#Ag, Eq.
(52 has the eigenvectddressed staje

1
Loy )= m[—93|al>+93|32>+As|0>] (54)

with the eigenvalue,=0.
(i) When A;=A3;#A,, Eq. (52) has the eigenvector
(dressed staje

1
lony=———[Qs/b)—Q4|c)] (59
Q2+03

with the eigenvalue:;=0.

(iv) WhenA;=A;=A,, we have a twofold degeneracy
for the eigenvaluegy=0. The two eigenvector¢dressed
state$ are

lew)=lem), (56)

1/2
02+ 03

lev)= 2(0%+02)+ A2

As
la;)—lag) — —5—— (Q4]b) + Qglc)) |.

X
2,02
Q1+Q35

(57)

transition from|¢,) t0 [@,/). Whenp;=+1 or =1 (pap
and u,,, are parallel or antiparalleland p,=+1 or —1
(/ualC and Ma,c are parallel or antiparallglthe interference

effects become maximal. However, the interference effects
always exist as long gs,#0 andp,+0.

From Egs.(58) and (59), we find that in all four cases
mentioned above, the transitions from the dressed states with
the eigenvalue =0 [Egs.(53)—(57)] to all of the eigenvec-
tors (dressed state®f Eq. (52) can be depressed. It means
that these dressed states with the eigenvalje0 can be-
come nondecaying in the vacuum. Therefore, when one of
the driving fields or both are tuned to the middle point be-
tween the two upper levels and the dipole moments are par-
allel (p;=p,=1), or the two fields have the same detuning,
the atom at steady state will populate at the nondecaying
dressed state and consequently the total fluorescence will be
completely inhibited.

There are two mechanisms for quenching of the resonance
fluorescence. The nondecaying states), |¢), and|ey)
have a common feature that the amplitudes for the compo-
nents of|a;) and|a,) are same but their signs are opposite.
According to the above discussions, this feature suggests that
the completely destructive interference between the two de-
cay pathways takes place in the transitions fian), |¢,),
and|¢y) to any dressed states, when the dipole moments are
parallel. Therefore, the destructive quantum interference be-
tween the spontaneous emission pathways results in the total
fluorescence inhibition, when the system enters one of these
nondecaying states.

On the other hand, there is no upper-level component in
the dressed state,;;) (|¢v)). Therefore, when the atom is
in |en) (Jew)), no spontaneous emission happens and no
fluorescence appears. Obviously, the disappearance of fluo-

We shall show that under certain conditions the resonanckescence does not result from the destructive interference be-
fluorescence can be totally inhibited because of these atomiween the spontaneous-emission pathways. In fact, the de-

dressed states.

structive interference between the absorption pathways from

From the point of view of physics, the resonance fluores{P) t0 |a; 5 and from|c) to |a; ;) leads to the population
cence emitted from an atom which is driven by coherenirapping in the lower levels and the disappearance of fluo-
fields results from the transitions between the atomic dresse@scence[32(@)]. In the A configuration of a three-level

states in vacuum. The fluorescence with frequeney
-t~ Ye, —e,) is generated by the transition frofp,) to
|e,), and its emission rate is proportional to

@y |PC) 0, )2 From Eqs(33) and(34), for the emission
lines with the central frequencies, and w,, we have

|<(p<r’ | P5*’+1)| (P(r>|2: |Malb|2[C%(r+ C%(r+ 2plC1(TC2(T]C§0'”
(58

I<(P(r’ | PE;)J;)| @0)'2: |Ma1c|2[ci(r+ ng"' 2p2cl(rc2(r]C¢210-’ ’
(59

where we assumed thigt, | =|pta,p| and|pa o|=|#ayl- In

atom, there also exists this kind of inhibition fluorescence
phenomenorilower-level trapping[27].

In the case ofA;=A;= w42, however, the two mecha-
nisms may play their roles simultaneously and the system
can stay in¢,), |¢n), |¢ev), or |ey), or even in a super-
position of| ¢) and|ey).

We can examine the above conclusions in a direct way. In
the rotated frame, when the atom is in the dressed ktgle
the corresponding density-matrix operator|is,){¢,|. In
the interaction picture, the density-matrix operator is given

by

pr=exin " (Ho—Ho)tlle,){¢,lexd —in " L(Ho—Hy)t].
(60)

the above equations, there are interference terms

2p1C10C20C§U, and aozcl,,CzUCiT,, which result from
the decay pathways|a;)—|b),|a,)—|b) and |a;)

—|c),laz)—|c), respectively. Since these terms can take
negative values and then cancel the first and second terms of

According to definitiong22)—(28), we have

\I,l(oo):qu(oc)zcl(rc&ri q’Z(OO):WlO(OO):CZGCSO!
(61)

Egs.(58) and(59), the rates may become zero. Therefore, theV 3(®) =W 1(*)=C1,Csr,  Wy(0) =W 15(*)=C2,Cy,,
interference between the decay pathways can depress the (62
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We(e)=W,4%)=C1,Cop, the transitions fromg3) and|¢,) to any dressed states when
the corresponding dipole moments are parallel. Therefore,
W 4(0)=W15(2)=C3,Csf, (63)  the populations ifng3) and|¢,) at steady state measure the

role of the destructive quantum interference, while those in
Wo(%)=C2 , Wy(%)=C3,, Wg(»)=C3,. (64 |¢,) and|e,) at steady state measure the role of the con-
structive quantum interference.
It is easily shown that fopp;=1 and p,=1, the column
vectors ¥ with the component$61)—(64) given by |¢,), IV. DISCUSSIONS OF NUMERICAL RESULTS
|en), and|ey) are the steady-state solutions of ER9), if
Aj=A;0orAz=Ag, or A;=A3=A; (As=w1,/2). It means
that under the conditionp;=1, p,=1, andA;= w42 (or
Asz=wq,/2) the atom will certainly take the nondecaying
pure dressed state,) (or |¢,,)) as its steady state, no matter
whether initially it is in a pure or mixed state. From this

From the studies of the preceding sections, we have seen
that the quantum interference between the spontaneous emis-
sion pathways is mainly controlled by the parameterg,
and A;,A;. In this section, we shall use the equations de-
veloped in Sec. Il to show some numerical results for the
result, we see that in Eq&12)—(20) the decay interference 'cSonance fluorescence spectra for various values of these

terms can really cancel the usual decay terms and make trp@;aggfgers. 'S our calzculzitlon; e scla ! dm (“él’é). by 73
atom decouple from the vacuum modes and stay in the pur@" (@) by [pa p|*y3 " The rescaled and dimension-
dressed statgp,) (or | ¢, )). On the other hand, the matrix

elements ofV,. (Or Vap) between|¢,) (or |¢,)) and any

0.438

dressed state are zero and the driving field with frequency 0.0299
(or w;) cannot couplde,) (or |¢,)) to any dressed states. ootet
Therefore, once the atom is j»,) (or |¢,)) under the con- sorne
ditions p;=1, p,=1, andA;= w2 (Oor A3=w,,/2), vary- 10 '

result directly originates from the fact that the amplitudes of o]
|a;) and|ay) in|¢,) (J¢))) are the same with opposite signs
and|c) (or |b)) is absent. Therefore, the quantum interference s}
leads to this effect.

When A;=A;=w,/2, the column vector? with the ‘
component$61)—(64) given by| ¢, ) is the steady-state so- c
lution of Eq.(29) whateverp; andp, are. In this case, start- oz| .
ing from any state, the atom will eventually evolve into the / W Lk /
pure dressed state, ). From Egs.(12)—(20), we see that e L Emrrmarraas-
since|¢,;,) does not have the components of the upper lev- (-0 )y,
els, each of the decay terms automatically becomes zero.

Therefore, the interference between the spontaneous-
emission pathways does not take any roles in this case. As

mentioned above, the destructive interference between the ososs
absorption processes leads to this result.

When A;=A;=w1,/2, the situation becomes slightly
complex. If one ofp; andp, or both is zero, the steady state
for the atom is always$e,,) whatever the initial state is. If

p1=p,=1, the column vectorsl for |¢\), |¢)), |ew),
|ey), and the superposition states which take the form
Alo)+B|oy)(AA* +BB* =1) all satisfy the stationary
equation of Eq.(29). It means that these states can all be
taken as a candidate of the steady state. Which one will be
the steady state depends on the initial condition. Therefore, 2
in this case the quantum interference results in the depen- |
dence of the steady state on the initial state.
For a general case, it is not an easy job analytically to find .}
out the eigenvectors and the corresponding eigenvalues for
Eq. (52). We have numerically solved E@52) for various o
parameters. We find that if the four eigenvectiass) of Eq.
(52) are numbered from 1 to 4 in terms of the absolute values
of their eigenenergies in a decreasing order, the amplitudes FIG. 2. Resonance fluorescence spectra which is induced by the
of |a, 5 components always have the same sighdf) and  dipoles (i) P, (i) P{)) with ©,=0,=2.0, 2;=Q,=5.0, y,
|@,) but the opposite sign ifpz) and|e,). Hence, the de-  =,,=0.5, y5= y,=1.0, w;,=2.0,A;=1.0, andA;=0.0. (a) p;
structive quantum interference between the decay pathwaysp,=0.0; (b) p;=p,=0.8; () p;=p,=0.99; (d) p;=p,
|a;)—|b) (or|c)) and|a,)—|b) (or|c)) takes its role only in  =0.999.

ing A (or A,) will not create any effects on the atom. This A
I
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FIG. 3. The detail structure of the curvéd in Fig. 2. " 0%F ]
@ :
= 08 .
less spectral intensity is represented $) in all the fig- 2 |
ures. We will also use the dressed states developed in Sec. Il g °T '
to discuss the numerical results and to examine the interfer- § o6 L 4
ence effects. The discussions are based on &8sand(59) S i Pr
and the dressed-state populations. Equati@3 and (59) B o5 T Pu 1
are proportional to the decay rates of the dressed states ir g 0ak ]
vacuum. The transitions from a heavily populated dressed %
state are important. 3 o3 i
In Fig. 2, the resonance fluorescences induced by the di- 2 sl A
polesP!,") andP!,") are shown with various values pf and .
@2 ] . . 01 et 17
p, when the driving field with frequency, is tuned atthe L T e :

middle point of the two upper levels and the driving field 00 Lt
with frequencyw, is resonant to the uppermost level. All the o e
curves in Fig. 2 are rescaled to make them have the same () P
height 1.0. The relative heights can be obtained by multiply- )
ing the numbers placed near the curves. In these figures, we G- 4. Dressed state populatio(® pi, andp;,; (b) pss and
observe that the central peaks become very shagp asid P4 in the steady_ state versus the parallellp(m_)l:pz) of the di-
p, approach unity. The widths of the central peaks could bd®!€ Moments with the same parameters as in Fig. 2.
much smaller than the natural linewidthy2and 2y, as o
shown in Fig. 3. These results can be well understood by thk1)—[b) (or [c)) and[az)— |b) (or |c)) takes action in the
quantum interference discussed in the preceding sectioffansitions|¢; ;)—|e; ). The destructive quantum interfer-
Whenp;=p,=1, A;=w,,/2, andA;=0.0, the steady state ence plays its role in the transitiohgz 5 — | @3 5) but is not
of the atom is the nondecaying state,), within which is  sufficiently strong ifp, and p, are not equal to unitysee
the total population, and the total fluorescences are comigs.(58) and(59)]. Consequently, the widths of the central
pletely inhibited via the quantum interference. Whmnand  lines are not very narrowing, as shown by the curt&snd
p, depart from unity, there is a certain population in each of(b) of Fig. 2 whenp; and p, are not very close to unity.
the four eigenvectorse,), @), |@s), and|e,) in the  From Fig. 43), we observe that the populatiops; and p,,
steady state, as shown in Fig. 4. As is well known, the tranof the dressed statelsp;) and|¢,), take their maximal val-
sitions between the same levels of two neighboring maniues aroundp;=p,=0.8, and therefore the sidebands are
folds of the dressed states give rise to the central line and theery pronounced, as shown by the curiesof Fig. 2. When
transitions between the different levels of two neighboringp; and p, approach unity, the population concentrates to
manifolds of the dressed states contribute to the sidebandgs) (or |¢,)) as shown in Fig. 4. The main contributions to
[32(b)]. Therefore, wherp; and p, are not equal to unity, the central lines come from the transitiohss 5 —|¢34).
the resonance fluorescence appears and sidebands always Breause of the destructive quantum interference in these
ist as shown in Fig. 2, and the four transitions,)—|¢,)  transitions, the decays ¢f3) and|¢,) are very slow and the
(0=1,2,3,4) always have their contributions to the centralcentral lines become ultranarrow, as shown in Fig.s8e
lines. Egs. (58 and(59)]. The two sidebands appearingf6.15

As pointed out in the last part of the preceding section, thén Fig. 3 are originated from the transitions betweeg) and
constructive quantum interference between the two pathip,), which can be concluded from the peak positions of the

04 05 06 07 08 09 10 11
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FIG. 6. Dressed state populatiof® p,, and px,; (b) ps3 and
paa in the steady state versus the detundngscaled byy; with the
same parameters as in Fig. 5.
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Ay, two upper _Ievels are nearly equal in this region of, as
shown in Fig. %a). Therefore, the destructive quantum inter-
FIG. 5. Bare state populationis) p,_., andp, o ; (b) pyp and ference in these transitions will be very strong because of
pee in the steady state versus the detuning scaled byy; with ~ P1=P2=1. In this way, |34 decay very slowly and the
Q,=0,=2.0, Q3=0,=5.0, 71=7,=05, y:=7,=1.0, w;, C€Ntral peaks become very sharp, as shown in Figs. 7 and 8.
=2.0,A,=0.5, andp,=p,=1.0. In these figures we plot the spectra for different detunings
(Aj). It can be seen that for thosk; close to and in the
sidebands. For the present parameters, the eigenvalues refyion from wq,/2 to A, the central peak becomes very
|o3) and|¢,) are 0.1522 and O.there and in the following sharp and other peaks are depressed almost completely. As
we takeys as the unit for decay rates, detunings, and RabiA; increases far away from;,/2, the dressed statég, 5
frequencies respectively. have certain populations in the steady state, as shown in Fig.
The detuningsA; and A; may be easily adjusted in an 6(a). The sidebands and the wider-background emissions ap-
experiment. It is more useful to study the effects of varyingpear, as shown by the curvé$ of Figs. 7 and 8. It is inter-
A, andA; on the spectra. Wheld; = A3# w1,/2, the steady esting that in this case there exist sharp multipeaks on the
state of the atom is the dressed sfatg, ), which means no central wider-background emissions. We notice that\gs
population in the two upper levelsee pointA in Fig. 5a@)]. increases, the eigenvalues of the dressed statesand|¢.,)
WhenA# w12 butAz=wq,/2, the steady state is the non- become very close. For examplez;=—0.5809 ande,=
decaying statée; ), and a maximum population is in the —0.2932 whenA;=3.0 and other parameters are the same
upper leveldsee poinB in Figs. 5a)]. If the detuning QA3) as in Fig. 7. Because of the destructive quantum interference,
is tuned to the neighborhood of the two limits, the popula-the rates of the transitions frofps)«|¢,) are very small.
tions in the dressed statgg,) and|¢,) are very small, as Therefore, these transitions give rise to the very narrowing
shown in Fig. §a), and then the contributions from the tran- multipeaks in the central region. When onemfandp, or
sitions| ¢y 5« |1 5 to the central peaks are very small. The both become zero, the destructive quantum interference dis-
central lines are mainly generated by the transitions betweeappears and those sharp spectral lines disappear, as shown in
|34 and|esz 4. On the other hand, the populations of the Fig. 9. We should emphasize that the ultranarrow spectral

(b)
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FIG. 7. Resonance fluorescence spectra with the central fre- o053
quency w, for the parameter€),=0,=2.0, 0;=0,=5.0, y; T
=,=0.5,y3= y,=1.0,0,=2.0,A;=0.5, andp,; =p,=1.0. (a) wl
A3=0.0; (b) A3=0.25; (c) A3=0.75; (d) Az=1.25; (6) A3=2.0;
(f) A;=3.0.
e
. . . . . (n c
lines completely originate from the destructive quantum in-  ® U
terference between the decay paths) and|a,)— |b),|c), Ll
which can be controlled by the parallelism of the dipole po- ' °
larizations and the difference betwe&nandA ;. Therefore, - . -
for a very wide region of the Rabi frequenci€sand the T e
upper level separatiom,,, not just for the values taken in
the above, the narrowing central spectra exist. FIG. 9. Resonance fluorescence spectra which is inducgd by
PO (i) PUY with ©,=0,=2.0, 03=0,=50, y,=7,=05,
V. SUMMARY V3= 74:1.0, w12=2.0, A1=0.5, andA3:3.0. (a) p1=1.0, p2

=0.0; (b) p;=0.0,p,=1.0; (c) p;=0.0,p,=0.0.
We have shown that the resonance fluorescence spectra of ' ? ' ?

the driven four-level atom are greatly modified by the de-the detunings of the driving fields. The atom can evolve into
structive quantum interference between the spontaneousdressed state that is nondecaying and the steady-state fluo-
emission pathways from the upper levels to one of the lowerescence emitted by the atom is completely suppressed be-
levels. The destructive quantum interference can be coreause of the destructive quantum interference when the
trolled by the parallelism of the atomic dipole moments andatomic dipole moments are strictly parallel and one of the
driving fields is tuned to the middle point of the upper levels.
The fluorescence emissions can also be completely inhibited
if the detunings of the two driving fields to the uppermost
oz level are the same. However, this inhibition originates from
0274 the population trapping in the lower levels and is irrelevant
oess to the quantum interference between the spontaneous emis-
ooon sion pathways. We have also found that the final state of the
‘or consa atom (steady statedepends on the initial atomic condition,
when the atomic dipole moments are parallel and both of the
os| driving fields are tuned to the middle point of the upper
J levels. It is a pure effect of the quantum interference. When
! the atomic dipole moments are closely but not exactly paral-
. lel and one of the driving fields is tuned to the middle point
rﬂj_‘ 4 of the upper levels, the destructive quantum interference is
Nl
[1

0.0454

06

S(w)

wl fl 4 not complete. When the atomic dipole moments are strictly
' lﬁ parallel but two driving fields depart from the middle point

okl e e of the upper levels and their detunings are not equal, the

P destructive quantum interference is also not complete. This

incomplete destructive quantum interference leads to very

FIG. 8. Resonance fluorescence spectra with the central freslow decay for one of the dressed states, which exhausts

guencyw,. Other notations are the same as Fig. 7. most of the steady-state populations. It is the slow decay that
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gives rise to the ultranarrow spectral profile at the line centershould observe the predicted effects by varying the detunings

The width of the narrow spectral line can be much smallerof the driving fields and monitoring the resonance fluores-

than the natural linewidth. cence emitted from the upper pair to the lower level
For observing the above predicted results in an experi(A 13 7).

ment, we could employ the experimental scheme of Xia

et al. in sodium dimers[20] with the addition of another

laser which couples the upper pair to the lower level

(A 3]). In this experimental scheme, the dipole moments This work was supported by HKBU and UGC. F.L.L. also

between the upper pair to either of the two lower levelsacknowledges support from the National Natural Science

(A's] and X %) are strictly parallel. Therefore, we Foundation of China.
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