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Resonance fluorescence quenching and spectral line narrowing via quantum interference
in a four-level atom driven by two coherent fields
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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 interference.@S1050-2947~99!02203-9#

PACS number~s!: 42.50.Ct, 42.50.Gy, 32.80.Bx, 42.50.Lc
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I. INTRODUCTION

The linear superposition of states is one of fundame
principles of quantum mechanics. It results in various int
ference phenomena in quantum mechanics. When an ato
initially at a linear superposition of excited states, i.e., atom
coherent state, the probability for transition from the sup
position state to a single lower level is given by squaring
dipole moment matrix element between the initial and fi
states. Since the initial state is a linear superposition of
cited levels, the transition probability contains interferen
terms contributed by different transition pathways betwe
the excited levels to the single lower one. The interfere
terms can depress the transition. Moreover, under cer
conditions the transition may even be totally inhibited via t
interference although the excited levels are populated. In
cent years, this quantum interference appearing in a m
level atomic system has attracted a lot of attention beca
it can lead to absorption cancellation@1–10#, electromagneti-
cally induced transparency~EIT! @6–8#, and population
inversion without emission@2#, which have potential appli-
cations to a new type of laser system operating with
population inversion ~LWI ! @1–4#, transparent high-
refraction index materials@11–14#, and highly sensitive
magnetometers@15#. In particular, it is shown that spontane
ous emission of an excited atom in free space can be
pressed via the quantum interference in a wide freque
region@16–20#. Therefore, it may become possible to cont
spontaneous emission of an atom and the correspondin
fects via the quantum interference@21#. Studing the influence
of quantum interference on spontaneous emission of atom
becoming a hot subject in the field of quantum optics.

The realization of quantum interference in an atomic s
tem depends on an atomic level configuration. The ato
PRA 591050-2947/99/59~3!/2330~12!/$15.00
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systems employed in most of existing studies of quant
interference for cancellation of spontaneous emission ha
common feature that there is an excited doublet which
coupled by the same vacuum modes to a single lower le
The two transition pathways from the upper levels to t
lower one can have quantum interference under certain c
ditions. It was shown that when the atom is initially in
superposition of the upper levels@16# or the excited doublet
is driven by a coherent field to an auxiliary level@17–19#,
the quantum interference can lead to depression or even
cellation of spontaneous emission from the excited dou
to the lower level. The theoretical prediction was demo
strated in an experiment@20#.

Since the incoherent part of resonance fluorescence
sults from spontaneous emission of a driven atom, it is na
ral to ask what are the effects of the quantum interferenc
the resonance fluorescence. By applying a coherent fiel
the transition from the doublet to the lower level, Cardimon
Raymer, and Stroud showed that the atom can be driven
a dark state in which the fluorescence is totally depressed
the quantum interference regardless of the intensity of
excited laser@22#. In Refs.@23–25#, the conclusion was con
firmed again, and moreover it was shown that an ultranar
central peak appears in the resonance fluorescence spe
when the quantum interference becomes incomplete.

In this paper, we consider a four-level atomic mod
which was proposed for studying cancellation of sponta
ous emission via quantum interference@17#. In previous
studies@17–19#, the two upper levels are coupled to one
the lower levels by a coherent field and to another level
the vacuum modes. We now apply two coherent fields
transitions between the upper and lower levels. We are in
ested in the effects of quantum interference to resona
fluorescence spectra of the atom. In contrast to the case s
2330 ©1999 The American Physical Society
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PRA 59 2331RESONANCE FLUORESCENCE QUENCHING AND . . .
ied in Refs.@23–25#, since there are two coherent drivin
fields in this model the quantum-interference effects crea
by the two fields may interact each other. Therefore, it m
be possible in the present case by using one of the driv
fields to control the resonance fluorescence induced by
other one.

As is well known, the spontaneous emission spectrum
an atom can be altered by driving the atom with reson
fields. The resonant fluorescence spectrum for a driven t
level atom develops a three-peak distribution when the d
ing field is sufficiently strong@26#. The widths and peak
heights of resonance fluorescence spectra for aV-type,
L-type, and cascade three-level atom are strongly affecte
driving fields @27,28#. These modifications can be attribute
to different reasons such as the driving configuration, ato
parameters, amplitudes of Rabi frequencies of driving fie
and so on@27,28#. Here we want to know, except with thos
approaches, by use of quantum interference between di
ent spontaneous emission processes how to modify the r
nance fluorescence spectra. We will show that the inter
ence can result in many interesting effects such
ultranarrowing central lines and population trapping in t
upper levels. Without the interference, these effects co
pletely disappear. One cannot except these results when
considering the interference.

This paper is organized as follows. In Sec. II the mode
presented and the formula of the calculation of the fluor
cence spectra is developed. In Sec. III we study nondeca
dressed states and total inhibition of the resonance fluo
cence. In Sec. IV we show some numerical results of
fluorescence spectra and discuss how the destructive q
tum interference leads to the ultranarrowness of the spe
line. The conclusions are summarized in Sec. V.

II. THE MODEL AND THE CALCULATION
OF THE FLUORESCENCE SPECTRA

A. Model

The model under consideration has four levels as sho
in Fig. 1. The transitions from the upper levelsua1& with
energy\va1

and ua2& with energy\va2
to the lower-lying

levels ub& with energy \vb and uc& with energy \vc are
driven by two coherent fields with frequenciesv1 and v2 ,
respectively. These transitions are also coupled by

FIG. 1. Level scheme of a model atom.
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vacuum modes. If the separations ofua1& and ua2& from uc&
are much larger than those fromub& or vice versa, we can
consider that the vacuum modes couplingua1,2& to ub& are
totally different from those couplingua1,2& to uc&. Meanwhile,
we assume that the vacuum modes which coupleua1& and
ua2& to ub& ~uc&! are the same. We also assume that the dip
transition betweenub& and uc& is forbidden because of th
same parity. Detunings shown in Fig. 1 are defined asD1,2
5va1,2

2vb2v1 and D3,45va1,2
2vc2v2 . With the

rotation-wave approximation@29~a!# the model can be de
scribed by the Hamiltonian

Ĥ5Ĥ01V̂ab1V̂ac1V̂Rb1V̂Rc , ~1!

where

Ĥ05\va1
ua1&^a1u1\va2

ua2&^a2u1\vbub&^bu

1\vcuc&^cu1(
q

\vqaq
†aq1(

k
\vkbk

†bk , ~2!

V̂ab5\V1e2 iv1tua1&^bu1\V2e2 iv1tua2&^bu1H.c., ~3!

V̂ac5\V3e2 iv2tua1&^cu1\V4e2 iv2tua2&^cu1H.c., ~4!

V̂Rb5\(
q

~gq
~1!aqua1&^bu1gq

~2!aqua2&^bu1H.c.!, ~5!

V̂Rc5\(
k

~gk
~3!akua1&^cu1gk

~4!akua2&^cu1H.c.!. ~6!

In the above equations,V i ( i 51,2,3,4) are the Rabi frequen
cies of the coherent fields driving the transitions from t
upper levelsua1,2& to the lower-lying levelsub& anduc&, which
are defined as

V1,25\21E1ma1,2;b•ê1 , ~7!

V3,45\21E2ma1,2;c•ê2 , ~8!

whereE1,2 and ê1,2 are the complex amplitudes and pola
izations of the two driving fields, respectively.ma1,2;b

5^a1,2u(2er )ub& andma1,2;c5^a1,2u(2er )uc& are the matrix
elements of the electric dipole moments of the transitio
from ua1,2& to ub& and uc&, respectively.aq (aq

†) is the annihi-
lation ~creation! operator for theqth mode of the vacuum
which couplesua1,2& to ub&, and bk (bk

†) is the annihilation
~creation! operator for thekth mode of the vacuum which
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2332 PRA 59FU-LI LI AND SHI-YAO ZHU
couplesua1,2& to uc&. gq
(1,2) (gk

(3,4)) are the coupling constant
between theqth (kth) vacuum mode and the atomic trans
tions from ua1,2& to ub& ~uc&!.

B. Motion equation of the density matrix

In the interaction picture, the Hamiltonian~1! can be writ-
ten as

ĤI5V̂CI1V̂RI , ~9!

where

V̂CI5\V1eiD1tua1&^bu1\V2eiD2tua2&^bu1H.c.

1\V3eiD3tua1&^cu1\V4eiD4tua2&^cu1H.c.,

~10!

V̂RI5\(
q

~gq
~1!eiD1qtaqua1&^bu

1gq
~2!eiD2qtaqua2&^bu1H.c.!

1\(
k

~gk
~3!eiD1ktakua1&^cu

1gk
~4!eiD2ktakua2&^cu1H.c.! ~11!

with D1q5va1
2vb2vq , D2q5va2

2vb2vq , D1k5va1

2vc2vk , andD2k5va2
2vc2vk . According to the gen-

eralized reservior theory with the Weisskopf-Wigner a
proximation@29~b!#, we can derive the equations of motio
for the reduced atomic density-matrix elements which
@18,30#

ṙa1a1
52~g11g3!ra1a1

2 1
2 ~p1Ag1g21p2Ag3g4!

3~eiDtra2a1
1e2 iDtra1a2

!2 iV1eiD1trba1

1 iV1* e2 iD1tra1b2 iV3eiD3trca1
1 iV3* e2 iD3tra1c ,

~12!

ṙa1a2
52 1

2 ~g11g21g31g4!ra1a2
2 1

2 ~p1Ag1g2

1p2Ag3g4!eiDt~ra1a1
1ra2a2

!2 iV1eiD1trba2

2 iV3eiD3trca2
1 iV2* e2 iD2tra1b1 iV4* e2 iD4tra1c ,

~13!

ṙa1b52 1
2 ~g11g3!ra1b2 1

2 ~p1Ag1g2

1p2Ag3g4!eiDtra2b2 iV1eiD1t~rbb2ra1a1
!

1 iV2eiD2tra1a2
2 iV3e2 iD3trcb , ~14!

ṙa1c52 1
2 ~g11g3!ra1c2 1

2 ~p1Ag1g2

1p2Ag3g4!eiDtra2c2 iV3eiD3t~12rbb2ra2a2

22ra1a1
!1 iV4eiD4tra1a2

2 iV1eiD1trbc , ~15!
-

e

ṙa2a2
52~g21g4!ra2a2

2 1
2 ~p1Ag1g2

1p2Ag3g4!~eiDtra2a1
1e2 iDtra1a2

!

2 iV2eiD2trba2
1 iV2* e2 iD2tra2b

2 iV4eiD4trca2
1 iV4* e2 iD4tra2c , ~16!

ṙa2b52 1
2 ~g21g4!ra2b2 1

2 ~p1Ag1g2

1p2Ag3g4!e2 iDtra1b2 iV2eiD2t~rbb2ra2a2
!

1 iV1eiD1tra2a1
2 iV4eiD4trcb , ~17!

ṙa2c52 1
2 ~g21g4!ra2c2 1

2 ~p1Ag1g2

1p2Ag3g4!e2 iDtra1c2 iV4eiD4t

3~12rbb2ra1a1
22ra2a2

!

1 iV3eiD3tra2a1
2 iV2eiD2trbc , ~18!

ṙbb5g1ra1a1
1g2ra2a2

1p1Ag1g2~e2 iDtra1a2

1eiDtra2a1
!1 iV1eiD1trba1

2 iV1* e2 iD1tra1b

1 iV2eiD2trba2
2 iV2* e2 iD2tra2b , ~19!

ṙbc52 iV1* e2 iD1tra1c2 iV2* e2 iD2tra2c

1 iV3eiD3trba1
1 iV4eiD4trba2

. ~20!

When arriving at Eqs.~12!–~20!, we have used the norma
ization conditionra1a1

1ra2a2
1rbb1rcc51 to replacercc .

In the above equations,g1 , g2 , g3 , andg4 are the sponta-
neous decay rates from the two upper levels to the lo
levels given byg1,25uma1,2;bu2(va1,2

2vb)3/3pe0\c3 and

g3,45uma1,2;cu2(va1,2
2vc)

3/3pe0\c3. When deriving Eqs.
~12!–~20! by use of the generalized reservior theory@29~b!#,
we have the crossing terms(q(gq

(1))* gq
(2) and

(k(gk
(3))* gk

(4) . With the Weisskopf-Wigner approximation
these crossing terms can easily be written asma1b

•ma2b(va1,2
2vb)3/3pe0\c3 and ma1c•ma2c(va1,2

2vc)
3

/3pe0\c3, respectively. Considering that the upper lev
separationD5v12 is much smaller than the optical transitio
frequenciesva1,2

2vb and va1,2
2vc , we have replaced

these terms byp1Ag1g2 and p2Ag3g4, respectively, where
p1,2 are the alignments of the matrix elements of the dip
moments and are given by

p1,25
ma1 ;b,c•ma2 ;b,c

uma1 ;b,cuuma2 ;b,cu
. ~21!

In Eqs. ~12!–~20!, the termp1Ag1g2 (p2Ag3g4) repre-
sents the effect of quantum interference between
spontaneous-emission pathways fromua1& to ub& ~uc&! and
from ua2& to ub& ~uc&!. It reflects the fact that as the atom



o-
-
u

ta

-
t

en

o
r-

n

ts

ng
y,
er-
two
iza-
ed

of

s.

PRA 59 2333RESONANCE FLUORESCENCE QUENCHING AND . . .
decays from the excited sublevelua1&, it drives the other
excited sublevelua2& and vice versa because of atomic c
herence betweenua1& andua2&, which is created by the driv
ing fields. We notice that in the above equations the us
decay terms proportional tog1,2 and g3,4 are always paired
with the decay interference terms proportional top1Ag1g2

and p2Ag3g4, respectively, as long asp1Þ0 and p2Þ0.
They may cancel each other. We will show that under cer
conditions the spontaneous emission pathways fromua1& to
ub& ~uc&! and fromua2& to ub& ~uc&! display a destructive inter
ference and the cancellation really happens, which has
atom decouple from the vacuum modes and the fluoresc
depressed.

The explicit time-dependent factors of the complex exp
nential in Eqs.~12!–~20! can be removed with the transfo
mation

C15e2 iD1tra1b , C95C1* , ~22!

C25e2 iD2tra2b , C105C2* , ~23!

C35e2 iD3tra1c , C115C3* , ~24!

C45e2 iD4tra2c , C125C4* , ~25!

C55e2 iDtra1a2
, C135C5* , ~26!

C145e2 i ~D32D1!trbc , C155C14* , ~27!

C65ra1a1
, C75ra2a2

, C85rbb . ~28!

Substituting Eqs.~22!–~28! into Eqs. ~12!–~20!, we can
write Eqs.~12!–~20! in the compact vector form@27,28#

d

dt
Ĉ5L̂Ĉ1 Î , ~29!

whereĈ is a column vector whosei th component isC i and

the inhomogeneous termÎ is also a column vector with the
nonzero components

Î 352 iV3 , Î 115 Î 3* , Î 452 iV4 , Î 125 Î 4* . ~30!

In Eq. ~29!, L̂ is a 15315 matrix whose explicit expressio
can be easily derived from Eqs.~12!–~20!. Since matrix el-

ements ofL̂ are time-independent, Eq.~29! is a set of linear
first-order differential equations with constant coefficien
Therefore, it has the formal solution

Ĉ~ t1t!5etL̂Ĉ~ t !1L̂21@etL̂21# Î ~31!

and the steady-state solution

Ĉ~`!52L̂21Î . ~32!
al

in

he
ce

-

.

C. The calculation of the spectra

The model under consideration involves the two drivi
fields with quite different carrier frequencies. In this wa
each field induces its own atomic polarization, which gen
ates its own scattering field. The correlation between the
fields can be neglected. That is to say, the atomic polar
tions induced by the two driving fields can be consider
separately.

In the interaction picture, the negative-frequency parts
the polarization operators are written as

P̂v1

~2 !~ t !5ma1bei ~va1
2vb!tua1&^bu1ma2bei ~va2

2vb!tua2&^bu,
~33!

P̂v2

~2 !~ t !5ma1ce
i ~va1

2vc!tua1&^cu1ma2ce
i ~va2

2vc!tua2&^cu,
~34!

and the positive-frequency parts are

P̂v1

~1 !~ t !5@P̂v1

~2 !~ t !#* , P̂v2

~1 !~ t !5@P̂v2

~2 !~ t !#* . ~35!

In the above, the indicesv1 and v2 obviously refer to the
two driving fields. Using the transformations defined in Eq
~22!–~28! and the formal solution~31!, we obtain the single-

time expectation values ofP̂v1

(2)(t) and P̂v2

(2)(t), which are

^P̂v1

~2 !~ t1t!&5ei ~ t1t!v1ma1b(
j 51

15

$~etL̂!9,jC j~ t !

1@ L̂21~etL̂21!#9,j Î j%

1ei ~ t1t!v1ma2b(
j 51

15

$~etL̂!10,jC j~ t !

1@ L̂21~etL̂21!#10,j Î j%, ~36!

^P̂v2

~2 !~ t1t!&5ei ~ t1t!v2ma1c(
j 51

15

$~etL̂!11,j

3C j~ t !1@ L̂21~etL̂21!#11,j Î j%

1ei ~ t1t!v2ma2c(
j 51

15

$~etL̂!12,jC j~ t !

1@ L̂21~etL̂21!#12,j Î j%. ~37!

With the help of the quantum regression theorem@31#, the
two-time expectation values of Eqs.~33!–~35! can be written
as
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^P̂v1

~2 !~ t1t!•P̂v1

~1 !~ t !&5ei tv1uma1bu2S ~etL̂!9,9C6~ t !1~etL̂!9,8C1~ t !1~etL̂!9,10C5~ t !

1~etL̂!9,14C3~ t !1(
j 51

15

@ L̂21~etL̂21!#9,j Î jC1~ t !D 1ei tv1ma1b•mba2S ~etL̂!9,9C13~ t !

1~etL̂!9,8C2~ t !1~etL̂!9,10C7~ t !1~etL̂!9,14C4~ t !1(
j 51

15

@ L̂21~etL̂21!#9,j Î jC2~ t !D
1ei tv1ma2b•mba1S ~etL̂!10,9C6~ t !1~etL̂!10,8C1~ t !1~etL̂!10,10C51~etL̂!10,14C3~ t !

1(
j 51

15

@ L̂21~etL̂21!#10,j Î jC1~ t !D 1ei tv1uma2bu2S ~etL̂!10,9C13~ t !1~etL̂!10,8C2~ t !

1~etL̂!10,10C7~ t !1~etL̂!10,14C4~ t !1(
j 51

15

@ L̂21~etL̂21!#10,j Î jC2~ t !D , ~38!

^P̂v2

~2 !~ t1t!•P̂v2

~1 !~ t !&5ei tv2uma1cu2S ~etL̂!11,11C6~ t !1~etL̂!11,12C5~ t !1~etL̂!11,15C1~ t !

1(
j 51

15

@ L̂21~etL̂21!#11,j Î jC3~ t !D 1ei tv2ma1c•mca2S ~etL̂!11,11C13~ t !1~etL̂!11,12C7~ t !

1~etL̂!11,15C2~ t !1(
j 51

15

@ L̂21~etL̂21!#11,j Î jC4~ t !D 1ei tv2ma2c•mca1S ~etL̂!12,11C6~ t !

1~etL̂!12,12C5~ t !1~etL̂!12,15C1~ t !1(
j 51

15

@ L̂21~etL̂21!#12,j Î jC3~ t !D 1ei tv1uma2cu2

3S ~etL̂!12,11C13~ t !1~etL̂!12,12C7~ t !1~etL̂!12,15C2~ t !1(
j 51

15

@ L̂21~etL̂21!#12,j Î jC4~ t !D . ~39!

Taking the Fourier transformations of Eqs.~38! and~39!, in the limit t→`, we find the incoherent fluorescence spectra in
forms @27,28#

S~1,2!~v!5ReĜ~1,2!~Z!uZ5 iv , ~40!

where

Ĝv1

~1!~Z!5uma1bu2S M̂9,9~Z1!C6~`!1M̂9,10~Z1!C5~`!1M̂9,14~Z1!C3~`!1M̂9,8~Z1!C1~`!1(
j 51

15

N̂9,j~Z1! Î jC1~`!D
1ma1b•mba2S M̂9,9~Z1!C13~`!1M̂9,10~Z1!C7~`!1M̂9,14~Z1!C4~`!1M̂9,8~Z1!C2~`!1(

j 51

15

N̂9,j~Z1! Î jC2~`!D
1ma2b

•mba1S M̂10,9~Z1!C6~`!1M̂10,10~Z1!C5~`!1M̂9,14~Z1!C3~`!1M̂10,8~Z1!C1~`!

1(
j 51

15

N̂10,j~Z1! Î jC1~`!D 1uma2bu2S M̂10,9~Z1!C13~`!1M̂10,10~Z1!C7~`!1M̂10,14~Z1!C4~`!

1M̂10,8~Z1!C2~`!1(
j 51

15

N̂10,j~Z1! Î jC2~`!D ~41!

with Z15Z2 iv1 for the fluorescence light induced by the driving field with frequencyv1 and
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Ĝv2

~2!~Z!5uma1cu2S M̂11,11~Z2!C6~`!1M̂11,12~Z2!C5~`!1M̂11,15~Z2!C1~`!1(
j 51

15

N̂11,j~Z2! Î jC3~`!D
1ma1c•mca2S M̂11,11~Z2!C13~`!1M̂11,12~Z2!C7~`!1M̂11,15~Z2!C2~`!1(

j 51

15

N̂11,j~Z2! Î jC4~`!D
1ma2c•mca1S M̂12,11~Z2!C6~`!1M̂12,12~Z2!C5~`!1M̂12,15~Z2!C1~`!1(

j 51

15

N̂12,j~Z2! Î jC3~`!D
1uma2cu2S M̂12,11~Z2!C13~`!1M̂12,12~Z2!C7~`!1M̂12,15~Z2!C2~`!1(

j 51

15

N̂12,j~Z2! Î jC4~`!D ~42!
e
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with Z25Z2 iv2 for the fluorescence light induced by th

driving field with frequencyv2 . The matricesM̂ and N̂ in
Eqs.~41! and ~42! are defined as

M̂ ~Z!5~Z2L̂ !21, ~43!

N̂~Z!5L̂21M̂ ~Z!. ~44!

III. QUENCHING STATES OF FLUORESCENCE

Although the fluorescence spectra can numerically be
culated according to the formula developed in the preced
section, we have to come into the atomic dressed-state
resentation in order to get some physical insights from
numerical results. In this section, we consider the mode
the atomic dressed-state representation and show that
are some states in which the fluorescence is totally quenc
because of the destructive quantum interference between
spontaneous-emission pathways fromua1& and ua2& to
ub&,uc&.

To remove the time-dependent exponentials in the co
ent driving parts of the Hamiltonian~1!, we perform the

rotation transformation exp(2i\21Ĥdt) to the system unde
consideration, where

Ĥd5\~vb1v1!~ ua1&^a1u1ua2&^a2u!1\vbub&^bu

1\~vb1v12v2!uc&^cu1(
q

\vqaq
†aq

1(
k

\vkbk
†bk . ~45!

In the rotated frame, the Hamiltonian of the system takes
form

Ĥ85Ĥb81V̂c81V̂R8 , ~46!

where

Ĥb85\D1ua1&^a1u1\D2ua2&^a2u1\~D12D3!uc&^cu,
~47!
l-
g
p-
e
n
ere
ed
the

r-

e

V̂c85\V1ua1&^bu1\V2ua2&^bu1H.c.,

1\V3ua1&^cu1\V4ua2&^cu1H.c., ~48!

V̂R85\(
q

ei ~v12vq!t@gq
~1!aqua1&^bu1gq

~2!aqua1&^bu#1H.c.

1\(
k

ei ~v22vk!t@gk
~3!akua1&^cu1gk

~4!akua1&^cu#1H.c.

~49!

Now Ĥb8 and V̂c8 are time-independent. The eigenvectors

Ĥb8 , i.e., the bare atomic statesua1,2&, ub&, and uc&, define
the bare atomic-state representation. The eigenvector

Ĥb81V̂c8 constitute the atomic dressed-state representatio
Let us consider the eigenequation

~Ĥb81V̂c8!uws&5«suws&, ~50!

where

uws&5C1sua1&1C2sua2&1C3sub&1C4suc& ~51!

with the integers ~51,2,3,4! to label the four eigenvector
~dressed states!. The matrix form of Eq.~50! is

S \D12«s

0
\V1

\V3

0
\D22«s

\V2

\V4

\V1

\V2

2«s

0

\V3

\V4

0
\~D12D3!2«s

D
3S C1s

C2s

C3s

C4s

D 50. ~52!

In the following discussions, we assumeV15V2 and V3
5V4 . To the model under consideration, we believe th
these assumptions will not bring serious restrictions to
conclusions. For Eq.~52!, we find that there are several sp
cial cases in which the analytical solutions can be obtain

~i! WhenD15v12/2[Ds but D3ÞDs , one of the eigen-
values for Eq.~52! is «050, and the corresponding eigen
vector ~dressed state! is
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uw I&5
1

A2V1
21Ds

2
@2V1ua1&1V1ua2&1Dsub&]. ~53!

~ii ! For the opposite case, whenD35Ds but D1ÞDs , Eq.
~52! has the eigenvector~dressed state!

uw II &5
1

A2V3
21Ds

2
@2V3ua1&1V3ua2&1Dsuc&] ~54!

with the eigenvalue«050.
~iii ! When D15D3ÞDs , Eq. ~52! has the eigenvecto

~dressed state!

uw III &5
1

AV1
21V3

2
@V3ub&2V1uc&] ~55!

with the eigenvalue«050.
~iv! When D15D35Ds , we have a twofold degenerac

for the eigenvalue,«050. The two eigenvectors~dressed
states! are

uw IV&5uw III &, ~56!

uwV&5S V1
21V3

2

2~V1
21V3

2!1Ds
2D 1/2

3F ua1&2ua2&2
Ds

V1
21V3

2 ~V1ub&1V3uc&)G .

~57!

We shall show that under certain conditions the resona
fluorescence can be totally inhibited because of these ato
dressed states.

From the point of view of physics, the resonance fluor
cence emitted from an atom which is driven by coher
fields results from the transitions between the atomic dres
states in vacuum. The fluorescence with frequencyv
2\21(«s82«s) is generated by the transition fromuws& to
uws8&, and its emission rate is proportional

z^ws8uP̂v
(1)uws& z2. From Eqs.~33! and~34!, for the emission

lines with the central frequenciesv1 andv2 , we have

z^ws8uP̂v1

~1 !uws& z25uma1bu2@C1s
2 1C2s

2 12p1C1sC2s#C3s8
2 ,

~58!

z^ws8uP̂v2

~1 !uws& z25uma1cu2@C1s
2 1C2s

2 12p2C1sC2s#C4s8
2 ,

~59!

where we assumed thatuma1b
u5uma2bu anduma1cu5uma2cu. In

the above equations, there are interference te
2p1C1sC2sC3s8

2 and 2p2C1sC2sC4s8
2 , which result from

the decay pathways ua1&→ub&,ua2&→ub& and ua1&
→uc&,ua2&→uc&, respectively. Since these terms can ta
negative values and then cancel the first and second term
Eqs.~58! and~59!, the rates may become zero. Therefore,
interference between the decay pathways can depress
ce
ic

-
t

ed

s

e
of

e
the

transition fromuws& to uws8&. When p1511 or 21 ~ma1b

and ma2b are parallel or antiparallel! and p2511 or 21

~ma1c and ma2c are parallel or antiparallel!, the interference
effects become maximal. However, the interference effe
always exist as long asp1Þ0 andp2Þ0.

From Eqs.~58! and ~59!, we find that in all four cases
mentioned above, the transitions from the dressed states
the eigenvalue«050 @Eqs.~53!–~57!# to all of the eigenvec-
tors ~dressed states! of Eq. ~52! can be depressed. It mean
that these dressed states with the eigenvalue«050 can be-
come nondecaying in the vacuum. Therefore, when one
the driving fields or both are tuned to the middle point b
tween the two upper levels and the dipole moments are
allel (p15p251), or the two fields have the same detunin
the atom at steady state will populate at the nondecay
dressed state and consequently the total fluorescence w
completely inhibited.

There are two mechanisms for quenching of the resona
fluorescence. The nondecaying statesuw I&, uw II &, and uwV&
have a common feature that the amplitudes for the com
nents ofua1& and ua2& are same but their signs are opposi
According to the above discussions, this feature suggests
the completely destructive interference between the two
cay pathways takes place in the transitions fromuw I&, uw II &,
anduwV& to any dressed states, when the dipole moments
parallel. Therefore, the destructive quantum interference
tween the spontaneous emission pathways results in the
fluorescence inhibition, when the system enters one of th
nondecaying states.

On the other hand, there is no upper-level componen
the dressed stateuw III & (uw IV&). Therefore, when the atom i
in uw III & (uw IV&), no spontaneous emission happens and
fluorescence appears. Obviously, the disappearance of
rescence does not result from the destructive interference
tween the spontaneous-emission pathways. In fact, the
structive interference between the absorption pathways f
ub& to ua1,2& and from uc& to ua1,2& leads to the population
trapping in the lower levels and the disappearance of fl
rescence@32~a!#. In the L configuration of a three-leve
atom, there also exists this kind of inhibition fluorescen
phenomenon~lower-level trapping! @27#.

In the case ofD15D35v12/2, however, the two mecha
nisms may play their roles simultaneously and the sys
can stay inuw I&, uw II &, uw IV&, or uwV&, or even in a super-
position of uw IV& and uwV&.

We can examine the above conclusions in a direct way
the rotated frame, when the atom is in the dressed stateuws&,
the corresponding density-matrix operator isuws&^wsu. In
the interaction picture, the density-matrix operator is giv
by

r̂ I5exp@ i\21~Ĥ02Ĥd!t#uws&^wsuexp@2 i\21~Ĥ02Ĥd!t#.
~60!

According to definitions~22!–~28!, we have

C1~`!5C9~`!5C1sC3s , C2~`!5C10~`!5C2sC3s ,

~61!

C3~`!5C11~`!5C1sC4s , C4~`!5C12~`!5C2sC4s ,

~62!
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C5~`!5C13~`!5C1sC2s ,

C14~`!5C15~`!5C3sC4s , ~63!

C6~`!5C1s
2 , C7~`!5C2s

2 , C8~`!5C3s
2 . ~64!

It is easily shown that forp151 and p251, the column

vectors Ĉ with the components~61!–~64! given by uw I&,
uw II &, and uwV& are the steady-state solutions of Eq.~29!, if
D15Ds or D35Ds , or D15D35Ds (Ds5v12/2). It means
that under the conditionsp151, p251, andD15v12/2 ~or
D35v12/2! the atom will certainly take the nondecayin
pure dressed stateuw I& ~or uw II &! as its steady state, no matt
whether initially it is in a pure or mixed state. From th
result, we see that in Eqs.~12!–~20! the decay interference
terms can really cancel the usual decay terms and make
atom decouple from the vacuum modes and stay in the p
dressed stateuw I& ~or uw II &!. On the other hand, the matri

elements ofV̂ac ~or V̂ab! betweenuw I& ~or uw II &! and any
dressed state are zero and the driving field with frequencyv2
~or v1! cannot coupleuw I& ~or uw II &! to any dressed states
Therefore, once the atom is inuw I& ~or uw II &! under the con-
ditions p151, p251, andD15v12/2 ~or D35v12/2!, vary-
ing D3 ~or D1! will not create any effects on the atom. Th
result directly originates from the fact that the amplitudes
ua1& andua2& in uw I& (uw II &) are the same with opposite sign
anduc& ~or ub&! is absent. Therefore, the quantum interferen
leads to this effect.

When D15D35v12/2, the column vectorĈ with the
components~61!–~64! given by uw III & is the steady-state so
lution of Eq.~29! whateverp1 andp2 are. In this case, start
ing from any state, the atom will eventually evolve into t
pure dressed stateuw III &. From Eqs.~12!–~20!, we see that
sinceuw III & does not have the components of the upper l
els, each of the decay terms automatically becomes z
Therefore, the interference between the spontane
emission pathways does not take any roles in this case
mentioned above, the destructive interference between
absorption processes leads to this result.

When D15D35v12/2, the situation becomes slightl
complex. If one ofp1 andp2 or both is zero, the steady sta
for the atom is alwaysuw IV& whatever the initial state is. I

p15p251, the column vectorsĈ for uw I&, uw II &, uw IV&,
uwV&, and the superposition states which take the fo
Auw IV&1BuwV&(AA* 1BB* 51) all satisfy the stationary
equation of Eq.~29!. It means that these states can all
taken as a candidate of the steady state. Which one wil
the steady state depends on the initial condition. Theref
in this case the quantum interference results in the dep
dence of the steady state on the initial state.

For a general case, it is not an easy job analytically to fi
out the eigenvectors and the corresponding eigenvalues
Eq. ~52!. We have numerically solved Eq.~52! for various
parameters. We find that if the four eigenvectorsuws& of Eq.
~52! are numbered from 1 to 4 in terms of the absolute val
of their eigenenergies in a decreasing order, the amplitu
of ua1,2& components always have the same sign inuw1& and
uw2& but the opposite sign inuw3& and uw4&. Hence, the de-
structive quantum interference between the decay pathw
ua1&→ub& ~or uc&! andua2&→ub& ~or uc&! takes its role only in
he
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the transitions fromuw3& anduw4& to any dressed states whe
the corresponding dipole moments are parallel. Theref
the populations inuw3& and uw4& at steady state measure th
role of the destructive quantum interference, while those
uw1& and uw2& at steady state measure the role of the c
structive quantum interference.

IV. DISCUSSIONS OF NUMERICAL RESULTS

From the studies of the preceding sections, we have s
that the quantum interference between the spontaneous e
sion pathways is mainly controlled by the parametersp1 ,p2
and D1 ,D3 . In this section, we shall use the equations d
veloped in Sec. II to show some numerical results for
resonance fluorescence spectra for various values of t
parameters. In our calculations, we scaled (v2v1,2) by g3

and S(1,2)(v) by uma1bu2g3
21. The rescaled and dimension

FIG. 2. Resonance fluorescence spectra which is induced by

dipoles ~i! P̂v1

(1) , ~ii ! P̂v2

(1) with V15V252.0, V35V455.0, g1

5g250.5, g35g451.0, v1252.0, D151.0, andD350.0. ~a! p1

5p250.0; ~b! p15p250.8; ~c! p15p250.99; ~d! p15p2

50.999.
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less spectral intensity is represented byS(v) in all the fig-
ures. We will also use the dressed states developed in Se
to discuss the numerical results and to examine the inte
ence effects. The discussions are based on Eqs.~58! and~59!
and the dressed-state populations. Equations~58! and ~59!
are proportional to the decay rates of the dressed state
vacuum. The transitions from a heavily populated dres
state are important.

In Fig. 2, the resonance fluorescences induced by the

polesP̂v1

(1) andP̂v2

(1) are shown with various values ofp1 and

p2 when the driving field with frequencyv1 is tuned at the
middle point of the two upper levels and the driving fie
with frequencyv2 is resonant to the uppermost level. All th
curves in Fig. 2 are rescaled to make them have the s
height 1.0. The relative heights can be obtained by multip
ing the numbers placed near the curves. In these figures
observe that the central peaks become very sharp asp1 and
p2 approach unity. The widths of the central peaks could
much smaller than the natural linewidths 2g1 and 2g3 , as
shown in Fig. 3. These results can be well understood by
quantum interference discussed in the preceding sec
When p15p251, D15v12/2, andD350.0, the steady stat
of the atom is the nondecaying stateuw1&, within which is
the total population, and the total fluorescences are c
pletely inhibited via the quantum interference. Whenp1 and
p2 depart from unity, there is a certain population in each
the four eigenvectorsuw1&, uw2&, uw3&, and uw4& in the
steady state, as shown in Fig. 4. As is well known, the tr
sitions between the same levels of two neighboring ma
folds of the dressed states give rise to the central line and
transitions between the different levels of two neighbor
manifolds of the dressed states contribute to the sideba
@32~b!#. Therefore, whenp1 and p2 are not equal to unity,
the resonance fluorescence appears and sidebands alwa
ist as shown in Fig. 2, and the four transitionsuws&→uws&
(s51,2,3,4) always have their contributions to the cent
lines.

As pointed out in the last part of the preceding section,
constructive quantum interference between the two pa

FIG. 3. The detail structure of the curves~d! in Fig. 2.
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ua1&→ub& ~or uc&! and ua2&→ub& ~or uc&! takes action in the
transitionsuw1,2&→uw1,2&. The destructive quantum interfer
ence plays its role in the transitionsuw3,4&→uw3,4& but is not
sufficiently strong ifp1 and p2 are not equal to unity@see
Eqs.~58! and ~59!#. Consequently, the widths of the centr
lines are not very narrowing, as shown by the curves~a! and
~b! of Fig. 2 whenp1 and p2 are not very close to unity
From Fig. 4~a!, we observe that the populationsr11 andr22
of the dressed states,uw1& and uw2&, take their maximal val-
ues aroundp15p250.8, and therefore the sidebands a
very pronounced, as shown by the curves~b! of Fig. 2. When
p1 and p2 approach unity, the population concentrates
uw3& ~or uw4&! as shown in Fig. 4. The main contributions
the central lines come from the transitionsuw3,4&→uw3,4&.
Because of the destructive quantum interference in th
transitions, the decays ofuw3& anduw4& are very slow and the
central lines become ultranarrow, as shown in Fig. 3@see
Eqs. ~58! and ~59!#. The two sidebands appearing at60.15
in Fig. 3 are originated from the transitions betweenuw3& and
uw4&, which can be concluded from the peak positions of

FIG. 4. Dressed state populations~a! r11 and r22; ~b! r33 and
r44 in the steady state versus the parallelismp(p15p2) of the di-
pole moments with the same parameters as in Fig. 2.
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sidebands. For the present parameters, the eigenvalue
uw3& and uw4& are 0.1522 and 0.0~here and in the following
we takeg3 as the unit for decay rates, detunings, and R
frequencies!, respectively.

The detuningsD1 and D3 may be easily adjusted in a
experiment. It is more useful to study the effects of varyi
D1 andD3 on the spectra. WhenD15D3Þv12/2, the steady
state of the atom is the dressed stateuw III &, which means no
population in the two upper levels@see pointA in Fig. 5~a!#.
WhenD1Þv12/2 but D35v12/2, the steady state is the non
decaying stateuw II &, and a maximum population is in th
upper levels@see pointB in Figs. 5~a!#. If the detuning (D3)
is tuned to the neighborhood of the two limits, the popu
tions in the dressed statesuw1& and uw2& are very small, as
shown in Fig. 6~a!, and then the contributions from the tra
sitionsuw1,2&↔uw1,2& to the central peaks are very small. Th
central lines are mainly generated by the transitions betw
uw3,4& and uw3,4&. On the other hand, the populations of t

FIG. 5. Bare state populations~a! ra1a1
andra2a2

; ~b! rbb and
rcc in the steady state versus the detuningD3 scaled byg3 with
V15V252.0, V35V455.0, g15g250.5, g35g451.0, v12

52.0, D150.5, andp15p251.0.
of

i

-

en

two upper levels are nearly equal in this region ofD3 , as
shown in Fig. 5~a!. Therefore, the destructive quantum inte
ference in these transitions will be very strong because
p15p251. In this way, uw3,4& decay very slowly and the
central peaks become very sharp, as shown in Figs. 7 an
In these figures we plot the spectra for different detunin
(D3). It can be seen that for thoseD3 close to and in the
region from v12/2 to D1 , the central peak becomes ve
sharp and other peaks are depressed almost completely
D3 increases far away fromv12/2, the dressed statesuw1,2&
have certain populations in the steady state, as shown in
6~a!. The sidebands and the wider-background emissions
pear, as shown by the curves~f! of Figs. 7 and 8. It is inter-
esting that in this case there exist sharp multipeaks on
central wider-background emissions. We notice that asD3
increases, the eigenvalues of the dressed statesuw3& anduw4&
become very close. For example,«3520.5809 and«45
20.2932 whenD353.0 and other parameters are the sa
as in Fig. 7. Because of the destructive quantum interfere
the rates of the transitions fromuw3&↔uw4& are very small.
Therefore, these transitions give rise to the very narrow
multipeaks in the central region. When one ofp1 andp2 or
both become zero, the destructive quantum interference
appears and those sharp spectral lines disappear, as sho
Fig. 9. We should emphasize that the ultranarrow spec

FIG. 6. Dressed state populations~a! r11 and r22; ~b! r33 and
r44 in the steady state versus the detuningD3 scaled byg3 with the
same parameters as in Fig. 5.
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2340 PRA 59FU-LI LI AND SHI-YAO ZHU
lines completely originate from the destructive quantum
terference between the decay pathsua1& and ua2&→ub&,uc&,
which can be controlled by the parallelism of the dipole p
larizations and the difference betweenD1 andD3 . Therefore,
for a very wide region of the Rabi frequenciesV and the
upper level separationv12, not just for the values taken in
the above, the narrowing central spectra exist.

V. SUMMARY

We have shown that the resonance fluorescence spec
the driven four-level atom are greatly modified by the d
structive quantum interference between the spontane
emission pathways from the upper levels to one of the lo
levels. The destructive quantum interference can be c
trolled by the parallelism of the atomic dipole moments a

FIG. 7. Resonance fluorescence spectra with the central
quency v1 for the parametersV15V252.0, V35V455.0, g1

5g250.5,g35g451.0,v1252.0,D150.5, andp15p251.0. ~a!
D350.0; ~b! D350.25; ~c! D350.75; ~d! D351.25; ~e! D352.0;
~f! D353.0.

FIG. 8. Resonance fluorescence spectra with the central
quencyv2 . Other notations are the same as Fig. 7.
-
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the detunings of the driving fields. The atom can evolve in
a dressed state that is nondecaying and the steady-state
rescence emitted by the atom is completely suppressed
cause of the destructive quantum interference when
atomic dipole moments are strictly parallel and one of
driving fields is tuned to the middle point of the upper leve
The fluorescence emissions can also be completely inhib
if the detunings of the two driving fields to the uppermo
level are the same. However, this inhibition originates fro
the population trapping in the lower levels and is irreleva
to the quantum interference between the spontaneous e
sion pathways. We have also found that the final state of
atom ~steady state! depends on the initial atomic condition
when the atomic dipole moments are parallel and both of
driving fields are tuned to the middle point of the upp
levels. It is a pure effect of the quantum interference. Wh
the atomic dipole moments are closely but not exactly pa
lel and one of the driving fields is tuned to the middle po
of the upper levels, the destructive quantum interferenc
not complete. When the atomic dipole moments are stric
parallel but two driving fields depart from the middle poi
of the upper levels and their detunings are not equal,
destructive quantum interference is also not complete. T
incomplete destructive quantum interference leads to v
slow decay for one of the dressed states, which exha
most of the steady-state populations. It is the slow decay

e-

e-

FIG. 9. Resonance fluorescence spectra which is induced b~i!

P̂v1

(1) , ~ii ! P̂v2

(1) with V15V252.0, V35V455.0, g15g250.5,
g35g451.0, v1252.0, D150.5, andD353.0. ~a! p151.0, p2

50.0; ~b! p150.0, p251.0; ~c! p150.0, p250.0.
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gives rise to the ultranarrow spectral profile at the line cen
The width of the narrow spectral line can be much sma
than the natural linewidth.

For observing the above predicted results in an exp
ment, we could employ the experimental scheme of X
et al. in sodium dimers@20# with the addition of another
laser which couples the upper pair to the lower le
(A 1Su

1). In this experimental scheme, the dipole mome
between the upper pair to either of the two lower lev
~A 1Su

1 and X 2Sg
1! are strictly parallel. Therefore, w
tt.

e

tt.

tt
r.
r

i-
a

l
s
s

should observe the predicted effects by varying the detun
of the driving fields and monitoring the resonance fluor
cence emitted from the upper pair to the lower lev
(A 1Su

1).
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