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Suppression of the spontaneous emission of atoms and molecules

Einat Frishman and Moshe Shapiro
Department of Chemical Physics, The Weizmann Institute of Science, Rehovot 76100, Israel

~Received 2 September 2002; published 19 September 2003!

We present an experimentally viable approach for suppressing the spontaneous emission in several atomic
and molecular systems. We have shown@E. Frishman and M. Shapiro, Phys. Rev. Lett.87, 253001~2001!# that
a coherent excitation of overlapping resonances followed by the application of infrequent interruptions can
result in complete suppression of spontaneous emission. In the present work, the overlapping resonances result
from splitting a single resonance with an external~spectator! field. An optimized superposition of the two
components is formed by a shaped pulse excitation from the ground state.

DOI: 10.1103/PhysRevA.68.032717 PACS number~s!: 32.80.Qk, 33.80.2b, 33.70.Ca
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I. INTRODUCTION

The possibility of suppressing spontaneous emission
been a source of great interest in recent years@1–9#. In a
recent publication@10# we have proposed a new method
completely suppressing spontaneous emission utilizing
interference between resonances. It turns out that the s
method is applicable to any decay process, provided i
governed by overlapping resonances.

The method is based on the fact that one can excite
herently a set of overlapping resonances such that their d
exhibits a steplike behavior: the system starts in a quies
period in which no spontaneous emission occurs, follow
by a ‘‘photon burst’’ in which spontaneous emission
greatly accelerated, followed by another quiescent per
etc. The quiescent period~and subsequent photon bursts! is
due to destructive and constructive interferences between
overlapping resonances. The reason it is impossible to
press the decay over all times in this fashion is that the ph
and magnitude relations that guarantee at a given time
suppression of decay, change as the system evolves in
until at a certain time point the interference for decay b
comes constructive and the system experiences the ‘‘ph
burst.’’

In order to achieve suppression of decay at all times,
then suggested irradiating the system before it reaches
photon-burst phase by an external laser field which reshu
the phases of the coefficients of the superposition of over
ping resonances. For the two overlapping resonances
this pulse is simply ap pulse which inverts the population
between levels, thereby effectively sending the syst
‘‘backwards’’ in time into the quiescent period. Additiona
external pulses~‘‘interruptions’’! must be applied periodi
cally just before the system reaches the photon-burst ph
as it moves backwards and forwards in time. In this way
system is forced to forever live on the quiescent per
ledge.

In the present paper we further develop this method
lifting the restriction of the pre-existence of overlappin
resonances and show that we can suppress the decay o
system, even that of asingle decaying resonance. This
achieved by~Autler-Townes! splitting @11# a given decaying
state into two overlapping field-dressed resonances usin
external cw field. We computationally apply this method
1050-2947/2003/68~3!/032717~9!/$20.00 68 0327
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show that we can suppress the decay of a variety of real
atomic@e.g., H(2p) and Pb(6p7s3P1

0)] and molecular@e.g.,
Na2(A 1Su

1)] excited states.

II. THEORETICAL FRAMEWORK

A. Elements of the theory of multichannel
overlapping resonances

In this section we briefly review the elements of ‘‘part
tioning’’ theory @12–16# used in the remainder of this pape
to treat the interference between overlapping resonances

Assuming that we have a situation in which bound sta
interact with continuum states, we define two projection o
erators Q and P, satisfying the equalitiesQQ5Q, PP
5P, PQ5QP50, P1Q5I , whereI is the identity opera-
tor. The Q and P operators are chosen to project out t
subspacesQ andP spanned by bound states and continuu
states, respectively.

The full scattering incoming statesuE,n2& are eigenstates
of the Schro¨dinger equation, written as

@E2 i e2H#uE,n2&50, ~1!

where the2 i e serves to remind us of the incoming bounda
conditions. Using the completeness and orthogonality oP
andQ, we insertP1Q to the left ofuE,n2&; we then operate
on it with P and operate on it separately withQ to obtain the
two coupled equations,

@E2 i e2PHP#PuE,n2&5PHQuE,n2&, ~2!

@E2 i e2QHQ#QuE,n2&5QHPuE,n2&. ~3!

We define two basis setsuE,n& and ua&, which are the solu-
tions of thehomogeneous~decoupled! parts of Eq.~3!, that
is,

@E2 i e2PHP#uE,n&50, ~4!

@Ea2QHQ#ua&50. ~5!

Implicit in Eqs.~4! and~5! is thatuE,n&PP andua&PQ and
as such they are orthogonal to one another. We, in fact,
©2003 The American Physical Society17-1
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E. FRISHMAN AND M. SHAPIRO PHYSICAL REVIEW A68, 032717 ~2003!
sume that each basis set spans the entire subspace to wh
belongs, hence we can write an explicit representation oQ
andP as

Q5(
a

ua&^au, ~6!

P5(
n
E dEuE,n&^E,nu. ~7!

Following Fano@14# we can use Eqs.~6! and ~7! to write
uE,n2&5@P1Q#uE,n2& in terms ofQ andP as

uE,n2&5(
a

ua&^auE,n2&

1(
n8

E dE8uE8,n8&^E8,n8uE,n2&. ~8!

We now solve forPuE,n2& by writing it as a sum of the
homogeneous solution of Eq.~4! and a particular solution o
Eq. ~2! obtained by inverting (E2 i e2PHP),

PuE,n2&5PuE,n&1@E2 i e2PHP#21PHQuE,n2&.
~9!

Substituting this solution into Eq.~3!, we obtain that

@E2 i e2QH~E!Q#QuE,n2&5QHPuE,n&, ~10!

where

QH~E!Q[QHQ1QHP@E2 i e2PHP#21PHQ.
~11!

Finally, by inversion of@E2 i e2QH(E)Q# we get

QuE,n2&5@E2 i e2QH~E!Q#21QHPuE,n&, ~12!

which involves only theQ projection of the full scattering
statesuE,n2&.

B. Photon-matter resonances

In a previous publication@10# we showed how to take
advantage of the presence ofoverlappingresonances to dela
and even suppress general decay processes. The issu
raise in the present paper is what to do when the resona
are so far apart that they are in factisolated. We show that
under these circumstances it is still possible to use our
methodology@10# by splitting each isolated resonance in
two. This is done by radiatively coupling each isolated re
nance to a lower-lying nondecaying level.

We thus consider an isolated resonanceua& which ac-
quires its width due to spontaneous emission to a manifol
lower-lying states denoted asug&. In order to~Autler-Townes
@11#! split this resonance we couple it to a lower-lying sta
ub& using a monochromatic source of frequencyv i . The
situation is described in Fig. 1.

The total Hamiltonian assumes the form

H5HM1HR1HMR , ~13!
03271
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where HM is the matter Hamiltonian,HR is the radiative
Hamiltonian, andHMR is the matter-radiation interaction
For the two material levelsua& and ub& we write HM as

HM5 1
2 \va,bsz , ~14!

whereva,b[(Ea2Eb)/\ and

szua&5ua&, szub&52ub&. ~15!

The free radiative Hamiltonian is written as

HR5(
k

\vkFak
†ak1

1

2G . ~16!

The ua&u0, . . . ,0,ni ,0, . . . ,0& state, denoted for simplicity a
ua,ni ,0&, and theub&u0, . . . ,0,ni11,0, . . . ,0& state, denoted
for simplicity asub,ni11,0&, are eigenstates ofH0, the un-
coupled Hamiltonian, defined asH05HM1HR . Fixing the
zero of energy to be midway betweenEa andEb , we have
that

H0ua,ni ,0&5S Eni
1

1

2
\D D ua,ni ,0&,

H0ub,ni11,0&5S Eni
2

1

2
\D D ub,ni11,0&, ~17!

where Eni
[ni\v i1

1
2 \va,b2 1

2 \D with D[va,b2v i , be-
ing the energy of these states relative to the vacuum ene

The matter-radiation Hamiltonian within the dipole a
proximation is given as

HMR52d•eL~R!, ~18!

FIG. 1. The energy levels and spontaneous emission pathw
of an Autler-Townes split resonance. Shown is a resonanceua& of
energyEa , coupled by a monochromatic light of frequencyv i to a
lower-lying stateub&. As a result of this coupling, the resonanc
splits, displaying a hole at the center of the absorption line aE
5Ea . The wiggly line represents spontaneously emitted photon
lower-lying states of energiesEg . Also shown is the ground state o
energyEgr which is excited, using a shaped pulse, to form a sup
position of the split components ofua& such that the decay is de
layed.
7-2
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SUPPRESSION OF THE SPONTANEOUS EMISSION OF . . . PHYSICAL REVIEW A 68, 032717 ~2003!
where

d5dab~s11s2!,

eL~R!5A \v i

2«0V
eL~a1a†!. ~19!

HMR applies only to the part of the matter radiation due
the external laser field and does not include the coupling
the vacuum to the one-photon states in other modes
brings about spontaneous emission—this coupling will
dealt with separately below@Eq. ~28!#.

Neglecting nonresonant coupling~i.e., rotating wave ap-
proximation!, we obtain that

HMR5\gi~s1a1a†s2!. ~20!

Taking theQ operator as

Q[ua,ni ,0&^a,ni ,0u1ub,ni11,0&^b,ni11,0u, ~21!

we have that~in matrix form for basis functionsua,ni ,0& and
ub,ni11,0&)

QHQ5S Eni
1

1

2
\D \giAni11

\giAni11 Eni
2

1

2
\D
D , ~22!

where

gi52A \v i

2«0V

eL•dab

\
.

The eigenvalues of QHQ
=

are given as

Eni

65Eni
6

1

2
\Vni

, ~23!

where Vni

2 5D214gi
2(ni11). The ~‘‘dressed’’! eigenstates

corresponding to these eigenvalues are given@18# as

u1ni ,0&5sinuub,ni11,0&1cosuua,ni ,0&,

u2ni ,0&5cosuub,ni11,0&2sinuua,ni ,0&, ~24!

where tan 2u52 V i /D , \V i[2dab•Ei , and

Ei[2eLAni\v i

2«0V
. ~25!

The two orthogonal statesu1ni ,0&, u2ni ,0& of the Q mani-
fold and the statesuE,mi ,b& of the P manifold satisfy,

^a8,ni8,0uQHQua,ni ,0&5Eadn
i8 ,ni

da8,a, ~26!

wherea,a856, and
03271
f
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^E8,mi8 ,b8uPHPuE,mi ,b&

5~E1mi\v i !d~E82E!dm
i8 ,mi

db8,b . ~27!

The ub& state of the above is a combined material stateg and
a ~spontaneously emitted! one-photon state in thek̂ direction
and ê polarization.

The excitedua,ni ,0& state emits a photon and decays in
the P space, with thev i photons acting as spectators@19#,
which means that their number does not change in the
cess.

Denoting the matter-radiation matrix elements as

V(n)~a,0uE,b![^a,n,0uQHPuE,n,b&,

and analogously for stateb, we have that

V(n,m)~1,0uE,b!5~sinu!V(n11)~b,0uE,b!dn11,m

1~cosu!V(n)~a,0uE,b!dn,m ,

V(n,m)~2,0uE,b!5~cosu!V(n11)~b,0uE,b!dn11,m

2~sinu!V(n)~a,0uE,b!dn,m , ~28!

where we have for brevity denotedni as n. Each state
ub& may be only coupled to one of the two opposite-sy
metry statesua& and ub&. Assuming that the lower lying
ub,ni11,0& state is a nondecaying~or slowly decaying! state,
we may omit the terms withV(n11)(b,0uE,b) from Eq.~28!.

The fully interactinguE,n,b2& states, obtained from Eq
~8!, form a complete basis set and can be used to exp
uC(t)&, the full time dependent wavefunction. Assuming th
initially ~at t50) we populate a superposition of zero-phot
states and a coherent state in thev i mode,

uC~ t50!&5(
a,n

ca,nua,n,0&, ~29!

whereca,n5cacn , with cn5xn/n! (x@1), the wave func-
tion at timet is given by

uC~ t !&5(
a,n

(
b,m

ca,nE
Ei

Ef
dEe2 iEt/\uE,m,b2&

3^E,m,b2ua,n,0&. ~30!

Applying Eq. ~12! to the present case we obtain th
aa,b

(n,m)(E) the amplitude function is given as

aa,b
(n,m)~E![^a,n,0uE,m,b2&

5 (
a8,n8

^a,n,0u@E2 i e2QH~E!Q#21ua8,n8,0&

3^a8,n8,0uQHPuE,m,b&, ~31!

where QH(E)Q is defined in Eq.~11!. Using the well-
known identity (E2 i e2PHP)215P(E2PHP)21

1 ipd(E2PHP), with P denoting a Cauchy principal valu
integral, we can write the matrix elements ofQH(E)Q as
7-3
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E. FRISHMAN AND M. SHAPIRO PHYSICAL REVIEW A68, 032717 ~2003!
^a,n,0uQH~E!Qua8,n8,0&

5FEada,a81\Da,a8
(n)

~E!1 i
\

2
Ga,a8

(n)
~E!Gdnn8 ,

~32!

where

Ga,a8
(n)

~E![
2p

\ (
b,m

V(n,m)~auE,b!V(n,m)~E,bua8!,

Da,a8
(n)

~E![
1

2p
PE

Ei

Ef
dE8

Ga,a8
(n)

~E8!

E2E8
. ~33!

Operating on Eq.~30! with ^a8,n8,0u, we obtain that the
amplitudes of theua8,n8,0& states at timet equal,

^a8,n8,0 uC~ t !&5(
a,n

ca,nE
Ei

Ef
dEe2 iEt/\

5(
b,m

^a8,n8,0uE,m,b2&^E,m,b2ua,n,0&

5(
a

ca,nMa8a
(n)

~ t !, ~34!

where

Ma8a
(n)

~ t !5(
b,m

E
Ei

Ef
dEe2 iEt/\aa8,b

(n,m)
~E!aa,b

(n,m)* ~E!.

~35!

We note that since a stateub& may either be coupled toua& or
to ub&, only then5n8 terms of Eq.~34! are nonvanishing.

The total population in the zero-photon material sta
with n spectator photons in thei th mode, at time t,
P(n)(0,c,t), is given by

P(n)~0,c,t !5(
a

u^a,n,0uC~ t !&u2, ~36!

wherec[$ca,n%.
In order to delay the decay we need to find the set

initial coefficientsc which maximizesP(n)(0,c,t) at a given
time t after preparation. Once such a set of coefficients
found, the overlapping resonances thus populated exhib
steplike decay pattern@10#, a sample of which is shown in
Fig. 5. Basically, after a quiescent period in which a pho
emitted by one resonance gets immediately reabsorbe
another, the system undergoes a period of rapid deca
which a burst of photons escapes the atom. The photon b
phase is followed by another quiescent phase, etc.

The delay in the emission afforded by the quiescent ph
may be of great practical importance for many laser appl
tions by itself. However, we usually want to go one st
further and suppress the emission at all times. As sho
previously @10# it is possible to do so in the 232 case by
03271
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applying ap pulse at, or close to, the end of the quiesce
period. The effect of thep pulse which transforms the sys
tem according to the transformation matrix

S 0 i

i 0D ,

is to interchange the populations between the two lev
Such an interchange of population in a two level system
known to effectively reverse the direction of time. As a r
sult, after the application of thep pulse, the system move
away from the onset of the photon burst phase unti
reaches the2t time, at which point another photon burst
about to be launched. We avoid such a burst by apply
anotherp pulse which reverses the flow of time once aga
sending the system back in the positive time sense. We c
tinue applying ap pulse every 2t interval, thus confining the
system forever to the quiescent phase, making it shuttle b
and forth between2t andt. As shown, e.g., in Fig. 5, to be
discussed in greater detail below, spontaneous emissio
thereby effectively blocked. The above analysis also app
to theNa.2 case, where the transformation is slightly mo
complicated@10#.

We now turn our attention to the application of the abo
strategy for the Autler-Townes split resonance case. The
diative couplings to theb5g,k,ê mode, where vk,g
5(E2Eg)/\, are@20#

^q,ni ,0uQHPuk,ê,g,ni&

5H ieA\vk,g

2«0V0
«̂k,ê•Dq,g , E.Eg1ni\v i

0, otherwise,

~37!

whereq5a,b and

uE,ni ,b&[uE,ni ,k̂,ê,g&5
k

A\c
uk,ê,g,ni&.

We note that the dipole matrix elements for spontane
emission do not depend on the number ofv i spectator pho-
tons ~but the total energy includes it!.

Integrating over the directionsk̂ of emission of the pho-
tons and summing over the two possible photon polariza
directionsê, we obtain that

Gqq8
(n)

~E!5
e2

3p«0\4c3 (
$g:E.Eg1n\v i %

Dq,g•Dq8,g
*

3~E2Eg2n\v i !
3. ~38!

The level shiftsDqq8
(n) (E) can be calculated fromGqq8

(n) (E)
using Eq.~33!.
7-4
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SUPPRESSION OF THE SPONTANEOUS EMISSION OF . . . PHYSICAL REVIEW A 68, 032717 ~2003!
The decay matrix elements in the dressed-state b
~dropping the energy argument for brevity! can be expresse
in the ua&, ub& basis as

G11~u!5~sin2u!Gbb1~cos2u!Gaa1~sin 2u!Re@Gab#,

G22~u!5~cos2u!Gbb1~sin2u!Gaa2~sin 2u!Re@Gab#,

G12~u!5
1

2
~sin 2u!~Gbb2Gaa!1~cos 2u!Re@Gab#

1 i Im@Gab#. ~39!

Since the bare statesua& and ub& haveopposite symmetries,
they emit into different sets of levels, resulting inGab50.
Therefore the above expressions can be written as

G11~u!5Ḡ2~cos 2u!Ĝ,

G22~u!5Ḡ1~cos 2u!Ĝ, ~40!

G12~u!5~sin 2u!Ĝ,

whereḠ5 1
2 (Gaa1Gbb) and Ĝ5 1

2 (Gbb2Gaa).
We envision the coupling laser leading to the Autle

Townes splitting to be in the IR, for which fluorescence lif
times are in the millisecond range, whereas the emission
propose to suppress occurs on the 10 ns range, i.e., a d
ence of five orders of magnitude, hence the neglect of the
fluorescence over the time scales of interest in this pape
completely justified.

The possibility of delaying the spontaneous emission
governed by the ratio

f 1~E,u![
uG12~E!u

@G11~E!G22~E!#1/2
, ~41!

which ~due to the Schwartz inequality! can assume value
between 0 and 1. The unity value leads to maximal delay
the null value to the complete loss of control over sponta
ous emission. The ratio reaches its maximum value wheu
5p/4, i.e., when the field is on-resonance. It then equal

f 1~p/4!5
uGbb2Gaau
Gaa1Gbb

5UGaa

Ḡ
21U . ~42!

The steplike nature of the decay pattern becomes m
and more pronounced as this ratio increases. This is bec
this ratio reflects the relative magnitude of the off-diago
elementsGaa8 with respect to the diagonal ones. If the o
diagonal elements are zero~or small! the ‘‘control matrix,’’
whose eigenvalues we calculate@see Eqs.~34!–~36! and Ref.
@10## will be diagonal~or near diagonal! and no active con-
trol is possible.

The maximal degree of delay of the spontaneous emis
is attained whenGbb'0, i.e., theub& state is a meta-stabl
excited state; in that caseG11(E)5G22(E)5uG22(E)u
5 1

2 Gaa(E).
The ability to control the spontaneous emission result

from the introduction of the cw field is demonstrated belo
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In all the discussion below we assume that the energy de
dence of the widthsGqq8

(n) (E) can be neglected over the inte
gration range, which is of the order of magnitude of t
width itself. In Fig. 2 we showG11 , G22 , uG12u, and f 1
which result from the introduction of a cw coupling field a
a function of the mixing angleu. The results are shown fo

several different values ofGbb /Ḡ.

In Fig. 2~a!, Gbb /Ḡ50.01, which means that stateub& is a
metastable state. The degree of delay of emission we ach
in this case reaches the maximum value it possibly c
f 1(u)'1. This degree of control is maintained over a wi
range of the mixing angleu. Essentially control is degrade
only when the detuning is very large, causing almost no m
ing between theua& and theub& states (u'0 or u'p/2).

In the next case, shown in Fig. 2~b!, Gbb /Ḡ50.2. It
shows slightly less control, with our ability to delay the d
cay now being more dependent on the field tuning. The
timal control is achieved, as discussed above, exactly
resonance, wheref 150.8 @see Eq.~42!#. The possibility of
control is being completely eliminated as we increase

Gbb /Ḡ ratio, as shown in the lower panel of Fig. 2.
Another important control variable is the ratio betwe

Gaa , the resonance widths, andDE[uEni

12Eni

2u5\uVni
u,

the energy spacings between Autler-Townes split resonan
According to Eq.~23!, the Autler-Townes splitting enable
the tuning of the energy spacings between the resonance
varying the Rabi frequencyVni

of the ‘‘spectator’’ cw field.

Sample aa,b
(n,m)(E) amplitudes for overlapping resonanc

with DE/(\G) varying between 0.2 and 5 are shown
Fig. 3.

The signature of the interference is the appearance
‘‘dark state,’’ i.e., a continuum energy where the line sha
@equal touaa,b

(n,m)(E)u2] dips to zero, occurring at the peak
(Eni

1 or Eni

2) of the neighboring resonance for each lin

shape. These dark states, first discovered in Ref.@16#, bring
about the phenomenon of electromagnetically induced tra
parency@17# hole, midway between the resonances, sho
in Fig. 1, for a particular linear combination of the res
nances. In the optimized case studied here
(bu(a56caaa,b* (E)u2 line shapes shown in the lower pan
of Fig. 3 do not necessarily dip to zero.

FIG. 2. G11 ~dashed!, G22 ~dot-dashed!, uG12u ~solid! ~all in

units of Ḡ) and f [uG12u/(G11G22)1/2 (L).
7-5
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III. SUPPRESSION OF SPONTANEOUS EMISSION
IN SAMPLE SYSTEMS

A. The hydrogen atom

We first study the suppression of the spontaneous e
sion of a hydrogen atom in theu2P0& state, which can only
decay to asingle ~the groundu1S0&) state. We do so by
coupling theu2P0& state, which is identified with stateua& of
Fig. 1, with theu3S& state~identified with theub& state of
that figure! using a resonant cw field. Contrary to Fig. 1, he
Eb.Ea , which means thatGbbÞ0.

All the parameters needed for this case are known ana
cally. Thus, the energy differences between the mate
states are E2P2E1S5 3

4 me4/@2\2(4p«0)2#5 3
8 a.u., and

E3S2E2P5 5
72 a.u. We obtain that

G2P0,2P0
~E!5

215

311

4p«0

m2e2c3
@E2E1S2~ni11!\v i #

3

5626.8 ms21,

G3S,3S~E!533
215336

512

4p«0

m2e2c3
~E2E2P2ni\v i !

3

56.32 ms21. ~43!

The corresponding lifetimes aret2P0
51.586 ns andt3S

5157.4 ns. Using Eq.~40!, we obtain for the on-resonanc
Autler-Townes split states u6,n&5(u2P,n11&
6u3S,n&)/A2, that G11(E)5G22(E)5316.6ms21 and
uG12(E)u5310.2ms21.

Delaying the spontaneous emission is achieved by ex
ing the ground-state hydrogen atom with a light pulse~lin-

FIG. 3. ~Upper panel! The ua6,b(E)u amplitudes in the 232
case, for several values of the levels spacingDE for a constantG.
(DE is given in units of\G) The x axis is scaled to encompas
3DE. Theua1,b(E)u @in units of (DE)21/2] is seen to dip to zero a
Eni

2 and theua2,b(E)u is seen to dip to zero atEni

1 . The Eni

6 posi-
tions are denoted by the triangles. Each amplitude is automatic
normalized, i.e., they satisfy*dEaab* (E)aa8b(E)5da,a8 ~upper
panel!, the same as the lower panel for the(bu(a56caaa,b* (E)u2

line shapes~in units of (DE)21). The optimal initial superposition
is in the form (c2 ,c2eiu), andu is given below each plot.
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early polarized in thex direction! whose shape, as dete
mined according to the procedure outlined in the preced
section, for an optimization time of 2.4 ns, is shown
Fig. 4.

The result of exciting with an optimized pulse~a sample
of which is given in Fig. 4! is displayed in Fig. 5 for four
different splittings (DE). We see a steplike decay: the sy
tem starts with a quiescent period which lasts longer a
longer the smaller the Autler-Townes splitting~i.e., Vni

) is.
As mentioned above, the onset of the photon burst can
avoided by exchanging the population between leve
thereby sending the timebackwardsuntil the next onset of
the photon burst phase at which point another exchang
population is executed. In Ref.@10# the application of ap
pulse was suggested as a means of achieving this popul

lly

FIG. 4. The light pulse~in frequency space! used to excite the
Autler-Townes splitu2P0& state from the ground 1S state to pro-
duce the optimalca coefficients. This choice of coefficients is th
one most effective in delaying the emission~in the absence of the
interruptions! over the optimization time of 2.4 ns.

FIG. 5. Suppression of the 2P-1S spontaneous emission in th

hydrogen atom, for which the natural linewidth is\Ḡ51.66
31023 cm21. The solid lines display the decay of the optimize
superposition of the Autler-Townes split levels with no interru
tions. The dot-dashed lines are the decay curves of the same s
position states in the presence of interruptions. The dashed
display the average decay of the two Autler-Townes split com
nents. The optimization timet ~marked by a triangle! is 0.2/G
50.65 ns, and the total time range displayed is 0 to 3/G510 ns.
7-6



r
t

th
hi
c

ec

6
th
w
th

i
s
-
s

e
th

tem
ex-

the

nta-
lar

we

re

e
ap-

on
idt
al

ot
ere.

tom,

to
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exchange. However, because in atoms and homonuclea
atomic molecules theu1ni ,0& and u2ni ,0& states are no
coupled optically to one another, thep pulse in question
would have to arise from a two-photon~e.g., Raman! pro-
cess. Rather than do this we can within the framework of
present setup achieve the same reversal of time by switc
the levels while keeping the population of the levels inta
According to Eq.~23!, we can switch the order of theEni

6

levels by adiabatically changing the sign ofVni
. A schematic

illustration as to the kind of interruption needed in the sp
tator cw field to achieve this is displayed in Fig. 6.

The result of the kind of interruptions displayed in Fig.
is shown as the dot-dash curve of Fig. 5. We see that
spontaneous emission has been effectively suppressed,
the suppression becoming more effective, the smaller is
Autler Townes splitting. Also shown in Fig. 5~as the dashed
line! are the natural decay curves, arising when we start w
one of the eigenstates, i.e.,ca85da,a8 . As can be seen, thi
decay, which isnonexponentialdue to the interaction be
tween the resonances, is still much faster than the suppre
decay aided by the interruptions.

B. Suppression of the spontaneous emission in the Pb atom

We now show that the above method works equally w
in the presence of more than one final state to which
system can emit. We study the Pb atom and take as theua&
state the 6p 7s 3P1

0 excited state which emits@21# to the

u1&56p2 3P0 l15283.31 nm Aa,1543.0 ms21,

u2&56p2 1P1 l25363.96 nm Aa,2532.0 ms21,

u3&56p2 3P2 l35405.79 nm Aa,3593.1 ms21,

ub&56p2 1D2 l45722.90 nm Aa,b52.6 ms21

final states. The total decay rate of stateua& is therefore given
as

Gaa~Ea!5 (
g51,2,3,b

aag5171 ms21. ~44!

FIG. 6. The train wave of the spectator cw field of frequencyv i

near an interruption which switchesVni
to 2Vni

, thereby exchang-
ing the order of theEni

6 levels, as shown in the lower panel.
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We assume that the decay rate ofub& is negligible compared
with that of ua&, hence, \G115\G225\G125 1

2 Ga,a
54.53131023 cm21. We note thatua& can decay toub& as
well as to the other states noted above.

The suppressed and natural decay curves for this sys
are shown in Fig. 7. We see that the suppression works
tremely well, in fact better than in hydrogen, especially at
small splitting end.

C. Suppression of the Na2„A\X… spontaneous emission

We now show that the above suppression of the spo
neous emission method works equally well for a molecu
system. In molecular systems there is usually amultitudeof
final states to which the system can emit. In this example
consider suppressing the emission from a particular (ua&)
vibrational state belonging to the 11Su ~A! electronic mani-
fold, aided by a particular vibrational (ub&) state belonging
to the 21Sg electronic manifold. The relevant potentials a
displayed in Fig. 8.

Using an average electronic transition-dipole momentme
of 7 Debye (52.756 a.u.) between the 11Su ~A! and the
ground 11Sg ~X! states@22#, we have calculated the dipol
moment matrix elements within the the Franck-Condon
proximation, according to which

Dn,g'me^nug&, ~45!

whereun& and ug& signify vibrational states.
The vibrational wave functions needed for this calculati

were derived from the potential energy curves of Schm
@23#. In the present rough treatment only the vibration
states~without the rotational sublevels! were included in the
calculations. The inclusion of the rotational factors is n
expected to qualitatively change the conclusions drawn h

The line shapes for the vibrational levels~and specifically
that of n520) of the excited surface 11Su are much nar-

FIG. 7. Suppression of the spontaneous emission in the Pb a
details are as in Fig. 5. The optimization timet ~marked by a
triangle! is 0.2/G52.4 ns, and the total time range displayed is 0
3/G535 ns.
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rower than the energy level spacing, therefore all the re
nances are isolated, as in the atomic cases discussed a

Assuming that the decay rates of the vibrational lev
belonging to the 21Sg manifold ~which can decay to the
1 1Su manifold! are negligible compared to those of th
1 1Su surface, we can writeGnn(E) as

Gnn~E!5
e2

3p«0\4c3 (
$g:E.Eg%

uDn,gu2~E2Eg!3, ~46!

whereg includes only the vibrational levels in the groun
electronic manifold. We obtain for 0<n<30, Gnn(En

1ni\v i)'40 ms21 or \Gnn52.1231024 cm21. The
change ofGnn(E) with energy may be neglected, since t

FIG. 9. The decay ratesGnn(En1ni\v i) of the 70 lowest vi-
brational statesun& of the 11Su surface.

FIG. 8. The three lowest singlet potential-energy curves of N2 :
1 1Sg , 1 1Su , and 21Sg . Every fifth vibrational level is marked
with a dashed line. Theua& state is then520 vibrational level of
the second potential. Theub& state is then8530 vibrational level of
the third potential. Both are marked by solid lines. The Fran
Condon factor~equal to overlap integral! between these two state
is 0.118.
03271
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relevant integration range aroundEn , 6\G562.1
31024 cm21, is much smaller thanEn2Eg for all ug&
ground states considered.

Figure 9 displays the decay widthsGnn(En) for the 70
lowest vibrational statesun& of the 11Su surface. Also dis-
played are the energy levelsEn .

The decay curves resulting from coupling theua&5un
520& with the ub&5un8530& are shown in Fig. 10. Again
the method is very successful in completely suppressing
decay.

IV. CONCLUSIONS

We have presented an experimentally viable approach
suppressing the spontaneous emission in a number of re
tic systems. In this method a single resonance is split by
external~spectator! field, and an optimized superposition o
the two components is formed by a shaped pulse excita
from the ground state. We have shown that by introduc
infrequent phase interruptions we can completely~or almost
completely! suppress the spontaneous emission in the
atom, the Pb atom, and the Na2 molecule.

In addition, we have introduced a number of improv
ments over our original method@10#, which are~1! the abil-
ity to work with isolated resonances;~2! the ability to tune
DE, the spacing between the split components, by vary
the cw field intensity, thereby stretching or contracting t
duration of the ‘‘quiescent’’ phase;~3! the ability to com-
pletely suppress the decay by introducing phase jumps
electric-field sign reversals, in the spectator field whi
causes the Autler-Townes splitting. This interruption meth
is expected to be much easier to apply in the laboratory t
our previous suggestion of applying a~Raman! p pulse,
which would have necessitated the introduction of two ad
tional laser fields.
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FIG. 10. Suppression of the spontaneous emission of the sod
dimer. The optimization timet ~marked by a triangle! is 0.2/G
510 ns, and the total time range displayed is 0 to 3/G5150 ns.
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