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Quantum control of the lifetime of a system in an excited resonance state is investigated theoreti-
cally by creating coherent superpositions of overlapping resonances. This control scheme exploits
the quantum interference occurring between the overlapping resonances, which can be controlled
by varying the width of the laser pulse that creates the superposition state. The scheme is applied
to a realistic model of the Br2(B)-Ne predissociation decay dynamics through a three-dimensional
wave packet method. It is shown that extensive control of the system lifetime is achievable, both en-
hancing and damping it remarkably. An experimental realization of the control scheme is suggested.
© 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3698396]

I. INTRODUCTION

Quantum coherent control of molecular processes has
been the subject of a great interest in the last years.1–9 Con-
trol schemes usually exploit quantum interference effects typ-
ically induced by laser excitation.3–10 Several control targets
have been pursued, among them control of the yield of spe-
cific molecular reaction pathways4–9 and control of radiation-
less transitions and decoherence of initially excited molecular
states.11–14 This latter topic has potential applications in nu-
merous fields, including quantum information processing and
quantum computing.15

One of the strategies proposed to control the survival of
initially excited molecular states is based on the quantum
interference effects that occur between overlapping zeroth-
order resonances of the system when a coherent superposition
of such resonances is created.12–14 By optimizing the coeffi-
cients of the different overlapping resonances in the superpo-
sition prepared (e.g., by means of pulse shaping), it is possible
either to minimize or to maximize the lifetime of the initial su-
perposition state, and this has been successfully achieved for
a number of model systems.12–14 The presence of overlapping
resonances in a large variety of molecular systems makes this
control scheme widely applicable.

The above scheme was typically applied to control the
lifetime of the whole resonance superposition created in the
system. However, in several situations it would be most inter-
esting to control the survival of the system in a specific excited
resonance state rather than in the whole superposition of reso-
nances (e.g., in the fields of quantum information and state to
state selective chemistry). In practice this would be equivalent
to modify and control the lifetime of a given resonance state.
The aim of the present work is to explore such a possibil-
ity by exploiting the effect of quantum interference between
overlapping resonances first reported in Ref. 12 and further
applied to control of decoherence of superposition states.13, 14

a)E-mail: garciavela@iff.csic.es.

Weakly bound van der Waals (vdW) complexes of the
type X2(B, v′)-Rg (X= halogen atom, Rg=rare gas atom)
are known to possess a range of v′ vibrational states where
some of the v′ vdW resonances overlap with some of the
vdW resonances corresponding to the lower v′ − 1 vibrational
manifold. This feature makes those systems ideal candidates
for the present purpose. More specifically, in this work the
Br2(B, v′)-Ne complex in its ground vdW resonance has been
chosen to investigate how the system lifetime can be modified
when different superpositions of this v′ ground resonance and
of the v′ − 1 vdW resonances are prepared.

The paper is organized as follows. In Sec. II the underly-
ing theory is briefly described. The results are presented and
discussed in Sec. III. Finally, some conclusions are given in
Sec. IV.

II. THEORY

Upon laser excitation of Br2-Ne from the ground state to
the (B, v′) excited vibronic state, Br2(B, v′)-Ne ← Br2(X, v′′

= 0)-Ne, the ground vdW resonance of Br2(B, v′)-Ne is popu-
lated. Then the excited resonance decays to the fragmentation
continuum through vibrational predissociation of the com-
plex, Br2(B, v′)-Ne → Br2(B, vf < v′) + Ne.16–19 It has been
shown19, 20 that there are three different overlapping regimes
between the ground vdW resonance of Br2(B, v′)-Ne and the
vdW resonances of the lower v′ − 1 manifold, depending
on the location of v′. For v′ < 23 the v′ ground resonance is
isolated and does not overlap with any v′ − 1 vdW resonance.
For 23 ≤ v′ ≤ 27 the v′ resonance overlaps with a sparse
spectrum of v′ − 1 orbiting resonances located above the
Br2(B, v′ − 1)-Ne dissociation threshold. The third regime
occurs for v′ > 27, where the v′ ground resonance overlaps
with a denser spectrum of v′ − 1 resonances located below the
Br2(B, v′ − 1)-Ne dissociation limit. These three regimes are
schematically shown in Fig. 1. In this work, simulations have
been carried out for two v′ states corresponding to the two
first overlapping regimes, namely v′ = 16 (nonoverlapping
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FIG. 1. Schematic representation of the relative position of the ground vdW
resonance of Br2(B, v′)-Ne with respect to the spectrum of vdW resonances
of the lower vibrational manifold v′ − 1 for three regions of v′ levels, v′
> 27, 23 ≤ v′ ≤ 27, and v′ < 23. The thick solid lines represent the Ne
+ Br2(B, v, j = 0) (v = v′, v′ − 1) dissociation limit of each manifold.
The thin solid lines are resonance energy levels within the v′ − 1 manifold.
The dashed lines labeled as n = 0 represent the ground resonance state of
the corresponding vibrational manifold. The arrows indicate the direction of
increasing energy.

resonance regime) and v′ = 27 (sparse overlapping resonance
regime), both of which were studied experimentally.18

A coherent superposition of Br2(B)-Ne zeroth-order res-
onances ψn consisting of the v′ ground resonance and v′ − 1
vdW resonances is prepared with a laser pulse,

� =
∑

n

anψn, (1)

where each zeroth-order resonance is a wave packet that can
be expressed in terms of the system eigenstates ϕE as

ψn =
∫

dE|ϕE〉〈ϕE|ψn〉, (2)

where ϕE are continuum eigenfunctions fulfilling 〈ϕE|ϕE′ 〉
= 2π¯δ(E − E′). It is noted that due to the use of a finite
temporal width laser pulse, the an coefficients of Eq. (1) are
time-dependent.

The time evolution of both the resonances and the wave
packet created is given by

ψn(t) =
∫

dE|ϕE〉〈ϕE |ψn〉e−iEt/¯, (3)

�(t) =
∑

n

an(t)
∫

dE|ϕE〉〈ϕE |ψn〉e−iEt/¯. (4)

If the ψ i and ψn resonances overlap, then

〈ψi |ψn〉 =
∫

dE〈ψi |ϕE〉〈ϕE |ψn〉 �= 0, (5)

which implies that 〈ψ i|ϕE〉 �=0 and 〈ψn|ϕE〉 �=0 at least for
one ϕE state.

Now, the survival probability of the system in resonance
ψ i can be expressed as

Ii(t) = |〈ψi |�(t)〉|2 =
∣∣∣∣
∑

n

an(t)〈ψi |ψn(t)〉
∣∣∣∣
2

=
∑
n,n′

a∗
n(t)an′(t)〈ψn(t)|ψi〉〈ψi |ψn′ (t)〉, (6)

which in terms of the ϕE eigenstates, by applying Eqs. (2)–(5),
becomes

Ii(t) =
∣∣∣∣
∑

n

an(t)
∫

dE〈ψi |ϕE〉〈ϕE |ψn〉e−iEt/¯|2

=
∑
n,n′

a∗
n(t)an′(t)

∫
dE′

∫
dE〈ϕE′ |ψi〉〈ψi |ϕE〉〈ψn|ϕE′ 〉

× 〈ϕE |ψn′ 〉e−i(E−E′)t/¯. (7)

The above equations show that if the ψ i and ψn resonances
overlap then Ii(t) depends on interference terms of the type
a∗

n(t)ai(t) (and the complex conjugate). The larger is the num-
ber of ψn resonances overlapping with ψ i, the larger will
be the number of interference terms affecting Ii(t). Thus, by
changing the amplitude of the coefficients ai and an, the in-
terference terms (and therefore the associated interference ef-
fects) can be modified and controlled, allowing one to control
the survival probability and associated lifetime of the system
in the resonance ψ i. Modifying the amplitude of the coeffi-
cients ai and an can be achieved by changing the width of the
pulse that creates the superposition of resonances.

The process of Br2(B, v′)-Ne ← Br2(X, v′′ = 0)-Ne ex-
citation with a laser pulse and the subsequent predissociation
of the complex was simulated with a three-dimensional wave
packet method which has been described in Ref. 19. Then the
survival probability Ii(t) associated with Br2(B, v′)-Ne in the
ground vdW resonance is calculated following Eq. (6) as Ii(t)
= |〈ψ i|�(t)〉|2 for different widths of the pump pulse. The
system is represented in Jacobi coordinates (r, R, θ ), where r
is the Br−Br bond length, R is the distance between Ne and
the Br2 center-of-mass, and θ is the angle between the vec-
tors associated with the two radial coordinates. In these co-
ordinates, and assuming zero total angular momentum for the
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system, the Hamiltonian can be expressed as

Ĥ = − ¯
2

2μI2

∂2

∂r2
− ¯2

2μBr2−Ne

∂2

∂R2

+
(

1

2μI2r
2

+ 1

2μBr2−NeR2

)
ĵ 2 + V (r, R, θ ), (8)

where μI2 and μBr2−Ne are the reduced masses corresponding
to I2 and Br2-Ne, respectively, ĵ is the angular momentum
operator associated with θ , and V (r, R, θ ) is the interaction
potential of the Br2(B)-Ne complex. Now, in order to compute
the ψ i wave function associated with the zeroth-order Br2(B,
v′)-Ne ground vdW resonance it was expressed as

ψi(r, R, θ ) = χ (j )
v (r)

∑
n,j

c
(v)
n,jφ

(v)
n (R)Pj (θ ), (9)

where χ
(j )
v (r) is a rovibrational eigenstate of Br2(B),

φ(v)
n (R) are radial basis functions, and Pj(θ ) are normalized

Legendre polynomials. The radial functions were obtained
by calculating the eigenfunctions of the reduced Hamiltonian
Ĥvv(R, θ ) = 〈χ (j=0)

v (r)|Ĥ |χ (j=0)
v (r)〉 for several fixed angles

θ , and then orthogonalizing these eigenfunctions through
the Gram-Schmidt procedure. Resonance energies and wave
functions were obtained by representing the Hamiltonian Ĥ

in the basis set of Eq. (9) and diagonalizing. The basis set
consisted of 1 vibrational state (v = v′ = 16 and 27), 22 radial
functions φ(v)

n (R), and 25 Legendre polynomials (with even j).
The corresponding lifetime of the system, τ , is obtained

following the same procedure used to estimate the experimen-
tal lifetimes,18, 19 namely by fitting Ii(t) to the function

Ii(tj ) = A

∫ tj

−∞
CC(t)[exp(−(tj − t)/τ )]dt, (10)

being CC(t) the laser cross-correlation curve and A an am-
plitude scaling parameter. It is noted that the v′ ground res-
onance is separated from the v′ first excited vdW resonance
by ∼17 cm−1. As will be seen below, even the pulse with the
largest bandwidth used in the simulations cannot cover that
gap and to populate the v′ first excited resonance. Thus, the
superposition of Br2(B)-Ne resonances prepared by the differ-
ent laser pulses (assumed to be Gaussian) consists of a single
v′ resonance (the ground one) and a number of v′ − 1 reso-
nances that depends on the pulse bandwidth.

III. RESULTS AND DISCUSSION

A. The v ′ = 16 isolated resonance case

In the case of v′ = 16 four different pump pulses have
been used with a temporal full width at half maximum
(FWHM) of 100, 50, 30, and 10 ps. These pulses have a cor-
responding spectral FWHM ranging from 0.3 cm−1 for the
100 ps pulse to 3.0 cm−1 for the 10 ps pulse, and a spectral full
width (FW, i.e., the energy range covered by the pulse with
nonzero intensity) of ∼0.8 and ∼8.0 cm−1 for the 100 and
10 ps pulses, respectively. The Br2(B, v′)-Ne excitation en-
ergy (which determines the center of the superposition band-
width) coincides with the v′ = 16 ground resonance energy
(i.e., the energy of the maximum of the calculated excita-
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FWHM=100 ps, fit
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FWHM=50 ps, fit
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FIG. 2. Survival probability associated with Br2(B, v′ = 16)-Ne in the
ground vdW resonance obtained with four different pump laser pulses, along
with the corresponding fit. The curves have been rescaled for convenience.

tion spectrum), namely −63.45 cm−1 relative to the Br2(B, v′

= 16)-Ne dissociation threshold.
Since the Br2(B, v′ = 16)-Ne ground vdW resonance is

isolated no superposition of resonances can be created and
therefore no interference effects are possible. The survival
probabilities calculated with the above four pulses are shown
in Fig. 2 along with their corresponding fits. The lifetimes ob-
tained for the pulses with FWHM = 100, 50, 30, and 10 ps are
72.0, 71.0, 70.7, and 70.0 ps, respectively. As expected in this
isolated resonance case, the lifetime changes very little with
increasing spectral bandwidth of the pump pulse. The slight
decrease of 2 ps in the lifetime is due to the slight increase
of the population in the off resonance energy components of
the excitation spectrum (with somewhat lower lifetimes asso-
ciated) as the pulse spectral width increases. It is noted that
the Br2(B, v′ = 16)-Ne ground resonance lifetime obtained
experimentally with a pulse with FWHM = 15 ps was 74
± 8 ps.18 The excellent agreement between the present cal-
culations and experiment indicates that the system is realisti-
cally modeled in the current simulations.

B. The v ′ = 27 overlapping resonance case

For the v′ = 27 state ten different pump pulses were used,
with a FWHM ranging from 200 ps to 2.5 ps. The spectral
widths range from FWHM = 0.15 cm−1 (FW � 0.4 cm−1) for
the 200 ps pulse to FWHM = 12.0 cm−1 (FW � 32.0 cm−1)
for the 2.5 ps pulse. The effect of the excitation energy is also
investigated in this case by exciting the system to three dif-
ferent energies, namely the v′ = 27 ground resonance energy,
−61.80 cm−1 (relative to the Br2(B, v′ = 27)-Ne dissocia-
tion threshold), −61.90 cm−1 (−0.10 cm−1 off resonance),
and −62.22 cm−1 (this is the zeroth-order resonance energy,
−0.42 cm−1 off resonance). The excitation spectrum of the
Br2(B, v′ = 27)-Ne ground vdW resonance was calculated
previously, and a number of v′ − 1 vdW orbiting resonances
overlapping with the v′ ground resonance were identified.21

This spectrum is displayed in Fig. 3, where the arrows indi-
cate the position of the three excitation energies considered in
this work.
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FIG. 3. Calculated excitation spectrum associated with the ground vdW res-
onance of Br2(B, v′ = 27)-Ne (Ref. 21). The energy axis is relative to the
Br2(B, v′ = 27, j′ = 0) + Ne dissociation threshold. The arrows 1, 2, and 3
indicate the positions of the off resonance energies −62.22 and −61.90 cm−1,
and of the on resonance energy −61.80 cm−1, respectively.

The survival probabilities calculated with several pulses
for the off resonance excitation energy −62.22 cm−1 are
shown in Fig. 4 along with the corresponding fits. The life-
times obtained with all the pulses for the three excitation
energies are collected in Table I and plotted in Fig. 5. The
−62.22 cm−1 energy is rather far from the resonance energy,
and therefore the curves of Fig. 4 corresponding to the nar-
row band 200 and 100 ps pulses display typical features of a
continuum, with very short lifetimes. As the pulse bandwidth
increases, population of energies closer to the resonance en-
ergy increases as well, causing the lifetime to increase. Most
interestingly, for pulse widths between 20 and 15 ps a pattern
of undulations due to quantum interference appears. The pat-
tern appears when the pulse bandwidth is broad enough as to
populate appreciably the v′ − 1 resonances that overlap with
the v′ resonance, inducing interference between them. This
begins to occur for pulses with FWHM < 20 ps, for which the
spectral widths are FWHM > 1.5 cm−1 and FW > 4.0 cm−1

(see the excitation spectrum of Fig. 3). When the survival

TABLE I. Lifetimes τ obtained from the survival probabilities of Br2(B, v′
= 27)-Ne in the ground vdW resonance calculated with different pump laser
pulses for three excitation energies.

τ (ps), τ (ps), off resonance τ (ps), off resonance
Pulse FWHM (ps) on resonance (−0.10 cm−1) (−0.42 cm−1)

200 23.5 10.9 0.2
100 21.3 18.3 0.4
50 20.3 19.5 9.4
40 20.1 19.6 13.0
30 19.9 19.3 16.2
20 19.7 18.7 17.5
15 19.3 18.6 18.3
10 18.4 18.1 18.0
5 15.9 15.9 15.8
2.5 14.1 14.1 14.1

probability exhibits undulations the lifetime is obtained by
fitting the survival probability envelope covering all the un-
dulations, since the probability decays to zero only when the
intensity of the undulations vanishes. The present pattern is
qualitatively similar to the pattern of quantum beats observed
experimentally in the individually detected time-dependent
population of each eigenstate within a wave packet of I2 vi-
brational eigenstates.10

After appearing, the pattern changes if the pulse band-
width is further increased (going from FWHM = 15 ps to 2.5
ps) because the ai and an coefficients of the superposition ex-
cited are modified, which changes the a∗

nai interference terms
in Eqs. (6) and (7). For this excitation energy the effect is
that the lifetime reaches a maximum of 18.3 ps for the 15 ps
pulse, and then for shorter pulses the intensity of the interfer-
ence undulations decreases, causing the lifetime to decrease.
When the pulse FWHM becomes shorter than 15 ps only the
superposition coefficients of v′ − 1 resonances nonoverlap-
ping with the v′ resonance increase, while the coefficients of
the v′ and v′ − 1 overlapping resonances begin to decrease,
damping the interference mechanism and the system lifetime.

It should be noted that in Ref. 21, the most intense feature
of the spectrum, located at −61.79 cm−1 and with a lifetime
estimated of 21.2 ps was identified in that work as a v′ − 1 or-
biting resonance. The present results indicate that such an as-
signment was wrong, and that the resonance at −61.79 cm−1

is actually the v′ ground resonance instead of a v′ − 1 orbit-
ing resonance. The reason for avoiding the assignment of such
spectral feature to the v′ ground resonance was that the life-
time estimated experimentally using a pulse of FWHM = 15
ps was <10 ps,18 far from the 21.2 ps obtained theoretically.
The current theoretical results find lifetimes between 18.3 and
19.3 ps for a 15 ps pulse (see Table I). A possible explanation
for this discrepancy between theory and experiment for v′

= 27 (in addition to the approximations of the theoretical
model) could be that the experiment was carried out at a
somewhat off resonance excitation energy.

The spectrum of Fig. 3 shows a second most intense fea-
ture associated with a v′ − 1 orbiting resonance located at
−60.63 cm−1 and overlapping with the v′ ground resonance,
and some other v′ − 1 resonance features also overlapping
with the v′ one with much smaller spectral intensity. The time
separation between the maxima of the undulations in the in-
terference pattern of Fig. 4 is ∼27 ps, which corresponds to
an energy separation between resonances of ∼1.2 cm−1. Not
surprisingly, this is the energy separation between the v′ and
v′ − 1 resonances located at −61.79 and −60.63 cm−1, re-
spectively, and producing the two most intense features in the
spectrum. Thus the pattern of Fig. 4 is produced by interfer-
ence of the v′ ground resonance with a single v′ − 1 orbit-
ing resonance located at −60.63 cm−1. For longer times than
those shown in Fig. 4 some undulations can also be identified
as produced by interference of the v′ resonance with other v′

− 1 overlapping resonances, albeit with very small intensity.
For the other two excitation energies of Br2(B, v′ = 27)-

Ne the behavior of the survival probabilities and lifetimes
with the pulse width is qualitatively similar to that previously
discussed. Indeed, for narrow band pulses the lifetimes in-
crease as the range of energies excited becomes closer to the
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FIG. 4. Survival probability associated with Br2(B, v′ = 27)-Ne in the ground vdW resonance obtained with different pump laser pulses by exciting the system
to the −62.22 cm−1 off resonance energy, along with the corresponding fit. The curves have been rescaled for convenience.

resonance energy. When the resonance energy is excited, with
increasing pulse bandwidth the lifetime can only decrease
because increasingly off resonance spectral components are
populated. Similarly as before, for the 20 ps pulse an inter-
ference pattern appears. The interference pattern produced by
a given pulse is very similar for the three excitation energies,
although it becomes more intense and pronounced (leading to
a longer lifetime) as the excitation energy approaches the res-

onance energy. The reason is that, as the center of the wave
packet created approaches the resonance energy, the popula-
tion of the two resonances that essentially interfere in the v′

and v′ − 1 manifolds increases, enhancing the interference
effects. For pulses with FWHM ≤ 15 ps the survival prob-
abilities and lifetimes obtained become practically the same
for the three excitation energies. This convergence is achieved
because when the spectral width of the wave packet is broad
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FIG. 5. Plot of the lifetimes obtained from the survival probabilities of
Br2(B, v′ = 27)-Ne in the ground vdW resonance calculated with different
pump laser pulses for three excitation energies.

enough, differences of 0.1 or 0.42 cm−1 in the position of the
center of the wave packet bandwith affects very little the in-
terference effects.

C. Formal rationalization of the results

At this point some remarks shoud be made. The survival
probabilities shown in Fig. 4 (and also those calculated for
the other two excitation energies for v′ = 27) were computed
in all cases with Eq. (6) by projecting out the corresponding
resonance superposition onto the same single ψ i zeroth-order
resonance wave function, namely that of the Br2(B, v′ = 27)-
Ne ground vdW resonance. One might think in principle that
in an environment of overlapping resonances, the v′ resonance
wave function ψ i may contain a strong character of the over-
lapping v′ − 1 resonance located around −60.63 cm−1. Then
the survival probabilities (and the associated interference pat-
terns) obtained with Eq. (6) for ψ i would not correspond es-
sentially to a single resonance (the v′ ground one), but rather
to the two mainly overlapping v′ and v′ − 1 resonances. Were
this the case, the interference pattern should appear in the sur-
vival probability as soon as the bandwidth of the wave packet
created covers the bandwidth of ψ i. The excitation spectrum
shows that the bandwidth of ψ i is FW ∼ 2 cm−1, and thus
even for the off resonance excitation energy −62.22 cm−1 the
bandwidth of the 20 ps pulse (with FW = 4 cm−1) should be
more that enough as to produce the undulation pattern in the
survival probability. However, Fig. 4(a) shows that for the 20
ps pulse the survival probability exhibits no interference pat-
tern at all. This result is a strong indication that the present
overlapping regime is not a strong one, and ψ i and its asso-
ciated survival probabilities of Fig. 4 correspond essentially
to a single resonance, the v′ ground resonance. The interfer-
ence pattern appears only when the pump pulse bandwidth
becomes broad enough as to populate significantly the v′ − 1
resonance (for FWHM < 20 ps), but still in that case the sur-
vival probabilities of Fig. 4 correspond essentially to a single
resonance.

The results found in this work can be rationalized in a
more formal way with the aid of Eq. (6). As discussed above,
the results show that essentially only one v′ − 1 resonance
interferes with the v′ ground vdW resonance and causes the
undulation pattern in the survival probability curves. Thus,
for the sake of simplicity we can assume to a very good ap-
proximation that the resonance superposition created by the
different pump pulses only contains these two resonances

�(t) = a1(t)ψ1(t) + a2(t)ψ2(t), (11)

with ψ1 and ψ2 being the v′ and v′ − 1 resonances, respec-
tively. Now, following Eq. (6) we can express the survival
probabilty associated with the ψ1 resonance as

I1(t) = |〈ψ1|�(t)〉|2 = |a1(t)〈ψ1|ψ1(t)〉 + a2(t)〈ψ1|ψ2(t)〉|2

= |a1(t)|2|〈ψ1|ψ1(t)〉|2 + |a2(t)|2|〈ψ1|ψ2(t)〉|2

+ a1(t)a∗
2 (t)〈ψ1|ψ1(t)〉〈ψ2(t)|ψ1〉

+ a∗
1 (t)a2(t)〈ψ1(t)|ψ1〉〈ψ1|ψ2(t)〉, (12)

where, using Eqs. (3) and (5),

〈ψ1|ψn(t)〉 =
∫

dE〈ψ1|ϕE〉〈ϕE |ψn〉e−iEt/¯, n = 1, 2.

(13)

There is a similar equation to Eq. (12) for I2(t) = |〈ψ2|�(t)〉|2.
In the case of an isolated resonance (like the present

Br2(B, v′ = 16)−Ne case), both a2(t) and 〈ψ1|ψ2(t)〉 are zero,
and therefore the last three terms of the second right hand of
Eq. (12) become zero. The survival probability I1(t) then con-
sists of the single term |a1(t)|2|〈ψ1|ψ1(t)〉|2, which is essen-
tially the square of the autocorrelation function of the reso-
nance wave function ψ1, i.e., the traditional definition of the
survival probability of a single isolated resonance. This sur-
vival probability is known to have an exponential decay.

When a superposition of two overlapping resonances is
prepared (as in the present Br2(B, v′ = 27)−Ne case), and
a2(t) �= 0 and 〈ψ1|ψ2(t)〉 �=0, the contributions of the last
three terms of the second right hand of Eq. (12) are nonzero
and add to the exponential decay of the |a1(t)|2|〈ψ1|ψ1(t)〉|2
term, producing the undulation pattern found in the survival
probability for pulses with FWHM < 20 ps (for which the
condition a2(t) �= 0 is fulfilled with enough intensity). In a not
strong overlapping regime of the two resonances, as in the
present case (see Fig. 3), the term 〈ψ1|ψ2(t)〉 is remarkably
smaller than the term 〈ψ1|ψ1(t)〉. The implication is that most
of the undulation pattern of the I1(t) survival probability is due
to the interference terms a1(t)a∗

2 (t)〈ψ1|ψ1(t)〉〈ψ2(t)|ψ1〉 and
a∗

1 (t)a2(t)〈ψ1(t)|ψ1〉〈ψ1|ψ2(t)〉 (in comparison with the con-
tribution of the |a2(t)|2|〈ψ1|ψ2(t)〉|2 term).

Let us suppose now that we are again in the Br2(B, v′

= 27) −Ne case, but populating only the ψ1 resonance, that
is, a1(t) �= 0 and a2(t) = 0. This is what happens for pulses
with FWHM > 20 ps. Despite that 〈ψ1|ψ2(t) 〉 �= 0, the three
terms of the second right hand of Eq. (12) become zero again,
and we are in the same situation as in the isolated resonance
regime, i.e., the survival probability decays monotonically as
an exponential function, as shown in Fig. 4(a). Thus, Eq. (12)
[and in general Eqs. (6) and (7)] shows clearly that in order
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to produce an interference pattern in the survival probability,
the two requirements that are to be fulfilled simultaneously
are 〈ψ1|ψ2〉 �=0 (resonance overlapping condition) and a2(t)
�= 0, in addition to a1(t) �= 0 (population of the overlapping
resonance condition). By changing the amplitude of a1 and a2

it is possible to control the interference effects on the survival
probability of the system in resonance ψ1, and therefore the
lifetime that the system survives in this resonance.

The main implication of the present results is that, while
the resonance lifetime is an intrinsic property of an isolated,
nonoverlapping resonance state, this is not so in the case of an
overlapping resonance. If a superposition of resonances like
that of Eq. (11) is prepared with nonoverlapping resonances
(〈ψ1|ψ2 〉 = 0), the lifetime of the system in this superposi-
tion will be an average of the lifetimes of resonances ψ1 and
ψ2 that will depend on the coefficients a1 and a2. However,
the survival probability and associated lifetime of each reso-
nance state, I1(t) = |〈ψ1|�(t)〉|2 = |a1(t)|2|〈ψ1|ψ1(t)〉|2 and
I2(t) = |〈ψ2|�(t)〉|2 = |a2(t)|2|〈ψ2|ψ2(t)〉|2, is the same as if
each resonance was populated alone instead of within a su-
perposition, regardless of the value of the coeffiecient of the
other resonance in the superposition. In contrast, the onset of
interference between overlapping resonances causes that the
survival probability and the lifetime of a given resonance do
depend on the coefficients of the other overlapping resonances
in the superposition, as shown by Eq. (12).

D. Experimental realization of the control scheme

It is most convenient to rewrite the survival probability of
Eq. (12) in terms of its contributions coming from the differ-
ent energy components populated by the coherent superposi-
tion created by the pump pulse. This can be done by defining
the coefficients

c
(n)
E = 〈ϕE |ψn〉. (14)

The c
(n)
E coefficients are an intrinsic property of each reso-

nance ψn, related to its resonance width and reflected in its
excitation spectrum. With the above definition we can write

〈ψi |ψn(t)〉 =
∫

dEc
(i)∗
E c

(n)
E e−iEt/¯ (15)

and then

|〈ψ1|ψ1(t)〉|2 =
∫

dE

∫
dE′∣∣c(1)

E

∣∣2∣∣c(1)
E′

∣∣2
e−i(E−E′)t/¯, (16)

|〈ψ1|ψ2(t)〉|2 =
∫

dE

∫
dE′c(1)∗

E c
(2)
E c

(1)
E′ c

(2)∗
E′ e−i(E−E′)t/¯,

(17)

〈ψ1|ψ1(t)〉〈ψ2(t)|ψ1〉 =
∫

dE
∣∣c(1)

E

∣∣2
∫

dE′c(2)∗
E′ c

(1)
E′ e

−i(E−E′)t/¯,

(18)

〈ψ1(t)|ψ1〉〈ψ1|ψ2(t)〉 =
∫

dE
∣∣c(1)

E

∣∣2
∫

dE′c(1)∗
E′ c

(2)
E′ e

i(E−E′)t/¯,

(19)

which gives

I1(t) =
∫

dE

{∣∣c(1)
E

∣∣2
[
|a1(t)|2

∫
dE′∣∣c(1)

E′
∣∣2

e−i(E−E′)t/¯

+ a1(t)a∗
2 (t)

∫
dE′c(1)

E′ c
(2)∗
E′ e−i(E−E′)t/¯

+ a∗
1 (t)a2(t)

∫
dE′c(1)∗

E′ c
(2)
E′ e

i(E−E′)t/¯
]

+ |a2(t)|2
∫

dE′c(1)∗
E c

(2)
E c

(1)
E′ c

(2)∗
E′ e−i(E−E′)t/¯

}
. (20)

Each coefficient c
(1)
E corresponds to a single energy compo-

nent E of resonance ψ1. Thus, following Eq. (20), the contri-
bution of each energy component E of ψ1 to the survival prob-
ability is |c(1)

E |2{[...] + |a2(t)|2|c(2)
E |2}, where [...] denotes the

sum of the three terms between square brackets in Eq. (20).
This leads to the interesting result that the contribution of
each single energy component of ψ1 to the survival proba-
bility contains the effects of the interference terms. Such a
result has two important implications. One of them is that
it confirms that the interference pattern found in the survival
probability corresponds to the single resonance which is the
target of control, as discussed above. Or in other words, while
the occurrence of interference requires the population of a su-
perposition of overlapping resonances, however, the effects
of interference manifest in observables associated with single
resonances of the superposition like the survival probability
of the system in a given resonance.

The other implication is closely related to the important
issue of the experimental realization of the present control
scheme. Experimental detection of the survival probabilities
obtained with Eq. (6) would involve using a narrow band
probe pulse that promotes to the detection state only a wave
packet similar to that associated with the target resonance ψ i.
As shown by Eq. (20), the contributions to the survival prob-
ability of all the energy components of this wave packet are
susceptible to manifest the interference effects of Fig. 4. In a
regime of sufficiently separated and not strongly overlapping
interfering resonances (as the present case), the survival prob-
ability measured in the above conditions would correspond
essentially to the i target resonance, with only a small con-
tamination of the overlapping resonances, as discussed above.
Furthermore, any possible contamination of overlapping res-
onances can be minimized by narrowing the bandwidth of
energy components of the wave packet probed, and Eq. (20)
shows that the intereference effects will still be observed in
the survival probability measured. It is noted that narrow band
probe pulses have been recently used to detect experimen-
tally interference effects in the time-dependent population of
individual I2 vibrational eigenstates within a wave packet.10

In summary, the experimental realization of the current con-
trol scheme would consist of a time-resolved pump-probe ex-
periment, where the pump pulse would change both in width
and frequency, while the probe pulse would be a narrow band
pulse with fixed frequency and width adjusted to probe the
target resonance ψ i.

It is interesting now to point out similarities and dif-
ferences between the present work and previous ones. In
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previous studies12–14 control of the survival probability of a
system prepared in a resonance superposition was explored.
Here the object of control is also the survival probability of the
system in a wave packet, namely a single resonance ψ i out of
the whole resonance superposition created. The novelty is that
the ψ i wave packet is associated with a given single resonance
state of the system (with its properties and characteristics). It
also has a remarkably smaller bandwidth than the whole res-
onance superposition. This can imply important differences
on the effects of control. Apart from the interference effects
between overlapping resonances, the lifetime of a system in a
resonance superposition is expected to approach the average
of the lifetimes of the resonances populated in the superpo-
sition. For a single resonance, however, the effects of control
will depend in general rather strongly on specific properties
of the resonance, such as width, position, and how many and
which other resonances overlap with it. Thus, the ability to
control the survival probability of a system can be remarkably
increased by selecting different resonances.

IV. CONCLUSIONS

Quantum control of the lifetime of a system in an excited
resonance state is explored by creating coherent superposi-
tions of overlapping resonances with laser pulses of different
width. The scheme of control is applied to a realistic three-
dimensional wave packet model of the Br2(B)-Ne predissoci-
ation decay dynamics. The present results show that by chang-
ing the pulse width the system lifetime in a resonance can be
dramatically modified, both by increasing it from nearly zero
to ∼18 ps and by damping it from 24 ps to 14 ps, depend-
ing on the excitation energy, which becomes an additional de-
gree of control in combination with the pulse width. Control
of the resonance lifetime is possible due to interference be-
tween the overlapping resonances in the superposition, which
appears to cause the lifetime of an overlapping resonance to
be a nonintrinsic property of the resonance state, in contrast
to the situation of isolated, nonoverlapping resonances. This
work thus demonstrates realistically the possibility to control

extensively the survival probability and lifetime of a system in
a single excited resonance overlapping with other resonances.
A feasible experimental realization of this control scheme is
suggested.

ACKNOWLEDGMENTS

This work was funded by Ministerio de Ciencia e Inno-
vación, Spain, Grant No. FIS2010-18132, Consolider Ingenio
program, Grant No. CSD2007-00013, and COST Action pro-
gram, Grant No. CM1002. The Centro de Supercomputación
de Galicia (CESGA) is acknowledged for the use of their
resources.

1S. A. Rice and M. Zhao, Optical Control of Molecular Dynamics (Wiley,
New York, 2000).

2M. Shapiro and P. Brumer, Principles of the Quantum Control of Molecular
Processes (Wiley, New York, 2003).

3R. S. Judson and H. Rabitz, Phys. Rev. Lett. 68, 1500 (1992).
4R. J. Levis, G. M. Menkir, and H. Rabitz, Science 292, 709 (2001).
5C. Daniel, J. Full, L. González, C. Lupulescu, J. Manz, A. Merli, S. Vajda,
and L. Wöste, Science 299, 536 (2003).

6B. J. Pearson and P. H. Bucksbaum, Phys. Rev. Lett. 92, 243003 (2004).
7G. Vogt, G. Krampert, P. Niklaus, P. Nuernberger, and G. Gerber, Phys.
Rev. Lett. 94, 068305 (2005).

8K. Hoki and P. Brumer, Phys. Rev. Lett. 95, 168305 (2005).
9B. J. Sussman, D. Townsend, M. I. Ivanov, and A. Stolow, Science 314,
278 (2006).

10H. Goto, H. Katsuki, H. Ibrahim, H. Chiba, and K. Ohmori, Nat. Phys. 7,
383 (2011).

11M. Sukharev and T. Seideman, Phys. Rev. Lett. 93, 093004 (2004).
12E. Frishman and M. Shapiro, Phys. Rev. Lett. 87, 253001 (2001).
13P. S. Christopher, M. Shapiro, and P. Brumer, J. Chem. Phys. 123, 064313

(2005); 124, 184107 (2006); 125, 124310 (2006).
14A. Biswas, M. Shapiro, and P. Brumer, J. Chem. Phys. 133, 014103

(2010).
15M. A. Nielsen and I. L. Chuang, Quantum Computation and Quantum In-

formation (Cambridge University Press, Cambridge, 2000).
16M. Nejad-Sattari and T. A. Stephenson, J. Chem. Phys. 106, 5454 (1997).
17T. A. Stephenson and N. Halberstadt, J. Chem. Phys. 112, 2265 (2000).
18J. A. Cabrera, C. R. Bieler, B. C. Olbricht, W. E. van der Veer, and

K. C. Janda, J. Chem. Phys. 123, 054311 (2005).
19A. García-Vela and K. C. Janda, J. Chem. Phys. 124, 034305 (2006).
20A. García-Vela, J. Chem. Phys. 126, 124306 (2007).
21A. García-Vela, J. Chem. Phys. 129, 094307 (2008).

Downloaded 25 Jan 2013 to 161.111.22.69. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1103/PhysRevLett.68.1500
http://dx.doi.org/10.1126/science.1059133
http://dx.doi.org/10.1126/science.1078517
http://dx.doi.org/10.1103/PhysRevLett.92.243003
http://dx.doi.org/10.1103/PhysRevLett.94.068305
http://dx.doi.org/10.1103/PhysRevLett.94.068305
http://dx.doi.org/10.1103/PhysRevLett.95.168305
http://dx.doi.org/10.1126/science.1132289
http://dx.doi.org/10.1038/nphys1960
http://dx.doi.org/10.1103/PhysRevLett.93.093004
http://dx.doi.org/10.1103/PhysRevLett.87.253001
http://dx.doi.org/10.1063/1.2000260
http://dx.doi.org/10.1063/1.2196888
http://dx.doi.org/10.1063/1.2346684
http://dx.doi.org/10.1063/1.3460262
http://dx.doi.org/10.1063/1.473570
http://dx.doi.org/10.1063/1.480791
http://dx.doi.org/10.1063/1.1990118
http://dx.doi.org/10.1063/1.2162167
http://dx.doi.org/10.1063/1.2709637
http://dx.doi.org/10.1063/1.2974097

