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a b s t r a c t

Quantum control of the lifetime of the Br2ðB;v 0 ¼ 35Þ—Ne ground van der Waals resonance is investi-
gated theoretically by creating coherent superpositions of v 0 � 1 resonances overlapping with the v 0 res-
onance. This control scheme exploits the quantum interference occurring between the overlapping
resonances, which is controlled by varying the width of the laser pulse creating the superposition state.
For v 0 ¼ 35 the v 0 resonance overlaps more strongly and with a higher number of v 0 � 1 resonances than
in the previously studied v 0 ¼ 27 case. It is found that as a consequence of this stronger overlapping
regime, the effects of control over the resonance lifetime become more intense.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

Achievement of quantum coherent control of molecular pro-
cesses has been pursued with great interest in the last years [1–
21]. The control schemes typically applied have exploited the
quantum interference mechanisms induced and controlled by
external optical fields. Processes like photodissociation, molecular
reactions, and radiationless transitions are among the various ob-
jects of the control strategies investigated.

Among the control schemes suggested, one of them exploits the
quantum interference effects that take place between overlapping
resonances of the system populated by a coherent superposition
created by a laser pulse [22–24]. By modifying the amplitude coef-
ficients of the overlapping resonances within the superposition,
the mechanism of interference between resonances can be con-
trolled, which allows control over the survival probability and life-
time of the superposition created.

Recently, two schemes based on the interference between over-
lapping resonances were suggested to modify and control the life-
time of a system in a specific single resonance state within the
superposition prepared. In the first control scheme, a laser pulse
of variable width was used to modify the population of the differ-
ent overlapping resonances in the coherent superposition [25]. The
scheme was applied to a realistic model of the predissociation de-
cay dynamics of Br2ðB;v 0 ¼ 27Þ—Ne in its ground van der Waals
(vdW) resonance [26–29]. It has been shown that the
Br2ðB;v 0 ¼ 27Þ—Ne ground vdW resonance overlaps with some
vdW orbiting resonances of the lower v 0 � 1 vibrational manifold
of Br2, and mainly with one v 0 � 1 orbiting resonance located
� 1:2 cm�1 higher in energy than the v 0 ground resonance
[30,31]. A similar situation of a v 0 ground resonance overlapping

with v 0 � 1 orbiting resonances was also found in the case of the
I2ðB;v 0 ¼ 60;61Þ—He vdW complex [32]. An extensive degree of
control of the Br2ðB; v 0 ¼ 27Þ—Ne ground resonance lifetime was
achieved with this scheme [25]. It was found that the lifetime of
an overlapping resonance is no longer an intrinsic property of
the resonance state, as it is the case of an isolated resonance, and
this feature allows one the possibility to control it.

A second, more flexible control scheme was further suggested.
This scheme used a combination of two laser pulses, one of them
to excite the v 0 ¼ 27 ground resonance and the other one to excite
the v 0 � 1 orbiting resonance separated by � 1:2 cm�1 [33]. In this
case the time delay and the ratio of intensities between the two
pulses were used as the parameters varied to exert control by mod-
ifying the population of the two resonances, and therefore the
mechanism of interference between them. A strong enhancement
of the v 0 ground resonance lifetime, by a factor of three, was
achieved with this scheme.

In this work the aim is to apply the single pulse scheme in order to
control the lifetime of the ground vdW resonance state of
Br2ðB;v 0Þ—Ne, now in the v 0 ¼ 35 vibrational mainfold. The main dif-
ference of v 0 ¼ 35 with respect to v 0 ¼ 27 is that the Br2ðB;v 0 ¼
35Þ—Ne ground resonance overlaps more strongly and with several
v 0 � 1 resonances (instead of mainly with a single v 0 � 1 resonance,
as in v 0 ¼ 27). Thus, the goal of the current work is to explore the ef-
fect of this stronger overlapping regime on the control scheme.

The Letter is organized as follows. In Section 2 the theoretical
method is briefly described. The results are presented and dis-
cussed in Section 3. Some conclusions are given in Section 4.

2. Methodology

The ground vdW resonance of Br2ðB;v 0 ¼ 35Þ—Ne is populated
by laser excitation of Br2—Ne to the ðB; v 0 ¼ 35Þ excited vibronic
state, Br2ðB; v 0 ¼ 35Þ–Ne  Br2ðX;v 00 ¼ 0Þ–Ne. The excited
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resonance then decays to the fragmentation continuum through
vibrational predissociation of the complex, Br2ðB; v 0 ¼ 35Þ–Ne !
Br2ðB;v < v 0Þ + Ne [26–29]. It was found in previous works
[29,30] that the Br2ðB;v 0 ¼ 35Þ—Ne ground vdW resonance over-
laps with a relatively dense spectrum of v 0 � 1 vdW resonances lo-
cated below the Br2ðB;v 0 � 1Þ–Ne dissociation threshold.

The excitation process Br2ðB;v 0 ¼ 35Þ–Ne  Br2ðX;v 00 ¼ 0Þ–Ne
with a laser pulse and the subsequent predissociation of the com-
plex were simulated using a three-dimensional wave packet meth-
od which was described in detail elsewhere [29]. An empirical
potential-energy surface is used [31]. Although some ab initio po-
tential-energy surfaces for vdW complexes have been reported in
the last years [34,35], the use of empirical potentials in studies of
photodissociation dynamics of vdW clusters has been a usual prac-
tice [36–38], and in general has led to a good description of the
experimental observations [29,33].

The theoretical basis of the control scheme applied in the cur-
rent work has been presented in detail previously [25], so it will
be just briefly reviewed here. A coherent superposition of
Br2ðBÞ—Ne resonances wn consisting of the v 0 ground resonance
and the v 0 � 1 manifold vdW resonances overlapping with the v 0
ground one is prepared with a laser pulse,

U ¼
X

n

anwn: ð1Þ

Let us denote the v 0 ground resonance wave function by wi. Now,
the survival probability of the system in resonance wi can be ex-
pressed as

IiðtÞ ¼ jhwijUðtÞij
2 ¼

X
n

anðtÞhwijwnðtÞi
�����

�����
2

¼
X
n;n0

a�nðtÞan0 ðtÞhwnðtÞjwiihwijwn0 ðtÞi: ð2Þ

Eq. (2) shows that if the wi and wn resonances overlap, i.e.,
hwijwnðtÞi– 0, then IiðtÞ depends on interference terms of the type
a�nðtÞajðtÞ (and the complex conjugate), where j can be j ¼ i or
j ¼ n – i. The larger is the number of wn resonances overlapping
with wi, the larger will be the number of interference terms affect-
ing IiðtÞ. Therefore, by changing the amplitude coefficients an of the
superposition of Eq. (1), the interference terms, and thus the inter-
ference effects, can be modified and controlled, allowing one to con-
trol the survival probability and associated lifetime of the system in
resonance wi. The an coefficients can be modified by changing the
width of the pulse that creates the U superposition. The lifetime
of the system, s, is obtained by fitting IiðtÞ to the function

IiðtjÞ ¼ A
Z tj

�1
CCðtÞ½exp ð�ðtj � tÞ=sÞ�dt; ð3Þ

where CCðtÞ is the laser cross-correlation curve and A is an ampli-
tude scaling parameter.

3. Results and discussion

Pump pulses with ten different widths were used, ranging from
a full width at half maximum (FWHM) FWHM = 200 ps to
FWHM = 2.5 ps. The spectral width range from FWHM = 0.15 cm�1

and a spectral full width (FW, i.e., the energy range covered by the
pulse with nonzero intensity) FW � 0:4 cm�1 for the 200 ps pulse,
to FWHM = 12.0 cm�1 and FW� 32:0 cm�1 for the 2:5 ps pulse. In
addition to the effect of varying the pulse width, the effect of the
excitation energy is also investigated. Indeed, the system is excited
to three different energies, namely the v 0 ¼ 35 ground resonance
energy, �56:34 cm�1 (relative to the Br2ðB;v 0 ¼ 35Þ—Ne dissocia-
tion threshold), �58:02 cm�1 (�1:68 cm�1 off resonance), and

�59:76 cm�1 (this is the zeroth-order resonance energy,
�3:42 cm�1 off resonance). It is noted that the v 0 ground resonance
is separated from the v 0 first excited vdW resonance by � 17 cm�1.
Therefore, even the pulse with the largest bandwidth used in the
simulations (that with FWHM = 2.5 ps) cannot cover that gap and
populate the v 0 first excited resonance. Thus, the superposition of
Br2ðBÞ—Ne resonances prepared by the different laser pulses (as-
sumed to be GAUSSIAN) consists of a single v 0 resonance (the ground
one) and a number of v 0 � 1 resonances that depends on the pulse
bandwidth.

The calculated excitation spectrum of the Br2ðB;v 0 ¼ 35Þ—Ne
ground vdW resonance is shown in Figure 1. The arrows indicate
the position of the three excitation energies (on and off resonance)
for which the simulations have been carried out. The spectrum
shows that there are several v 0 � 1 vdW resonances overlapping
significantly with the v 0 ¼ 35 ground resonance, and also between
them.

The survival probabilities IiðtÞ calculated with several pulses for
excitation to the resonance energy �56:34 cm�1 are shown in Fig-
ure 2. The lifetimes obtained by fitting the survival probabilities
with Eq. (3) are collected in Table 1 for all the pulses and the three
excitation energies. These lifetimes are also plotted in Figure 3.

For the pulses with FWHM = 200 and 100 ps the survival prob-
ability displays a shape consistent with the convolution of the
GAUSSIAN pump pulse and the v 0 ¼ 35 ground resonance exponential
decay associated with a resonance lifetime of s ’ 11 ps (see Ta-
ble 1). These two pulses have rather narrow spectral widths with
FW� 0:4 and 0:8 cm�1, respectively, and thus they populate essen-
tially only the v 0 ground resonance. The slight decrease of s from
10:7 to 10:6 ps is due to the slight increase of population of off res-
onance energy components when changing from the 200 ps to the
100 ps pulse.

A qualitative change appears when the 50 ps pulse is used, in the
form of a weak and broad bump located around t ¼ 79 ps. The bump
becomes more pronounced as the width of the pulse gradually de-
creases to 40;30, and 20 ps. As already found in the case of
v 0 ¼ 27[25,33], this bump or undulation is produced by interference
between the v 0 ¼ 35 ground resonance and some of the v 0 � 1 vdW
resonances overlapping with it. Indeed, as the bandwidth of the
pump pulse increases, some an coefficients of v 0 � 1 resonances
become nonzero in Eqs. (1) and (2), and interference with the v 0
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Figure 1. Calculated excitation spectrum associated with the ground vdW
resonance of Br2ðB; v 0 ¼ 35Þ–Ne. The energy axis is relative to the
Br2ðB;v 0 ¼ 35; j0 ¼ 0Þ + Ne dissociation threshold. The arrows indicate the positions
of the off resonance energies �59:76 and �58:02 cm�1, and of the resonance energy
�56:34 cm�1.
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