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The three-dimensional time-dependent quantum wave packet dynamics �J=0� using a Hamiltonian for a
triatomic molecule in Radau coordinates is employed to study laser pulse excitation of the OClO molecule. The
fast Fourier transform �FFT� and the split operator methods are applied to propagate the wave packet. The
vibronic excitations A 2A2��1 ,�2 ,�3�←X 2B1�0,0 ,0� of the triatomic molecule OClO using femtosecond laser
pulses of varying intensities are investigated. With an ultrashort laser pulse of certain FWHM �full width at half
maximum�, the vibrational level can be selectively excited. The changes in the vibrational population distri-
butions caused by simple variation of the pulse are remarkable.
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I. INTRODUCTION

Control of molecular dynamics by laser pulse is one of the
major and ultimate goals of photophysics and photochemis-
try �1�. The relevant laser parameters, such as the intensity,
the width, and the shape of the pulse, have been used to
control the molecular excitation. The technique of ultrashort
intense laser pulses has led to the observation of many inter-
esting strong field phenomena in atoms and molecules in-
cluding bond softening and hardening �2�, above threshold
ionization and dissociation �3,4�, intact ionization of large
polyatomic molecules �5�, transient field-induced resonance
�6�, and adiabatic passage of light-induced potentials �7�.
Most of these phenomena can be quantitatively understood
using the concept of light-dressed potential energy surfaces
�8–11�.

The potential of steering the molecular dynamics with op-
timally shaped femtosecond laser pulses has been pointed
out as a coming frontier. Femtosecond real-time pump-probe
experiments together with ab initio quantum calculations and
simulations have been used to interpret the optimal control of
the CpMn�CO�5 and CpMn�CO�3 molecules �12,13�. The in-
fluence of the chirp and the separation of subpulses in pulse
trains, which are simple control parameters in the optimal
pulses, have been experimentally investigated for NaK and
Na2K molecules �14�.

It is known that vibrational preexcitation may affect sev-
eral intermolecular properties �15,16�. Owing to the partici-

pation of more than one excited potential energy surface
�PES�, different access of the upper PESs might lead to adia-
batic or nonadiabatic processes resulting in different photo-
dissociation pathways and influence the branching ratio be-
tween different fragments. In the excitation dynamics of the
A 2A2 state of the OClO molecule, mode specific Cl
+O2:ClO+O branching ratios from different initial vibra-
tional levels has been observed �17�. Relative to pure sym-
metric stretching modes ��1 ,0 ,0�, the Cl yield is slightly
enhanced for combination bands containing one quantum of
bending ��1 ,1 ,0� and significantly diminished for neighbor-
ing ��1−1 ,0 ,2� levels having asymmetric stretching excita-
tion.

In this paper, we will show that it is possible to selectively
excite vibrational levels even with a laser pulse of broad
spectral range by using stimulated emission pumping �Rabi
floppings� in competition with nuclear dynamics of the
multi-mode vibrational motions of the OClO molecule. With
the full dimensionality quantum wave packet dynamics cal-
culations based on the Born-Oppenheimer approximation,
the interaction processes of the OClO molecule between the
ground X 2B1 and the excited A 2A2 states via ultrashort
transform-limited laser fields of varying intensities are stud-
ied. It is found that we can excite a special vibrational mode
among neighboring levels by trivially changing the intensity
of a specified ultrashort femtosecond laser pulse with proper
width. The underlying physical mechanism has close relation
to ac-Stark shift and Rabi oscillations within the duration of
the laser pulse and to the influence of the nuclear motion on
the excited states.

The OClO molecule is of both experimental and theoret-
ical interest, for instance for its role in polar stratospheric
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ozone depletion �18�. Accurate PESs of the ground X 2B1 and
the first excited A 2A2 state are available �19,20�. Transitions
between these states give rise to photon absorption of visible
light. The ab initio PES of the state X 2B1 includes nonhar-
monic �higher order� coupling between the asymmetric
stretch, the symmetric stretch, and bend vibrations. This PES
may reproduce the experimentally observed asymmetric vi-
brational peaks in the photoabsorption spectrum. These
peaks would be forbidden assuming C2v symmetry for both
the X 2B1 and A 2A2 states and only a harmonic oscillator
function, which also is experimentally interpreted as the re-
sult of a double minimum in the asymmetric stretch potential
function �21�. The OClO molecule has been studied by sev-
eral groups using ultrashort laser pulses �22–24�. This moti-
vates us to further study laser pulse excitation dynamics us-
ing the triatomic OClO molecule as prototype.

The paper is arranged as follows: In Sec. II we briefly
present the computational details of three-dimensional time-
dependent wave packet calculations. The vibrational excita-
tions of the OClO molecule in the femtosecond pulse laser
field are discussed in Sec. III. We summarize our findings in
Sec. IV.

II. COMPUTATIONAL ASPECTS

Our numerical simulations include the two electronic
states, X 2B1 and A 2A2, of OClO and a transform-limited
ultrashort femtosecond pulse. The ab initio PESs of the
ground X 2B1 and excited A 2A2 states given by Peterson
�19�, which can be better reproduced in the absorption spec-
trum �25�, are used. The laser excitation and the PESs are
depicted in Fig. 1. In this figure, the Cl-O bonds, r1 and r2,
are varied while the angle between them is fixed at the equi-
librium value.

For a light-heavy-light molecule, such as OClO, Radau
coordinates �R1 ,R2 ,�� are a usual choice �26,27�. The two
radial stretching coordinates, R1 and R2, measure the distance
of the two end light atoms from the canonical point and the
third coordinate � represents the angle between R1 and R2.
For OClO, the used Hamiltonian can be written as

Ĥ = −
�2
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2 −
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The volume element for Ĥ in Eq. �1� is �−3dR1dR2d�, where
�2=mCl/ �2mO+mCl�.

The PESs of the X 2B1 and A 2A2 states are coupled by a
femtosecond laser field, whereby the time-dependence wave
function of the OClO molecule is given by

��A�t�
�X�t�

� = exp�− i�
0

t0 � HA 	E�t��
	E�t�� HX

�dt�	� 0


0
� ,

�3�

where 	 is the transition dipole moment between the ground
and excited states which has not been calculated yet. An
arbitrary value of 4.0 a.u. is used and the Condon approxi-
mation is invoked. 
0 is the initial wave packet on the
ground state which is found by a three-dimensional Fourier
grid Hamiltonian method �26�. The molecular wave packet is
propagated in Radau coordinates on a Fourier grid using the
split operator method combined with the fast Fourier trans-
form �FFT� technique �26–28�. The laser field E�t� is given
by

E�t� = E0F�t�cos��t� �4�

with

F�t� = exp�− 4 ln 2� t

T
�2	 . �5�

Here � decides the photon energy of the laser pulse and E0 is
the amplitude of the laser field. F�t� denotes the Gaussian
pulse envelope with a FWHM �full width at half maximum�
T.

The parameters used in the calculations are listed in Table
I. In order to propagate the vibrational wave packet on the
grid by using the split operator method on the coupled PESs,
usually the potential matrix of the Hamiltonian is diagonal-
ized. Here we apply a procedure which reduces to a simple
matrix multiplication that is numerically most appealing
�29�. The time step in this study is always set to 0.1 fs which
is sufficient to obtain converged results.

FIG. 1. �Color online� Schematic illustration of the potential
energy surfaces used in our study of the OClO molecule and the
laser excitation process.

TABLE I. The spatial grid parameters R1, R2, and � of
OClO.

Min Max Grid points

R1�a0� 2.1 3.8 64

R2�a0� 2.1 3.8 64

��rad� 1.9 2.95 32
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The vibrational distribution of the excited state is deter-
mined by the Fourier transform F��� of the autocorrelation
function C�t� of the excited state wave packet �30�. C�t� and
F��� can be expressed as

C�t� = 
�A�t0���A�t − t0�� �6�

and

F��� = 2 Re��
t0

Tt

C�t�eiE�t−t0�dt� . �7�

�A�t0� is the excited state wave packet just after the laser
pulse has passed �31�. Before the time autocorrelation func-
tion is Fourier transformed to obtain the population distribu-
tion, it is first damped with an exponential function f�t�,

C��t� = C�t�f�t� = C�t�exp�− t/�� . �8�

This results in broadened spectral peaks as the autocorrela-
tion function vanishes after a shorter propagation. The pa-
rameter � in Eq. �8� is chosen to obtain a good peak-to-peak
resolution. In the absorption spectrum calculation, this corre-
sponds to convoluting the spectrum with a Lorentzian func-
tion of FWHM 
=2/�. When the initial wave function is the
eigenfunction of the ground vibrational level of the X 2B1
state, we can obtain the corresponding Franck-Condon fac-
tors between the two electronic states �30�.

We only perform the calculations for J=0. The zero an-
gular momentum approximation is believed to be credible
for this ultra-fast excitation process �32�. We also neglect the
multiphoton excitation and vibronic coupling to other elec-
tronic states, as they are believed to be of minor importance
to the issues of interest here �33,34�. One of the drawbacks
of the numerical model is the negligence of the high-lying
electronic states and the nearby 2A2 and 2B1 states. There-
fore, the accompanying transition from ground state to the
electronic states other than the A 2A2 state, which may take
place in reality, are not taken into account in our calculations.
However, the lowest high-lying state above the A 2A2 state
has the vertical excitation energy of 6.82 eV �35� which im-
plies that it is difficult for multiphoton transition to happen
considering the used photon energy in the calculation. Fur-
ther, the nearby 2A1 state is of vanishing absorption and the
state 2B2 is optically dark, whose influence on the coupling
between the A 2A2 and 2B2 states via the femtosecond laser
pulse is negligible, even with a strong laser field �36�. As a
result, the present model may be regarded as an effective
simplification.

III. RESULTS AND DISCUSSIONS

We first present the absorption spectrum, in Fig. 2, for the
A 2A2←X 2B1 transition before we discuss the laser excita-
tion of the OClO molecule. The damping function 
 is cho-
sen as 4.5�10−5 a.u. The product of spectral components
decides the vibrational population distributions after a laser
pulse excitation. The reference level of the energy coordinate
of Fig. 2 is the vibrational minimum of the PES of the X 2B1
state. The zero point energy of the ground vibrational state of
the X 2B1 state is 1264 cm−1. Comparing the calculated re-

sults in Fig. 2 with the experimental absorption spectrum
�21�, a good agreement is found, which motivates the use of
the ab initio PESs �19� in this work.

In the following, we will show that by varying the peak
intensity with proper FWHM, a femtosecond laser pulse can
selectively excite vibrational levels of OClO molecules. Our
work here is just an exploratory study to show that it is
possible to make use of the competition between stimulated
emission and nuclear motion to selectively excite a molecule
with an femtosecond laser pulse. The objective is to control
the relative population on the vibrational level �7,0,0�,
�6,0,2�, and �7,1,0� of the triatomic molecule OClO. In the
excitation processes, the spectral distributions decide the
population distributions of the vibrational levels.

From Fig. 2, we can see that the energy of the vibrational
level �7,0,0� is 25 814 cm−1 and that of �6,0,2� is
25 985 cm−1 on the PES of the A 2A2 state. Therefore we
choose the central wavelength of the laser pulse as
25 866 cm−1 �386.6 nm� which is between the two levels.
Here we have shifted Te upwards by 230 cm−1, compared to
the reported ab initio value �25�. This makes the positions of
the involved levels of the PES of the A 2A2 state better agree
with those of the experimental values.

In Fig. 3, we show the dynamics of the excited A 2A2 state
of the OClO molecule induced by the laser pulses centered at
386.6 nm with the FWHM of 20 fs which is shorter than the
vibrational period of the �7,0,0�, �6,0,2�, and �7,1,0� modes.
The vibrational population distributions shown in the left
panels reflect the corresponding Franck-Condon factors in-
volving the ground vibrational level of the X 2B1 state. In the
right panels no obvious Rabi oscillation appears even though
with intense laser pulses. This is because the population on
the A 2A2 excited by the leading part of the laser pulse has
moved away from the interaction region before Rabi oscilla-
tion occurs. From the left panels, we can see that more vi-
brational levels are excited with the stronger laser pulse than
the weaker pulse. Increasing the intensity, the excited levels
have been shifted down towards lower energy. This is caused
by the large ac-Stark shift. Furthermore, we can also see that,
with the intensity of 1.0�1012 W/cm2, the bending and
asymmetric stretch modes, �6,0,2� and �7,0,1�, acquire rela-

FIG. 2. The partial absorption spectrum of the O35ClO molecule
for the A 2A2←X 2B1 transition. The zero of energy is the ground
vibrational level of the X 2B1 state.
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tively less population after the stronger excitation. This re-
sults from the slow motion of the bending and asymmetric
stretch which makes Rabi oscillation more effective for these
states.

In Fig. 4 we display the vibrational distributions and the
corresponding time-dependent population of the excited
A 2A2 state with laser pulses of different intensities. The

FWHM of the laser pulse has been chosen to be 80 fs, which
is longer than the vibrational period of the symmetric stretch
�7,0,0� but shorter than those of bend �7,1,0� and asymmetric
stretch �6,0,2� modes. It can be seen that we may control the
population of the vibrational levels �7,0,0�, �6,0,2�, and
�7,1,0�. With the increase of the laser intensity, the ratio of
the population of the three vibrational states changes. With

FIG. 3. Left panels: The population distribu-
tions on vibrational levels of the A 2A2 state for
the 20 fs pulse excitation with varying intensities.
Right panels: the corresponding time-dependent
population of the excited A 2A2 state. The zero of
energy is taken as the minimum of the potential
energy surface of the X 2B1 state.

FIG. 4. Left panels: The population distribu-
tions on vibrational levels of the A 2A2 state for
the 80 fs pulse excitation with varying intensities.
Right panels: the corresponding time-dependent
population of the excited A 2A2 state. The popu-
lation ratio of the vibrational levels �7,0,0�,
�6,0,2�, and �7,1,0� are progressively changed,
demonstrated by the variation of the correspond-
ing peaks in the left panels. The zero of energy is
taken as the minimum of the potential energy sur-
face of the X 2B1 state.
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the intensity of 5�109 W cm−2, the population of the ex-
cited state is dominantly excited to the vibrational level
�7,0,0�. Increasing laser intensity, the excited population of
�7,0,0� relatively decreases. When the intensity is 4
�1011 W cm−2, the peak of �7,0,0� become vanishing but
those of �6,0,2� and �7,1,0� turn into being dominant. In other
words, by varying the peak intensity of the laser pulses, we
can selectively excite vibrational levels with high efficiency.

The symmetric stretch, asymmetric stretch, and bend vi-
brational modes of the OClO molecule can be regarded as
three one-dimensional models. For the excited A 2A2 state,
the vibrational periods of the symmetric stretch �7,0,0�,
asymmetric stretch �6,0,2�, and bend �7,1,0� modes are 47,
83, and 116 fs, respectively �22�. In the case of a very in-
tense laser field, where the bare potential energy surfaces
have been drastically distorted, the explanation based upon
one-dimensional models may not work. However, for laser
pulses of up to 4.0�1011 W/cm2, the explanation should be
reasonable.

The excited population P�t� follows the area-theorem as
P�t��sin2 ��t�, where ��t�=
−�

t E0F�t��dt� is pulse area �37�.
For the weak laser pulse, the final population residing on the
excited potential only depends on the pulse area and the
Franck-Condon factor. With increasing the intensity of the
excited pulse, the Rabi oscillation appears in the time-
dependent population when the pulse area is larger than 2�,
as shown in the right panels of Fig. 4. Moreover, the FWHM
of the laser pulse is 80 fs, which is far from a �-function
pulse for the three one-dimensional modes. Therefore, during
the intense interaction the dynamics of the excited wave
packet plays a prominent role �37,38�. The vibrational period
of the excited state of the symmetric stretch mode is much
shorter than those of the asymmetric stretch and bend modes,
therefore the initial wave packet excited to the upper curve of
the symmetric mode moves away faster than those of the
asymmetric stretch and bend modes. For each one-
dimensional mode with the intense excitation, the leading
edge of the pulse progressively transfers the population from
ground state to the excited state. Simultaneously the wave
packet moves away from resonance region of the excited
state and the excitation is complete after the first half of a
Rabi oscillation. When being excited by the tailing edge of
the laser pulse, the excited wave packet of the symmetric
stretch mode returns to the resonance region again and the
population of the excited state is completely transferred to
the ground state. For asymmetric stretch and bend modes, on
the other hand, which have a longer vibrational period, the
wave packet does not have enough time to return to the reso-

nance region before the end of the laser pulse. Therefore
most of the population of the excited state transferred by the
leading edge of the pulse still remains on the excited state
even though it has experienced a laser excitation of the same
pulse area. As a result, the final excitation efficiencies by the
identical laser pulses are quite different for these three
modes.

We note here the ratio between the �6,0,2� and �7,1,0�
peaks progressively changes with increasing laser intensity
as shown in Fig. 4. This may reflect the different anharmonic
couplings between the symmetric stretch and the bend modes
and between the symmetric and asymmetric stretch modes.
The initial decrease in the �7,0,0� level pulls down some
population on the �6,0,2� level because of their strong cou-
pling. We also see that the relative population of the �7,0,0�
peak excited by the pulse peak intensity of 5
�1010 W cm−2 is relatively more than that for 5
�109 W cm−2, which is contrary to the discussion above.
This results from the increased ac-Stark shift with increasing
laser intensity which plays a dominant role before the Rabi
oscillation appears.

Based upon the above discussion, it is clear that it is pos-
sible to selectively excite vibrational levels with certain laser
pulses by varying their peak intensities. The choice of the
laser pulse is quite important and it can be optimized further.
With a proper laser pulse, we can even expect selective ex-
citation between neighboring peaks of the asymmetric stretch
and bend modes is effective.

IV. CONCLUSION

We have studied theoretically the vibrational excitation of
the OClO molecule in the laser fields with different intensi-
ties and widths of pulses. Choosing proper FWHM and in-
tensity of the pulse can substantially change the excitation of
different vibrational levels. We have demonstrated that it is
possible to control the excitation of special vibrational levels
of the excited state of the OClO molecule by varying the
peak intensity and width of laser pulse. The femtosecond
ultrashort laser pulses should be powerful for controlling the
excitation of a triatomic molecule when a shaped laser pulse
is used. We believe that the results presented here may be
helpful to qualitatively understand the experimental results.
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