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Using ab initio calculated potential energy and electric dipole moment functions for the X 2% states of OF,
OCl, OBr and OI, two models have been tested to selectively populate their vibrational modes by ultrashort
coherent light pulses. For a given form of the pulses either a perturbative approach using discrete vibrational
eigenstates and electric dipole transition moment matrix elements or a wavepacket propagation technique
were used. The optimisation of the pulse parameters and the mechanisms of the multiphoton processes are
discussed. For the target level v\ 10 populations of more than 60% have been achieved in all four molecules.
For OCl it was possible to populate selectively all target levels between v\ 2 and v\ 15 using chirped pulses.

1 Introduction
There have been numerous experimental and theoretical
studies of the halogen monoxides. The spectroscopic constants
of the electronic ground states are well known and extensive
calculations have also been performed for the electric dipole
moments. We refer to refs. 1È7 for OF, refs. 7È11 for OCl, refs.
6, 7, 12È15 for OBr and refs. 6, 7, 16È19 for OI for previous
experimental and theoretical works.

The selective excitations of vibrational modes using femto-
second laser pulses have also been the subject of many theo-
retical and experimental studies in the past few years (cf. for
instance refs. 20È22 for theory and refs. 23 and 24 for
experiments). In most cases simpliÐed harmonic or anharmon-
ic models have been used to study the mechanism of the
multiphoton IR excitations. In the present work such selective
vibrational excitations in the electronic ground states of OF,
OCl, OBr and OI have been investigated using accurate ab
initio potential energy and dipole moment functions. The rota-
tion and the Ðne-structure in the X 2% states were neglected.
The aim was to show which selectivity can be achieved with
optimal parameters of the pulses and, for OÈCl, how strongly
such parameters vary for di†erent vibrational target levels. In
the time-dependent computations we used two formalisms.
The Ðrst is based on the expansion of the time-dependent
wavefunctions in the stationary vibrational eigenstates. The
second one uses the wavepacket propagation technique. In
both cases the same time-dependent model Hamiltonian was
employed.

For the OX radicals only the electronic ground states were
considered in the optimisation procedure. Similar calculations
in which the dissociation via the electronically excited state or
the ground state (HD`), and the electronic excitation (OH)
were allowed, showed that, with optimised pulses operating in
the infrared region and laser intensities between 1013È1014 W
cm~2, the selective vibrational excitations in the electronic
ground states of HD` and OH can be the dominating
process.

2 Computational methods

For all oxides the electronic structure calculations were per-
formed with complete active space self-consistent Ðeld
(CASSCF)25 and internally contracted multireference conÐgu-
ration interaction (MRCI)26,27 approaches, using as a refer-
ence all the conÐgurations, resulting from the full valence
CASSCF calculations with the MOLPRO28 program suite.
For OF the spdfg functions of the aug-cc-pVQZ basis set29
was used. For OCl the spdf subset of the aug-cc-pV5Z was
employed for both atoms and was augmented by di†use s and
p functions with the exponents 0.019 16(s), 0.013 92(p) for Cl
and 0.0262(s), 0.017 84(p) for O. The same basis set was used
for O in OBr, but the bromine basis set was taken from ref.
30. In OI the iodine basis set was taken from ref. 31 and the
spdf functions of the aug-cc-pVQZ basis set was employed for
O. All dipole moments were calculated from the MRCI ener-
gies and Ðnite perturbative method using an external Ðeld.

The interaction of the molecule with a polarized electric
radiation Ðeld in the direction of the molecular axis has been
taken into account by the time-dependent perturbation oper-
ator in the semiclassical electric dipole approximation, with

H(Q, t) \ H0(Q) ] H@(Q, t) (1)

The operator H0(Q) corresponds to the radial part of the
diatomic nuclear motion Hamiltonian, yielding energies and
wavefunctions of discrete states :

H0(Q)/
v
0(Q) \ E

v
0 /

v
0(Q) (2)

The perturbation operator H@(Q, t) has the form

H@(Q, t) \ [k(Q)A(t). (3)

In this equation k(Q) is the dipole moment function and A(t)
the analytic form of the pulse.

We were interested in the probabilities of Ðnding theP
v
(t)

molecule in the v-th eigenstate, which were calculated by the
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projection of U(Q, t), the time-dependent wavefunction, on the
vibrational eigenstate /

v
0(Q) :

c
v
(t)\ SU(Q, t) o/

v
0(Q)T (4)

P
v
(t)\ o c

v
(t) o2 (5)

Two kinds of pulses were studied : the Ðrst one with u inde-
pendent of time

A(t)\ cos(ut)e(t) (6)

and the second one with a time dependent ““chirpedÏÏ u in the
IR range.

A@(t)\ cos[u(t)t]e(t) (7)

with

u(t)\ u2 ] (u1[ u2)exp[[(t/q)2] (8)

where is the initial wavenumber, the asymptotic wave-u1 u2number, q describes the switching between and and e(t)u1 u2is the shape function which modulates the pulse in time.
Both pulses have a sin2 shape function given by,

e(t)\ E0 sin2(pt/tp)

for 0 O t O tp , e(t)\ 0 if t [ tp (9)

where is the pulse duration, and is the Ðeld strength.tp E0Such pulse forms were recommended, for instance, by Jaku-
betz et al.20 in order to achieve high vibrational selectivity.
The non-chirped pulse depends on three parameters, u, andtpand the chirped pulse on Ðve parameters qE0 , u1, u2 , E0 ,
and We have optimized these parameters for selectedtp .
target state always starting from v\ 0. The pulse duration, tp ,
has been set to 1 ps in most of the calculations. All other
parameters were optimised simultaneously using a downhill
simplex method,32 and the discrete state representation.

The radial equation for nuclear motion wasSchro� dinger
solved by the Numerov method.33 In the discrete state repre-
sentation, the time-dependent wavefunction is expanded in the
basis of the vibrational eigenstates, neglecting the dissociative
continuum:

U(Q, t)\;
v

c
v
(t)/

v
0(Q, t) (10)

/
v
0(Q, t)\ /

v
0(Q)e~iEv0t (11)

The time-dependent problem consists of the coupled set of dif-
ferential equations :

ic5 (t)\ Hc(t) (12)

which was solved by a standard RungeÈKutta numerical
method.34

The number of bound vibrational wavefunctions used in
expansion (9) was 23 for OF, 34 for OCl, 33 for OBr and 29
for OI.

The time propagation of the wavepacket was performed
using a short iterative Lanczos method.35 In contrast with the
previous method, the propagation of the wavepacket does not
involve explicit calculations of the vibrational states. These
states were computed independently in order to obtain the
population probabilities [cf. eqns. (4) and (5)]. The wavepack-
et propagation technique gives the same results as the discrete
state representation approach for the oxides, but it was more
appropriate to use this approach in the case of the disso-
ciation of HD` (cf. section 3).

3 Results
In Table 1 the spectroscopic constants calculated in the pre-
sent work are compared with previous experimental and theo-

retical data for the electronic ground states of OF, OCl, OBr
and OI. The equilibrium distances agree with experiment to
within 0.001 (OF) to 0.01 (OCl), the largest deviation ofA� A�
the harmonic wavenumber amounts to 13 cm~1 (OI). The
electric dipole moments in the vibrational ground states are
calculated with an accuracy better than 0.05 D in all cases,¤
and also the 1È0 transition moment for all four oxides agrees
very well with the available experimental data. In Table 2 the
analytic expansions of the calculated dipole moment functions
are given. Fig. 1 shows the calculated potential energy func-
tions with the corresponding vibrational energy levels used in
the present calculations and the dipole moment functions. All
four dipole moment functions have extrema in the region of
the classical turning points of moderately excited vibrational
levels. Only the dipole moment function of OF changes its
sign close to the equilibrium distance, in this region its slope is
steeper than for OCl, OBr and OI. Nevertheless, if high vibra-
tional levels are involved in the pumping process the function
can not be approximated only by its Ðrst derivative at (cf.ReTable 2 for comparison of the expansion coefficients in all four
oxides). The transition moments for the *v\ 1, 2, 3 tran-
sitions are displayed in Fig 2. For OCl, OBr and OI, the tran-
sition moments *v\ 1 are small between the low lying
vibrational levels and increase linearly with v. The *v\ 1
transition moments in OF are distinctly larger and reach a
maximum for v\ 8.

Before studying the mode selective excitations in the oxides,
we have tested the present approach against the results
obtained for the dissociation of HD` by Charron et al.36 This
process involves the ground and the Ðrst repulsive electronic
states. The input data were taken from their work. The initial
level in the calculations of Charron et al. was arbitrarily
chosen to be v\ 3 in the electronic ground state of HD`.
With the pulse parameters of ref. 36 and our wavepacket
approach we could almost exactly reproduce their results for
the dissociation probabilities. We found, however, that it is
possible to dissociate HD` even if the initial level is the vibra-
tional ground state with longer pulse duration. For instance,
for a 1 ps chirped pulse with cm~1,u1 \ 3113 u2 \ 1995
cm~1, q\ 94.9 fs and the molecule dis-E0\ 0.037 742 Eh/ea0sociates with a probability of 31.2%. With a non-chirped 1 ps
pulse with u\ 1600 cm~1, the prob-E0 \ 0.037 742 Eh/ea0ability increases to 51%. In Fig. 3 it is shown that a non-
chirped pulse is able to dissociate HD` rather efficiently
starting from v\ 0 within 1 ps and with uÏs between 1400 and
1900 cm~1. For shorter pulses with fs, u\ 1910tp\ 200
cm~1, and we could, for instance, popu-E0\ 0.037 74 Eh/ea0late to 66% the v\ 3 level of the ground state, and the disso-
ciation represented only a marginal fraction of the overall
process. In similar computations with very accurate potential
energy, dipole and transition moments for the X and A state
of the OH radical (ref. 37) we were able to populate com-
pletely, for instance, the v\ 4 level of the X state with the
following parameters : u\ 3333 cm~1E0\ 0.0917 Eh/ea0 ,
and fs. Other sets of pulse parameters can populatetp\ 1586
the A state vibrational levels to 100%.37 These two model
examples show that the pulse parameters can be optimised in
such a way that mainly the vibrational levels of the electronic
ground states are populated even with high laser intensities.

In Table 3 it is shown that in all oxides the arbitrary chosen
v\ 10 level can be selectively populated with both non-
chirped and chirped pulses with the optimised pulse param-
eters given in the table. With the nonchirped pulse the
selectivity decreases from OF to OI. The chirped pulses are
much more efficient since the v\ 10 level is populated even in
OI to more than 70%. For OI the optimised electric Ðeld is
twice as intense as in the other diatomics and the *v\ 2 tran-

¤ 1 D (debye)B 3.335 64] 10~30 C m.
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Table 1 Spectroscopic constants

Re/A� Be/cm~1 ae/cm~1 ue/cm~1 ue xe/cm~1 k0/D k01/D

OF
This work 1.355 1.0567 0.0137 1047.1 10.4 [0.0283 [0.1042
Exp.1 1.354
Exp.2 1.0587 [0.0133 1053.0 [9.9
Exp.3 a [0.0043
Calc.7 1.356 1.056 0.0206 1026.7 22.3 [0.012 [0.099
Calc.5 [0.0089

OCl
This work 1.579 0.6163 0.0053 852.3 4.9 1.2537 [0.0346
Exp.8 a 1.2974 [0.034
Exp.9 1.56960 0.6235 0.0059
Exp.10 0.6235 0.0059 853.8 5.6
Calc.7 1.578 0.6171 0.0056 854.3 4.9 1.278 [0.035

OBr
This work 1.726 0.4257 0.0034 728.5 3.5 1.7110 [0.0268
Exp.12 1.765
Exp.13 a 1.721 0.4281 0.003 64 727.0 4.7
Exp.14 a [0.0252
Calc.7 1.729 0.4242 0.0032 728.0 2.6 1.711 [0.025

OI
This work 1.879 0.3362 0.0027 694.5 4.6 2.4487 [0.0012
Exp.16 2.45c
Exp.17 a 1.867 0.3402 0.0027 681.6 4.4
Exp.18 b 1.887 658.0 4.4
Calc.7 1.899 0.3290 0.0024 670.5 2.9 2.303 [0.008

a For the component. b For the component. c Equilibrium value of the dipole moment function.X 2%3@2 X 2%1@2

sitions are strongly involved (cf. Fig. 2). Since the density of
states is also larger the optimum q becomes larger than in the
other oxides. In Fig. 4 the Fourier transform of the chirped
pulse optimised for v\ 10 of OCl (cf. Table 3) is shown. The
largest pulse intensity is situated between the wavenumbers
for the *v\ 1 transitions and At this stage of1È0(li) 10È9(lf).

Table 2 Coefficients (in au) of the polynomial expansion about the
equilibrium geometrya of the dipole moment functions for OF, OCl,
OBr and OI up to fourth-order

ke C1 C2 C3 C4
OF [0.0091 [0.5143 0.3415 0.1711 [0.1481
OCl 0.4961 [0.1475 [0.3952 0.3716 [0.1784
OBr 0.6772 [0.1147 [0.3668 0.2357 [0.0674
OI 0.9674 0.014 72 [0.4438 0.1534 0.013 31

a k(R)\ke]C1(R[Re)]C2(R[Re)2]C3(R[Re)3]C4(R[Re)4.

Table 3 Optimisation results for OF, OCl, OBr and OI for the
population of the v\ 10 level with pstp \ 1

Non-chirped pulse

E0a /(Eh/ea0) uopt/cm~1 Population

OF 0.029 920.4 0.669
OCl 0.030 801.9 0.533
OBr 0.034 693.9 0.501
OI 0.076 1289.2 0.358

Chirped pulse

E0 a/(Eh/ea0) u1/cm~1 u2/cm~1 q/fs Population

OF 0.031 959.1 926.4 252.5 0.844
OCl 0.039 918.0 813.0 236.3 0.833
OBr 0.046 818.3 705.0 236.3 0.796
OI 0.097 1366.5 1303.2 326.6 0.716

a Relation between the intensity and the electric Ðeld strength :
I[W /cm2]\ 3.511 29] 1016 E02 (Eh/ea0).

the process many vibrational levels are involved in order to
reach highly excited vibrational states. The and wave-u1 u2numbers of the optimised chirped pulse are shifted to higher
energies by comparison with the initial and Ðnal *v\ 1
energy di†erences, which were used as a starting point in the
optimisation procedure for the uÏs. If q equals (the durationtpof the pulse) the maximum is situated between andu1 u2 .
The optimum pulse, however, requires much shorter qÏs, which
results in a shift of the maximum towards smaller wavenum-
bers. This is necessary in order to change rapidly the popu-
lations of the involved vibrational states during the period
with maximum intensity of the pulse.

In Fig 5 we have plotted the populations in the lowest 22
vibrational levels of the four oxides for the optimised chirped
pulses from Table 3. The dotted lines show relative popu-
lations of the initial v\ 0 and the Ðnal target level v\ 10. The
solid lines represent populations of other levels in the process
lasting 1 ps. In each case we observed a signiÐcant population
of levels above the target state. This trend is understandable

Table 4 Optimisation results for OCl with chirped pulses and tp \ 1
ps for the population of the v\ 2È15 vibrational levels

Vibrational
levels E0/Eh/ea0 u1/cm~1 u2/cm~1 q/fs Population

2 0.024 1064.6 868.2 161.6 0.579
3 0.025 1041.6 861.5 177.3 0.592
4 0.025 1006.8 855.7 199.8 0.636
5 0.026 996.5 849.0 208.8 0.686
6 0.027 979.6 842.1 218.3 0.729
7 0.030 963.6 835.1 225.7 0.766
8 0.033 949.2 828.0 230.4 0.796
9 0.036 934.0 820.7 234.0 0.819
10 0.039 918.0 813.0 236.3 0.833
11 0.043 901.1 805.2 237.6 0.838
12 0.047 883.1 797.0 237.8 0.831
13 0.052 864.9 788.6 236.8 0.815
14 0.056 848.0 780.1 234.6 0.783
15 0.061 823.9 772.1 242.9 0.747

Phys. Chem. Chem. Phys., 2000, 2, 1117È1122 1119
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Fig. 1 Potential energy, dipole moment functions and the vibra-
tional energy levels of OF, OBr, OCl and OI.

from the larger bandwidth of the pulse (cf. Fig. 4). As
described by Jakubetz et al.,20 the Ðrst third of the pulse dura-
tion leads mainly to the depopulation of v\ 0, the second to

Fig. 2 Transition dipole moments matrix elements for *v\ 1, 2, 3 of
OF, OBr, OCl and OI (in ea0).

the step by step population of the higher vibrational levels
during the maximum intensity range of the pulse and the last
one the selective population of the target state. The pulses

1120 Phys. Chem. Chem. Phys., 2000, 2, 1117È1122
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Fig. 3 Dissociation probability of HD` plotted against the wave-
numbers for a non-chirped pulse with ps andtp \ 1 E0\ 0.037 742

(cf. text).Eh/ea0

show a direct path through *v\ ^1 transitions to reach the
target state (cf. Fig. 5) from v\ 0 to v\ 10 with *v\ ]1
(]2 for OI). The non-direct path involves excited states above
the target state. They are populated at the beginning of the
decreasing part of the pulse shape giving them a quite large
population around 0.8tp .

In Table 4 we have chosen the OCl molecule as an example
for selective population of various target states v\ 2 to
v\ 15 using chirped pulses. In all cases we have obtained
selective populations between about 60 to 80%. With increas-
ing vibrational quantum numbers the electric Ðeld increases,
whereas and decrease because lower wavenumbers areu1 u2needed in the maximum intensity range of the pulse to popu-
late higher vibrational levels. Since the energy di†erence
between the vibrational levels decreases with v, q increases
with v. With the parameters in Table 4, 1 ps is an appropriate
time to populate mainly the levels lying close to v\ 11.

4 Conclusions
The halogen oxides are of particular interest for atmospheric
chemistry, and studies of their reactivity in selectively excited
vibrational states would considerably contribute to a better
understanding of their reaction dynamics.

Fig. 4 Fourier transform (in arbitrary units) of the chirped pulse
cm~1, cm~1, q\ 236.3 fs(u1\ 918.0 u2\ 813.0 E0\ 0.039 Eh/ea0 ,

and ps) which was used to populate selectively the v\ 10 leveltp \ 1
of OCl. and are respectively the wavenumbers for the transitionsli lf1È0 and 10È9.

Fig. 5 The time evolution of the populations of the vibrational states
for the target state v\ 10 for OF, OCl, OBr and OI with chirped
pulses (cf. Table 3 for parameters). Only the relative changes of the
populations are shown.

The present model study using high quality ab initio poten-
tial and electric dipole moment functions shows that selective
vibrational populations in OX electronic ground states can be
achieved particularly with chirped pulses. For 1 ps pulses the

Phys. Chem. Chem. Phys., 2000, 2, 1117È1122 1121
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parameters have been optimised numerically. It is shown that
selective populations of highly excited vibrational states will
require very Ðne tuning of the pulse parameters. For instance,
in OCl only 5% of the intensity and 2% of the andu1 u2values make the di†erence between the dominating popu-
lations of the v\ 10 and 11 levels. High selectivity in systems
with larger density of vibrational states and decreasing radi-
ative transition probabilities (OI) can be achieved only with
much stronger electric Ðelds. The results presented in Tables 3
and 4 show that the optimised parameters depend in a very
complex way on the energies of the vibrational levels and the
transition dipole matrix elements.
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