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The intramolecular vibrational redistribution (IVR) process is investigated in wave packet simulations of the
vibrational predissociation dynamics of He-I2(B,V′) in the region of highV′ levels,V′ ) 35-65. The simulations
indicate that forV′ e 45 the dynamics is dominated by direct predissociation, whereas for higherV′ levels the
onset of IVR appears and becomes increasingly important. The IVR process occurs via coupling of the initial
state in theV′ manifold to intermediate long-lived resonances belonging to the lowerV < V′ vibrational
manifolds. The IVR dynamics manifests itself in multiexponential behavior and oscillations in the time-
dependent population curves associated with the He-I2(B,V′) initial state, the He-I2(B,V<V′) intermediate
complexes, and the final product states. The population curves corresponding to theV′ - 1 intermediate
resonances located below the He+ I2(B,V′-1,j)0) dissociation limit are analyzed. It is found that initial
population is transferred to all the intermediate resonance states considered, including those more separated
in energy from the initial one. The results obtained for population transfer between the initial and the
intermediate states can be explained by the intensity of the matrix elements coupling the initial and the
intermediate resonances, in combination with the Rabi’s formula for population exchange between two coupled
states.

I. Introduction

At present, current lasers allow one a high degree of state-
selectivity when polyatomic molecules are optically excited.
However, this initial selectivity is typically lost as the dynamics
evolves with time, due to intramolecular vibrational redistribu-
tion (IVR) processes. In principle, the occurrence of IVR is
inherent to any molecular system, due to the fact that the initial
state selectively excited is typically coupled to a manifold of
vibrational states of the system, to which the initial state decays
with time. Understanding the IVR process is a fundamental issue
in chemical reaction dynamics, and the underlying IVR mech-
anisms have been extensively studied in a variety of systems.
Some methods intended to prevent the occurrence of IVR have
been proposed.1-3

Rare-gas-halogen van der Waals (vdW) complexes of the
type Rg-BC are among the systems where IVR has been widely
investigated, both theoretically and experimentally. Indeed, the
IVR process has been studied in the framework of the vibrational
predissociation (VP) of Rg-BC complexes, upon excitation of
a vibrational levelV′ of BC within the B excited electronic state
of the system. Several theoretical works investigating IVR in
Ar-Cl2,4-6 Ar-I2,7 He-Br2,8,9 and Ne-Br2,10-12 have been
reported. These works showed that IVR in the above Rg-BC-
(B) complexes occurs through coupling of the initial state excited
in the V′ vibrational manifold to intermediate, doorway states
correlating with the lower vibrational manifolds (mainlyV′ -
1). Other theoretical works have also found indications of IVR
in the vibrational predissociation of He-Br2 (ref 13) and He-
I2.14 The signature of IVR has been observed experimentally in
the VP of Ar-Cl2,15 He-Br2,9 and Ne-Br2.10 The observable
manifestations of IVR were related to the rotational distributions
of the diatomic fragment produced after VP through the∆V′ )

-2 vibrational dissociation channel. Such rotational distributions
were found to be highly structured and highly dependent on
the initial V′ level excited.

Time-dependent pump-probe experiments on the VP of Ne-
Br2(B,V′)16-29) have been carried out recently.16 In these
experiments it was found that for the higherV′ excitations, the
lifetimes estimated for appearance of Br2 product fragments are
significantly longer than the lifetimes corresponding to disap-
pearance of the Ne-Br2(B,V′) initial state. The delay between
Ne-Br2 disappearance and Br2 product appearance might be
related to temporary trapping of the Ne-Br2 initial population
in intermediate states before dissociation of the complex. Further
wave packet calculations17 on the Ne-Br2(B,V′) VP confirmed
this possibility. The calculations showed that forV′ > 22 IVR
becomes increasingly important, as a result of coupling between
the initial state of Ne-Br2(B,V′) and intermediate quasibound
states corresponding to the lowerV < V′ vibrational manifolds.
The intermediate states are resonances embedded in the
continuum of eachV < V′ manifold, located above the Ne+
Br2(B,V<V′,j)0) dissociation limit, and resonances located
below the Ne+ Br2(B,V<V′,j)0) dissociation limit. The IVR
dynamics manifests itself in multiexponential behavior of the
population curves corresponding to the Ne-Br2(B,V′) disap-
pearance and Br2(B,V<V′) appearance, and in undulations
displayed by these curves, originated by interference between
the initial state, the intermediate quasibound states, and the
product continuum states.

In a previous work,14 indications of IVR dynamics were found
in the VP of He-I2(B,V′) for high V′ levels. The He-I2(B,V′)
complex has been investigated in several experimental18-22 as
well as theoretical23-25 works. However, to the best of the
author’s knowledge, the IVR in this system has not been studied
in detail to date. This is the goal of the present paper, where
wave packet simulations on the VP dynamics of He-I2(B,V′)† E-mail: garciavela@imaff.cfmac.csic.es.
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are reported for severalV′ excitations in the rangeV′ ) 35-65.
In the current work, the evolving wave packet is projected out
onto some of the intermediate quasibound states belonging to
the V′ - 1 vibrational manifold. More specifically, during the
time evolution the wave packet is projected out onto the
intermediate resonances located below the He+ I2(B,V′-1,j)0)
dissociation limit. Such a projection allows one to monitor in
time how the initial population flows toward the intermediate
resonance states, making possible a more detailed analysis of
the IVR mechanism.

The organization of the paper is the following. In section II
the theoretical treatment used is described. In section III the
results are presented and discussed. Conclusions are given in
section IV.

II. Theoretical Treatment
The He-I2 system is represented in Jacobi coordinates (r,R,θ),

wherer is the I-I bond length,R is the distance between He
and the I2 center-of-mass, andθ is the angle between the vectors
r and R associated with the two radial coordinates. The
potential-energy surface used for He-I2(B) in the present
calculations is an empirical fit reported in ref 14. All the
calculations assumed total angular momentumJ ) 0.

The vibrational predissociation of He-I2(B,V′) has been
simulated for sixV′ vibrational excitations, namelyV′ ) 35,
45, 51, 57, 61, and 65. The initial state of the system is the
ground resonance state of He-I2(B,V′). In the previous Ne-
Br2(B,V′) simulations,17 the complex initial state was prepared
in two different ways. In one case, the initial state consisted of
the zero-order ground resonance state of Ne-Br2(B,V′). In the
other case, the ground vibrational state of the complex (corre-
sponding toV′ ) 0) in theX electronic state was excited to the
B state by means of a finite time width pulse, to resemble more
closely the initial conditions of the time-dependent experiments
of ref 16. This latter type of initial preparation creates in the B
state a distribution of states around the resonance of interest,
with a width inversely depending on the pulse time width. The
subsequent dynamics was found to be similar for the two initial
preparations of the system. In the current study it was chosen
to start from the zero-order ground resonance of He-I2(B,V′)
for the sake of simplicity in the analysis, because in this way
the predissociation dynamics essentially corresponds to the
resonance of interest.

Both the initial resonance state of the system and the
intermediate quasibound states belonging to theV′ - 1
vibrational manifold onto which the wave packet was projected
out, were calculated variationally by expanding the resonance
wave function as

In eq 1,øV
(j)(r) are the rovibrational eigenstates of I2, Pj(θ) are

normalized Legendre polynomials, andψm(R) are radial func-
tions built up from a discrete variable representation (DVR) of
sinc functions. In the basis set of eq 1, one vibrational stateV
) V′, and 25 Legendre polynomials (with evenj) were used.
Regarding theψm(R) functions, they are the so-called “wrapped”
sinc functions,26 which are defined as

where

with sinc(x) ) sin(x)/x and∆ ) 0.25 au the spacing between
grid points. The above functions were used along with a
quadrature where the grid points and weights areRm ) m∆ and
ωm ) ∆, respectively. In the calculations 120ψm(R) functions
were included in the basis set.

The ground resonance energies (corresponding to the initial
states) for theV′ ) 35, 45, 51, 57, 61, and 65 levels are-13.56,
-13.30,-13.19,-13.39,-13.83, and-14.53, respectively.14

These energies are relative to the vibrational energy level of
I2(B,V′,j′)0). The intermediate quasibound states below the He
+ I2(B,V′-1,j)0) dissociation limit have been calculated forV′
- 1 ) 50, 60, and 64, and their energies are collected in Table
1. Five quasibound levels are found for theV′ - 1 ) 50
vibrational manifold, and six levels are obtained for theV′ - 1
) 60, and 64 manifolds.

At this point, one might ask how justified it is to use a He-
I2(B,V′) intermolecular potential that was fit to experimental
information concerning the ground intermolecular level,14 to
calculate excited intermolecular states. One of the experimental
quantities used to fit the potential surface was the predissociation
lifetime. During the predissociation process, the system visits
the continuum of the vibrational manifolds lower thanV′ (V′ -
1, V′ - 2, etc.), and therefore it samples the upper energy region
of the intermolecular potential in those manifolds. Because the
potential reproduces the lifetimes in good agreement with the
experimental data, it indicates that the upper region of the
intermolecular potential is realistic enough.

The vibrational predissociation dynamics is simulated by
solving the time-dependent Schro¨dinger equation for the wave
packetΦ(r,R,θ,t), which is expanded as

where EV
(j) are the energy levels associated with theøV

(j)(r)
states. The method to propagate the wave packet has been
described in detail in ref 14. Only some of the parameters of
the calculations have been modified in the present work, and
they will be described next. TheR coordinate is represented on
a uniform grid consisting of 200 points withR0 ) 0 au and∆R
) 0.25 au. The number of rotational states included in the
expansion of eq 4 was 20 (with evenj). The wave packet is
absorbed in the limits of theR grid after each propagation time
step,∆t ) 0.04 ps, by multiplying eachCV,j(R,t) packet by the
function exp[-A(R - Rabs)2], for R > Rabs) 43.0 au, withA )
0.5 au-2. It is considered that the vdW bond is effectively broken
for distancesR > Rc ) 20.0 au. In all cases the wave packet
propagation was carried out until a final timetf ) 120 ps.

III. Results and Discussion

A. Time-Dependent Population Curves and Lifetimes.The
time evolution of the population curves for disappearance of

Φ(r,R,θ) ) ∑
V,m,j

cm, j
(V) ψm(R) øV

(j)(r) Pj(θ) (1)

ψm(R) ) φm(R) - φm(-R), m ) 1, ...,∞ (2)

φm(R) ) ∆-1/2 sinc[π(R∆ - m)] (3)

TABLE 1: Calculated He-I 2(B,W′-1) Resonance Energies
Relative to the He+ I 2(B,W′-1,j)0) Dissociation Limit

En
(V′-1) (cm-1)

n V′ - 1 ) 50 V′ - 1 ) 60 V′ - 1 ) 64

0 -13.193 -13.700 -14.336
1 -6.395 -6.154 -5.933
2 -5.008 -4.723 -4.461
3 -3.019 -3.282 -3.348
4 -0.837 -1.359 -1.747
5 -0.074 -0.138

a The indexn is a collective index that labels the resonance states
by their energy position.

Φ(r,R,θ,t) ) ∑
V,j

CV,j(R,t) øV
(j)(r) Pj(θ) e-iEV

(j)t/p (4)
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the He-I2(B,V′) initial state, for appearance of I2(B,V<V′)
products (labeled asV ) V′ - 1, V′ - 2, etc.), and for appearance
of intermediate He-I2(B,V<V′) complexes (labeled asV ) V′
- 1int, V′ - 2int) are shown in Figures 1-3 for the differentV′
levels studied. Due to the higher density of curves, the panels
corresponding toV′ ) 57, 61, and 65 have been separated into
two figures. Also, for the sake of clarity, in the abcissa of Figures
2 and 3 the time range has been reduced to 100 and 70 ps,
respectively. The curves corresponding to the appearance of I2-
(B,V<V′) products and to the appearance of intermediate He-
I2(B,V<V′) complexes were calculated by accumulating the wave
packet probability in each dissociation channel in the regions
R > Rc ) 20 au andR < Rc ) 20 au, respectively. In addition,
Figures 1-3 show exponential fits,Pv(t) = A(1 - e-t/τ) (being
A < 1 an amplitude scaling coefficient17), to the population
curves of the dominant dissociation channel, namelyV ) V′ -
1 for V′ e 57 andV ) V′ - 2 for V′ ) 61 and 65. This type of
single-exponential fits were used to fit the experimental time-
dependent appearance curves measured for the I2 and Br2
products obtained from predissociation of He-I2(B,V′)22 and
Ne-Br2(B,V′),16 respectively.

For V′ ) 35, the curves for the disappearance of He-I2(B,V′)
and for the appearance of I2(B,V<V′) show an exponential
behavior, indicating that the dynamics is dominated by direct

predissociation of He-I2(B,V′) to the continuum, in a regime
of a single, essentially isolated initial resonance. The case ofV′
) 45 is still similar, although theV′ - 1 andV′ - 2 I2 appearance
curves begin to display very slight undulations at short times,
and the intermediate population curvesV ) V′ - 1int andV′ -
2int show bumps. ForV′ g 51, the undulations in the I2(B,V<V′)
appearance curves become more intense, and a clear structure
of bumps or recurrences appears in the curves corresponding
to disappearance of He-I2(B,V′) and to appearance of interme-
diate He-I2(B,V<V′) complexes. This multiexponential behavior
is a typical signature of IVR dynamics.22,27 The maxima and
minima appearing in the curves corresponding to the initial,
intermediate, and fragment continuum states alternate, indicating
exchange of population between all these states. The intensity
of the population of intermediate complexes increases gradually
with V′.

Figure 1. Population curves for disappearance of He-I2(B,V′),
appearance of I2(B,V<V′) products, and appearance of He-I2(B,V<V′)
intermediate complexes (labeled asV′ - 1int, V′ - 2int) vs time, forV′
) 35, 45, and 51. Exponential fits (solid lines) to the I2(B,V′-1)
appearance curves are also shown in the figure.

Figure 2. Same as Figure 1 but forV′ ) 57 and 61. Exponential fits
(solid lines) to the I2(B,V′-1) (for V′ ) 57) and I2(B,V′-2) (for V′ )
61) appearance curves are also shown in the figure.

Figure 3. Same as Figure 1 but forV′ ) 65. An exponential fit (solid
line) to the I2(B,V′-2) appearance curve is also shown in the figure.
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The undulations and recurrences displayed by the population
curves of Figures 1-3, originating in multiexponential dynam-
ics, were also found in the time-dependent curves calculated
for VP of Ne-Br2(B,V′) in ref 17. Indeed, the state of the system
initially prepared is close in energy and coupled to long-lived
intermediate resonance states belonging to the lowerV < V′
vibrational manifolds, in which the system population is
temporarily trapped. The intermediate resonances can be located
below the dissociation limit of the complex or can be embedded
in the continuum of the correspondingV < V′ manifold.
Intermolecular resonances embedded in the continuum above
the dissociation limit have been spectroscopically accessed
recently in the case of the He-ICl(B,V′)2) complex.28 Interfer-
ence and exchange of population along time between theV′
initial resonance state, theV < V′ intermediate resonances, and
the V < V′ product fragment continuum states is what causes
the undulations in the corresponding population curves of
Figures 1-3.

The increasing intensity of the population corresponding to
the He-I2(B,V<V′) intermediate complexes with increasingV′
was also found in the Ne-Br2(B,V′) case.17 This behavior was
attributed in that work to an increasing density of theV < V′
intermediate resonances coupled to the initial state whenV′
increases. The underlying idea is that as the number of
intermediate resonances coupled to the initial one increases, the
probability of transfer of population from the initial state to the
intermediate ones will increase correspondingly.

Actually, in the case of Ne-Br2 the intensity of theV′ - 1
intermediate population curve increased withV′ up toV′ ) 27.
ForV′ g 28, where the∆V′ ) -1 dissociation channel is already
closed, the intensity of theV′ - 1 intermediate population began
to decrease. However, the intensity of theV < V′ - 1
intermediate population curves increased monotonically with
V′ in all the range ofV′ levels studied.17 The same behavior is
displayed by the He-I2 intermediate population curves of
Figures 1-3. Indeed, theV′ - 1 intermediate population curve
increases in intensity with increasingV′ up toV′ ) 61 and begins
to decrease slightly forV′ > 61, where the∆V′ ) -1 channel
is energetically closed. TheV < V′ - 1 intermediate population
curves, however, increase monotonically in intensity with
increasingV′.

The above behavior was explained in the case of Ne-Br2-
(B,V′) by suggesting the following structure of the spectrum of
intermediate resonances within eachV < V′ vibrational manifold
(Figure 10 of ref 17 shows a schematic view of such a
spectrum). In this spectrum, the density of continuum resonance
states would increase gradually as the energy decreases in the
continuum region approaching the Ne+ Br2(B,V<V′,j)0)
dissociation limit, reaching a maximum at energies around this
limit. The density of the intermediate resonances turns to
decrease as their energy keeps decreasing below the dissociation
limit, as seen from the quasibound energy levels of Table 1.

Such a structure of the spectrum of intermediate resonances
explains that theV′ - 1 intermediate population, and therefore
the IVR dynamics, reaches a maximum of intensity for aV′
level near the closing of the∆V′ ) -1 dissociation channel.
Indeed, as the initialV′ level increases, the energy spacing
between theV′ andV < V′ vibrational manifolds decreases, and
the initial ground resonance falls into a gradually denser and
denser region ofV′ - 1 continuum resonances. For the highest
V′ level before the closing of the∆V′ ) -1 channel, the initial
resonance is embedded in a region where the density ofV′ - 1
intermediate states is maximum, and coupling to these high
number of states explains the maximum of theV′ - 1

intermediate population. For higherV′ levels (once the∆V′ )
-1 channel is closed), the initial resonance falls energetically
below the V′ - 1 dissociation limit, where the density of
intermediate quasibound states coupled to the initial one turns
to decrease, and therefore the intensity of theV′ - 1 intermediate
population curve decreases as well. The intensity of theV < V′
- 1 intermediate populations increases monotonically withV′
because the∆V′ < - 1 dissociation channels are still open, and
the density of theV < V′ - 1 intermediate continuum resonances
coupled to the initial resonances is increasing monotonically
with V′. Because the behavior of the population curves of the
He-I2(B,V<V′) intermediates is the same as that of the Ne-
Br2(B,V<V′) intermediates, it is expected that the spectrum of
intermediate resonances suggested for Ne-Br2 will also be valid
for He-I2.

Related to the above discussion, it is interesting to note that
the V′ - 1 intermediate population curve that takes a longer
time to decay is that corresponding toV′ ) 61, the highest level
for which the∆V′ ) -1 dissociation channel is still open. Again,
the same result was found forV′ ) 27 in Ne-Br2(B,V′).17 This
behavior is also related to the maximum of the density of long-
lived intermediate resonances coupled to the initial state, reached
for the highestV′ level for which the∆V′ ) -1 channel is still
open.

A remarkable feature in all of the intermediate population
curves (V′ - 1int, V′ - 2int, V′ - 3int, etc.) in theV′ ) 65 case is
the noticeable structure of peaks they display. Such a pro-
nounced structure does not appear in the intermediate population
curves calculated for the lowerV′ levels studied. This structure
also was not found in the intermediate population curves
calculated for Ne-Br2(B,V′),17 probably due to the fact that the
highestV′ level studied (V′ ) 29) was not sufficiently high. As
we shall see below, the origin of this structure of peaks, at least
in the case of theV′ - 1int curve, is related to the probability
transferred to the intermediate quasibound states located below
the He+ I2(B,V′-1,j)0) dissociation limit.

So far the results show that the behavior of the different
population curves obtained from the VP dynamics of He-I2-
(B,V′) is very similar to that found in Ne-Br2(B,V′), indicating
that the corresponding IVR mechanisms will be similar as well.
It becomes now interesting to investigate what happens with
the lifetimes associated with the disappearance of the He-I2-
(B,V′) initial state, and with the appearance of I2(B,V<V′) product
fragments, as was done experimentally16 and theoretically17 for
Ne-Br2. Lifetimes for He-I2(B,V′) disappearance were calcu-
lated in a previous work.17 Lifetimes for I2(B,V<V′) product
appearance have been extracted in the current work by fitting
the I2(B,V<V′) appearance population curves corresponding to
the dominant dissociation channel to an exponential function,
as described in the beginning of this section. All the lifetimes
are collected in Table 2.

TABLE 2: Calculated Lifetimes for Disappearance of
He-I 2(B,W′) and for Appearance of I2(B,W<W′) Product
Fragments. the Lifetimes for I2 Appearance Correspond to
I2(B,W′-1) Products for W′ e 57 and to I2(B,W′-2) Products
for W′ ) 61 and 65

τ (ps)

V′
disappearance

of He-I2

appearance
of I2 product

35 17.5 17.5
45 6.7 7.0
51 3.9 6.2
57 2.5 4.3
61 2.5 11.0
65 1.7 7.0
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It is found that the lifetimes for He-I2 disappearance and
for I2 appearance are very similar forV′ ) 35 and 45. This result
is expected from a direct predissociation dynamics. ForV′ g
51, the lifetimes for I2 appearance become significantly longer
than those associated with He-I2 disappearance. Because this
is the region ofV′ levels where IVR becomes important, it
appears sensible to assign the delay between appearance of I2

products and disappearance of He-I2 to trapping of the initial
population in long-lived intermediate resonances. Again, the
same behavior was found for the corresponding lifetimes in Ne-
Br2(B,V′).16,17 It is interesting to note the long I2 appearance
lifetime found for V′ ) 61, again the higher level just before
the closing of the∆V′ ) -1 dissociation channel. Another
similarity with the Ne-Br2 case is the nonmonotonic behavior
of the I2 product appearance lifetimes withV′. Thus, the behavior
of the time-dependent populations curves and lifetimes withV′
in the VP of He-I2(B,V′) is very similar to that found in Ne-
Br2(B,V′), which suggests similar IVR mechanisms.

B. Wave Packet Projection onto theW′ - 1 Intermediate
Resonances.The wave packet was projected out onto theV′ -
1 intermediate quasibound states located below the He+ I2-
(B,V′-1,j)0) dissociation limit. The projection was carried out
onto the intermediate resonance states corresponding toV′ - 1
) 50, 60, and 64, whose energy levels are collected in Table 1.
Unfortunately, the intermediate resonances embedded in the
continuum of theV′ - 1 manifold (i.e., above the He+ I2-
(B,V′-1,j)0) dissociation limit) cannot be converged through
the bound state calculations described in section II, and therefore
they were not included in the projection of the wave packet.

At this point, it is convenient to specify the energy position
of the He-I2(B,V′) initial state with respect to the energy location
of theV′ - 1 intermediate quasibound states. As mentioned in
section II, the energies of the initial state of He-I2(B,V′), relative
to the I2 vibrational energy levelEV′

(j′)0), are-13.19,-13.83,
and-14.53 cm-1 for V′ ) 51, 61, and 65, respectively. The I2

vibrational spacings areEV′
(j′)0) - EV′-1

(j′)0) ) 29.90, 14.60, and
9.92 cm-1 for V′ ) 51, 61, and 65, respectively. Thus, the energy
level of the He-I2(B,V′) initial state is located 16.71 cm-1 above,
0.77 cm-1 above, and 4.61 cm-1 below the He+ I2(B,V′-1,j)0)
dissociation limit forV′ - 1 ) 50, 60, and 64, respectively.

In Figure 4, population curves which accumulate the prob-
ability obtained by projecting out the wave packet onto all the
V′ - 1 intermediate quasibound states (labeled asV′ - 1sum),
are shown vs time. For the sake of comparison, the population
curves corresponding to the He-I2(B,V′-1) intermediate com-
plexes are also presented in the figure. It should be noted that
the difference in intensity between theV′ - 1sum and theV′ -
1int population curves is essentially due to the probability
transferred to both the intermediate resonances embedded in
the V′ - 1 continuum and theV′ - 1 continuum product
fragment states (through direct predissociation). This probability
is included in theV′ - 1int curve but not in theV′ - 1sum one.

ForV′ ) 51, the intensity of theV′ - 1sumcurve is very small.
This is not surprising because the initial state is energetically
far from (and therefore weakly coupled to) theV′ - 1
quasibound states onto which the wave packet is projected out.
In the case ofV′ ) 51, the initial state is expected to be more
strongly coupled to continuum resonances in theV′ - 1
manifold. AsV′ increases, theV′ initial state becomes closer in
energy, and therefore more strongly coupled to theV′ - 1
intermediate quasibound states. As a result, theV′ - 1sum

population increases gradually, and forV′ ) 65 it accounts for
most of the population of theV′ - 1int curve.

By comparing theV′ - 1sumandV′ - 1int curves corresponding
to V′ ) 61 and 65, we find an intersting feature. At short times
the two curves essentially coincide, but their intensities become
increasingly separated as time proceeds. The implication is that,
as long as the coupling bewteen the initial state and theV′ - 1
intermediate quasibound states below the He+ I2(B,V′-1,j)0)
dissociation limit becomes sufficiently strong, this coupling acts
in a shorter time scale than the coupling between the initial
and theV′ - 1 intermediate continuum resonances. We shall
come back to this point later.

It is found, in the case ofV′ ) 65, that both theV′ - 1int and
the V′ - 1sum population curves present a similar structure of
peaks at short times. Thus, as mentioned above, most of the
structure of peaks of theV′ - 1int curve is due to initial wave
packet intensity transferred to the intermediate quasibound states
below the V′ - 1 dissociation limit, rather than toV′ - 1
intermediate continuum resonances. This structure will be
analyzed in more detail below.

The V′ - 1sum population curves, which accumulate the
probability transferred to all of the quasibound states considered
in the wave packet projection, are not observable. However,
the time-dependent population curves corresponding to eachV′
- 1 intermediate quasibound state can be, in principle, observed
experimentally. These curves are shown in Figures 5 and 6 for

Figure 4. Population curves accumulating the probability transferred
to all theV′ - 1 intermediate resonance states of Table 1 (labeled asV′
- 1sum) vs time, forV′ ) 51, 61, and 65. The corresponding intermediate
population curves,V′ - 1int, are also shown for comparison.
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V′ ) 61 and 65, respectively, along with the correspondingV′
- 1sum curves for the sake of comparison.

Interestingly, the curves of Figures 5 and 6 show that the
initial state is appreciably coupled to all theV′ - 1 quasibound
states considered, and not only to those closer in energy. Indeed,
a substantial amount of initial probability goes to then ) 0
quasibound state at short times, for bothV′ ) 61 and 65, despite
that this state is separated from the initial one by∼14 cm-1

and ∼10 cm-1, respectively. In the previous work17 on Ne-
Br2(B,V′) it was assumed that the coupling of the initial state
was effective essentially with nearly degenerate intermediate
resonances of the lower vibrational manifolds. The present result
appears to indicate that the initial state is effectivelly coupled
to intermediate states located in a relatively large range of
energy. This situation seems to be different to that found for
Ar-Cl 2(B,V′>8),5 where the IVR mechanism proceeds via
coupling to mainly oneV′ - 1 intermediate quasibound state
rather close in energy to the initial resonance state.

Another interesting feature is that theV′ - 1 quasibound states
that reach the maximum of population are not the closest ones
in energy to theV′ initial state. ForV′ ) 61 and 65, the
quasibound states closest in energy to the initial state aren )
5 andn ) 2, respectively. However, the maximum intensity of
population is reached forn ) 4 andn ) 0 in the cases ofV′ )
61 and 65, respectively. A possible explanation is that the matrix
elements coupling the initial and these intermediate states are
larger. Indeed, the coupling matrix elements between the initial
and the intermediate states are expected to be larger as the
quantum numbers in the intermolecular modes of the initial state

(n ) 0) become more similar to those of the quasibound
intermediate states (i.e., lown).

The matrix elements between the initial and the intermediate
quasibound states have been calculated forV′ ) 61 and 65. For
V′ ) 61, these matrix elements are 1.02× 10-5, 3.51× 10-6,
2.48× 10-6, -3.29× 10-6, 3.82× 10-6, and 2.12× 10-7 au,
for n ) 0-5, respectively. The matrix elements for theV′ ) 65
initial state are-1.71 × 10-5, 4.67 × 10-6, -2.85 × 10-6,
-3.32 × 10-6, -3.41 × 10-6, and 1.01× 10-6 au, for n )
0-5, respectively. For the twoV′ levels, the largest matrix
element is that corresponding to the lowestn ) 0 intermediate
quasibound state. However, forV′ ) 61 the second largest matrix
element corresponds to then ) 4 quasibound state, whereas
then ) 5 matrix element is the smallest one. ForV′ ) 65, the
n ) 0 matrix element is comparatively larger than in theV′ )
61 case, and then ) 2 matrix element is the second smallest
one. Thus, there appears to be a relation (at least partial) between
the magnitude of the matrix elements coupling the initial and
the intermediate quasibound states and which quasibound state
reaches the maximum population.

The results show that the lowest quasibound states (n ) 0,
1) are the first ones being populated, for bothV′ ) 61 and 65.
Actually, the curves of Figures 5 and 6 show that the order in
which the intermediate quasibound states begin to be populated
along time, follows the order of their energy position, namely,
first n ) 0, thenn ) 1, thenn ) 2, etc. In general, the population
curves associated with theV′ - 1 quasibound states display a
structure of peaks, in the cases of bothV′ ) 61 and 65. This
structure is more pronounced in the curves of theV′ - 1 ) 64
quasibound states, and the superposition of all the individual
structures give rise to the structure of peaks displayed by theV′
- 1sumpopulation curve. The structure of peaks in the population

Figure 5. Population curves corresponding to eachV′ - 1 intermediate
resonance state (labeled by then index) vs time forV′ ) 61. The
correspondingV′ - 1sumpopulation curve is also shown for comparison.

Figure 6. Same as Figure 5 but forV′ ) 65.
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curve of each intermediate state indicates that the population is
transferred or exchanged by “beats”.27 In addition, the peaks in
each curve are typically separated by a rather constant amount
of time, and the curves associated with the lower quasibound
states (more separated in energy from the initial one) present a
higher number of oscillations.

The behavior and the structure of the population curves of
Figures 5 and 6 can be explained by the Rabi’s formula29 for
the exchange of probability between two coupled states.
According to this formula, the time-dependent behavior of the
probability transferred from the initial to a given intermediate
state is given byPif (t) ) [4|Wif|2/(4|Wif|2 + (Ei - Ef)2)] sin2-
[(4|Wif|2 + (Ei - Ef)2)1/2t/2p], whereEi andEf are the energies
of the initial and intermediate states, respectively, andWif is
the coupling between them. This formula shows that as theEi

- Ef energy separation increases, the population exchange
oscillates faster in time, as found in Figures 5 and 6.

Figures 5 and 6 show that the population curves of some of
the intermediate states extend up to 40 ps with appreciable
intensity. Some curves extend for longer times, reaching up to
100 and 120 ps, albeit with a substantially lower intensity.
However, a period of 40 ps might be long enough to detect
experimentally some of the population curves.

IV. Summary and Conclusions

Wave packet simulations of the vibrational predissociation
of He-I2(B,V′) were carried out for high vibrational levelsV′
(V′ ) 35, 45, 51, 57, 61, and 65) to investigate the IVR dynamics
in this system. Time-dependent population curves for disap-
pearance of the He-I2(B,V′) initial state and for appearance of
He-I2(B,V<V′) intermediate complexes and I2(B,V<V′) product
fragments were computed. ForV′ ) 35 and 45, the population
curves show a single exponential behavior, consistent with a
dynamics essentially dominated by direct predissociation. For
V′ g 51, IVR dynamics manifests itself in the form of
multiexponential behavior and oscillations in the different
population curves. The IVR process occurs via coupling of the
system initial state toV < V′ intermediate long-lived resonances
located both in the continuum and below the dissociation limit
of the V < V′ vibrational manifolds. The oscillations found in
the population curves indicate that theV′ initial state, theV <
V′ intermediate resonance states, and theV < V′ product
continuum states are coupled, and they interfere and exchange
population along time. It is also found that the population of
the He-I2(B,V<V′) intermediate complexes increases gradually
with V′, reflecting that the probability of IVR dynamics is
enhanced with increasingV′.

Lifetimes for disappearance of the He-I2(B,V′) initial state
and for appearance of I2(B,V<V′) products were computed. For
V′ ) 35 and 45, the lifetimes obtained for He-I2(B,V′)
disappearance and I2(B,V<V′) appearance were very similar,
confirming that in this region ofV′ levels the dynamics is
dominated by direct predissociation. ForV′ g 51, the I2(B,V<V′)
appearance lifetimes become significantly longer than those for
He-I2(B,V′) disappearance, suggesting that the initial population
is temporarily trapped in intermediate long-lived resonances.

Time-dependent population curves corresponding to some of
the V′ - 1 intermediate resonance states, specifically those
located below the He+ I2(B,V′-1,j)0) dissociation limit, have
been computed by projecting out the wave packet onto such
states. This allowed for a more detailed analysis of the IVR
mechanisms. It is found that the initial population is transferred
to all the intermediate resonances considered, not only those
closer in energy to the initial state. In fact, the maximum transfer

of population occurs for intermediate resonances which are not
the closest ones in energy to the initial state. The initial
population is transferred to the lower intermediate resonances
(more separated in energy from the initial state) in a shorter
time scale, and this time scale increases with increasing energy
of the intermediate resonances. In addition, the population curves
of individual intermediate resonances display a structure of
peaks, separated by a rather constant period of time. All these
results can be rationalized in terms of the intensity of the matrix
elements coupling the initial and the intermediate resonances,
combined with the Rabi’s formula for the exchange of popula-
tion between two coupled states. This formula predicts an
oscillating behavior in time of the population exchange, depend-
ing on the coupling and the energy separation between the initial
and a given intermediate state.

Finally, the IVR behavior found in this work for He-I2(B,V′),
regarding the population curves of the initial, intermediate, and
final product states, as well as the lifetimes for He-I2(B,V′)
disappearance and I2(B,V<V′) product appearance, is very similar
to that previously obtained for Ne-Br2(B,V′).17 Thus, these
results come to support the hypothesis that the IVR mechanism
suggested is general to a variety of rare-gas-halogen vdW
complexes.
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