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The He-I2(B, V) resonances embedded in the continuum of the V ) 60 and 59 vibrational manifolds are
investigated. Such states manifest a nature of overlapping and long-lived orbiting resonances, which are
supported by centrifugal barriers originated in internal rotational excitation of I2 and He within the complex.
The same number of orbiting resonances, six, is found for V ) 60 and for V ) 59, with similar energy
positions and wave functions, indicating that the spectrum of orbiting resonances changes slowly with the
vibrational state V. Three of the orbiting resonances appear at nearly the same energies as the peaks observed
experimentally in the vibrational relaxation cross section of I2(B, V ) 21) through low temperature collisions
with He. Such finding suggests that the cross section peaks have their origin in orbiting resonances of the
He-I2(B, V ) 21) complex formed upon the collision.

I. Introduction

The spectroscopy and dynamics of van der Waals (vdW) rare-
gas clusters doped with molecular impurities have been exten-
sively studied during the last three decades.1-24 Among these
studies, the pioneering theoretical works of Benny Gerber and
co-workers contributed remarkably to the progress of the
field.25-28 As a result of this extensive research, the behavior
of these clusters is, at present, well understood in general. There
are, however, some aspects that still require further detailed
investigation. One such aspect is the presence in vdW clusters
of orbiting resonances embedded in the continuum, and the role
they play in the cluster photofragmentation dynamics when such
resonances are accessible.

Signature of these resonances has been found in different
processes involving vdW clusters. Among them is the
He-ICl(B, V′) complex, where metastable intermolecular states
of the type of orbiting resonances were observed spectroscopi-
cally.29 Those states lie just above the He+ICl(B, V′ ) 2, j′ )
0) dissociation threshold but are trapped behind a centrifugal
barrier due to orbital motion of He around ICl.

The role of long-lived orbiting resonances was also invoked
to explain some unexpected findings observed experimentally
in the vibrational predissociation of the Ne-Br2(B, V′) vdW
complex. These findings were Br2 product rotational distribu-
tions more excited than expected,20 and significantly longer than
expected appearance times of the Br2 products.30 Theoretical
simulations (classical and quantum mechanical ones) suggested
that the above experimental findings were originated by in-
tramolecular vibrational redistribution (IVR) mechanisms, where
the resonances embedded in the continuum played the role of
long-lived intermediate states in which the complex was
temporarily trapped before dissociation.20,21,31,32 More recently,
the Ne-Br2(B, V ) 26) continuum resonances were character-
ized, confirming their nature of long-lived orbiting resonances
supported by centrifugal barriers originated in rotational excita-
tion of Br2 and Ne within the complex.33 The resonances were
found to be strongly overlapping and highly delocalized in space.
It is noted that in this case the orbiting resonances are supported

by centrifugal barriers associated with the internal rotation of
the Br2 and Ne subunits within the complex (with internal
angular momenta j and l, respectively, in Jacobi coordinates).
This is a different situation from the more common one where
the orbiting resonances are supported by a centrifugal barrier
associated with the total angular momentum of the system, J.

Orbiting resonances present in the He-I2 vdW complex have
also been suggested as responsible for the enhancement at certain
energies of the collision-induced vibrational relaxation cross
section of I2 through collisions with He at low temperatures.34-38

In the most recent experiments,37,38 the vibrational relaxation
of I2(B, V′ ) 21) by collisions with He was investigated in the
energy range 0.65-5.8 cm-1. The vibrational relaxation cross
section measured exhibited a pattern of peaks and nodes
consisting of three peaks appearing at energies smaller than 2
cm-1. The origin of the cross section peaks was attributed to
continuum resonances of the He-I2(B, V′ ) 21) complex, which
is formed upon the low energy collisions, and that enhance the
I2(B, V′ ) 21) vibrational relaxation probability.

The aim of the present work is to investigate the continuum
resonances of the He-I2(B) cluster. Theoretical evidence of IVR
mechanisms mediated by continuum resonances has been found
in the vibrational predissociation of He-I2(B).39 The goal here
is 2-fold. On the one hand, it is intended to explore the nature
of the He-I2(B) continuum resonances to asses whether they
are orbiting resonances of the same type as those found in the
case of Ne-Br2(B).33 On the other hand, it is pursued to analyze
whether the resonances found can explain the origin of the cross
section enhancement observed experimentally.37,38 Similarly as
in the case of Ne-Br2(B),33 in this work the continuum
resonances of He-I2(B) are accessed and probed by simulating
the vibrational predissociation of the complex, instead of the
He+I2(B) collisional process investigated experimentally.37,38

This Article is organized as follows. Section II presents the
methodology used and the computational details. The results
are presented and discussed in section III. Conclusions are given
in section IV.

II. Theoretical Method

It has been shown in the case of Ne-Br2(B) that by exciting
a Rg-X2(B) complex (Rg ) rare gas atom, X ) halogen atom)
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to a given intermolecular resonance state corresponding to a
sufficiently high vibrational manifold V′ of the X2(B) moiety,
the excited resonance can interact with the nearby resonances
embedded in the continuum of the V′ - 1 manifold, and thus
they can be accessed and probed.32 If the ground intermolecular
resonance (for instance) of Rg-X2(B, V′) is initially excited,
vibrational predissociation of the complex takes place populating
the V′ - 1 vibrational manifold (and lower ones). When the
initial Rg-X2(B, V′) ground intermolecular resonance is coupled
to V′ - 1 continuum resonances, these latter resonances are
populated in the predissociation process (giving rise to IVR
effects) and can be probed. Let us denote by Vc the Rg-X2(B)
vibrational level such that for V′ g Vc the ∆V′ ) -1 channel of
vibrational predissociation is energetically closed. The situation
in which the Rg-X2(B, V′) initial ground intermolecular reso-
nance is closer in energy to the Rg-X2(B, V′ - 1) continuum
resonances is usually achieved for the V′ levels near Vc and just
below it (typically for V′ ) Vc - 1, Vc - 2, and for some systems
also V′ ) Vc). Thus, those initial V′ levels are the optimal ones
to access and probe the V′ - 1 continuum resonances in a
vibrational predissociation process of Rg-X2(B).

In the case of He-I2(B) with the potential-energy surface used
in this work, the vibrational level Vc for which the ∆V′ ) -1
dissociation channel becomes energetically closed is Vc ) 62.
Thus, the ground intermolecular resonances of He-I2(B, V′) for
V′ ) 61 and 60 are well-suited initial states to probe the
He-I2(B, V′-1) continuum resonances, because they are ener-
getically located 0.78 cm-1 above the He+I2(B, V′ - 1 ) 60, j′
) 0) dissociation limit and 2.21 cm-1 above the He+I2(B, V′ -
1 ) 59, j′ ) 0) dissociation limit, respectively. Therefore,
simulations of the He-I2(B, V′) vibrational predissociation
dynamics have been carried out for the two initial states, the
ground intermolecular resonance of He-I2(B, V′) for V′ ) 61
and 60. In this way, the He-I2(B, V′-1) continuum resonances
associated with two different vibrational levels, V′-1 ) 60 and
59, can be investigated and compared. It is noted that the
continuum resonances associated with the V′ - 1 ) 21 level
(the vibrational level studied experimentally) cannot be accessed
and probed through a vibrational predissociation process starting
from the ground intermolecular resonance of He-I2(B, V′ ) 22).
The reason is that for these low V′ levels, there are no IVR
effects in He-I2(B, V′), because the initial ground intermolecular
resonance of He-I2(B, V′ ) 22) is located at a high enough
energy relative to the V′ - 1 ) 21 continuum resonances as to
make the coupling and interaction between the initial and the
continuum resonances negligible.

The system is represented in Jacobi coordinates (r, R, θ), were
r is the I-I internuclear distance, R is the separation between
He and the I2 center-of-mass, and θ is the angle between the r
and R vectors. The potential-energy surface used to model the
interaction of the He-I2(B) complex is an empirical one, which
has been described in detail elsewhere.40 This potential surface
was modeled as a sum of pairwise He-I Morse interactions
plus a three-body interaction term with an explicit dependence
on the I-I internuclear separation. The parameters of the
potential function were fitted to reproduce the available spec-
troscopic and dynamical experimental data (spectral blueshifts
and vibrational predissociation lifetimes) in a wide range, V′ )
10-67, of vibrational excitations of He-I2(B). The experimental
data are reproduced by the fitted potential surface with good
agreement across the V′ ) 10-67 range, and particularly for
high V′ levels, which was attributed to the three-body interaction
term included in the potential.40 Thus, the potential surface of
ref 40 is particularly well suited for the simulations of the

He-I2(B, V′) vibrational predissociation for the high V′ ) 61
and 60 initial levels carried out in this work. It is noted that an
ab initio potential surface for the He-I2(B) system has been
recently reported.41 However, as pointed out in ref 41, the range
of I2 internuclear separations spanned by the ab initio potential
is r ) 2.65-3.45 Å, implying that only the few first vibrational
excitations V′ of He-I2(B, V′) can be accurately described.
Therefore, the choice of the empirical potential of ref 40 appears
more suitable for such high V′ levels as those studied here.

The vibrational predissociation process starting from the
ground intermolecular resonance of He-I2(B, V′ ) 61, 60) was
simulated by means of a wave packet method.31,32 The wave
packet representing the system is expanded as

where �V
( j)(r) and EV

( j) are the rovibrational eigenvectors and
eigenenergies of I2(B), respectively, Pj(θ) are normalized
Legendre polynomials, and CV, j(R, t) are the expansion coef-
ficients, which are propagated through a set of time-dependent
coupled equations. The basis set used consisted of 20 rotational
states (with even j) and six vibrational states (V ) V′, V′ - 1,..., V′
- 5). The CV, j(R, t) coefficients are represented on a grid in R
consisting of 3600 equidistant points with Rin ) 0a0 and ∆R )
0.25a0. The wave packet is absorbed at the edges of the grid by
multiplying each CV, j(R, t) packet by the function
exp[-a(R-Rabs)2], with a ) 0.0025a0

-2 and Rabs ) 850.0a0. This
large grid in R is used to avoid the need to absorb the wave
packet components associated with the V′ - 1 continuum
resonances. The components of these resonances, and especially
those of the lowest ones, are particularly difficult to absorb,
because the resonances appear at very low energies (with respect
to the V′ - 1 dissociation threshold) and therefore have
associated very large de Broglie wavelengths. In this sense, the
strategy adopted here has been to perturb the resonances under
study in the least way possible with an artificial procedure like
wave packet absorption. An absorbing potential is useful,
however, to absorb the V < V′ - 1 wave packet components,
which have larger energies and smaller de Broglie wavelengths.
Zero total angular momentum is assumed for the system.

The wave packet was propagated until tf ) 400 ps, and by
Fourier transforming its autocorrelation function, the excitation
spectrum corresponding to the V′ ) 61 and 60 initial states was
obtained. This long time propagation ensures convergence of
the calculated spectra.

III. Results and Discussion

A. Excitation Spectra and Resonance Energies and Widths.
Before discussing the results, it is useful to give the energy
locations of some of the states involved in the process under
study. The EV

( j)0) energies corresponding to the He+I2(B, V, j
) 0) dissociation threshold for V ) 59, 60, and 61 are -136.90,
-120.99, and -106.38 cm-1, respectively (EV

( j)0) ) 0 corre-
sponds to separated I atoms). In addition, the He-I2(B, V)
intermolecular resonance states lying energetically below the
He+I2(B, V, j ) 0) dissociation threshold have been calculated
variationally39 for V ) 59, 60, and 61. The resonance energies
obtained are collected in Table 1. The m ) 0 resonance in the
cases of V ) 61 and 60 is the initial state from which vibrational
predissociation of He-I2(B) takes place in this study.

The calculated excitation spectra of He-I2(B, V′) for V′ ) 61
and 60 are shown in Figures 1 and 2, respectively. In both cases,

Φ(r, R, θ, t) ) ∑
V,j

CV,j(R, t)�V
(j)(r)Pj(θ)e-iEV

( j)t/p (1)
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most of the spectral intensity appears at energies above the
He+I2(B, V′ - 1, j′ ) 0) dissociation threshold, that is, in the
continuum of the V′-1 vibrational manifold. In this region, the
two spectra exhibit a big peak with a shape that is far from
being Lorentzian. In the energy region below the V′ - 1
dissociation threshold, the spectra show three overlapping
features, which, as we shall see below, can be identified as
associated with the three highest m ) 3-5 intermolecular
resonances of He-I2(B, V′ - 1) located energetically below the
V′ - 1 dissociation limit.

To identify the energy positions and widths of the resonances
contributing to the spectra, they were fitted to a sum of weigthed
Lorentzian line shapes. The fits to the spectra are also shown
in Figures 1 and 2, along with the weighted Lorentzian line
shapes used in the fits. The fit is quite good for both spectra,
indicating that the assignment of resonances made is reliable
enough. The assigned resonance energies and widths for the
spectra of V′ ) 61 and 60 are presented in Tables 2 and 3,
respectively.

As already anticipated, the three features of the spectra
appearing at energies below the V′ - 1 dissociation threshold
are assigned to the three highest m ) 3-5 resonances of the V′
- 1 manifold. In the second column of Tables 2 and 3, the
three resonance energies obtained from the fits to the spectra
are listed, while in the fourth column the same resonance
energies are presented, but now relative to the energy EV′-1

(j′)0) of
the V′ - 1 dissociation threshold. These latter energies are very
close to the corresponding resonance energies of Table 1
calculated variationally.

In both spectra, the big peak at energies above the V′ - 1
threshold cannot be fitted by a single Lorentzian line shape.
Actually this peak turns out to be a superposition of several
overlapping Lorentzian line shapes associated with continuum
resonances. Up to six resonances (n ) 0-5) have been identified
in this region, in an energy range of about 6 cm-1. Figures 1
and 2 show a regime of strongly overlapping resonances
embedded in the V′ - 1 continuum. This situation is very similar
to that found in the case of Ne-Br2(B, V′ - 1 ) 26).33

Tables 2 and 3 show that the V′ - 1 continuum resonances
are long-lived states, with lifetimes ranging from ∼4 to ∼30
ps. The resonance widths of the continuum resonances are found
to increase monotonically with increasing resonance energy. The
separation between adjacent resonances En

res - En-1
res increases

with increasing resonance energy as well. These trends for the
resonance width and energy separation between adjacent
resonances are characteristic of orbiting resonances supported
by centrifugal barriers. Indeed, the energy of an orbiting
resonance depends on the magnitude of the centrifugal barrier
as j(j + 1)p2, with j being the angular momentum associated
with the internal rotation of He or I2 within the He-I2 complex
(because the total angular momentum of the complex is J ) 0,
the internal angular momenta of both He and I2 must coincide
in magnitude and have opposite sign). As the magnitude of the

internal rotation, and therefore of j, increases, the energy of the
orbiting resonance will increase as roughly the square of j,
causing a quadratic increase of the energy separation between
adjacent resonances. Similarly, as the resonance energy in-
creases, the orbiting resonance becomes closer to the top of the
centrifugal barrier, leading to a larger width and a faster decay
of the resonance. The nature of the present orbiting resonances
of He-I2(B) would be similar to the continuum resonances
detected spectroscopically for He-ICl(B, V′ ) 2).29

It is noted that the energies and widths of the V′ - 1
continuum resonances found for V′ ) 61 and 60 are very similar.
Taking into account that the two spectra of Figures 1 and 2
have a different shape, this result provides strong support to
the fits carried out and to the assignments obtained from them.
This finding would suggest that the spectrum of continuum
resonances is very similar for the different vibrational manifolds
V of He-I2(B, V) and that only rather small changes take place
in that spectrum as V increases. This behavior of the spectrum
of continuum resonances with V would not be very much
surprising, because it is actually the same behavior shown by
the spectrum of He-I2(B, V) intermolecular resonances lying
energetically below the He+I2(B, V, j ) 0) dissociation thresh-
old. The changes with V in the spectrum of He-I2(B, V)
resonances lying both above and below the V dissociation
threshold are directly related to the changes of the He-I2(B, V)
vdW interaction, which changes rather slowly with V. This point
will be analyzed in more detail below.

In the vibrational relaxation cross section measured in the
He+I2(B, V′ ) 21) low-energy collision experiments,37,38 three
peaks were found at the energies 0.82, 1.17, and 1.67 cm-1. Such
peaks were attributed to intermolecular resonances of the
He-I2(B, V′ ) 21) vdW complex formed upon the collision. These
resonances would be embedded in the He+I2(B, V′ ) 21) con-
tinuum. Most interestingly, Tables 2 and 3 show that three of the
continuum resonances found for V′ - 1 ) 60 and 59, those labeled
as n ) 1, 2, and 3, have energies very close to those of the cross
section peaks observed experimentally. In addition, it is noted that
the width of the cross section peaks increases with energy, as does
the width of the resonances found in this work.

In principle, the V′ ) 21 vibrational manifold involved in the
experiments seems to be quite different from the V′ - 1 ) 60 and
59 manifolds involved in the present calculations, and in this sense
caution should be exerted in comparing the current results with
the experimental findings. Nonetheless, the qualitative result is that
the present simulations for He-I2(B, V′ ) 61, 60) find a group of
continuum resonances in the same low-energy region, E < 7 cm-1,
where He+I2(B, V′ ) 21) collisional experiments detect peaks in
the vibrational relaxation cross section. It seems unlikely that both
the experimental and the theoretical results are unrelated. It appears
more likely that the He+I2(B, V′) vdW interaction for V′ ) 21 is
rather similar to the interaction for V′ ) 61 and 60 as to give rise
to similar spectra of intermolecular resonances. This is supported
theoretically by the result that the energy position of the m ) 0
ground resonance state for V′ ) 21 is -13.834 cm-1,40 very similar
to the m ) 0 position for V′ ) 61, 60 (see Table 1). It is also
supported experimentally by the similarity of the spectral blue-
shifts observed for V′ ) 21 [3.80 ( 0.02 cm-1 (refs 2 and 42) or
3.79 ( 0.05 cm-1 (ref 43)] and that measured for V′ ) 61 (3.77 (
0.05 cm-1).43 Thus, it appears that the He-I2(B, V′) vdW interaction
for V′ ) 21 is similar enough to that in the region near V′ ) 61 as
to support similar spectra of continuum resonances.

In the present calculations, six continuum resonances were
identified for V′-1 ) 60, 59, while in the relaxation cross section
measured for V′ ) 21 only three peaks were found. Again, this

TABLE 1: Calculated He-I2(B, W) Resonance Energies
Relative to the He+I2(B, W, j ) 0) Dissociation Limit

Em
( V) (cm-1)

m V ) 59 V ) 60 V ) 61

0 -13.579 -13.700 -13.834
1 -6.229 -6.154 -6.072
2 -4.818 -4.723 -4.623
3 -3.290 -3.282 -3.272
4 -1.293 -1.359 -1.429
5 -0.078 -0.074 -0.067
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discrepancy might be due to possible deficiencies of the empirical
potential surface used here and/or to larger differences than
expected between the resonance spectra of V′ ) 21 and V′-1 )
60, 59. However, we should also note the following. On the one
hand, the experiment did not probe the energy region E < 0.65
cm-1 where the n ) 0 continuum resonance appears. On the other
hand, in the energy range E ) 2-6 cm-1, there are only five
measurements of the vibrational relaxation cross section,37 and if
the possible peaks associated with the resonances n ) 4 and 5 are

rather weak (as they are expected to be), the possibility that they
might have been missed in the measured cross section should be
considered. So the present results might not yet be in discrepancy
with the experimental ones.

B. Distributions of the Resonance Wave Functions. After
the energy positions of the V′ - 1 continuum resonances were
identified in the spectra of V′ ) 61 and 60, the associated
resonance wave functions were obtained by Fourier transform
of the wave packet of eq 1 from the time to the energy domain

Figure 1. Calculated excitation spectrum from the ground intermolecular vdW resonance of He-I2(B, V′ ) 61) (red solid line), fitted spectrum as
a sum of weighted Lorentzian line shapes (green dashed line), and the different Lorentzian line shapes used in the fit. The energy axis is relative
to the He+I2(B, V′ ) 61, j′ ) 0) dissociation threshold. The arrow labeled by V′-1 indicates the He+I2(B, V′ - 1 ) 60, j′ ) 0) dissociation
threshold. The arrows to the right of the V′ - 1 limit and labeled by the numbers n ) 0-5 indicate the position of the identified V′ - 1 continuum
resonances. The arrows to the left of the V′ - 1 limit and labeled by the numbers m ) 3-5 indicate the position of the identified resonances located
below the V′ - 1 dissociation limit.

Figure 2. Same as Figure 1 but for the case of the initial ground vdW resonance of He-I2(B, V′ ) 60).
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for the resonance energies of Tables 1 and 2.44 For each energy
En

res, the components of the wave packet obtained in the different
vibrational manifolds V were analyzed. A typical example of
the radial distributions found is shown in Figure 3, for the case
of the energy associated with the resonance n ) 1 embedded
in the V′ - 1 ) 60 continuum.

The radial distribution found for the V ) V′ component of
the wave packet (upper panel of Figure 3) coincides with the
corresponding radial distributions of the initial ground vdW
resonance state of He-I2(B, V′ ) 61, 60). This is so for all of
the En

res energies associated with the different continuum
resonances. Actually this result was expected, because the V )
V′ component of the time-dependent wave packet is composed
only of the initial ground resonance state of the He-I2(B, V′)
complex. The V ) V′ radial distribution peaks around 7a0, and
it is rather localized between 5 and 11a0. The good coincidence
between the radial distribution of the initial resonance state of
the complex and the V ) V′ distribution found by time to energy
Fourier transform of the wave packet is an indication of the
good quality of the energy-selected wave functions obtained
through Fourier transform of the wave packet propagated for
400 ps.

The radial distribution associated with the V ) V′ - 1
component of the wave packet has a structure with several clear
peaks (medium panel of Figure 3). The V′ - 1 radial distribu-
tions exhibit a main peak around R ) 14a0, which is significantly

shifted and extended in the interaction region with respect to
the V ) V′ distribution. A series of peaks at larger distances is
also displayed in the radial distribution. The spreading of the
V′ - 1 radial distribution depends on the En

res energy. As En
res

increases, both the radial spreading and the number of peaks in
the structure increase as well. This is the result that the V′ - 1
continuum resonances undergo tunneling through the centrifugal
barrier that supports the resonances. As the resonance energy
increases and the resonance position becomes far away from
the bottom of the centrifugal barrier, the tunneling rate of the
resonances increases. Thus, for a given propagation time (like
tf ) 400 ps), the radial spreading within the wave packet of the
V′ - 1 resonances with a higher tunneling rate will be larger.

The V < V′ - 1 components of the wave packet (lower panel
of Figure 3) found for all of the resonance energies are all
similar, exhibiting no structure and a constant value for R
distances outside the interaction region. The shape of the radial
distributions is consistent with that of distributions of continuum

TABLE 2: Resonance Energies Ek
res and Widths Γ (Full

Width at Half Maximum) Obtained from the Fit to the
Spectrum of Figure 1a

k ) m/n
Ek

res

(cm-1)
Ek

res - Ek-1
res

(cm-1)
Ek

res - E V′-1
( j′)0)

(cm-1)
Γ

(cm-1)
τ

(ps)

3 -18.10 -3.50 1.00 5.31
4 -16.20 1.90 -1.60 0.88 6.03
5 -14.90 1.30 -0.30 0.20 26.54
0 -14.31 0.29 0.29 0.49 10.83
1 -13.88 0.43 0.72(0.82) 0.75 7.08
2 -13.40 0.48 1.20(1.17) 0.83 6.40
3 -12.83 0.57 1.77(1.67) 0.91 5.83
4 -10.90 1.93 3.70 1.08 4.92
5 -8.70 2.20 5.90 1.30 4.08

a When k ) m ) 3-5, the resonance corresponds to states
located below the He + I2(B, V′ - 1, j′ ) 0) dissociation threshold,
while when k ) n ) 0-5, the resonances correspond to
V′ - 1 ) 60 continuum resonances located above the He + I2(B,
V′ - 1, j′ ) 0) dissociation limit. Lifetimes τ corresponding to the
resonance widths, energy separations between adjacent resonances
(third column), and energy separations between each resonance and
the V′ - 1 dissociation threshold (fourth column) are also listed.
The numbers in parentheses in the fourth column correspond to the
positions of the cross sections peaks found experimentally in ref 37.
In the case of k ) n ) 0 in the third column, the energy separation
is relative to the V′ - 1 dissociation threshold.

TABLE 3: Same as Table 2 but for the Case of the W′ - 1
) 59 Resonances

k ) m/n
Ek

res

(cm-1)
Ek

res - Ek-1
res

(cm-1)
Ek

res - E V′-1
( j′)0)

(cm-1)
Γ

(cm-1)
τ

(ps)

3 -19.50 -3.59 0.98 5.42
4 -17.50 2.00 -1.59 0.60 8.85
5 -16.15 1.35 -0.24 0.17 31.23
0 -15.59 0.32 0.32 0.38 13.97
1 -15.12 0.47 0.79(0.82) 0.50 10.62
2 -14.59 0.53 1.32(1.17) 0.70 7.58
3 -13.89 0.70 2.02(1.67) 0.78 6.81
4 -12.11 1.78 3.80 1.10 4.83
5 -9.90 2.21 6.01 1.35 3.93

Figure 3. Radial distributions obtained in three different vibrational
manifolds (V′, V′ - 1, and V′ - 3) by Fourier transform of the wave
packet propagated from the He-I2(B, V′ ) 61) initial state at the energy
En)1

res ) -13.88 cm-1 of the n ) 1, V′ - 1 ) 60 continuum resonance.
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states corresponding to the fragments I2(B, V < V′ - 1, j)+He.
Indeed, in such V < V′ - 1 continuum states, the relative motion
of the two fragments in the dissociative R coordinate is described
by a plane wave eikR (where k depends on the energy of the
final rovibrational state of the I2(B, V < V′ - 1, j) fragment),
and the square of a plane wave is a constant function of R. The
distribution associated with each V < V′ - 1 wave packet
component consists of a superposition of a few I2(B, V < V′ -
1, j)+He continuum states, that is, a few plane waves in the R
coordinate, that leads to an essentially constant radial distribution
like that shown in the lower panel of Figure 3. The V < V′ - 1
continuum states can be populated both by direct predissociation
from the initial He-I2(B, V′) state and by indirect predissociation
from the V′ - 1 continuum resonances acting as intermediate
states after they are accessed from the initial state.

In the following, we shall focus on the analysis of the wave
functions obtained for the V′ - 1 continuum resonances. In this
sense, the free-rotor and angular distributions associated with
the resonance wave functions provide interesting information
about the nature of the resonances. Those distributions are shown
in Figures 4 and 5 for all of the continuum resonance wave
functions of V′ - 1 ) 60 and 59.

The most interesting trend of the distributions of Figure 4 is
that rotational excitation increases with increasing resonance
energy. This indicates that the rotational barriers supporting the
continuum resonances become increasingly higher as n grows.
High rotational states up to j ≈ 16 are populated in the resonance

wave function distributions of the two V′ - 1 manifolds
investigated. The behavior of the free-rotor distributions of
Figure 4 is consistent with the nature of the V′ - 1 continuum
states under study as orbiting resonances supported by centrifu-
gal barriers originated by high rotational excitation of I2 and
He within the vdW complex.

The angular distributions (Figure 5) associated with the V′ -
1 continuum resonance wave functions spread over all of the
angular space, displaying most of their intensity around the
perpendicular (θ ) 90°) and linear configurations (θ ) 0° and
θ ) 180°; the distributions of Figure 5 are multiplied by the
sin θ factor contained in the volume element in Jacobi
coordinates, and this factor damps the peaks of intensity
appearing at θ ) 0° and 180° in the distributions). For both V′
- 1 ) 60 and 59, the behavior found in the angular distributions
is that the number of undulations increases with increasing n.
This trend is consistent with the increase of rotational excitation
with n found in the distributions of Figure 4.

From the above discussion in this section, it follows that the
continuum resonances of He-I2(B) studied here are orbiting
resonances supported by barriers originated by rotational
excitation of I2 and He within the vdW complex. Because these
resonances seem to be the same as those detected experimentally
in the He+I2(B, V′ ) 21) collisions,37,38 the implication is that
the resonances giving rise to the peaks found in the measured
vibrational relaxation cross section would also be orbiting
resonances. In addition, the behavior of the He-I2(B) orbiting

Figure 4. Free-rotor distributions associated with the wave functions
of the six identified continuum resonances of V′ - 1 ) 60 (upper panel)
and V′ - 1 ) 59 (lower panel). All of the distributions are normalized
to unity.

Figure 5. Angular distributions associated with the wave functions of
the six identified continuum resonances of V′ - 1 ) 60 (upper panel)
and V′ - 1 ) 59 (lower panel). All of the distributions are multiplied
by the sin θ factor contained in the volume element in Jacobi
coordinates and normalized to unity.
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resonances (regarding the trends of the resonance energies,
widths, and wave function distributions with increasing n) is
the same as the behavior found for the orbiting resonances in
Ne-Br2(B). This similarity suggests that the presence of these
orbiting resonances might be general to the whole family of
rare gas-halogen vdW clusters, at least in the case of the
Rg-X2 triatomic complexes.

As already mentioned above, a most interesting point is to
elucidate whether the spectrum of orbiting resonances changes
rather little when the vibrational manifold V of He-I2(B, V) is
changed, and if essentially the same orbiting resonances are
found in the different V manifolds. The similarity of energy
positions and widths of the orbiting resonances embedded in
the continuum of V′ - 1 ) 60 and 59 (see Tables 2 and 3)
points out in this direction. To analyze more closely whether

the orbiting resonances found for both V′ - 1 ) 60 and 59 are
actually the same resonance states, the associated resonance
wave function distributions have been compared. Such com-
parisons are shown in Figures 6-8.

Figures 6-8 show that the wave function distributions in R,
j, and θ associated with all of the orbiting resonances of V′ -
1 ) 60 and 59 display the same pattern of peaks and nodes. A
very high similarity between the distributions of V′ - 1 ) 60
and 59 is typically found for all of the n ) 0-5 resonances.
Therefore, in addition to the energy positions and widths, the
wave functions of the orbiting resonances of V′ - 1 ) 60 and
59 are also similar, meaning that actually we are dealing with
the same resonance states in both vibrational manifolds. The
implication is that the spectrum of continuum orbiting reso-
nances seems to change slowly with V′, as does the spec-

Figure 6. Comparison of the radial distributions associated with the wave functions of the V′ - 1 ) 60 (red solid lines) and V′ - 1 ) 59 (green
dashed lines) continuum resonances.
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trum of quasibound states located energetically below the
He+I2(B, V′) dissociation threshold.

It is interesting to note that in the interaction region displayed
in Figure 6 the radial distributions are very similar for all of
the continuum resonances. These distributions show that as n
increases there is practically no excitation in the vdW stretching
mode R. However, as mentioned above, this excitation takes
place with increasing n in the angular (bending) mode, that is,
in the internal rotation of the I2 and He moieties within the
complex, as shown by Figures 7 and 8.

IV. Conclusions

The He-I2(B, V) resonances embedded in the continuum of the
V ) 60 and 59 vibrational manifolds have been investigated. The

continuum resonances found exhibit a nature of orbiting resonance
states, supported by barriers originated in internal rotational
excitation of I2 and He within the vdW complex. Six orbiting
resonances are identified in the two vibrational manifolds V ) 60
and 59. Comparison of the energy positions, widths, and wave
function distributions associated with the orbiting resonances of V
) 60 and 59 shows that the same resonance states are supported
in the two vibrational manifolds. It indicates that the spectrum of
orbiting resonances changes slowly with V. Most interestingly, the
energy positions of three of the orbiting resonances in both
vibrational manifolds nearly coincide with the energies of the three
peaks observed experimentally in the vibrational relaxation cross
section of I2(B, V ) 21) in low temperature collisions with He.
This result would suggest that the peaks observed in the cross

Figure 7. Same as in Figure 6 but for the free-rotor distributions. All of the distributions are normalized to unity.
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section are due to orbiting resonances of the He-I2(B, V ) 21)
complex formed upon the collision.

The orbiting resonances found for He-I2(B) exhibit the same
behavior and characteristics as the orbiting resonances previ-
ously found for Ne-Br2(B). This may suggest that the presence
of orbiting resonances would be a general feature of (at least)
triatomic rare gas-halogen vdW complexes. Investigation of
this type of resonances on other vdW complexes should be very
interesting.
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