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An empirical potential energy surface for He–Cl 2„B 3Pu… based
on a multiproperty fit

A. Garcı́a-Velaa)

Instituto de Matema´ticas y Fı́sica Fundamental, C.S.I.C., Serrano 123, 28006 Madrid, Spain

~Received 2 May 2003; accepted 18 June 2003!

An empirical interaction surface for the He–Cl2(B 3Pu) complex based on additive pairwise
potentials is reported. A novelty of the present surface with respect to previous empirical potentials
is that a dependence on the Cl–Cl separation is introduced in some of the potential parameters,
which makes more flexible the analytic form used. The parameters of the surface are adjusted in
order to reproduce the available data for several properties such like spectral blueshifts,
predissociation lifetimes, and Cl2 product state distributions. The fitted surface yields very good
agreement with experiment for most of the properties measured. As compared with previous
surfaces, the present potential is found to improve significantly on the description of the vibrational
dependence of the lifetime, in all the range of vibrational excitations probed by the experiment. In
previous works this property has revealed difficult to describe accurately for He–Cl2(B). For the
remaining properties, the current surface provides a level of accuracy as good~or better in some
cases! as the best one achieved by earlier interaction potentials. The features of the proposed
potential surface and its range of validity are discussed. It is found that validity of the potential is
essentially limited to the range of vibrational levels probed experimentally. ©2003 American
Institute of Physics.@DOI: 10.1063/1.1599342#

I. INTRODUCTION

The characterization of the potential-energy surfaces of
rare gas–dihalogen van der Waals~vdW! complexes has re-
ceived a great deal of attention in the last years. Empirical1–5

and ab initio4,6–18 potential surfaces have been reported for
several complexes like He–Cl2 , Ne–Cl2 , Ar–Cl2 , Ne–I2 ,
Ar–I2 , for both the ground and excited electronic states. The
availability of accurate spectroscopic and dynamical experi-
mental data makes possible to test the potential surfaces pro-
posed, and has motivated much of this research effort.
Among the vdW complexes investigated, He–Cl2 has been
one of the most extensively studied. Several potential sur-
faces have been proposed for the ground electronic state
He–Cl2(X 1Sg).2,3,6–12 The excited electronic state
He–Cl2(B 3Pu) has also been the subject of a number of
works which have generated both empirical2,3 and ab initio
or ab initio-based surfaces.7,12–14

The He–Cl2 B(v8)←X(v950) transition has been
probed experimentally in the regionv856 – 12.2,3,14,19Spec-
troscopic data such as excitation spectra and blueshifts of the
He–Cl2 B(v8)←X(v950) band origins from the corre-
sponding Cl2 B(v8)←X(v950) band origins were mea-
sured. Upon vibrational predissociation~VP! of the complex
in the excited electronic state, predissociation lifetimes and
product state distributions of the Cl2(B,v,v8) fragment
were also obtained. The empirical potentials for the
He–Cl2(B) state2,3 were fitted to these experimental data. In
general good agreement with observations was obtained for
the blueshifts and the vibrational and rotational Cl2(B,v

,v8) distributions. Concerning the VP lifetime, agreement
with experiment was less good. The lifetime was overesti-
mated for the higher vibrational levelsv8511, 12, and un-
derestimated for the lower levelsv8,10.

The firstab initio surface for the He–Cl2(B) state tested
with the experimental data was calculated at the fourth-order
unrestricted Møller-Plesset~UMP4! level of theory, and cor-
rected with ab initio points at the unrestricted coupled-
cluster level with single and double~triple! configurations
@UCCSD~T!# level.7 Again excitation spectra and product
state distributions were generally well reproduced by this
surface. However, the spectral blueshifts obtained were too
short as compared to experiment, and the VP lifetimes were
similar ~slightly improved! as those found with the
empirical2,3 potential surfaces. In a further work, anab initio
surface for He–Cl2(B) calculated at the UCCSD~T! level
was reported.14 The description of the spectral blueshifts
with the UCCSD~T! surface was remarkably improved with
respect to the UMP4 one, and discrepancies with experiment
ranged between 3% and 12%. State distributions of the
Cl2(B) fragment were reproduced with similar accuracy as
with the previous empirical and corrected UMP4 surfaces,
and the calculated excitation spectra exhibited the experi-
mental structure, although peak intensities agreed less with
experiment than in the case of the corrected UMP4 surface.
The VP lifetimes obtained with the UCCSD~T! surface com-
pared very well with the measured ones forv8511, 12, but
they were too short~even shorter than with previous sur-
faces! for lower vibrational levels.

In the same study,14 the authors carried out a fit of the
UCCSD~T! surface using a microgenetic algorithm (mGA).
The adjustedmGA surface typically improved on the de-a!Electronic mail: garciavela@imaff.cfmac.csic.es
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scription of the measured observables, and in particular of
the spectral blueshifts, which were now reproduced within
experimental precision~;1% of discrepancy with experi-
ment!. The VP lifetimes for the lowerv858 – 10 levels were
clearly improved with respect to the UCCSD~T! surface, and
somewhat better than those obtained with the earlier empiri-
cal and corrected UMP4 surfaces. Part of the improvement of
the mGA surface in describing thev858 – 10 lifetimes was
made, however, at the expense of thev8511, 12 lifetimes,
which were predicted to be too long. Taking into account the
global comparison with experiment of all the spectroscopic
and dynamical magnitudes reproduced, the semiempirical,
ab initio-basedmGA surface can be considered as the most
reliable potential surface for the excited He–Cl2(B) state
reported so far.

At present, existing He–Cl2(B) potential surfaces de-
scribe well ~or even very accurately, as the blueshifts ob-
tained from themGA surface! most of the observables mea-
sured in the rangev856 – 12 of vibrational excitations. The
clear exception is the VP lifetime, whose quality of descrip-
tion by the current surfaces is still significantly lower than
that of other spectroscopic and dynamical quantities. A rea-
sonable description of the lifetime for the higherv8511, 12
vibrational levels typically involves to underestimate the life-
time of the lower levelsv8,10, while when the lifetime for
the lower levels is well reproduced the lifetime correspond-
ing to the higher vibrations is too overestimated. The diffi-
culty in reproducing the experimental VP lifetime of
He–Cl2(B) in the entire rangev858 – 12 has been previ-
ously discussed.2,3,14 Its origin has been related to the large
amplitude motions undergone by the He atom, which
samples potential regions that largely affect the lifetime and
need a precise characterization. The aim of the present work
is to propose an empirical potential surface for He–Cl2(B)
which significantly improves on the description of the VP
lifetime in the v858 – 12 range of vibrational levels. The
goal is to obtain such an improvement while still keeping at
least the best quality of description achieved by the previous
surfaces for the remaining properties measured.

The organization of the paper is the following. In Sec. II
the potential-energy surface proposed is described, and the
details of the calculations carried out to reproduce the mag-
nitudes observed experimentally are given. Results are
shown and compared to those obtained with previous poten-
tial surfaces in Sec. III. The important point of the validity
limits of the present empirical potential is also analyzed and
discussed in this section. Some conclusions are given
in Sec. IV.

II. THEORETICAL METHOD

A. Potential-energy surface

The modeling of empirical potential surfaces for the B
electronic state of rare gas–dihalogen vdW complexes has
been commonly based on additions of pairwise interactions.
A sum of atom–atom Morse potentials recently fitted to ex-
perimental data for the Ne–I2(B,v8) surface, was shown to
give a reliable description of the spectroscopy and dynamics
over a wide range ofv8 vibrational excitations.5 Similarly,

empirical surfaces for Ne–Cl2(B) consisting of additive
atom–atom potentials to describe the hard wall and the well
of the Ne–Cl2 interaction, and smoothly connected to a long-
range vdW attraction,20 have provided good agreement with
experiment.1,21 Functional forms similar to that suggested for
Ne–Cl2(B),20 with some modifications, were used to model
the earlier empirical surfaces for He–Cl2(B).2,3 The main
advantage of this type of potential forms is that they are
relatively simple functions with few parameters to adjust.

The He–Cl2 system is represented in~r, R, u! Jacobian
coordinates, wherer is the Cl–Cl bond length,R is the dis-
tance between He and the Cl2 center-of-mass, andu is the
angle between the vectorsr and R associated with the two
radial coordinates. Then, as in previous works2,3 the
He–Cl2(B) surface is modeled as

V~r ,R,u!5VCl2
~r !1Vint~r ,R,u!, ~1!

whereVCl2
(r ) is the intramolecular Cl–Cl potential in theB

electronic state, andVint(r ,R,u) describes the He–Cl2(B)
intermolecular interaction. TheVCl2

term is represented by a
Morse function

VCl2
~r !5D@e22b~r 2r e!22e2b~r 2r e!#, ~2!

whose parameters21 are listed in Table I. This potential is
slightly different from the RKR potential used for Cl2 in
Refs. 2 and 3. The functional form for theVint(r ,R,u) term
is a sum of two Morse potentials describing the two He–Cl
interactions, respectively,

Vint~r ,R,u!5e~r !(
i 51

2

@$12exp@2a~r !~xi2xm!#%221#,

~3!

wherexi denotes the He–Cl distances

x1,2
2 5

r 2

4
1R21rR cos~u!, ~4!

andxm is the position of the Morse potential minimum.
The main novelty of the present He–Cl2(B) intermo-

lecular potentialVint(r ,R,u) is that an explicitr dependence
has been introduced in the Morse parameterse(r ) anda(r )
for the He–Cl interaction. The explicit dependence of some
of the He–Cl potential parameters on the Cl–Cl distance
introduces a three-body character in the He–Cl2 intermo-
lecular potential, and makes it more flexible. The idea of
incorporating a dependence on the Cl–Cl distance in some of
the He–Cl2(B) potential parameters was previously
suggested,3 and applied in the analytical potential surface
fitted to the UMP4ab initio points calculated in Ref. 7. The
result that the VP lifetimes obtained with that surface agreed

TABLE I. Potential parameters and atomic masses used in this work.

D53145.0 cm21 a250.607 Å23

b52.353 Å21 r * 52.907 Å
r e52.414 Å xm53.77 Å

e0514.52 cm21 mCl535.453 a.m.u.
a051.439 Å21 mHe54.003 a.m.u.

a155.357 cm21 Å 22
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better with experiment that those computed with the higher
level UCCSD~T! one was attributed in part to the depen-
dence on the Cl–Cl separation. Clearly, it would be desirable
to carry out high levelab initio calculations with enough
density of points, particularly in the Cl–Cl separation, as to
obtain a surface which accurately describes the delocalized
situation of the He–Cl2(B) complex. Such calculations,
however, are very time consuming. In the absence of these
calculations, improving on existing He–Cl2(B) empirical
potentials becomes a realistic alternative, and introducing a
dependence of the potential parameters on the Cl–Cl separa-
tion appears as a sensible way to achieve that improvement.

The choice of a functional form fore(r ) anda(r ) is far
from being obvious, and therefore it is rather arbitrary. How-
ever, by considering some physical features of the Cl–Cl
potential and its vibrational states, one can model simple
functional forms fore(r ) anda(r ). The goal is to reproduce
the dependence observed experimentally for different prop-
erties on the Cl2 vibrational excitation. Due to the anharmo-
nicity of the Cl–Cl potential, the Cl2 vibrational states be-
come increasingly different in the region of the Cl–Cl
separation corresponding to the outer turning point. Asv8
increases, population of the vibrational state shifts gradually
toward larger Cl–Cl distances. These differences between
the Cl2 vibrational states can be exploited in order to model
the r dependence ofe(r ) anda(r ), such that the vibrational
dependence of the measured quantities is reproduced.

The above discussion suggests thate(r ) and a(r )
should vary in the region of larger Cl–Cl separations where
the vibrational states become more different, whilee(r ) and
a(r ) can remain constant in the region of the Cl2 potential
well, where the vibrational states are more similar in shape.
Simple functional forms fore(r ) and a(r ) fulfilling these
requirements are

e~r !5e0 if r<r * , ~5a!

e~r !5e02a1~r 2r * !2 if r .r * ~5b!

and

a~r !5a0 if r<r * , ~6a!

a~r !5a02a2~r 2r * !2 if r .r * . ~6b!

The relevant parameters used in Eqs.~5! and~6! ~along with
the remaining potential parameters! are listed in Table I. In
Fig. 1 the behavior ofe(r ) and a(r ) is displayed in ther
range populated by the Cl2 vibrational statesv8<12. The
wave functions of thev858 andv8512 vibrational states
are also shown in the figure to illustrate how they change in
shape in the region of larger Cl–Cl separations. Bothe(r )
and a(r ) are constant up tor 52.91 Å, and then they de-
crease monotonically in the regionr .2.91 Å, where vibra-
tional population gradually concentrates asv8 increases from
v858 to v8512. It should be noted that the variation with
the Cl–Cl separation of thee anda parameters is not inde-
pendent, but closely connected. Otherwise it is not possible
to reproduce simultaneously the spectral blueshift and the VP
lifetime over a range of several Cl2 vibrational levels. It is

also worth noting that the present He–Cl2(B) intermolecular
potential has a simple analytical form involving only 6 pa-
rameters.

B. Spectroscopic and dynamical calculations

The e0 , a0 , a1 , a2 , r * , and xm parameters of the
He–Cl2(B) intermolecular potential were fitted in order to
reproduce the measured values of several spectroscopic and
dynamical observables in the rangev856 – 12 of Cl2 vibra-
tional excitations. Such experimental data include the spec-
tral blueshifts for thev858 – 12 band origins; the VP life-
times of thev858 – 12 levels; theDv8521 Cl2 product
rotational state distributions for predissociation fromv856,
8, 10; theDv8521, 22, and23 product rotational distri-
butions for predissociation fromv8512; and the Cl2 vibra-
tional distribution for dissociation fromv8512. In the fol-
lowing, details of the calculations of these quantities are
described.

The blueshift of the He–Cl2 B(v8)←X(v950) band
origins from the corresponding Cl2 B(v8)←X(v950) band
origins is obtained asD0(X)2D0(B). It is considered that
the best potential surface currently available for He–Cl2(X)
is the ab initio surface of Ref. 11. The dissociation energy
obtained with this surface isD0(X)514.85 cm21, and this is
the value used in the present work. The dissociation energy
D0(B) for a vibrational levelv8 coincides with the energy of
the ground resonance state of the He–Cl2(B,v8) complex. In
order to calculate this resonance energy, the resonance wave
function is expressed as

F~r ,R,u!5(
n, j

cn, j
~v !cn

~v !~R!xv
~ j !~r !Pj~u!, ~7!

FIG. 1. Behavior of thee anda ~in Å21! functions of Eqs.~5! and~6! vs the
Cl–Cl distancer. The Cl2 vibrational wave functionsxv8

( j 50)(r ) are also
shown in the lower panel forv8512 ~solid line! andv858 ~dashed line!.
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where xv
( j )(r ) are the rovibrational eigenstates of the Cl2

molecule,Pj (u) are normalized Legendre polynomials, and
cn

(v)(R) are radial basis functions. The radial functions are
obtained by calculating the eigenfunctions of the reduced
HamiltonianĤvv(R,u)5^xv

( j 50)(r )uĤuxv
( j 50)(r )& @whereĤ

is the full Hamiltonian of He–Cl2(B)] for several fixed
angles u, and then orthogonalizing these eigenfunctions
through the Gram–Schmidt procedure. By representing the
HamiltonianĤ in the basis set of Eq.~7! and diagonalizing,
the resonance energy and wave function are obtained. Since
the vibrational mixing of thexv

( j ) states is quite small for this
type of systems,5,21 only one vibrational state,v5v8, was
included in the basis set. It was found that 10cn

(v) radial
functions and 15 Legendre polynomials~with evenj! lead to
converged resonance energies.

The predissociation dynamics of the complex ground
resonance state, He–Cl2(B,v8)→He1Cl2(B,v,v8) is
simulated by solving the time-dependent Schro¨dinger equa-
tion for the wave packetF(r ,R,u,t). To this purpose the
wave packet is expanded as

F~r ,R,u,t !5(
v, j

Cv, j~R,t !xv
~ j !~r !Pj~u!e2Ev

~ j !t/\, ~8!

whereEv
( j ) are the energies associated to thexv

( j ) states. The
expansion coefficientsCv, j (R,t) are the packets which are
actually propagated through a set of time-dependent coupled
equations. These packets were represented on a uniform grid
in the R coordinate consisting of 128 points withR0

53.0 a.u. andDR50.25 a.u. In the expansion of Eq.~8! four
vibrational states corresponding tov5v8, v821, v822, v8
23, and 15 rotational states~with evenj! were included for
all the dynamical calculations. The wave packet was ab-
sorbed before reaching the edges of the grid in theR coordi-
nate. Absorption was carried out after each propagation time
step by multiplying each packetCv, j (R,t) by the function
exp@2A(R2Rabs)

2#, for R.Rabs, with A50.5 a.u.22 and
Rabs528.0 a.u.

The time propagation of theCv, j (R,t) packets was car-
ried out using the Chebychev polynomial expansion
method22 to express the evolution operator. A propagation
time stepDt50.04 ps was applied. The wave packet was
propagated until a final timet f520, 28, 36, 44, 52, and 64 ps
for the vibrational levelsv8512, 11, 10, 9, 8, and 6, respec-
tively. The time evolution of the square of the wave packet
autocorrelation functionP(t)5u^F(0)uF(t)&u2 was calcu-
lated. As it has been shown,23 by propagating the wave
packet until a final timet f , one can obtain the autocorrela-
tion function until a time 2t f . The procedure used here to
calculate the autocorrelation function until a time 2t f has
been described in detail elsewhere.24 By fitting the decay
curveP(t) to an exponential lawP(t).e2t/t, the predisso-
ciation lifetime t of the He–Cl2(B,v8) resonance state is
obtained.

Vibrational distributions of the Cl2 product fragment
were computed as described in previous works.5,24,25In brief,
the probabilityPv(t) of Cl2(B,v) fragments inv5v821,
v822, v823, is calculated by accumulating probability in
the region of the products Cl2(B,v)1He, R.Rc515 a.u.

~including the absorption region!, in which the vdW bond
can be considered broken. Then, the normalized probabilities
Pv

norm(t)5Pv(t)/SnPn(t) converge, after a few picoseconds,
to constant values which are reliable estimates for the final
vibrational populations of the Cl2(B,v) fragment.

Rotational state distributions of the Cl2(B,v, j ) product
fragment are calculated as the asymptotict→` limit of

Pv, j~E,t !5U E
Ra

RbS mHe–Cl2

2pkv, j\
2D 1/2

e2 ikv, jRCv, j~R,t !dRU2

,

~9!

where mHe–Cl2
is the reduced mass associated with theR

coordinate,kv, j5@2mHe–Cl2
(E2Ev

( j ))#1/2, and E is taken to
be the mean energy of the system, which is very close to the
resonance energy. The limits of the integral areRa515 a.u.
andRb528 a.u.

It should be noted that using the statesxv
( j ) in the wave

packet expansion of Eq.~8!, instead of the statesxv
( j 50) as

typically done in wave packet studies of predissociation of
vdW complexes,5,21 has two advantages. On the one side, the
basis set on which the wave packet is expanded is more
adapted to the system described, which benefits the wave
packet propagation. On the other side, it allows a correct
calculation ofkv, j ~in the case of thexv

( j 50) basis functions
Ev

( j ) is approximated asEv
( j ).Ev

( j 50)1 j ( j 11)\2^xv
( j )

3(r )ur 22uxv
( j )(r )&/2m r), and therefore, a more correct cal-

culation of the diatomic fragment rotational state distribu-
tions.

III. RESULTS AND DISCUSSION

A. Comparison with experimental data and previous
surfaces

The resonance energies of the He–Cl2(B,v8) complex
~or equivalently, the dissociation energyD0(B,v8)52Eres)
obtained with the present potential surface are listed in Table
II for the vibrational excitationsv858 – 12. The calculated
blueshifts are also shown in the table, along with the experi-
mental ones and those obtained with theab initio UCCSD~T!
and semiempiricalmGA surfaces reported in Ref. 14, for the
sake of comparison. Same as in Ref. 14, the value of the
dissociation energy in theX electronic state,11 D0(X,v9
50)514.85 cm21, has been used to calculate the blueshifts.
The agreement of the present blueshifts with the measured

TABLE II. Experimental and calculated spectral blueshifts with the present
potential surface and with the previous UCCSD~T! andmGA surfaces. The
He–Cl2(B,v8) ground resonance energies~relative to the initial Cl2 vibra-
tional energy level! calculated with the present potential are listed in the
second column.

Blueshift ~cm21!
v8 Eres ~cm21! UCCSD~T!a mGAa This work Expt.a

8 211.31 3.11 3.54 3.54 3.49
9 211.27 3.18 3.55 3.58 3.55
10 211.23 3.34 3.60 3.62 3.65
11 211.17 3.61 3.69 3.68 3.72
12 211.10 3.97 3.81 3.75 3.77

aReference 14.
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ones is excellent in all the range of vibrational levels, with a
deviation typically of;1%. This level of accuracy, within
experimental precision, is similar to that achieved with the
fitted mGA surface, and superior to the description of the
blueshifts provided by the UCCSD~T! potential surface.

In Table III predissociation lifetimes obtained with the
current empirical He–Cl2(B) surface are collected and com-
pared to experimental lifetimes and previously calculated
ones with the UCCSD~T! and mGA surfaces, in the range
v858 – 12. Global agreement of the present lifetimes with
the experimental ones is quite good in the whole range of
vibrational levels. This is particularly true for thev8
58,9,10 lifetimes, which deviate 11, 8, and 7%, respectively,
from the measured values. For these three vibrational levels
the description of the lifetime given by the current empirical
surface is better than that provided by the UCCSD~T! and
mGA surfaces, and also by the previous empirical
potentials.2,3 For the higherv8511,12 levels the discrepancy
of the present lifetimes with experimental data is larger than
for the lower levels, but still the current surface yields a
better agreement than themGA and earlier empirical sur-
faces. It is noted that forv8511,12 the best correspondence
with experiment is obtained with the UCCSD~T! surface, and
the lifetimes reported here for these two levels are not far
from the UCCSD~T! values.

Thus, the proposed surface improves over previous po-
tential surfaces on the description of the complex VP lifetime
in the entire range of vibrational excitationsv858 – 12, i.e.,
improvement in reproducing the lifetime of the lowest levels
is not made at the expense of the lifetime description for the
highest levels, andvice versa. Such an improvement is more
remarkable if we take into account the difficulty of the dif-
ferent He–Cl2(B) potential surfaces previously proposed
~empirical, semiempirical, andab initio! in achieving agree-
ment with the measured lifetimes for all the Cl2 vibrational
excitations. This comes to support the validity of the present
potential, at least in the range of vibrational levels where it is
tested with available experimental data.

The vibrational distribution of the Cl2(B,v) product
from He–Cl2(B,v8512) predissociation found with the
present surface is 93.4% forDv8521, 6.2% for Dv85
22, and 0.4% forDv8523. These results compare very
favorably with the experimental values 94%,;5%, and
,1% for Dv8521, 22, and23, respectively. Similar re-
sults were found with the UCCSD~T! surface, 5.9% and
0.8% for theDv8522 and23 channels, respectively, and

with themGA surface, 4.0% and 0.2% for theDv8522 and
23 channels, respectively.

Rotational state distributions of the Cl2(B,v5v821,j )
fragment calculated with the present potential surface are
displayed in Fig. 2 forv856, 8, and 10. Similarly, the rota-
tional distributions corresponding to the channelsDv85
21, 22, and23 of the vibrational levelv8512 are shown
in Fig. 3. The distributions reported here can be compared
with the measured ones and those obtained with the
UCCSD~T! andmGA surfaces, which are presented in Figs.
7 and 8 of Ref. 14. In general, the experimental rotational
distributions are well reproduced by the previous He–Cl2(B)
surfaces.2,14 The present distributions of Fig. 2 are also in
good agreement with the experimental ones, and show a
level of accuracy similar to that obtained with the
UCCSD~T! and mGA surfaces~see Fig. 7 of Ref. 14!. The

FIG. 2. Calculated Cl2 rotational state distributions for the dissociation of
He–Cl2(B,v856,8,10) through theDv8521 vibrational channel.

TABLE III. Experimental and calculated vibrational predissociation life-
times with the present potential and with the previous UCCSD~T! andmGA
surfaces.

VP lifetime ~ps!
v8 UCCSD~T!a mGAa This work Exp.a

8 152 363 450 506
9 129 268 297 275
10 109 202 192 179
11 93 155 122 97
12 74 120 78 52

aReference 14.
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bimodality of the distributions, the positions of the peaks and
nodes, and even the population of most of the rotational
states are quite well reproduced. The largest discrepancy
with experiment is observed in the overestimated population
of j 50 in thev8510 distribution, similar to the result pre-
dicted by the UCCSD~T! andmGA surfaces.

The calculated rotational distributions for the three vi-
brational predissociation channels ofv8512 ~Fig. 3! present
some improvements with respect to the corresponding distri-
butions obtained with the UCCSD~T! andmGA surfaces~see
Fig. 8 of Ref. 14!. Very good agreement is found between the
presentDv8521 distribution and the experimental one. The
populations of j 58 and 10, although slightly underesti-
mated, are closer to the experimental values than the
UCCSD~T! andmGA results. TheDv8522 and23 distri-
butions are also globally closer to the measured distributions.
In particular, the presentDv8522,23 distributions predict

the experimentalj value, j 58, of the second peak of the
distribution, while this peak occurs atj 510 with the
UCCSD~T! and mGA surfaces. In addition, the intensity of
the node atj 56 in the three distributions of Fig. 3 is closer
to the corresponding experimental population than the
UCCSD~T! andmGA results. TheDv8523 distribution of
Fig. 3 also reproduces the small third maximum atj 514.
This maximum is predicted by themGA surface but not by
the UCCSD~T! one. It is stressed that the populations asso-
ciated with theDv8522 and23 vibrational channels are
6.2% and 0.4%, respectively. With such small populations,
the present empirical potential surface is able to describe the
details of the experimental rotational distributions~particu-
larly in the Dv8523 channel!.

B. Range of validity of the potential surface

Usually the validity of an empirical potential is rather
limited to the regions probed by the experimental data used
to fit the potential parameters. In the case of He–Cl2(B)
those regions correspond essentially to thev858 – 12 vibra-
tional levels of Cl2 ~for v856 there are less experimental
data available!. As shown in Sec. III A, the present surface
provides a good description of the spectroscopy and dynam-
ics of the complex in this range of vibrational excitations.
Compared to previous potential surfaces, the current empiri-
cal fit improves significantly on the description of some
properties, like the predissociation lifetime, and for the re-
maining properties it provides at least the same level of qual-
ity as the best one achieved by the earlier surfaces. This
assesses the reliability of the potential in the region probed
experimentally. It is interesting to have an idea of the extent
to which the empirical surface can be valid beyond that re-
gion. To this purpose, in the following the potential is ana-
lyzed and compared to theab initio UCCSD~T! surface.

In Fig. 4 plots of the empirical potential as a function of
the He–Cl2 bond distanceR are shown for three Cl–Cl sepa-
rations in the perpendicular configuration of the complex,u
590°. The corresponding UCCSD~T! ab initio curves are
also shown in the figure for comparison. Theab initio curves
are the averageV15(A81A9)/2 of the points for theA8 and
A9 states reported in Ref. 14. The empirical and theab initio
curves are similar, particularly for the case ofr 52.1 Å. With
increasing r the empirical potential becomes gradually
deeper than theab initio one in theR region corresponding to
the short-range wall and the bottom of the well. Interestingly,
for the three Cl–Cl separations, the empirical and theab
initio curves agree very well forR distances larger than the
equilibrium one. As it has been pointed out,14 the ab initio
calculations are probably most accurate for these He–Cl2

bond separations.
Contour plots of the He–Cl2(B) empirical surface are

displayed in Fig. 5 forr 52.1, 2.4, and 3.0 Å, which can be
compared with the corresponding plots of the UCCSD~T!
surface shown in Fig. 3 of Ref. 14. Again the plots of the two
potential surfaces are very similar, the main difference being
that the empirical potential is less repulsive at short He–Cl2

distances. Such a difference would be responsible of the
present improvement on the description of the blueshifts and

FIG. 3. Calculated Cl2 rotational state distributions for the dissociation of
He–Cl2(B,v8512) through theDv8521, 22, and23 vibrational chan-
nels.
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predissociation lifetimes with respect to the UCCSD~T! re-
sults.

Some features of the empirical surface, like the energy
and position of the potential minimum in the linear and per-
pendicular configurations of He–Cl2(B), are listed in Table
IV for several Cl–Cl separations. For ther 52.1, 2.4, and 3.0
Å distances, the values of Table IV can be compared with
those reported in Table VIII of Ref. 14 for the UCCSD~T!
surface. In the perpendicular configuration, the energy and
position of the potential minimum are close to those of the
ab initio surface (V1

min5229.65,228.29, and226.77 cm21,
andRmin53.56, 3.64, and 3.58 Å forr 52.1, 2.4, and 3.0 Å,
respectively!. In the linear configuration similar agreement is
found for the equilibrium positions at the three Cl–Cl sepa-
rations, and for the minimum energy atr 52.1 Å, while for
r 52.4 and 3.0 Å theab initio potential minima are about 5
cm21 deeper than the present ones.

In the range 2.1 Å<r<4.0 Å Table IV shows that with

increasing r, Rmin(u50°) increases andRmin(u590°) de-
creases monotonically. For both the linear and the perpen-
dicular configurationsVmin decreases whenr increases,
slowly for r ,3.0 Å and more rapidly forr .3.0 Å. This
behavior is related to the decrease ofe(r ) and a(r ) for r
.r * 52.9 Å. For r .3.5 Å the potential minimum vanishes
quickly for both the linear and perpendicular configurations,
and the onset of nonphysical behavior appears~which be-
comes more clear forr .4.0 Å). Apparently the decrease of
e(r ) and a(r ) is too fast for Cl–Cl distancesr .3.5 Å.
Thus, the present empirical surface does not describe the
correct asymptotic behavior for large Cl–Cl distances, and
the upper limit of its range of validity would ber;3.5 Å, or
equivalentlyv8513,14. This range could be increased by
changing the functional form ofe(r ) and a(r ) for large
Cl–Cl separations. A possibility would be thate(r ) anda(r )
decrease more slowly forr .3.5 Å, but additional experi-
mental data probing this region would be required in order to
carry out a realistic fit. Concerning the lower limit of the
empirical surface, it is estimated that it can provide a reliably
good description of the spectroscopy and dynamics up to
v856, and this description will gradually deteriorate for
lower vibrational levels.

IV. CONCLUSIONS

An empirical potential surface for the He–Cl2(B 3Pu)
complex is proposed. The interaction surface is modeled as a

FIG. 4. Empirical potential curves vsR ~solid lines! for three Cl–Cl sepa-
rations, r 52.1, 2.4, and 3.0 Å, in the perpendicular configuration (u
590°) of the complex. The correspondingab initio UCCSD~T! curves
~dashed lines!, reported in Tables I–VI of Ref. 14, are also shown for com-
parison. See the text for details.

FIG. 5. Contour plots of the He–Cl2(B) empirical potential surface for three
Cl–Cl separations,r 52.1 Å ~a!, r 52.4 Å ~b!, and r 53.0 Å ~c!. Spacing
between the contours is 5 cm21 starting from the outermost contour at25
cm21, and the units are Å on both axis of the plot. Forr 52.1, 2.4, and 3.0
Å, the Cl atoms are located at61.05 Å, 61.2 Å, and61.5 Å, respectively,
on the horizontal axis of the plot.
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sum of an intramolecular Cl2 potential ~represented by a
Morse function! plus an intermolecular He–Cl2 potential.
The intermolecular He–Cl2 interaction is represented by ad-
ditive pairwise potentials, and involves only six parameters.
The main novelty of the present He–Cl2(B) intermolecular
potential with respect to previous empirical surfaces, is that a
dependence on the Cl–Cl separation is introduced for some
of the parameters. This makes more flexible the simple form
of additive atom–atom potentials used. The six parameters of
the intermolecular potential are fitted in order to reproduce
the available measurements of several spectroscopic and dy-
namical properties in the rangev858 – 12 ~and, to a lesser
extent, forv856) of Cl2 vibrational excitations. Such prop-
erties include spectral blueshifts, predissociation lifetimes,
and vibrational and rotational Cl2 product state distributions.

The present potential is found to improve significantly
on the description of the predissociation lifetimes in the
wholev858 – 12 range, as compared to previous He–Cl2(B)
surfaces. In addition, the spectral blueshifts are reproduced
within experimental precision for all the vibrational levels.
As shown in earlier works, an accurate description of these
two properties~and in particular of the lifetime! involves
special difficulties in the case of He–Cl2(B), due to the de-
localized nature of this system. The present surface repro-
duces the Cl2 vibrational and rotational distributions with a
level of quality similar~or even better in some cases! to the
best one achieved by the previous surfaces. Thus, the re-
ported He–Cl2(B) empirical potential provides the best glo-
bal description to date of the spectroscopic and dynamical
properties in the range of vibrational excitations where mea-
surements are available. The improvement achieved is re-
lated, to a large extent, to the dependence on the Cl–Cl sepa-
ration introduced in some of the potential parameters. The
range of validity of the empirical potential has been ana-
lyzed, and it is found to be rather limited to the region
probed experimentally~i.e., in the range 2.0–3.5 Å of Cl–Cl
separations!. A possibility to increase this range of validity to
other regions is suggested, subject to the availability of ad-
ditional experimental data for those regions.
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