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He-Li2 interaction potentials, which explicitly include both angular anisotropy and internal 
vibrational coordinates, have been proposed recently in the literature by extracting them from 
laser-selected, crossed beam experiments and from the use of various perturbation expansions. 
In view of the importance of assessing as accurately as possible the dynamical coupling of such 
internal degrees of freedom during inelastic, low-energy collisions, the present study 
undertakes a detailed computational comparison of the various possible decoupling schemes 
which can be employed to treat the above processes. It is found that because of the rather weak 
nature of the interaction in the title system, nearly all schemes work reasonably well and can be 
used in scattering calculations. It is, however, shown that the previously suggested potentials 
need to be modified extensively in order to yield cross sections which agree with the 
experimental findings. 

I. INTRODUCTION 

The existence and the refinements of crossed molecular 
beam experiments over the last 30 years have provided us 
with a rather sophisticated understanding of the detailed, 
microscopic mechanisms which preside over molecular elas
tic collisions and rotationally inelastic collisions, as well as 
reactive molecular encounters. Such experiments, in fact, 
have been capable of relating specific features of the interac
tion forces between molecular partners to selected outcomes 
of the scattering process. 1

,2 Because of the necessary, and 
significant, cooling of the internal degrees of freedom which 
occurs during the supersonic expansion, both experiments 
and theory, however, have treated the molecular targets as 
being mostly in their ground vibrational levels and therefore 
the majority of the available data and of the reliable calcula
tions have considered the ensuing dynamics as that of vi bra
tionally "cold" molecules. 

In the last ten years or so, however, the use of chemical 
lasers and of infrared laser excitation techniques have al
lowed experimentalists to begin a more systematic investiga
tion on the scattering processes which involve "hot" mole
cules in vibrationally excited states during the collisions3

-
6 

and therefore one is beginning to gather new and valuable 
information on the energy transfer pathways for highly vi
brationally excited species in the electronic ground states. A 
recent review on experimental methods7 summarizes very 
effectively the present body of knowledge on the relaxations 
during collisions of internal energy accumulated in the vi
brational degrees of freedom. 

From the theoretical point of view, on the other hand, 
the situation is still rather complicated and far from being 
fully understood. One knows that, in principle, the "super
molecule" made by the colliding partners during encounters 
contains all the required information on the coupling 

a) IBM-ECSEC Visiting Fellow. Permanent address: Instituto de Fisica 
Fundamental, CSrc, Serrano 123.28006 Madrid, Spain. 

between relative motion and the vibrational coordinates, as 
well as the information on the rotational torque applied to 
either partner by the approaching projectile. In practical 
terms, however, only in very few cases one has been able to 
construct the actual dependence of the coupling on the colli
sional variables. A more detailed interpretation of the effect 
of vibrational excitation on the collision dynamics, in fact, 
depends both on a reliable potential energy surface (PES) 
for a broad range of values of the specific internal coordinate 
involved Qj and accurate scattering calculations. The over
whelming majority of the available potentials, on the other 
hand, have been determined for a target molecule (usually a 
diatomic molecule) in its ground vibrational state. For the 
case of neutral interactions, in fact, ab initio calculations of 
the PES for a large range of the intramolecular distance r do 
not seem to exist and must therefore be evaluated semiempir
ically. The existing examples even for the latter approach, 
however, are still rather few and only for fairly simple sys
tems, e.g., H2-He and Ne,8 Na2-He, and Ne and Ar.9 

It therefore becomes of interest to try to work out a 
detailed study on the role that such empirical choices of the 
dynamical coupling have during actual scattering processes 
and how the various possible approximations which can be 
used to simplify the collision calculations are affected by the 
above choices. In order to carry out such a study, however, it 
is necessary to be able to rely on good quality experimental 
information that could provide us with explicit evidence of 
the dependence of scattering observables on the molecular 
vibrational coordinates. 

Recently, in fact, such studies have been performed in a 
systematic way by examining the influence of vibrational 
excitation of electronic ground-state molecules on the inelas
tic cross sections produced in their collisions with rare gas
es. 10-12 The authors expanded an intense beam of Liz mole
cules into a vacuum apparatus for molecular beam 
experiments and generated highly vibrationally excited mol
ecules via Franck-Condon pumping (FCP) by the use of a 
continuous wave (CW) single-mode dye laser. 
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Following the pump process, the primary beam was at
tenuated in a collision cell by the rare gases He and Kr. 
Behind a small aperture, the change in intensity of the laser
induced fluorescence (LIF) for the different vibrational 
states was measured by using a second CW single-mode dye 
laser. By simply applying Beer's law, the percentage change 
of the integral cross section for each vibrational state was 
thus derived. 

What was found for the rare gas partners was that the 
total cross sections (i.e., those summed over all rotational 
and vibrational processes at the given collision energy) first 
decreased with increasing vibrational excitation then 
reached a minimum and subsequently increased towards the 
largest values of vibrational states of the target. It is interest
ing to note that such behavior was observed in measure
ments of both differential and integral cross sections. IO

•
11 

The above experimental data were interpreted in terms 
of specific features of the PES involved and of the relative 
changes of the attractive and repulsive parts of the surfaces 
as the vibrational states of the target molecule were 
changed. 13 It was, however, rather difficult to disentangle 
the separate effects of PES feature changes and of the dy
namical approximations employed to compute inelastic 
cross sections via those potential functions. In the present 
work, therefore, we have decided to undertake such a study 
on the He-Li2 system, for which various forms of PES have 
been suggested by interpreting the above experiments and to 
examine the consequences of different dynamical approxi
mations on the general behavior or the computed cross sec
tions. An interesting result of the present study is the discov
ery of the essentially impulsive nature of the dynamical 
coupling which acts at the energies of the experiments for the 
title system. Thus, we will be able to show that different 
degrees offreedom can be effectively decoupled and that the 
more simple types of scattering calculations are already suf
ficient to qualitatively describe the processes at hand. On the 
other hand, we will also show that currently used anisotropic 
potentials are not yet accurate enough to uniquely reproduce 
experimental findings at a quantitative level. 

This work is organized as follows: the next section de
scribes the potential functions suggested by previous studies 
for He-Li2 and the qualitative interpretation of their depen
dence on the vibrational coordinate. Section III reports our 
scattering models and the various forms of alternative cou
pling schemes, while Sec. IV shows the present results and 
their comparison with experiments. The general conclusions 
of our work are summarized in Sec. V. 

II. THE POTENTIAL ENERGY FUNCTIONS 

As discussed before, full ab initio hypersurfaces showing 
the dependence on all three Jacobian coordinates, i.e., the 
mean internuclear distance r, the atom-m~ecule distance R, 
and their relative orientation r = arccos (R 'r) are not avail
able for the Li2-Rg systems in general, while for Li2-He, 
some accurate calculations have been carried out at the rig
id-rotor (RR) level, i.e., by freezing the r values at the mo
lecular equilibrium value req .14 By using the above points as 
a reference set for estimating potential anisotropy, Fuchs 
and Toennies lo have in fact reported a simple extension for a 

vibrational-dependent form of PES that separates the poten
tial into its long-range (LR) attractive Vat! and short-range 
(SR) repulsive Vrep parts. In the LR part, the vibrational 
motion was included by using v-dependent van der Waals 
coefficients C6 (v), with v being the vibrational quantum 
number of the chosen target state. The latter dependence was 
in turn calculated, together with its anisotropy, from the 
known v dependence of the static Li2-dipole polarizabili
ties. 15 The inclusion of orientational dependence, and of v
dependence, in the SR part of the interaction was performed 
by accounting for the shift of the repulsive wall to larger R 
values in the collinear geometry as a consequence of bond
stretching in the vibrationally excited target molecules. In 
the C2v ' perpendicular orientation, they found that the posi
tion of the repulsive wall shifted inwards with increasing v 
values and they associated a shift parameter f to this partic
ular effect. In conclusion, they produced the following form 
of model potential: 

Vi (R,r) = Ei (3Pi (R,r) - 8 - 4Ci (r)gi (R) 

(1) 

The index i labels the C ""v (II) and C2v (1) geometries of the 
atom-diatomics system and the corresponding parameters. 
Thus, one has that 

[R - (LlrI2)]IRm ll -/311 (2a) 
P" (R,r) = , 

1 - /311 
[R + f (M/2) ]IRm1 - /31 (2b) 

P1 (R,r) = , 
1 - /31 

where Rm; are the positions of the potential minima, Ei the 
values of the corresponding well depths, and /3i are param
eters which take into account the finite extension of the hard
wall repulsion between atomic cores. 10 The Llr values are 
given by (r - req) for each vibrational state of the target. 
Also note that a cut-off function is present via the gi terms 
which are given by 

I 
g(R)= , i=l, 

I 1 + (3.5 AIR) 12 
(3a) 

= 1, i= II. (3b) 

Finally, the Zi parameters are given by zil = 1 and Zl 

= - f Thus, the only disposable parameter present in the 
above potential, which from now on will be called the Fuchs 
and Toennies (FT) potential energy surface, is given by the 
value off that essentially controls the behavior of the repul
sive wall in the perpendicular geometry. 

The FT potential therefore considers the effect of the 
target vibrational state on interaction as giving rise to a shift 
of the repulsive wall to greater R values in the collinear ge
ometry due to the stretching of the vibrationally excited mol
ecule. In the perpendicular orientation, on the other hand, 
the position of the repUlsive wall was found by the authors to 
shift inwards by increasing the index v of the vibrational 
state. This further shift was then parametrized by the arbi
trary quantity f shown in Eq. (2b). 

It is interesting to note at this point that the time-hon
ored way of treating vibrationally inelastic scattering with
out coupling the collision to rotations describes the interac-
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tion via simple spherical atom-atom potentials. 16-18 In the 
case of collinear geometry, then one defines the distance Ro 
between the projectile and the nearest atom of a homonu
clear target and the distance R ' = Ro + req /2, with req being 
the bond equilibrium value at v = O. The corresponding 
Born-Mayer potential 18 is then given by 

Veq (R ') = All exp( - aliR ') 

= All exp[ - all (Ro + req/2)] 

=AII exp( - allreq /2)exp( - a"Ro) 

= Aeq.1I exp( - aIlRo)' (4) 

When the target is vibrationally excited, then rt=req and 
r = req + tv. The corresponding atom-atom distance Ro 
then becomes 

Rv = Ro - !l.ru/2; 

thus 

Vu(R ') = All exp( - aliR ') 

=AII exp[ -all (Ro-!l.ru/2 +req/2)] 

(5a) 

= Aeq.1I exp[ -all (Ro -!l.ru/2)], (5b) 

where !l.ru = ru - req , with ru being the average bond dis
tance for the vth vibrational state (r) u' One therefore sees 
from the above result that the collinear potential becomes 
more repulsive as v increases, since at each collision energy 
the corresponding turning point moves in to smaller R ' val
ues. This is often called the dumbbell model (DM) for the 
vibrational excitation of diatomic targets in collision with 
structure1ess atomic projectiles. 

When one now considers the C2v geometry for a homo
nuclear target, then the corresponding atom distance from 
the bond midpoint R ' is simply given by 

R' = (R 2 _,:: /4) 112 o eq , (6) 

with the usual meaning of Ro as the atom-atom distance. 
The corresponding potential is then given by 

Veq(R') =Al exp[ -al(R~ -r;q/4)1/2]. (7) 

When the target molecule is vibration ally excited, then one 
can write a new expression for the R ' distance of Eq. (6), 
i.e., 

R' = [R ~ - (req/2 + /:l.rul2 )2] 1/2 

=== [R ~ - r;q/4 - req !l.rv!2] 112. (8) 

Comparing the latter equation with Eq. (6), one then ob
tains that 

(9) 

where Rv is now the distance between the projectile and ei
ther molecular atom for the particular vibrational state v. 

Qualitatively, one could therefore say that the overall 
poten tial of Eq. (7) becomes less repulsive as v increases, a 
feature that gives the DM behavior for the C2u geometry. 
The above discussion therefore shows that the PI potential 
introduced from the experimental parametrization 10 essen
tially follows the DM description of the vibrational coupling 
and tries to further introduce orientational anisotropy from 

available HF calculations and from the behavior of the dis
persion coefficients. 

A pictorial representation of the shape of this PES is 
given in Fig. 1, where the PI potential is shown in the re
gions around the well for the two orientations C2u (dashed 
lines) and C ooU (solid lines). Two different vibrational states 
of the target are considered, v = 0 and v = 20, and two dif
ferent values for the f parameter of Eqs. (1) and (2) are 
represented. 

One sees clearly the following features: 
(i) As the vibrational energy "content" of the target 

increases, the collinear geometry shows a marked increase in 
its repulsive part and a corresponding outward shift of the 
well minima; 

(ii) the C2U geometries, on the other hand, exhibit the 
opposite effect, as their well minima become deeper and 
move to smaller distances; 

(iii) larger values of the arbitrary f parameter in the 
model potential appear to damp the effects of the increasing 
v values, since they produce stronger repulsive forces for the 
v = 0 states in both orientations. Thus, they are also marked
ly affecting the overall anisotropy of the full PES. 
We will see below that the choice of the latter free parameter 
is really modifying the efficiency of the potential in coupling 
vibrational and angular variables during the collision pro
cess. 
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FIG. 1. Behavior of the well region of the FT potential defined in the text as 
a function of the vibrational state v of Li, and of the relative orientations 
(C", and C y ,.) of the He-Li, system. The top diagrams refer to thef = + I 
case in Eq. (2), while the bottom diagrams are for thef= + 3 case. 
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A partial modification of the Ff potential of above was 
introduced later on by Rubhan and Toennies \3 in an attempt 
to generalize the above behavior to the whole series of rare 
gases colliding with Li2• The authors had observed that in 
the earlier model, the experimental total integral cross sec
tion was represented adequately when/was set equal to + 2. 
However, it was not able to describe well, as mentioned be
fore, the angular dependence of the cross sections for the 
vibrationally excited molecules. II They therefore decided to 
introduce a further parameter in the repulsive part of the 
potential function in the collinear orientation and performed 
with this new choice a further fit of the experimental data. 
The improvement was not very marked and therefore we 
decided to limit the present analysis to the earlier Ff poten
tial, as too many parameters in the potential would make 
more confusing the present study of the physical coupling. 

A more drastic modification of the FT interaction was 
also carried out very recentlyl9 by directly expanding the 
repulsive and attractive parts of the potential in a two-term 
Legendre expansion and connecting them via the general
ized damping function proposed by Tang and Toennies.20 

The final potential function turned out to be less attractive 
than the FT potential and exhibited an antidumbbell 
(ADM) behavior, i.e., the collinear orientation becomes 
more attractive as v increases and the e2v orientation shows 
a more repulsive character as the v values increase. This is 
shown in the top part of Fig. 2, where the/parameter has the 
same meaning as in the FT potential and this alternative 
potential is labeled the Rubhan (RBN) potential. The 
/ = + 2 value is the one recommended in Ref. 19 as being 
the most reliable choice to describe the potential anisotropy. 

Just to see how different the ADM behavior is from the 
more familiar, qualitative dumbbell model, the bottom part 
of the figure shows the same RBN potential with the / pa
rameter sign changed. Both well depth and position are now 
shifted to deeper and shorter values, respectively, and their 
dependence on the vibrational energy content of the target 
follows the same behavior of the potential of Fig. 1. We be
lieve that there is no physical reason for choosing an ADM 
behavior in the present model potentials and therefore se
lected to employ the RBN surface with negative/values. It 
appears that the calculations of cross sections reported in 
Refs. 19 and 21 were also carried out with negative values of 
the/parameter in the repulsive potentials. 22 

Vii (RII,v) = All exp[ - all (R II + Arv)]' 

VI (Ri'v) =Al exp[ -aleRt -/Ar,,)], 

(lOa) 

(lOb) 

where the various symbols have the same meaning as in Eq. 
(2). Their specific values have been given and discussed in a 
previous paperl9 and will not be repeated here. 

In conclusion, the experiments that were recently car
ried out to study the dependence of collision cross sections 
on the internal energy content of the target molecule lO have 
proposed a model for the underlying full potential function 
and such a function has been later generalized by incorporat
ing different criteria for connecting the repulsive and attrac
tive parts of the PES. 19 Both surfaces, however, provide a 
rather unsatisfactory interpretation of experimental findings 
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FIG. 2. The same general diagrams as in Fig. 1, but for the RBN potential of 
Ref. 19 discussed in the main text. The meaning of all the symbols is also the 
same as in Fig. 1. 

once used within a rather simple treatment of the dynamics ll 

and their overall validity or reliability still remains to be 
tested. 

In the following section, we summarize briefly possible 
schemes which can be used to treat the quantum dynamics 
relevant to the present system and to test various features of 
the PES. 

Since we wanted to start from the results of the previous 
work on this system, we have chosen to vary the parameter/ 
around the optimal values suggested in Refs. 10 and 21. The 
shapes of the potential functions for such values of / are 
shown in Fig. 3 for both the FT and the RBN surfaces. 

One sees clearly there that the FT potential becomes 
more anisotropic as v increases and exhibits rather weak ani
sotropy for v = o. The RBN function, on the other hand, is 
markedly more anisotropic for the lower vibrational levels, 
but changes rather little as v increases. Both surfaces show, 
however, a very clear DM behavior in the sense discussed 
previously. 

III. THE DYNAMICAL MODELS 

If one considers the general problem of rotationally and 
vibrationally inelastic collisions in the case of an atom-di
atomics system,23 the standard space-fixed (SF) formula
tion of the coupled-channel (CC) expansion leads to the 
following set of coupled differential equations: 
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-I I U~'j'I'.v"j"I"(R)qJ~~~I"I"(R) =0. (11) 
v" j"1" 

The above equations result from expanding the total 
wave function of the system in terms of eigenfunctions 
'fY~M(OR,Or) of the total angular momentum operator24 

and of the vibrational wave functions of the isolated target. 
The quantities that appear in Eq. (11) are the usual quanti
ties from the conventional notation:23 AV'j' is the wave num
ber for the (v'j') th rotovibrational channel associated with 
the radial wave function qJ v')'I' (R ). J and I' are the total and 
orbital angular momentum quantum numbers, respectively. 
The indices (vjl) define the system state in the incoming 
channel and the coupling terms Uv')'I',V"rIO (R) are the radial 
matrix elements of the potential energy surface (multiplied 
by 2f.l/h 2) between the angular functions 'fYf!'f and 'fYf~o 
and the vibrational wave functions of the diatomic target 
Xv' (r) and Xv" (r). Obviously, there is a different set of cou
pled differential equations of the form ( II ) for every value of 
the total angular momentum J. 

The corresponding differential and integral, vibration
ally and rotationally inelastic cross sections which are of 
interest here may be obtained from the corresponding T
matrix elements yielded by the usual asymptotic boundary 
conditions 

qJ~·1!1· (R) - sin(kv,),R -1'1T/2)8vv·8jj .811' 
R- 00 

- (T~'j'I.,vjl/2i) . (kv/kv'j' ) 112 

Xexp[i(kv'j'R -1'1T/2)]; 

hence one can write down23 

du ( ,.,) - vm· ...... v] m
J
., 

dO J 

(12) 

= (~) II(2J + I)[~ l-I'(j'm),J - mj'Ij'JI'O) 
4k vj J II 

X 1 T~'j·I',vjl· (jmjJ - mj liJI 0) ] .@~j'm/ t?-) 12 ; (13) 

where.@J. (t'J) are the angular Wigner functions. 23 
mjmj 

The corresponding partial integral cross sections, aver
aged over initial mj and summed over final mj' states, are 
given by 

u(vj-v'j'IE) = [~(2j+ 1)]I(2J+ I)I IT~'j'I',vjlI2. 
k~j J II' 

(14) 

Whenever both rotational and vibrational channels are 
open, then the number of coupled equations increases rapid
ly beyond the capability of current computing facilities, 
especially if calculations need to be carried out at several 
collision energies. One may then try to formulate the prob
lem by taking advantage of various simplifications that 
could markedly reduce the dimensions ofEq. (II) while still 
including the basic physical mechanisms for the energy 
transfer processes. 

In the following, we will outline briefly the possible de
coupling pathways that may be applied to the system at hand 
and we will show how the basic element of distinction comes 
from the comparison of the different time scales associated 
with the internal motions in the diatomics and with the rela
tive translation, i.e., the actual collision time under the ac
tion of the potential field. In the experiments of Ref. 10, the 
typical vibrational period of the Li2 molecule was about 0.1 
ps, whereas the interaction time Teoll was estimated to be 
;::::0.5 ps. Hence, Teoll > Tvib' Moreover, the rotational period 
of the same target molecule (say, with j = 10) is about 2,0 
ps and therefore one also has that Teoll < Trot' a condition 
which also allows us to simplify the dynamical treatment. 

A. The vibrationally diabatic (VO) dynamics 

As mentioned above, if the vibrational motion is fast 
when compared with the interaction time of the collision 
partners, then the molecule is effectively vibrating several 
times as the projectile crosses the range of action of the po
tential surface. Consequently, the latter atom experiences a 
molecular target with an averaged internuclear distance that 
depends on the specific vibrational state of the molecule. In 
cases where the excitation process is not very efficient, one 
may consider the averaging to be carried out over the initial 
vibrational state of the target only 

<Xv (r) IV(R,r,R ·")i.Xv· (r» = Vvv' (R,R .,.), (15) 

hence, Vv (R,,., R) would correspond to a convolution over 
one particular vibrational state only. 
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The corresponding coupling matrix elements of Eq. 
( 11) therefore become 

U{.'J T.p}f (R) "'" Uf:'f'Jf (R) '0",,' 

= J driR 3If:'1*(r,R)Vv(R,R'r) 

»dM ~ A-X '{y jI ( r,R ) , (16 ) 

which correspond now to the usual coupling potential for the 
rigid-rotor (RR) problem with a specific choice of the rota
tional constant Be as Be (v), with v being the particular vi
brational state considered during the collision. 

The relative coupled equations can now be treated by 
following two different approaches, which depend once 
more on further considerations about the different time 
scales of internal and relative motions. 

1. The vibrational diabatic-rotational close-coupled 
(VD-RCC) equations 

Following the general formulation, the modified cou
pling potential could be taken to treat dynamical processes 
in which rotational motion is strongly affected by the anisot
ropy of the field of interaction, thereby allowing the projec
tile to apply an efficient torque to the molecule during the 
collision time. The correct way to treat the quantum dynam
ics is therefore given by the close-coupled (CC) expansion 
over rotational states 

L~ ~ + k J. - I' (I' + 1) / R 2] uftJ'/' (R ) 

(17) 

The above equations could then be called vibrational 
diabatic-rotational close-coupled (VD-RCC) equations. It 
should be noted that the potential convolution over vibra
tional states is called a vibrational diabatic approximation25 
to emphasize the fact that the ensuing effective interaction 
only depends on the asymptotic vibrational state of the tar
get that is used to label the remaining dynamics. Since in 
collision problems one often employs the adiabatic idea to 
separate some fast variables from the slow ones,z6 then one 
may say that both rotational and translational motions are 
considered here as being slower than the vibrational motion 
of the target. The function of the latter degree of freedom is 
thus simply that of providing an effective potential from 
which scattering amplitUdes are computed and the corre
sponding vibrational wave functions are only causing a "geo
metric" modification of the shape of the RR potential sur
face, but their relative motion is completely decoupled 
(diabatic) from the rotational and translational motions. 

2. The vibrational dlabatlc-rotatlonallnfinite order 
sudden (VD-RIOS) equations 

In the previous examination of the time scales, we have 
also pointed out that, in the experiments we wish to analyze, 
the rotational period of the target molecule 1"rot is considered 
to be markedly larger than the corresponding collision time. 
This result allows one to further simplify the dynamics and 
to write down the coupled equations as being parametrically 

dependent on the relative orientation r = arccos (R' r), 

[~22 -1'(1' + 1 )/R 2 + k] ]~fV(R;r) 
(18) 

where both the coupling potential and the continuum wave 
function now depend on the relative orientation in the body
fixed (BF) frame, on the decoupled angular momentum 
(translational) I', and on the fixed wave vector kJ' where] 
represents the reference rotational state of the target. 23 The 
corresponding SF T matrix is now given by a convolution 
over spherical harmonics which represent the target rota
tional states 

Tj'..':)' = 21T(2/' + 1) J Y~n/r,Q)TrV(r)P/' (cos {}) 

X Y~~. (r,O),d cos r, (19) 
where {} is the SF polar angle for the collision coordinate 
R = ({},rp). The angular momentum I' here represents the 
final angular momentum after collision. 23 

Equation (18) can be called the vibrational diabatic
rotational infinite order sudden (VD-RIOS) decoupJed 
equation. It is a simplified equation that has already been 
used to treat the quantum dynamics. 10,19 We will see below a 
comparison between different infinite order sudden approxi
mation (lOSA) treatments when computing total integral 
cross sections at the collision energy of the experiments. 

B. The vibrational-rotational infinite order sudden (V,R
lOS) cross sections 

It is interesting to note at this point that the convolution 
ofEq. ( 19) could also be applied to treat a situation in which 
both the vibrational and rotational motions can be consid
ered to be slower than the interaction times. This is obviously 
the case which corresponds to the other extreme with respect 
to the one dealt with in the VD approximation, a case where 
the dynamics is treated by also keeping r as a parameter 
included in the Tmatrix ofEq. (19), which would now be
come dependent on both the rand r values selected in each 
calculation 

T~;.v')' = 21T(2/' + 1) f f x~(r) Y~~/ r,O) Tj'cr;y) 

XXv' (r) Y~ (y,O)drd cos y. 
/ 

(20) 

The above T matrix could then be called the VR-IOS ap
proximate T matrix and the corresponding partial differen
tial cross sections will be given by the following equation: 

du( , "'IE) "IT f • T f ' 12 - vi,Vi ex: £.- vj,v')" vj,v'), , 
dO /,1' 

(21) 

which allows for interference structures originating from 
both the partial wave sums and the different r values em
ployed in each vibrational integral. 7 In other areas of molec
ular collisions, the convolution (20) is often called a type of 
adiabatic approximation. 23 

C. The vibrationally close-coupled (VCC) dynamics 

In the majority of experimental situations one is faced 
with the more difficult problem of treating the quantum dy-
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namics where interaction time and vibrational periods be
come comparable 'Tvib ::::; 'Tcoll' and therefore the expansion 
over vibrational states implied by Eq. ( 11) needs to be used. 
Unless one is considering very highly excited rotational 
states, however, the rotational motion could stilI be consid
ered as slower than both other motions and therefore may be 
decoupled from them when solving the scattering equations. 

1. The vibrational close-coupled-rotationaIIOS (Vee
RIDS) equations 

The previous paragraphs have discussed the ways in 
which one can take advantage of the slower rotational mo
tion with respect to interaction times and therefore treats the 
quantum dynamics for rotationally inelastic processes only 
at fixed relative orientations of the atom-diatomics sys
tem.23

•
27 This approximation handles the coupling between 

rotational and translational motion within the lOS scheme 
mentioned before and solves differential equations which de
pend on the angle y and which are coupled only through that 
part of the interaction potential which depends on the vibra
tional motion 

[~ _ L(L + 1) + k2] /'L, (R'Y) 
dR 2 R 2 v r vv , 

(22) 

They are called here the vee-RIOS quantum scattering 
equations. The index L corresponds to the fixed value of the 
angular momentum (translational) I' defined before and the 
coupling matrix elements involve the vibrational wave func
tions of the isolated diatomics 

U;v' (R;y) = ;; 1"0 drx~(r)V(R,r,Y)Xv(r). (23) 

Solving the above equations for a specific angle y naturally 
yields the vibrational S matrix Suv' (y) which parametrically 
depends on the chosen orientation. The corresponding roto
vibrational S matrix is in turn obtained by convolution over 
the rotational functions 

x Y';"(y,O); (24a) 
j 

this last quantity can then be used to yield the Vee-RIOS, 
space-fixed (SF) S matrix SJ(vjl,v'j '1'),23 or the SF T-ma
trix elements 

T~ (vj,v'j') = 271' i" d cos yYi,;,~ (y,O) 
j 0 I 

(24b) 

where the identification L = I' has been used to perform the 
transformation. 28 The degeneracy-averaged Vee-RIOS 
partial differential cross sections are then given by 

dO' (vj,v'j'IO) = ,1 2 I IL(2/' + 1) 
dO 4(2J+l)k vj m j =-m* /' 

XIT~(vj,v'j')PI'(costJW, (25) 
j 

where the angletJ has already been defined in Eg, (19). Here 
m* = min (jJ '). The corresponding partial opacities are giv
en by 

d'(vj,v'j'IE) = 71'(,2/' + 1; I IT~(vj,v'j')12 (26) 
(2) + 1) k uj mj = ~ m· } 

and the partial integral cross sections are 

O'(vj,v'j 'IE) = L d' (vj,v'j 'IE). (27) 
/' 

It is interesting to note at this point that if one expands 
the argument of the integral on the right-hand side of Eg. 
(24) in the following way: 

[ 
/'] /' ~ I' / 

ovv' - S vv' (y) = T vt" (y) = £... A" (v,v )P" (cos y), 

" (28) 

then one can obtain the following special opacity: 

O"'(v,v') =--;- L(2/' + 1)IA~'(v,v')12, 
k vj /' 

(29) 

and define with its aid the state-to-state rotovibrational cross 
sections29 

O'(vj,v'j 'IE) = L _1_ C 2 (jA.j'IOOO)O"'(v,v') (30) 
" U + 1 

and the rotationally summed, vibrationally inelastic partial 
cross sections 

O'(v,v'IE) = L-1
-0"'(V,V'). 

" U+ 1 
(31) 

This means, as is well known, that the entire matrix of 
the rotational-vibrational inelastic transition is given via the 
weighted sum of the fewer elements as defined by Eq. (30). 

2. The vibrational distorted wave rotational infinite 
order sudden (VDWI-RIOS) equaffons 

In situations where we expect the vibrational inelasticity 
to be rather small, then one can further simplify the form of 
Eg. (22) and start by solving the vibrationaIIy elastic prob
lem first 

[~_ L(L+ 1) +k 2 ]/'L,(R'Y) 
dR 2 R 2 v / vv , 

= U;v' (R,y)/.,~, (R;y). (32) 

One then constructs the inelastic (off-diagonal) terms of the 
corresponding T matrix by simply using the separate elastic 
solutions and couple them with the required potential func
tion after the elastic dynamics has been solved30 

/' 1 i"" ft' /' T v'v" (y) = f vv' (R;y) U v'v" (R;y) 
(k~,k~")1/2 0 

XJ'!,~" (R;y)dR. (33) 

The above approximation produces the vibrational distorted 
wave and rotational IOS(VDW-RIOS) T-matrix elements 
that can then be employed directly into the equations for the 
partial differential and integral cross sections mentioned be
fore. 

The various decoupled solutions ofthe quantum scatter-
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ing problem that have been discussed and presented in this 
section are meant to provide a set of different computational 
procedures which can be tested directly for the present 
atom-diatomics system, taking advantage of the fact that the 
two model potential surfaces suggested for it in the literature 
are both explicitly including the dependence on the vibra
tional coordinate. 

The results of the computations and their comparison 
with available experiments will be analyzed in the following 
section. 

IV. RESULTS AND DISCUSSION 

As already mentioned in the Introduction, the only cal
culations carried out earlier were performed within the VD
RIOS approximation discussed in the previous section lO

.
21 

and employed both the FT and the RBN potential functions. 
In order to better understand the relative role of the various 
decoupling approximations, we have carried out an exten
sive range of computations, using again both potential func
tions, employing all the approximations discussed before. A 
comparison of some of the various results with both PES is 
shown in Table I. The calculations were carried out at a 
collision energy of 80 meV and the integral cross sections 
shown correspond to the rotationally summed values or to 
the rotationally and vibrationally summed values, depend
ing on the employed decoupling scheme. The integrations 
employed were all variations of a Numerov propagator23 

and asymptotic matching was carried out at distances where 
the PES were less than 10 - 6 a.u. Convergence on partial 
wave expansion, rotational and/or vibrational channel ex
pansion, and closed-channel inclusion were all tested in or
der to ensure stabilization of the individual cross sections 
within ~ 2 % of their values. The vibrational wave functions 
of the Li2 molecule were obtained by numerical integration 

using the analytic potential of the target as given in the ex
perimental papers. 10 The corresponding coupled matrix ele
ments needed in the VCC-RIOS approximation were also 
obtained by numerical integration at all the Rand r values 
required to obtain the continuum solutions. The number of r 
values in the lOS quadrature was increased up to 20 in the 
(0,1T/2) quadrant, although 10--15 points were usually suffi
cient for convergence in a Gauss quadrature. 

An examination of the results shown in the table allows 
one to make the following observations: 

(i) The PES used here for the Li2-He system appear to 
exhibit a rather weak vibrational coupling, since the VCC 
and VDW treatments produce remarkably similar results 
across the whole range of v values and down to the fourth 
significant figure. It follows also from the present results that 
both potential functions include vibrational coupling in a 
similar fashion, hence this closeness of the vee and VDW 
results shown by the FT and RBN calculations. 

(ii) The approximate treatment of the rotational dy
namics employed in the previous calculations lO

•
19 using the 

VD-RIOS approach is obviously missing part of the physics 
involved since, when the rotational coupling is included cor
rectly, both potential functions give very different results. 
For the v = 0 situation, the VD calculations with either the 
RIOS or the RCC approach are very close to each other for 
the RBN surface and not very different from each other in 
the case of the FT potential. As v increases, however, the 
effect of correspondingly increasing the angular anisotropy 
of each potential produces dramatic differences with the 
RBN function, while the effect is less dramatic for the FT 
potential. In both cases, however, the correct CC treatment 
of rotational coupling markedly modifies the final total cross 
sections. 

(iii) When the diabatic assumption is removed for the 
vibrational motion and the calculations are carried out with-

TABLE I. Computed total cross sections (rotationally and vibrationally summed) for He-Li 2 (X I '1.t) using 
the different dynamical approximations defined in the main text. All quantities are in atomic units. The colli
sion energy was 80 meV. 

RBN(f= - 0.5) 

U= 0 
2 
3 
4 
7 

10 
15 
20 

FT(f= + 2) 

• From Ref. 19. 
"From Ref. 10. 

v=o 
2 
3 
4 
7 

10 
15 
20 

VO-RIOS' 

642.2 

607.7 

VC-RIOSb 

562.2 

::::510.0 

618.7 

VO-RCC VCC-RIOS VOW-RIOS 

644.07 644.86 644.37 
647.33 647.83 647.33 
648.83 649.17 648.85 
650.28 650.43 650.42 
654.55 654.25 654.31 
659.42 658.73 658.81 
670.17 666.21 666.03 
681.20 673.40 673.03 

VO-RCC VCC-RIOS VOW-RIOS 

582.51 588.50 588.30 
571.99 592.90 592.99 
568.18 595.59 595.55 
565.10 598.54 598.34 
558.62 609.03 609.65 
559.44 621.17 622.46 
590.44 648.90 650.16 
623.49 685.32 680.93 
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in the VCC model for that coupling, then results change 
quite markedly for both potentials as the target vibrational 
content increases. This means that in spite of the rotovibra
tional coupling being weak for both PES, the total integral 
cross sections exhibit a strongly altered dependence on the v 
index and, in the case of the FT potential, the VCC-RIOS 
results differ from the VD-RIOS model by up to more than 
10% by the time v = 20. 

It is also interesting to note that the three different dy
namical coupling models employed in the present work 
(VD-RCC, VCC-RIOS, VDW-RIOS) correspond to three 
very different numerical codes that employ the same two 
PES discussed here and therefore could be used to check 
their numerical quality against each other. The fact that all 
the v = 0 results tum out to be, for both systems, so close to 
each other is direct evidence of the reliability of our calcula
tions. 

The experimental results 10 of the present system have 
shown the following features of the general behavior of total 
integral (rotationally and vibration ally summed) cross sec
tions as a function of the mean internuclear distance (r) u (or 
of the target vibrational quantum number): 

(i) the cross sections decreased as v increased from 
v = 0 up to ;:::: v = 6 by about 10% of their initial values; 

(ii) they then began to increase up to ;:::: v = 20, reaching 
a maximum value of about 12% more than their v = 0 value, 
showing a steady behavior after the "dip" for v = 6; 

(iii) the experimental energy was ;::::78 meV and the 
quality of the data was considered to be better for the low-v 
measurements, increasing the error bars as v increased up to 
;:::: 30%. This uncertainty will be reflected in our analysis of 
the computation. 

We used the present computational models to study the 
experimental behavior and to see if one could attribute it to 
specific features of either the dynamics or the interaction 
potential. 

For both the PES employed, we ran calculations with 
various values of the/parameters and found the following: 

(i) The RBN potential never exhibited any decrease of 
computed cross sections as v increased for any ofthe selected 
values off By keeping/negative we made sure that the PES 
maintained a DM behavior, while positive / values corre
sponded to ADM behavior that was considered to be physi
cally unrealistic and certainly at variance with the FT behav-
lOr. 

(ii) The value of/= - 0.5, suggested previously22 for 
the RBN surface, was also used here to produce the results of 
Table I. None of the cross sections exhibits any minimum 
feature as a function of v. 

(iii) The calculations with the FT surface were carried 
out with all three decoupling schemes. Only the VD-RCC 
approach showed agreement with experimental findings. 
The behavior of the above calculations, as a function of dif
ferent/values, is shown in Fig. 4 over the same range of v 
values examined by the experiments. 10 

As mentioned before, the larger /values correspond to 
more anisotropic potential functions. The results from our 
computed percentage variations show that only for /values 
around/ = 2 and! = 3, the calculations begin to reproduce 

15% 

10% 

5% 

0% 

-5% 

f=Q5 
f=Q25 

f= 2 

FIG. 4. The relative integral cross section (%) computed with the VD
RCC approximation discussed in the main text and using the FI potential 
of Ref. 10. <l> are the experimental points of Ref. 10. The various curves 
indicate the behavior of the (av - ao! ao) as a function of v and of the / 
parameter in the potential surface. Each/value for each curve is given at the 
extreme right of the figure, e.g., the dashed curve corresponds to/ = 3. The 
top two values of/correspond to negative parameters. 

experimental findings and indicate the presence of a dip 
around v;:::: 6. As the vibrational coupling is introduced, 
however, the effect disappears and the VCC-RIOS calcula
tions show no minimum in their v dependence. 

It is interesting to probe further the behavior of the com
puted cross sections and therefore to see how the different, 
partial contributions behave as a function of the vibrational 
content of the target molecule. This partitioning is shown for 
the cross sections via the FT potential in Fig. 5 and for the 
RBN potential in Fig. 6. 

The results via the FT potential report two sets of results 
from the VD-RCC calculations. The elastic part of the total 
integral cross sections <T.;f' marked by crosses and the inelas
tic part of~~1 marked by open circles defined in the scale on 
the right-hand side of the figure. One sees clearly that the 
inelastic, rotationally summed contributions increase as ex
pected as v increases and constitute only ;:::: 30% of the total 
cross sections. The elastic part, on the other hand, shows a 
marked dip around v;:::: 10 and exhibits a general behavior 
which determines the total cross section behavior of Fig. 4. 

As the vibrational motion is coupled with rotations, 
however, the whole picture changes, as shown by the elastic 
and inelastic partial cross sections from the VCC-RIOS cal
culations (open squares and filled circles, respectively, in 
Fig. 5). The vibrationally elastic contributions are already 
including rotationally summed cross sections, a fact which 
explains their larger values than before. They, however, de-
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FIG. 5. Computed elastic and inelastic integral cross sections via the FT 
potential of Ref. 10. The results with the VD-RCC model are given by 
crosses (~J') and by open circles (ofn':,), while the results with the VCC
RIOS quantum approach are given by open squares (O';;b<o') and by filled 
circles (O':~~r"'). All quantities are in atomic units. The scale on the left-hand 
side refers to the elastic contributions, while the one on the right-hand side 
refers to the inelastic contributions. The various symbols listed above are 
connected in the figure by different lines in order to aid the eye to view each 
overall behavior. 

crease with increasing v values and show no minimum be
cause of the much stronger dependence of the inelastic part 
on the v index. The vibrational coupling is now increasing 
the overall flux into the inelastic channels and produces larg
er cross sections as the molecular vibrational content in
creases. As a result, the elastic part can only decrease with 
increasing v values. 

The calculations performed using the RBN potential 
surface are summarized in Fig. 6 and present quite a differ
ent picture for their partial contributions. Within the VO
RCC model, one now sees that the rotationally inelastic part 
(open circles) is slightly smaller than that of the FT poten
tial, but varies more markedly with v (about a 50% variation 
vs ::::: 30% in the earlier case). The elastic cross sections, on 
the other hand, are larger for the RBN potential and do not 
manage to present a minimum because of the greater flux 
diversion into inelastic channels as v increases. 

From the comparison of the two potentials within the 
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FIG. 6. The same as in Fig. 5, but for the calculations performed via the 
RBN potential discussed in the main text. 

VO-RCC model, therefore, it appears that the FT potential 
exhibits a larger angular anisotropy as v increases and a 
smaller target "size" for larger v values than the RBN func
tion. As a consequence, the RBN potential shows smaller 
rotational inelasticity, but larger elastic cross sections thus 
preventing its total cross sections from reproducing an ex
perimental minimum. Because of the greater relative impor
tance of inelastic effects in its cross sections, the FT potential 
is instead capable of reproducing the experimental findings 
due to the interplay between elastic scattering and rotation
ally inelastic channels as v increases . 

The effect of the target vibrational content is also taken 
into account within the VCC-RIOS model of the dynamics. 
In this case, however, the vibrational motion is, more cor
rectly, coupled to the translational motion during the dy
namical evolution of the collision partners. One therefore 
sees that the relative fluxes into the various rotovibrational 
channels are now rather different for the RBN potential, as 
was before the case with the FT results of Fig. 5. The results 
of Fig. 6, in fact, show that the vibrationally elastic (rota
tionally summed) cross sections from the RBN potential 
(open squares) are larger than the same results with the FT 
potentials and vary very little with the u index. On the other 
hand, the vibrationally inelastic part (filled circles) is about 
ten times smaller than that of the FT calculations (Fig. 5) 
and increases only in the region of very large u values. No 
minimum therefore can appear in the corresponding total 
cross sections as a function of v values. 

The vibrational coupling in the RBN PES therefore 
turns out to be markedly weaker than that in the FT poten
tial, while the size of the target is much larger in the former 
potential than in the latter. Moreover, the relative rotational 
anisotropies are also fairly different, with the FT potential 
being more anisotropic for each v value. 

One convenient way of defining such anisotropy is sim
ply given by the value \ilR \ of the differences between classi
cal turning points at the given collision energy.3l,32 This 
positive quantity, defined as \ilR \ = RII - Rp has been 
shown to be related to the efficiency with which translational 
motion is coupled to the rotational states of the target, there
by allowing the rotationally inelastic processes to occur dur
ing the collision. 31

•32 The behavior of such a quantity, as a 
function of the target vibrational index u, is shown in Fig. 7 
for both potential functions; one sees clearly that the FT 
surface is more anisotropic than the RBN surface and is 
more so for the lower u values. As the/parameter is varied, 
one also observes (see the inset in Fig. 7) that the ilR values 
goes through a minimum around u:::::4, hence suggesting that 
the elastic cross section minimum of Fig. 5 should be related 
to the anisotropy features of that surface. 

Recent ca1culations33 have produced an alternative ana
lytic expression for the He-Li2 interaction and we decided to 
further test it with the present dynamical models. It is worth 
noting at this point that the more recent potential function, 
to be called the Varandas (VROS) surface, exhibits general 
features which are very close to the previous FT PES, with 
\ilR \ values which vary between 1.06ao for v = 0 and 1. 71ao 
for v = 22 and which show a rather marked minimum for 
v:::::4 with lilR I = 0.570ao' The corresponding inelastic 
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FIG. 7. The computed potential anisotropy laR 1 in a" units as a function of 
the vibrational state of the target. The values were computed as IR - R,I at 
the collision energy of 80 me V and for the VD picture of the interaction. The 
crosses refer to the FT potential, while the filled circles are from the RBN 
potential. The inset shows the behavior of the FT potential around a mini
mum value of laR I. 

cross sections are therefore only slightly larger than those 
given by the FT potential, when the VD-RCC approach is 
used, as one can see from the results reported in Table II. 

It is also interesting to see from Table II that the more 
correct inclusion of vibrational coupling within the VCC
RIOS model once more produces results which are very 
close to those obtained via the FT potential function, a fact 
confirmed by the VDW-RIOS calculations in the last col
umn of Table II. In conclusion,the VRDS potential appears 
to be very close to the FT surface in terms of vibrational 
coupling, but slightly stronger in terms of rotational anisot
ropy, hence preventing its calculated cross sections to exhib
it the minimum value for a specific v index shown by the 
experiments. 

V. CONCLUSIONS 

The model calculations employed to test the effects of 
vibrational and rotational coupling in He-Li2 collisions have 
shown the following: 

(i) The minimum value shown by the total cross sec
tions as a function of the vibrational quantum number 
should be attributed mostly to the elastic part of the collision 
that is being modified by the changing size of the target mol
ecule as v increases. 

TABLE II. The same calculations as in Table I, but using the VRDS poten
tial of Ref. 33. The units and the meaning of the symbols are the same as in 
the previous table. 

VD-RCC VCC-RIOS VDW-RIOS 

v=o 581.92 582.17 582.26 
2 591.70 591.91 
3 596.97 597.37 
4 594.76 602.57 602.95 
7 617.05 616.91 

10 628.19 628.20 
15 632.22 647.27 647.10 
20 666.43 666.02 

(ii) The changing anisotropy of the potential (as v in
creases) modified the "shape" of the ellipsoid of interaction 
which in turn controls the amount of flux going into rota
tional inelasticity. If the latter becomes too large, its increase 
with v cancels the possible minimum effect in the total cross 
sections. This is the case with the RBN and VRDS poten
tials, while the FT surface appears to be the most realistic on 
this account. 

(iii) The explicit inclusion of vibrational coupling dur
ing the dynamics appears to cancel the minimum, producing 
larger total cross sections which always increase with v. In 
these calculations, however, rotational coupling is only in
cluded approximately via the lOS model and therefore their 
less rigorous treatment of rotational inelasticity, as opposed 
to the VD-RCC calculations, may also be the cause of this 
discrepancy. When observing the results displayed in Figs. 5 
and 6, one notices that in the low-v region, the rotational 
inelasticity is smaller than in the high-v region and therefore, 
as v increases, it becomes a larger fraction of the elastic cross 
section for both potential functions. This fact may suggest 
that the lOS portion of the VCC-RIOS calculations possibly 
fares less realistically as the target becomes more vibration
ally excited, thus masking the minimum feature shown by 
the VD-RCC calculations of Fig. 4. The latter model, on the 
other hand, treats correctly the interference and coupling 
factors in the quantum dynamics of rotations and only sug
gests that vibrations occur on a faster time scale. It therefore 
appears that all the examined potential functions have a 
rather strong coupling between vibration-rotation and rela
tive motions and therefore require all a rigorous treatment of 
their relative dynamics in order to unequivocally assess their 
quality from specific experiments. 

(iv) Rotational excitations are reasonably well de
scribed by the lOS decoupling in qualitative terms, while 
quantitative agreement with experiments (e.g., appearance 
of the minimum in the cross sections) necessarily requires 
close coupling calculations as shown by our results of Fig. 4. 

(v) The interaction between vibrational and transla
tional motion in the present system appears to be rather 
weak, as shown by a comparison between VCC and VDW 
results with all potential functions. However, the coupling 
between rotations and vibrations during collisions requires 
rather careful handling for quantitative agreement to be 
reached and may not be given realistically by dimensionality 
reductions based on time scale consideration of ground vi
brational states of targets as is the case in the VCC-RIOS 
approach. 
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