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State-to-state reaction probabilities using bond coordinates: Application
to the Li ¿HF„v , j … collision
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Octavio Roncero
Instituto de Matema´ticas y Fı́sica Fundamental, C.S.I.C., Serrano 123, 28006 Madrid, Spain

~Received 23 November 1999; accepted 1 May 2000!

In this work we present a time-dependent method to evaluate state-to-state reaction probabilities,
based on bond coordinates and an adapted body-fixed frame. Such a method is expected to be rather
efficient to describeA1BC→AB1C reactive collisions. In addition, the apparent complexity of
the Hamiltonian expressed in these coordinates is reduced when applied to a wave packet
represented in grids for the internal coordinates. The efficiency of this method as compared to the
use of the most adapted Jacobi coordinates increases as the masses of the satellite atoms approach
that of the heavier central atom and, what may be more important, avoids the problems associated
with the singularities of the radial kinetic terms in the region of configuration space of interest. This
method is used to study the Li1HF(v50,1,j 50,J50! reactive collision and the structure of the
final state distribution of the LiF products is interpreted in terms of transition state resonances.
© 2000 American Institute of Physics.@S0021-9606~00!00629-2#
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I. INTRODUCTION

The field of molecular reaction dynamics has undergo
a great development during the last decade. For some
phase bimolecular reactions, a deep description on a mol
lar level is starting to be possible.1 Both theoretical
methodologies2 and experimental techniques3 allow nowa-
days, at least for very simple systems, the calculation
measurement of interesting quantities such as state-spe
differential cross sections.4 Moreover, there is a growing in
terest in the field of the stereodynamics and vector corr
tions since the associated magnitudes provide the mos
tailed information about chemical reactions and th
anisotropic character.5–12 Recently, Miranda and Clary13

have proposed a complete quantum treatment for the stud
vector properties in reactive collisions, that has been app
to describe the stereodynamics of the H1D2 reactive
collisions.14,15 Such quantum treatments, however, requ
the calculation of the collisionS-matrix and hence of the
state-to-state reaction probabilities.

Methods to accurately calculate theS-matrix for reactive
collisions are traditionally classified as time-independ
~TI! or time-dependent~TD!,2,16 each one having its own
advantages and disadvantages. Among the TI methods
most widely used ones are the close-coupling hypersphe
method,17–26 and the variational principle methods.27–31 An
interesting technique is the use of negative imaginary po
tials ~NIPS! either for TI32 or for TD treatments.33 In particu-
lar, the use of NIPS, together with some analogous absor
techniques,34–37 have produced a rapid development of T
methods since it allows to reduce the numerical integra
of the time-dependent Schro¨dinger equation to the interac
tion region, eliminating the asymptotic regions where t
propagation can be continued analytically.36 The S-matrix
1780021-9606/2000/113(5)/1781/14/$17.00
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can be then calculated at the edge of the asymptotic re
using different methods.38–43

The asymptotic solutions required to extract theS-matrix
can be written in a simple separable way using the Jac
coordinates associated to each arrangement channel.44 That
is the reason why the study of the reaction dynamics w
wave packets is usually performed in reactant Jacobi coo
nates. Combining the use of NIPS33 with the evaluation of
the flux to products45 it is possible to obtain total reactio
probabilities in a rather efficient manner without the nec
sity of describing the product asymptotic region. The eva
ation of state-to-state reaction probabilities requires the
scription of the dynamics up to the product asympto
region. Reactant Jacobi coordinates have been used in s
cases as H1H2

46 and H1O2
43 collisions, but usually de-

scribe very poorly the product asymptotic regions~many grid
points would be required!. In order to impose the prope
product asymptotic conditions the wave packet should
transformed to product Jacobi coordinates at each time s
Another similar alternative is to transform only the initi
wave packet from reactant to product Jacobi coordinates,
to perform the time propagation in this last set of coor
nates. However, this still requires dense grids and only
cases have been studied as the prototypical case H1H2 and
isotopic variants.46,47 In general, the particular set of Jaco
coordinates to be used in the propagation will depend on
system under study.46 In spite of its difficulty, some tetra-
atomic benchmark examples of time-dependent methods
ing a single set of Jacobi coordinates to extract state-to-s
information are the H1H2O→H21OH collisions48 and the
reverse reaction.49

In order to obtain the state-to-state reaction probabilit
more efficiently some refined methods have been propo
1 © 2000 American Institute of Physics
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1782 J. Chem. Phys., Vol. 113, No. 5, 1 August 2000 Lara et al.
One is to initialize the propagation in reactant Jacobi co
dinates until the wave packet is in the interaction region a
then, transform it to product Jacobi coordinates in which
propagation is continued and the requiredS-matrix elements
obtained.50–52 This method allows us to split the problem
two, using the set of Jacobi coordinates more appropriat
each region, and was first proposed by Judsonet al.50 to
study H1H2 collisions and afterwards applied to Li1HF by
Gögtaset al.52 The approach presents some difficulties as
as the wave packet spreads over a large portion of the
figuration space,46 as it happens for long range interactio
potentials in the entrance channel, and in the presenc
long lived resonances. In such situations the wave packe
be transformed may be spread in a quite large region a
therefore, both reactant and product regions need to be p
erly described.

More recently, Zhang and co-workers proposed
reactant-product decoupling~RPD! method53–55 also applied
in the time-independent domain.56 The wave packet is spli
in several parts, each of them essentially confined to a si
arrangement channel. These different parts are conne
through imaginary potentials, which act as sinks and sou
to transfer from one region to another, and avoid reflecti
at the edges of the grids. This formalism, essentially rig
ous, has the advantage of describing the dynamics in
most adapted set of Jacobi coordinates but present s
problems. First, the portion of the wave packet to be tra
ferred has to be transformed at each time step from one s
Jacobi coordinates to another, what may be computation
expensive. Second, the portions transferred are affecte
the imaginary potentials, what can reduce the accuracy o
procedure.

In treating high total angular momenta using a bod
fixed frame, the number of helicity functions is usually lim
ited in order to make the calculation feasible. The change
body-fixed frame along the propagation would require
inclusion of a large number of helicity functions in the le
adapted frame. In order to describe reactant and produc
gions well enough at the same time, new sets of coordin
can be designed. The state-to-state reaction probability
then be extracted at the asymptotic region through a tra
formation to the corresponding Jacobi coordinates, with
affecting the accuracy of the propagation or the actual nu
ber of helicity functions included in the propagation. T
most used set of such coordinates are the hypersphe
ones, specially for time independent calculation. Howev
there are only few full time-dependent calculation on re
tive scattering reported in the literature.57,58 Using hyper-
spherical coordinates has the difficulty that for a modera
large hyper-radius many grid points, or equivalently ma
basis functions, are required to describe the hyperang
Such a problem is overcome in time-independent calc
tions by the use of the so-called diabatic-by-sector metho59

However, the use of that method in time dependent calc
tion would be very inefficient.

In this work we propose, as an alternative, to use bo
coordinates for the internal degrees of freedom, i.e.,RAB ,
RBC and the anglea between them, to describe the reacti
collisions where only two arrangement channels are of in
Downloaded 20 Mar 2013 to 161.111.22.69. Redistribution subject to AIP li
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est,A1BC→AB1C, while the third channel~correlating to
AC fragments! either is energetically closed or not of inte
est. These coordinates describe correctly the transition s
region and are able to reasonably describe relatively l
distances, especially when the centralB atom is much
heavier thanA and C. This method, presented in Sec. II,
applied in Sec. III to the study of Li1HF reactive collisions,
to form LiF products~the LiH channel is closed at the ene
gies of interest!. LiHF is particularly well suited to be stud
ied using these coordinates because the central F atom i
heaviest one of the system. Due to the relatively light ato
involved in the Li1HF reaction, the system is becoming
benchmark and there are several global potential ene
surfaces60,61 ~GPES! and an increasing number of quantu
dynamical studies on the reactive collision.52,60–65Also, the
efficiency using bond coordinates is compared with that
different sets of Jacobi coordinates for LiHF and its iso
pomers.

II. THE METHOD

A. Coordinates and Hamiltonian

It is convenient to use a body-fixed frame which allow
to distinguish between internal coordinates, describing
relative location of the atoms, and three Euler angles~u, f,
andx!, specifying the orientation of the body-fixed axis wi
respect to the space-fixed frame. In this case, we shall c
sider that the three atoms are in thex–z body-fixed plane,
and thez-axis lies along the vector joining the center of ma
of the AB diatomic reagent~HF in this case! to theC atom
~see Fig. 1!, i.e., along the reactant Jacobi vectorR. Such an
election of the body-fixed frame is made for two reaso
First, thez-axis of this frame is parallel to the relative velo
ity between the reactants,k, in the asymptotic region and
therefore, is the direction of experimental significance and
other vector magnitudes can be referred to it. Second,
previous work on the Li1HF collision61 with the same body-
fixed frame, total reaction probabilities forJ55 total angular
momentum, using the centrifugal sudden~CS! approximation
were found to be in rather good agreement with an ex
calculation. It was concluded thatV, the projection of the
total angular momentum on thisz-body fixed frame, is rea-
sonably well conserved in the entrance channel, at leas
low J, because the H atom is very light as compared to F
Li atoms, so that the HF fragment behaves as a pseudo-a
However, nothing can be said about the dynamics in
product valley where this frame may not be well adapted
any case, this election of the body-fixed frame is expecte
yield a rapid convergence on the sum overV.

The internal coordinates used to describe the relative
sition of the nuclei are bond coordinates:R1 , the FH inter-
nuclear distance in the present case,R2 , the FLi internuclear
distance, and the angle,a, between the associated vecto
~see Fig. 1!. Being the central F atom much heavier (m0

'19 amu) as compared to H (m1'1 amu) and Li (m2

'7 amu), these coordinates are quite similar to both reac
and product Jacobi coordinates, describing Li1HF and
H1LiF arrangements, respectively. It is therefore expec
that near the asymptotic regions, the dynamics can be
cense or copyright; see http://jcp.aip.org/about/rights_and_permissions
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1783J. Chem. Phys., Vol. 113, No. 5, 1 August 2000 Reaction using bond coordinates: Li1HF
scribed quite efficiently using these coordinates.
Expressed in this system of coordinat

(u,f,x,R1 ,R2 ,a), the Hamiltonian takes the form

H52
\2

2m1
S 1

R1
2

]

]R1
R1

2 ]

]R1
D 2

\2

2m2
S 1

R2
2

]

]R2
R2

2 ]

]R2
D

1S 1

2m1R1
2 1

1

2m2R2
2D L̂21

~ Ĵ222Ĵ•¤̂!

2mR2 1T̂12

1V~R1 ,R2 ,a!, ~1!

wherem15m0m1 /(m01m1), m25m0m2 /(m01m2) are the
reduced masses associated withR1 and R2, while m
5m2(m01m1)/(m01m11m2) is the reduced mass assoc
ated with theR Jacobi vector. The volume element is give
by R1

2dR1R2
2dR2 sinada sinududfdx.

FIG. 1. Systems of internal coordinates and associated body-fixed fra
used in the method.
Downloaded 20 Mar 2013 to 161.111.22.69. Redistribution subject to AIP li
In Eq. ~1!, L̂2 is the angular momentum operator appe
ing in this set of internal coordinates

L̂252\2H 1

sina

]

]a
sina

]

]a
1

1

sin2 a

]2

]x2J . ~2!

Ĵ is the total angular momentum of the system given

Ĵ252\2H ]2

]u2 1cotu
]

]u
1

1

sin2 u

3S ]2

]f2 1
]2

]x222 cosu
]2

]x]f D J ,

Ĵx52 i\H cosx cotu
]

]x
2

cosx

sinu

]

]f
1sinx

]

]uJ ,

Ĵy52 i\H 2sinx cotu
]

]x
1

sinx

sinu

]

]f
1cosx

]

]uJ ,

Ĵz52 i\
]

]x
. ~3!

The term (Ĵ222Ĵ•¤̂)/2mR2 ~¤̂ is the angular momentum op
erator associated with the diatomic fragment in reactant
cobi coordinates! arises from the use of the Jacobi bod
fixed frame~the missing¤̂2/2mR2 term appearing in Jacob
coordinates has been incorporated in the term containingL̂2!.
Ĵ•¤̂ is responsible for the Coriolis coupling and is written

Ĵ"¤̂52 i\H S qR1

R2 sina
2cota D Ĵx

]

]x
2qR1 sina Ĵy

3
]

]R2
1S 12

qR1 cosa

R2
D Ĵy

]

]a
1 Ĵz

]

]xJ , ~4!

whereq5m1 /m0 ~with R25R2
21q2R1

222qR1R2 cosa!.
Finally, in Eq.~1! T̂12 is the kinetic crossing term due t

the non-Jacobian character of the internal coordinates ch
and has the form

T̂125
\2

m0
H sina

R1R2

]

]a
2cosa

]2

]R1]R2
1

sina

R2

]2

]R1]a

1
sina

R1

]2

]R2]aJ 2
cosa

m0R1R2
L̂2. ~5!

This Hamiltonian is analogous to some previously d
rived ones for this kind of coordinates66–72but using, in gen-
eral, a different body-fixed frame. Thus, the Hamiltonian f
J50 in Eq.~1! is the same as those previously reported.66–72

This kind of coordinates has been generally used for
calculation of rovibrational states of triatomic systems.66,67

The dynamics, however, has only been scarcely studied
actly using this kind of coordinates in three dimensions. T
is possibly due to the difficulty introduced by the kinet
crossing term, which is non-negligible even at asympto
distances.

es
cense or copyright; see http://jcp.aip.org/about/rights_and_permissions
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1784 J. Chem. Phys., Vol. 113, No. 5, 1 August 2000 Lara et al.
B. Wave packet representation and propagation

The total wave packet is expanded as

CJMp~u,f,x,R1 ,R2 ,a,t !

5 (
V>0

J

WMV
Jp ~f,u,x!

FV
JMp~R1 ,R2 ,a,t !

R1R2
, ~6!

where WMV
Jp are linear combinations of Wigner rotatio

matrices73 such that the parity under inversion of all coord
nates,p, is well defined

WMV
Jp ~f,u,x!5A 2J11

16p2~11dV,0!
@DM ,V

J* ~f,u,x!

1p~21!J1VDM ,2V
J* ~f,u,x!#, ~7!

M andV being the quantum numbers for the projections
the total angular momentum,J, on the space-fixed and bod
fixed z-axis, respectively. Insertion of Eq.~6! into the time-
dependent Schro¨dinger equation using the Hamiltonian, E
~1!, yields a set of first order differential equations for t
FV

JMp(R1 ,R2 ,a,t) coefficients,

i\
]FV

JMp

]t
5H 2

\2

2m1

]2

]R1
22

\2

2m2

]2

]R2
2

1S 1

2m1R1
2 1

1

2m2R2
2D l̂2

1\2
J~J11!22V2

2mR2 1 t̂121VJ FV
JMp

1(
V8

dV8V61

\2 t̂ c

2mR2AJ~J11!2VV8

3A11dV,0A11dV8,0FV8
JMp , ~8!

with the following substitutions:

l̂252\2S 1

sina

]

]a
sina

]

]a
2

V2

sin2 a D ,

t̂ c5V8S cota2
qR1

R2 sina D6F2qR1 sina
]

]R2

1q
R1

R2
sina1S 12q

R1

R2
cosa D ]

]aG ,
t̂125

\2

m0
Fsina

]

]a S 1

R1

]

]R2
1

1

R2

]

]R1
2

1

R1R2
D

1cosaS 1

R1

]

]R2
1

1

R2

]

]R1
2

1

R1R2
2

]2

]R1]R2
D G

2
cosa

m0R1R2
l̂2. ~9!

The integration of the above equations is performed us
the Chebyshev method74 and theFV

JMp(R1 ,R2 ,a,t) coeffi-
cients are represented on finite grids for the internal coo
natesR1 ,R2 ,a. A set of equidistant points,R1

i ,R2
j , is cho-

sen for the rectangular bidimensional radial grid (n13n2).
Downloaded 20 Mar 2013 to 161.111.22.69. Redistribution subject to AIP li
f

g

i-

For the anglea a set of na Gauss–Legendre quadratu
points,ak ~with weightsvk!, is used. The grid representatio
of the wave packet is then given by

@FV
JMp# i jk5FV

JMp~R1
i ,R2

j ,ak!Avk. ~10!

In order to use a finite bidimensional radial grid, th
wave packet is absorbed at each time step by multiplying
wave packet byf 1(R1) f 2(R2), where f i(Ri)5exp@2gi(Ri

2Ri
abs)2# for Ri.Ri

abs and f i(Ri)51 otherwise. The actua
parameters of the propagation used for the calculations
listed in Table I.

The size of the grid can be further reduced using
L-shape method of Mowrey75 which can be considered th
grid analogous to the asymptotic-interaction separation
proaches of Neuhauseret al.51 and Zhang and Zhang.76 The
radial grid points kept in the calculations are those for wh
the potential is lower than a given criterium for all th
angles. The criterium is chosen according to the energy c
tent of the wave packet so that points which are not energ
cally accessible are omitted. Such procedure allows to eli
nate in the actual calculation the region of the configurat
space corresponding to the three separated atoms, an
remaining domain of the configuration space is L-shape75

thus obtaining substantial savings in memory requireme
and computing time. The radial kinetic terms are evalua
using fast Fourier transforms~FFT!77 but modified according
to the method of Mowrey75 due to the L-shape grid consid
ered; instead of two-dimensional FFT’s in the entire rect
gular grid, monodimensional FFT’s are performed for ea
radial coordinate but only at points included in the L-sha
domain. This requires the definition ofn1L and n2L , the
number of points which characterize the size of the sm
FFT’s performed inR1 and R2 grids, respectively. Accept
able values for them are 112 forn1L and 120 forn2L in both
calculations.

In bond coordinates there are many radial derivatives
the Hamiltonian to be evaluated, and it is crucial to redu
the number of Fourier transforms as much as possible. T
terms of the type]/]Ri and]2/]Ri

2, involve one direct and
two inverse monodimensional Fourier transforms, and
evaluation of]2/]R1]R2 would involve about two direct and
two inverse Fourier transforms. That make a total numbe
ten monodimensional Fourier transforms. Collecting some
the transformations, this number can be reduced to o
seven, which compares with the four required when us
Jacobi coordinates within the L-shape method.

TABLE I. Parameters used in the wave packet propagations forv50,1, j
50, J50.

v50, j 50 v51, j 50

@R1
min(Å), R1

max(Å) n1# 0.25, 18.87, 448 0.60, 18.93, 440

@R2
min(Å), R2

max(Å), n2# 0.50, 20.82, 480 1.12, 19.89, 462
na 32 40
@R1

abs(Å), g1# 14.00, 0.015 14.00, 0.012
@R2

abs(Å), g2# 14.50, 0.020 14.50, 0.016
@R0(Å), K0 , G# 13.00, 22.02, 0.27 13.00, 22.02, 0.27
Dt(ps), tmax(ps) 0.004, 8.68 0.002, 3.99
R}8 (Å) 13.00 13.00
cense or copyright; see http://jcp.aip.org/about/rights_and_permissions
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The action of the terms involving derivatives ina is
evaluated through a discrete variable representation~DVR!
transformation,78–83 what reduces the procedure to a simp
multiplication of a matrix by a vector.78–83 In fact, the re-
quired number of matrix multiplications is only four~two for
V85V and two forV85V61!, while in the case of Jacob
coordinates there are only two multiplications~one for V8
5V and one forV85V61!.

Therefore, the propagation of the wave packet in th
bond coordinates is approximately a factor of 2 more exp
sive than the corresponding one using Jacobi coordina
The efficiency of this method stems from the possible red
tion in the number of points necessary to describe the reg
of the configuration space of interest. This fact depe
strongly on the system under study, specially on the mas
and will be analyzed for the particular case of LiHF and
isotopomers.

C. Initial wave packet

The initial wave packet is placed in the asymptotic
gion where the interaction potential between the two re
tants is zero. Reactant Jacobi coordinates are ideal to
scribe the eigenstates of the asymptotic Hamiltonian, wh
in the body-fixed frame defined before~see Fig. 1! take the
form44,50,84

fJMv j Vo p
E 5S m

2p\2kv j
D 1/2xv, j~r !

r

3 (
V>0

HV0V
J jp ~kv jR!

R
WMV

Jp Yj V~g,0!

→E5Ev j1
\2kv j

2

2m
~11!

corresponding to a total energyE, total angular momentumJ,
with projectionsM andV0 on the space-fixed and body-fixe
frames~the latter projection corresponding toR→`! respec-
tively, and a rovibrational state (v, j ) of the diatomic frag-
ment, with,kv j5A2m(E2Ev j )/\

2. The functionsHV0V
Jjp are

parity defined body-fixed Bessel functions84,44,50defined as

HV0V
J jp 5

1

A11dV0,0

1

A11dV,0

~HV0V
J j 1p

3~21!JHV02V
J j !, ~12!

HV0V
J j 5~21!2V02V(

l
~2 i ! l~2l 11!kv jRhl

~2!~kv jR!

3S j l J

V0 0 2V0
D S j l J

V 0 2V
D ,

wherehl
(2) is a spherical Bessel function of the third kind,85

which asymptotically behaves as hl
(2)

;R→`e2 i (kR2 lp/2)/kR. For R→`, HV0V
J j are zero if V

ÞV0 and the only one which remains,HV0V0

J j , tends to

exp(2ikR) ~incoming wave!. The lower theJ value, the
sooner the asymptotic behavior is reached.
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The initial wave packet can be then defined as a sup
position of these zero-order eigenstates of the form,

CJMp~ t50!5E dEa~E!fJMv j Vo p
E ~13!

so that using Eq.~11! becomes

CJMp~ t50!5
xv, j~r !

r E dEa~E!S m

2p\2kv j
D 1/2

3 (
V>0

HV0V
J jp ~kv jR!

R
WMV

Jp Yj V~g,0!. ~14!

As discussed above, forR→` the sum overV reduces to
only one term withV5V0 , but asR becomes shorter the
Coriolis coupling acts and the initial wave packet corr
sponds to a superposition of severalV, analogous to Eq.~6!,
in which each coefficient has the form

F̂V
JMp~r ,R,g,t50!5xv, j~r !Yj V~g,0!E dEa~E!

3S m

2p\2kv j
D 1/2

HV0V
J jp ~kv jR!, ~15!

where the only unknown isa(E), which determine the initial
conditions together with the quantum numbe
(J,M ,V0 ,v, j ).

To determine values for an acceptablea(E) in the cal-
culation, we do the following. ForV5V0 we choose a zero
order wave packet,

xv j~r !Yj V0
~g,0!G~R!, ~16!

whereG(R) is a complex Gaussian function

G~R!5S 2

pG2D 1/4

expF2
~R2R0!2

G2 2 iK0~R2R0!G ~17!

centered at a convenientR0 value such that the interactio
between the reactants is negligible.a(E) is then determined
using Eq.~15! as

a~E!5S m

2p\2kv j
D 1/2E kv jRhl CS

~2!* ~kv jR!G~R!dR, ~18!

where l CS is the integer closest tol satisfying l ( l 11)5J(J
11)1 j ( j 11)22V0

2 , so that theF̂V
JMp(r ,R,g,t50) coef-

ficients withVÞV0 can be obtained using Eq.~15!.
The initial wave packet thus obtained in reactant Jac

coordinates must be transformed to bond coordinates~see
Fig. 1! in which the propagation is performed as describ
above. Since the body-fixed frame is the same in the two
of internal coordinates, the quantum numberV remains the
same, and imposing that the total wave packet is the sam
get50

FV
JMp~R1 ,R2 ,a,t50!

5FR2

R
F̂V

JMp~r ,R,g,t50!G
~r ,R,g![~R1 ,R2 ,a!

~19!

with r 5R1 , R5AR2
21q2R1

222qR1R2 cosa and cosg
5(R2 cosa2qR1)/R.
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D. Final state analysis

The state-to-state energy resolved reaction probabil
are calculated using the Balint-Kurtiet al. method.40,86 For
this purpose, the wave packet must be transformed to
product Jacobi coordinates (r 8,R8,g8,u8,f8,x8). r 8 is the
LiF internuclear distance,R8 is the distance between the Li
center-of-mass and the H atom,g8 is the angle between thes
two vectors, and the Euler angles~u8, f8, x8! connect the
new body-fixed and space-fixed frames~see Fig. 1!. For
product Jacobi coordinates we use the body-fixed fram
which the three atoms are in thex–z body-fixed plane, as in
the previous case, but now the body-fixedz-axis lies along
R8, i.e., the vector joining the LiF center of mass to the
atom.

Once the wave packet is transformed to produce Ja
coordinates at each time step~what will be discussed below!,
the state-to-state reaction probabilities are obtained using40,86

Pv j V→v8 j 8V8
JMp

~E!5
2p

ua~E!u2

kv8 j 8
m8

uAv8 j 8V8~E!u2, ~20!

where a(E) is defined in Eq. ~18!, kv8 j 8
5A2m8(E2Ev8 j 8)/\

2 ~with m85m1(m01m2)/(m01m1

1m2)! andAv8 j 8V8(E) is given by

Av8 j 8V8~E!5
1

2p (
V9

HV8V9
J jp

~kv8 j 8R8̀ !E
0

`

dteiEt/\

3^xv8 j 8~r 8!Yj 8V9~g8,0!uF̃V9
JMp

~r 8,R8̀ ,g8,t !&,

~21!

where again the body-fixed Bessel functions are used to
pose the correct asymptotic behavior at finiteR8[R8̀ dis-
tances, but in the product body-fixed frame.

To change the coordinates, from bond coordinates in
reactant body-fixed frame, used in the propagation, to pr
uct Jacobi coordinates in its associated body-fixed fra
used for the final analysis, some considerations must
taken into account that significantly reduce the procedu
First, the change of body-fixed frame corresponds to a r
tion around the commony axis, which is perpendicular to th
plane where the three atoms lie. Second,r 8[R2 , the LiF
internuclear distance, and therefore, the transformation d
not affect this coordinate. Finally, for the calculation of t
state-to-state probabilities one only needs to evaluate
wave packet forR8[R8̀ . In addition, if the transformation is
performed in several steps the procedure of changing
coordinates can be very efficient, and in the present w
these steps are

~1! First the body-fixed frame is changed from reactant
product frames without changing the internal coor
nates. Since they-axis andy8-axis are the same, thi
transformation corresponds to a rotation around s
axis.73 TheFV8

JMp(R1 ,R2 ,a,t) coefficients in the produc
body fixed frame using well defined parity angular fun
tions transform as
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FV8
JMp

~R1 ,R2 ,a,t !5
1

A11dV8,0
(

V>0

1

A11dV,0

~dV8V
J

~b!

1p~21!J1VdV82V
J

~b!!

3FV
JMp~R1 ,R2 ,a,t !, ~22!

where V is the total angular momentum projection on t
reactant Jacobi body-fixed frame, whileV8 is the same but
for the product Jacobi frame. The angleb is given by

cosb5
2qR1

22q8R2
21~11qq8!R1R2 cosa

RAR1
21~q8!2R2

222q8R1R2 cosa
~23!

with q85m2 /m0 , andR5R(R1,R2,a) given above.

~2! In the product body-fixed frame, the internal coordina
are partially transformed from (R1 ,R2 ,a) to ~r 8[R2 ,
R85R8̀ ,a!, i.e., to the single valueR85R8̀ required to
evaluate the state-to-state reaction probabilities. For
transformation we use a Fourier interpolation inR1 .50

~3! Finally, the wave packet is totally transformed to produ
Jacobi coordinates by an interpolation in thea angle
which is performed using an expansion in associa
Legendre functions to finally obtain the require
F̃V8

JMp(r 8,R8̀ ,g8,t).

The procedure thus described becomes very efficient
the computational expense becomes negligible with res
to that of the propagation.

III. RESULTS AND DISCUSSION

A. Advantages of using bond coordinates

The use of spherical coordinates introduces singulari
in the associated kinetic energy operator if any of the co
dinates becomes undefined as it happens when radial co
nate becomes zero,87 what would invalidate the use of th
standard FFT algorithm for evaluating radial derivatives o
radial grid independently of the angular variables. Thus
efficiency of the method would be strongly reduced to av
the problems associated to singularities, when they appe
the region of the configuration space of interest.

Some of the singularities are avoided because the po
tial become infinite when a distance between two atoms
comes zero. That is the case ofR1 and R2 in bond coordi-
nates andr or r 8 in reactant or product Jacobi coordinate
However, in Jacobi coordinates,R and R8 describe the dis-
tance between an atom and the center-of-mass of a dia
and when the diatom elongates, i.e.,r or r 8 increases, the
linear configuration withR50 may occur. Such a situation i
illustrated in Figs. 2, where the potential interaction is sho
for LiHF and its isotopic variants in bond and reactant Jac
coordinates. It is clearly seen that for LiDF and LiTF theR
50 value is energetically accessible for distances where
interaction potential between the products has not vanish

Besides the singularity, the efficiency of using bond c
ordinates as compared to the use of Jacobi coordinates
pends on the number of points of the grid required to c
verge the calculation in each set of coordinates. Assum
that the strong interaction region is reasonably well d
cense or copyright; see http://jcp.aip.org/about/rights_and_permissions
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scribed by any of the coordinates considered, the questio
how they describe the asymptotic regions where the ana
of the final states of products or reactants is performed
Table II we show the error of the norm of the wave pack
when represented in several coordinate sets. The wave p
ets, built as in Eq.~16!, correspond to different states of th
possible diatomic products, for the cases of LiHF, LiDF, a
LiTF. The number of radial points in the three sets of co
dinates are similar and the main factor governing the con
gence of the norms is the number of points in the angu
grid. In product Jacobi coordinates for LiHF three tim
more angular points than in any other set are needed to
scribe a wave packet in the reactant valley, and therefore
set is pretty badly adapted to describe the complete confi
ration space of interest at once. Reactant Jacobi coordin
and bond coordinates are similarly well adapted to desc
both arrangement channels at the same time in the cas
LiHF, because the center-of-mass of the HF is very close
the F atom. However, as the mass increases to LiDF
LiTF the number of angular points required also increa
when using reactant Jacobi coordinates while remains es
tially the same in bond coordinates.

Taking the case of LiF(v50,j 530) as an example, th
number of angular points required when using bond coo
nates is 40 for any of the isotopomers, while for react
Jacobi coordinates is 50, for LiHF, 65 for LiDF, and 110 f
LiTF. The advantages of using bond coordinates increa
then with the mass. Moreover, the relative L-shape chara
of the grid considered is more favorable to bond coordina

FIG. 2. Potential energy as a function of radial variables in~a! bond coor-
dinates~being independent under isotopic substitution in this case! and re-
actant Jacobi coordinates for~b! LiHF, ~c! LiDF, and ~d! LiTF. The plot
corresponds to the minimum of the potential as a function of the ang
variable and a fixed value of radial variables. The contours are 0.5, 1, 1.
2.5, and 3 eV with respect to the minimum of the well of isolated HF.
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as the mass of the satellite atoms approach that of the he
central atom, as can be seen in Fig. 2.

In order to compare the efficiency of using bond coor
nates versus reactant Jacobi coordinates we have perfo
the evaluation ofHC 400 times in the two sets of coord
nates for different isotopomers. While the radial grids us
in the two coordinate representations are composed of
same total number of points, 4403462, n1L and n2L have
been chosen according to the L-shapes observed in Fig
The angular grid is composed by 40 points in bond coor
nates, irrespective of the mass, and 50, 65, and 110 in r
tant Jacobi coordinates for LiHF, LiDF, and LiTF, respe
tively. Taking as 100 arbitrary units the time required
bond coordinates, the calculation in reactant Jacobi coo
nates takes 75, 125, and 300 arbitrary units for LiHF, LiD
and LiTF, respectively. These numbers are only orienta
about the relative efficiency since all the procedures dep
on the particular computer used, libraries, etc. However t
allow us to affirm that the relative efficiency of using bon
coordinates increases with the mass, and the memory
quirements decrease.

B. Application to Li ¿HF„vÄ0,1,jÄ0,JÄ0…\LiF „v 8, j 8…
¿H

The Li1HF reaction presents a late barrier, located
long HF internuclear distances, and hence, the initial vib
tional excitation produces a large enhancement of the re
tion efficiency.88,89 Total reaction probabilities and total re
action cross sections have been calculated in the
approximation using reactant Jacobi coordinates61,64 for sev-
eral initial states of the reactants~v50, 1, j 50, 1, 2, and 3!.
Such calculations show, as expected, that the reaction c
section forv51 is about 10–50 times larger than that co
responding tov50, even at the same total energies.61,64 In
this work we present state-to-state wave packet calculat
for the Li1HF(v50,1,j 50,J50)→LiF(v8, j 8)1H reactive
collision, using the GPES of Ref. 61 and the paramet
listed in Table I. There are some previous quantum calcu
tions on the state-to-state reaction probabilities of this re
tion for v5052,60,62 but a quantitative comparison with th
present results is not possible since all of them used a dif
ent GPES, that of Ref. 60. Nevertheless, the analogies in
dynamics in the two surfaces will be commented.

The total reaction probabilities forv50 and 1~with J
5 j 50!, in Fig. 3, show the enhancement of reactivity wi
the vibrational excitation of HF. Such results are in perfe
agreement with the total reaction probabilities calculated e
lier using reactant Jacobi coordinates.61,64Moreover, in order
to stress the good accuracy of the procedure, the Li1HF(v
50,j 50)→LiF(v850,j 850 and 1)1H probabilities are
compared in Fig. 4 with some recent results of Castill65

using the hyperspherical CC method,90 showing a very good
agreement even at low energies and in the vicinity of narr
resonances.

The total reaction probability forv50 in Fig. 3 shows
many resonances, especially at low energies, superimp
to an oscillating envelope. The narrow resonances are es
tially due to the relatively deep well in the reactant valley
it was also interpreted in Ref. 60. The oscillating envelope

ar
2,
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TABLE II. Numerical errors in the square norms of wave packets of the form of Eq.~16!, calculated using the three different sets of coordinates conside
using the same radial grids~similar to the ones for thev50, j 50 propagation! and varying the number of points of the angular grid.

Error in the norm in
product Jacobi

coordinates
Error in the norm in

bond coordinates

Error in the norm in
reactant Jacobi

coordinates

LiF(v, j )1Ha ng8532 ng8540 ng8550 na532 na540 na550 ng532 ng540 ng550

v50, j 50 1027 1027 1027 1027 1027 1027 1027 1027 1027

v50, j 520 1027 1027 1027 1027 1027 1027 1025 1027 1027

v50, j 525 1027 1027 1027 1027 1027 1027 1022 1027 1027

v50, j 530 1027 1027 1027 1022 1027 1027 1022 1021 1027

v55, j 50 1026 1026 1026 1026 1026 1026 1026 1026 1026

v55, j 520 1026 1026 1026 1026 1026 1026 1025 1026 1026

v55, j 525 1026 1026 1026 1026 1026 1026 1021 1026 1026

v55, j 530 1026 1026 1026 1022 1026 1026 1021 1021 1026

LiF(v, j )1Da ng8532 ng8540 ng8565 na532 na540 na565 ng532 ng540 ng565

v55, j 50 1026 1026 1026 1026 1026 1026 1026 1026 1026

v55, j 515 1026 1026 1026 1026 1026 1026 1023 1026 1026

v55, j 520 1026 1026 1026 1026 1026 1026 1021 1023 1026

v55, j 525 1026 1026 1026 1026 1026 1026 1023 1021 1022

v55, j 532 1026 1026 1026 1022 1026 1026 1022 1022 1021

LiF(v, j )1Ta ng8575 ng8590 ng85110 na575 na590 na5110 ng575 ng590 ng5110

v55, j 50 1026 1026 1026 1026 1026 1026 1026 1026 1026

v55, j 515 1026 1026 1026 1026 1026 1026 1025 1026 1026

v55, j 520 1026 1026 1026 1026 1026 1026 1025 1026 1026

v55, j 525 1026 1026 1026 1026 1026 1026 1023 1025 1026

v55, j 530 1026 1026 1026 1026 1026 1026 1022 1024 1026

Li1HF(v, j )b ng8532 ng8570 ng85130 na532 na570 na5130 ng532 ng570 ng5130

v50, j 50 1021 1023 1026 1027 1027 1027 1027 1027 1027

aWave packet located in the asymptotic region of the product channel.
bWave packet located in the asymptotic region of the reactant channel.
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attributed to broad resonances associated to the trans
state;64 at the saddle point the reaction path is approximat
coincident with the HF stretch, and eliminating this degree
freedom bound state calculations were performed wh
yield eigenvalues approximately at the maxima of the en
lope of the reaction probability forv50. Such transition
state resonances~TSR! were first calculated by Schatz an
Kuppermann91 for H1H2 reactive collisions and since the
have been the subject of an extensive work on this sys
and its isotopic variants.30,92–96 These quantized transitio
state resonances have been used to interpret and analyz
reaction probabilities arising from accurate quantum scat
ing calculations for a wide variety of reactions.97 The inte-
gral rate constant for H1H2 collisions does not show an
structure associated with such TSR, either experimenta98

or theoretically,94 due to the average on the partial wav
that washes out such structures. However, for other syst
such structures have been detected in the total reaction c
section, as in the case of Ca(1D)1HBr.99

For Li1HF, Baeret al.62 showed some peaks in the in
tegral reaction cross section at low translational energies~be-
low 0.12 eV! using the potential of Palmieri and Lagana`.100

They associated those structures to interference eff
analogous to the Fraunhofer diffraction in optics. Later
Zhang and co-workers using the GPES of Ref. 60, calcula
the total reaction cross section for HF(v50,j 50), within
Downloaded 20 Mar 2013 to 161.111.22.69. Redistribution subject to AIP li
on
y
f
h
-

m

the
r-

s
ss

ts
,
d

the CS approach, and no structure was present.101 More re-
cently, using a new GPES~Ref. 61! Lara et al. obtained the
reaction cross section for several initial states of the
reactant.64 For v50, j 50 the integral cross section showe

FIG. 3. Total reaction probabilities for Li1HF(v50,1,j 50,J50).
cense or copyright; see http://jcp.aip.org/about/rights_and_permissions
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1789J. Chem. Phys., Vol. 113, No. 5, 1 August 2000 Reaction using bond coordinates: Li1HF
some oscillations attributed to TSR while forv50, j .0
those oscillations disappear. After rotational average, h
ever, the oscillations still remain appreciable. Although tho
oscillations are explained by quantum effects, recent qu
classical trajectory calculations for HF(v50) showed also
oscillations in the integral cross section,102 but the results
were not in quantitative agreement with the quantal resul64

using the same GPES.61 Since those details in the total rea
tion cross section seem to be very sensitive to the pote
energy surface, experimental measurements of these qu
ties would be of great help.

More detailed quantities not subject to the partial wa
average, present more clear evidences of TSR. The stat
state reaction probabilities obtained by Parkeret al.60 and
Gög̃tas et al.52 with the GPES of Ref. 60 showed oscilla
tions. The vibrationally resolved reaction probabilities o
tained in this work for Li1HF(v50,j 50,J50) ~state-to-
state probabilities summed on final rotational quant
number!, are shown in Fig. 5. The probabilities on each fin
v8 show even more clearly the oscillations. At low trans
tional energies~below 0.1 eV! the v850 is dominant. The
v851 channel is open at zero translational energy, but i
not significant up to 0.1 eV. The first couple of maxima f
v851 are approximately in phase with those ofv850 and
this is why the total reaction probabilities, in Fig. 3, sho
clear maxima around 0.08 and 0.14 eV. However, as ene
increases the maxima associated to each probability,v850
and 1, dephase. Such effect, together with the opening

FIG. 4. State-to-state reaction probabilities for Li1HF(v50,j 50,J50)
→H1LiF(v850,j 8) obtained in this work~dotted lines! compared to time-
independent results of Castillo~Ref. 65!; ~a! for j 850, ~b! for j 851.
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new v8 channels, makes the oscillations disappear in the
tal reaction probability at high translational energies. As e
ergy increases the density of transition state resonance
creases. Therefore, it could be interesting to analyze if
maxima appearing for eachv8 are due to different TSR, eac
one favoring an individualv8, or to some interference occur
ring in the product channel as a consequence of differ
kinetic energies for each LiF final state.

The Li1HF(v50,j 50,J50)→LiF(v850,j 8)1H reac-
tion probabilities for individual final LiF(v850,j 8) rota-
tional states, in Figs. 6, show a very distinct behavior
even and oddj 8. It is notorious that the probabilities forj 8
51 and 3 are nearly negligible, while those forj 850 and 2
are really important and nearly equal. The situation
higher j 8 relax, but still there are common features amo
even or oddj 8, separately. Such a behavior means that e
and oddj 8 are somehow decoupled. Moreover, this situat
holds for other final vibrational states,v8, and in Figs. 7 the
reaction probabilities to form LiF(v852,j 8) are shown as an
example.

The explanation of this curious result is again in t
features of the transition state. The saddle point for the re
tion is located at R151.301 Å, R251.692 Å, and a
571.4°.61 Transforming to product Jacobi coordinates, th
means thatg8591.9°'p/2. It can be assumed that the p
tential is locally quadratic as a function ofg8 near the mini-
mum placed at the saddle point, that isV(g8)'V(p2g8),

FIG. 5. Vibrationally resolved reaction probabilities for Li1HF(v50,j
50,J50)→H1LiF(v8). The separation between even and oddv8 values
has been made for clarity in the representation.
cense or copyright; see http://jcp.aip.org/about/rights_and_permissions



t
b

to

d-
h
ec
on
ts
u
a

n
l

l
rg
u

na
dl

n
d
e-
w-
the
ct

an-
te

ef-
ious
on

ith

e
l
n-
con-
the
le.

1790 J. Chem. Phys., Vol. 113, No. 5, 1 August 2000 Lara et al.
for g8'p/2 and the functions ing8 can be approximately
separated as even or odd. Therefore, the TSR, located a
saddle point, should also show a quite good separation
tween even and odd functions ing8 when using product
Jacobi coordinates. Once the system reacts, the light H a
is expected to fly apart relatively fast.103 It can then be ex-
pected that the final rotational distribution of the LiF pro
ucts show a ‘‘memory’’ of the structure of the TSR, whic
acts as a bottleneck, as it happens in dir
photodissociation.104 Therefore, the approximate separati
between even and oddj 8 observed in Figs. 6 and 7 reflec
the transition state structure which gates the reactive fl
Moreover, since the ground transition state should be
even solution ing8 it explains why evenj 8 values have
higher probability. Asj 8 increases, the system explores a
gular regions far from the saddle point where the potentia
not symmetric and therefore even and oddj 8 are not any-
more decoupled. Thus, for highj 8 even and odd rotationa
states show a similar behavior. Also, since at high ene
there are many TSR, each one with its own rotational str
ture, the separation between even and oddj 8 is cancelled
even for low rotational states.

This simple and crude model used to explain the fi
rotational distribution is based on the location of the sad

FIG. 6. State-to-state reaction probabilities for Li1HF(v50,j 50,J50)
→H1LiF(v850,j 8).
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point, that in fact is nearly identical for different GPES o
this system. Go¨g̃tas et al.52 also found that even and od
final rotational states of LiF products showed different b
havior using the GPES of Ref. 60. The difference was ho
ever less notorious. The possible explanation is that in
GPES used60 there is a relatively deep well in the produ
valley ~which is very small in the GPES used in this work!.61

This well can complicate the dynamics in the product ch
nel in such a way that the ‘‘memory’’ of the transition sta
resonance features is washed out.

The reaction dynamics for Li1HF(v51) is rather dif-
ferent. At these higher energies there are not threshold
fects and the oscillations associated to TSR are less notor
than forv50, as can be seen in Fig. 3 for the total reacti
probability. Recent quasiclassical trajectory~QCT! calcula-
tions performed by Aoizet al.105 for Li1HF(v51,j 50,1)
yielded a total reaction cross section in good agreement w
previous quantum mechanical results64 using the same
GPES.61 For v50, however, there was not quantitativ
agreement between QCT102 and quantum mechanica
results.61,64 The difference is that when a vibrational qua
tum is added to the HF reactant the reaction becomes
siderably exoergic, having enough energy to overpass
barrier, and zero-point energy effects become negligib

FIG. 7. State-to-state reaction probabilities for Li1HF(v50,j 50,J50)
→H1LiF(v852,j 8).
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Moreover, the QCT differential cross sections are in agr
ment with experimental results, also in Ref. 105, showing
adequacy of the GPES61 to describe the Li1HF reaction in
the ground electronic state.

The total reaction cross section forv51 shows a mo-
notonous decrease with energy, with an energy depend
of 'E22/3, both in quantum64 and QCT105 calculations. The
total reaction cross section in this case does not show
trace of TSR. However, the reaction probability forJ50
already shows weak oscillations, which are more clearly s
in the vibrationally resolved state-to-state reaction probab
ties, shown in Fig. 8 for severalv8 of LiF products. The
amplitude of the oscillations for each individualv8 is lower
than forv50, and they seem to be superimposed to a ba
ground. Also, for highv8 and/or high translational energ
the amplitude of the oscillations decreases. The weak o
lations occurring for differentv8 shift with respect to each
other as energy increases, what can also explain their di
pearance in the total reaction probability. Because of
large energy available, the final vibrational excitation of L
fragments is distributed among manyv8 states. At low en-
ergy, lowv8 states are dominant. However, at higher ener
there is a population inversion, higherv8 becoming more
important, so that around 0.45 eV of translational ener
v853 is the largest one.

The rotational distribution of LiF products forv51, see
Fig. 9, is spread over a wide range ofj 8 with the maximum
located for 10< j 8<20, and with no particular difference be
tween even and oddj 8 values. This is in contrast with th
rotational distributions obtained forv50, in Figs. 6 and 7,
which are peaked at lowj 8 values, decreasing very rapidl
with increasingj 8, with a clear separation between even a
odd j 8. The reaction probabilities for each individual (v8, j 8)
state in Fig. 9 show a clear oscillatory behavior, what can
considered as an indication that they are mediated by T
The reason for the decrease of the oscillations in the total
vibrationally resolved reaction probabilities is the presen
of many TSR, placed at different energies, what washes
the oscillations. The presence of many resonances some
removes the specific rotational state distribution found
thev50 case, for which only a single or few resonances
involved. There is an extraordinary similarity among the o
cillation of the reaction probabilities forj 8>21, possibly be-
cause their appearance is mediated by the same TSR.

Considering the total available energy, the average
ues of the vibrational and rotational energy fractions forv
50 and 1 are quite similar, as can be seen in Fig. 10.
main differences are the structures associated with TSR
thev50 case. For the two cases studied, the final vibratio
energy of the products is not very important,f v'20% of the
total energy, as it is expected in the presence of a
barrier.106 This value is very close to the QCT results o
tained by Aoizet al.105 of f v520.6% and 23% obtained fo
v51 at translational energies of 0.231 and 0.416 eV, resp
tively. The rotational fractionf R obtained in this work for
v51 is f R'5%, while in the QCT calculations105 this frac-
tion is about 36%. This apparent discrepancy can be sim
explained. In the present results onlyJ50 is considered
while in the QCT ones all possibleJ’s are included. Since
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this reaction corresponds to the heavy–heavy–light case,
expected thatl ~the orbital angular momentum of the Li atom
with respect to HF! is transformed to rotational excitation o
the LiF products,j 8. Therefore, the rotational energy frac
tion will increase when performing the partial waves avera
~considering higherJ values!. Assuming the QCT values to
be the correct ones, these results are in good agreement
the partial angular constraint model by Bonnet a
Rayez107,108 applied to Li1HF collisions which yieldsf T

'42% andf v'20%.

IV. CONCLUSIONS

In this work we have presented a time-dependent met
to evaluate state-to-state reaction probabilities, based on
use of bond coordinates. The use of these coordinates av
the problems associated with the singularities of the ra
kinetic terms, which may be present when using a set
Jacobi coordinates to describe the complete configura
space especially for long range interactions. The action of
Hamiltonian on a wave packet represented in grid in bo
coordinates is approximately twice as expensive as using
cobi coordinates. However, bond coordinates may req
less number of points to reach convergence than the use
particular set of Jacobi coordinates, saving time and mem

FIG. 8. Vibrationally resolved reaction probabilities for Li1HF(v51,j
50,J50)→H1LiF(v8).
cense or copyright; see http://jcp.aip.org/about/rights_and_permissions
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requirements. Although, for the case of LiHF the number
points needed in reactant Jacobi coordinates is very sim
to that in bond coordinates, as the mass of the hydro
isotopes increases the number of points also increases w
using reactant Jacobi coordinates while in bond coordin
this number of points remains almost unchanged. Thus,
use of bond coordinates becomes clearly more efficient
LiDF and LiTF, both in time and in memory requiremen
In addition, the domain of interest of the configuration spa
remains essentially L-shaped independently of the mas
while in Jacobi coordinates its shape may strongly dif
from such situations as the masses of the satellite atoms
proach that of the central atom. As a consequence, the u
the L-shape method of Mowrey75 improves the relative effi-
ciency of the use of bond coordinates as compared to Ja
coordinates for LiDF and LiTF. This gradual increase of t
efficiency~because of the number of points and the L-sha
domain! with the mass allows us to conclude that the meth
presented in this work may be very efficient as the mass
the satellite atoms increases. Moreover, for symmetric re
tions, asAB1A→A1BA, bond coordinates may be particu
larly interesting to take advantage of the symmetry.
course, the best efficiency would be obtained by separa
the propagation for the different arrangement channels50–56

since the representation of the wave packet is done in

FIG. 9. State-to-state reaction probabilities for Li1HF(v51,j 50,J50)
→H1LiF(v850,j 8).
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best coordinate set in each region. The main problem res
in the lost of accuracy when the wave packet spreads ov
large region due to low kinetic energy and narrow res
nances as it is the case of LiHF studied here. A more deta
analysis of the accuracy in using such methods is now be
done.

The method is applied to Li1HF(v50,1,j 50,J50! re-
active collisions using the GPES of Ref. 61. The accuracy
the method is very good when compared with recent tim
independent hyperspherical calculations in this system
formed recently by Castillo,65 even at low translational ener
gies and for narrow resonances. The use of a well ada
body-fixed frame, the reactant Jacobi frame in the pres
case, is also described and its adequacy for the Li1HF col-
lision is now being checked.

The final vibrational state population of the LiF produc
for v50 shows oscillations with energy which are inte
preted by the presence of TSR that drive the reaction fl
Also, the final rotational state population of LiF products f
the casev50 shows a net distinction between even and o
j 8 values which is interpreted by the topology of the sad
point for the reaction. The rotational state population
rather cold, being located atj 850 and 2, decreasing rapidl
with increasingj 8.

For v51 there is an important increase in the reacti

FIG. 10. Average values of translational, vibrational, and rotational ene
fractions for the LiF(v8, j 8) products; ~a! Li1HF(v50,j 50,J50); ~b!
Li1HF(v51,j 50,J50).
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probability because this system shows a late barrier.61,64As a
consequence of the higher energies, zero-point energy
threshold effects are less important and recent Q
calculations105 are in good agreement with previous quantu
calculations,64 while for v50 this is not the case. The fina
state distributions, both vibrational and rotational ones,
rather spread as a consequence of the higher energie
volved, as compared to thev50 case. Although the alterna
tion between even and oddj 8 values is absent in this cas
traces of a mechanism mediated by a multitude of TSR k
on existing.
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