
Abstract. We report rigorous quantum dynamics studies
of the Li�HF reaction using the time-dependent
wavepacket approach. The dynamics study is carried
out on a recent ab initio potential energy surface, and
state-selected reaction probabilities and cross sections
are calculated up to 0.4 eV of collision energy. Many
long-lived resonances (as long as 10 ps) at low collision
energies (below 0.1 eV) are uncovered from the dynamics
calculation. These long-lived resonances play a domi-
nant role in the title reaction at low collision energies
(below 0.1 eV). At higher energies, the direct reaction
process becomes very important. The reaction probabil-
ities from even rotational states exhibit a di�erent energy
dependence than those from odd rotational states. Our
calculated integral cross section exhibits a broad
maximum near the collision energy of 0.26 eV with
small oscillations superimposed on the broad envelope
which is reminiscent of the underlying resonance
structures in reaction probabilities. The energy depen-
dence of the present CS cross section is qualitatively
di�erent from the simple J-shifting approximation, in
which a monotonic increase of cross section with
collision energy was obtained.

Key words: Time-dependent approach ± Wavepacket
propagation ± Integral cross section ± Atom-diatom
reactive scattering ± Coupled state approximation

1 Introduction

The reaction of Li�HF has attracted much attention
both theoretically [1±5] and experimentally [6±9]. This is
an atom-diatom reaction with no identical atoms, and
the reaction can be characterized as a light-heavy-light
system. Ab initio potential energy surface calculations
have been performed for this reaction [1±4], and results
of a recent calculation [3] have been ®tted to a global

potential energy surface (PES) [5] for dynamics calcula-
tions. The potential energy surface for the Li�HF
reaction has a nonlinear geometry at the saddle point
with a potential barrier of 0.182 eV along the reaction
path. There are two shallow potential wells, one in the
entrance channel with a well depth of 0.302 eV and the
other in the product channel with a well depth of 0.087
eV with respect to the reactant asymptote [5]. The
reaction is exoergic by about 0.043 eV, including zero
point energies. Figure 1 shows a contour plot of the PES
as a function of the reactant Jacobi coordinates R and r
for ®xed angle h between the Li±HF and HF vector of
74�, which includes the saddle point geometry. Early
dynamics calculations employed classical trajectory
methods [10] and approximate quantum methods [11±
13]. More recently, three-dimensional quantum dy-
namics studies have been reported for the calculation
of reaction probabilities at a total angular momentum J
of 0 [5, 14] and of cross sections using the centrifugal
sudden (CS) approximation at collision energies below
0.13 eV [15] on the PES of Ref. [5].

Recent 3D quantum dynamics calculations, both
time-dependent [14] and time-independent [5, 15], have
provided a wealth of dynamics information for
Li�HF reaction. The hyperspherical coordinate calcu-
lation of Ref. [5] has produced state-selected reaction
probabilities for J � 0 in the collision energy range be-
tween 0.004 and 0.35 eV. These probabilities show clear
resonance features. The reaction probabilities from the
TD calculation of Ref. [14] show a broad background
structure with resonance features superimposed on it,
and the reaction probabilities are sensitive to initial ro-
tational states. Both calculations clearly indicate the
presence of resonance in this reaction, but the results of
the two are di�cult to compare in detail. Baer et al. [15]
have recently employed the CS approximation to cal-
culate the reaction cross section at low energies (below
0.1 eV). Their calculated cross section shows maxima
within the energy of their calculation [15]. However, no
results of cross section are available from this calculation
for energies above 0.13 eV, where an experimental
measurement of cross section is available for comparison
[7]. Lagana et al. [16] have recently calculated the reac-
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tion probabilities for zero total angular momentum
(J � 0) using the hyperspherical coordinate method and
employed a ``J-shifting'' approximation [17] to obtain
cross sections based on the calculated reaction prob-
abilities for J=0. The resultant J-shifting cross section is
a monotonically increasing function of collision energy
throughout the energy range of their calculation. Since
the ``J-shifting'' technique is a very crude approxima-
tion, the validity of the resultant cross section needs to
be checked against more accurate calculations such as
that of CS approximation.

In this study, we present a TD wavepacket study to
calculate reaction probabilities and cross sections for
the Li�HF reaction to investigate the dynamical fea-
tures of this reaction, in particular resonances at all
energies below 0.4 eV. Previous quantum dynamics
calculations indicate that resonances are particular sig-
ni®cant at low collision energies which is generally ex-
pected for reactions with wells. The present study also
calculates integral cross sections using CS approxima-
tion to explicitly examine the e�ect of resonance on cross
sections. The calculated reaction cross sections from the
initial ground state are compared to that of the J-shifting
approximation of Ref. [16] and with experimental re-
sults. The in¯uence of initial rovibrational state on re-
action probabilities is also investigated and its
implications for the observed cross section are discussed.

This paper is organized as follows: Sect. 2 presents
the general theory of the TD calculation for the Li�HF
reaction. Section 3 presents the results of our calculation
including state-selected reaction probabilities and cross
sections as well as discussions of the results. Section 4
summarizes the present study.

2 Theory

E�cient TD wavepacket methods for calculating initial
state-selected total (®nal state-summed) reaction prob-
abilities have been developed recently for atom-diatom
reactions [18] and diatom-diatom reactions [19, 20]. In
these approaches, absorbing potentials Vp are employed
to absorb the wavefunction to avoid boundary re¯ection
of the wavefunction due to ®nite numerical grid [21]. If
one does not need to resolve ®nal states of the product,
one can e�ectively use the reactant Jacobi coordinates to
carry out the entire TD propagation of the wavefunc-
tion. If the ®nal state distribution is desired, such a single

coordinate method is not e�cient and one should either
switch to the product Jacobi coordinates in the middle of
wavepacket propagation [22], as was done for the title
reaction in Ref. [14], or use more complicated coordinate
systems such as hyperspherical coordinates. A reactant-
product decoupling (RPD) approach has recently been
proposed which provides a general and e�cient method
for state-to-state dynamics calculations involving many
product channels [23±26].

In the present study, however, we are primarily in-
terested in total reaction probabilities and cross sections
from given initial states and their energy dependence in
order to study dynamical features of the title reaction
such as resonance. Thus we simply use the reactant Ja-
cobi coordinates to carry out the wavepacket propaga-
tion, and therefore the numerical treatment for the
current calculation is essentially similar to that of a
previous study for the H�O2 reaction in Ref. [27]. Since
Li�HF! LiF�H belongs to a light-heavy-light sys-
tem with a near 90� skewing angle in the potential
contour plot, the Jacobi coordinates are more or less
equivalent to the bond lengths and bond angle co-
ordinates. For an ideal (in®nitely heavy central atom)
light-heavy-light system, the product Jacobi coordinates
di�er from those of the reactant by a simple exchange of
two bond lengths. Thus the treatment of Ref. [27] using
the reactant Jacobi coordinates is very e�cient for such
an application. In the following, we give a brief sum-
mary of the necessary mathematical formulas.

For a ®xed total angular momentum J , the Ham-
iltonian of an atom-diatom system can be expressed in
terms of the Jacobi coordinates of the reactant ar-
rangement A� BC,

H � ÿ �h2

2lR

o2

@R2
� �Jÿ j�2

2lRR2
� j2

2lrr2
� V �r;R� � h�r�; �1�

where lR is the reduced mass between the center-of-mass
of BC and A, J the total angular momentum operator of
the system, j the rotational angular momentum operator
of BC, and lr the reduced mass of BC. Here, we
associate A with Li, B with F, and C with H. The
diatomic reference Hamiltonian h�r� is de®ned as

h�r� � ÿ �h2

2lr

o2

or2
� Vr�r�; �2�

where Vr is a diatomic reference potential (usually chosen
as an asymptotic diatomic potential). The time-depen-
dent wavefunction W�t� satisfying the SchroÈ dinger
equation can be expanded in terms of the BF (body-
®xed) translational-vibrational-rotational basis [27] fuv

n�R�/v�r�Y JM�
jK �R̂; r̂�g as

WJM�
r;v0j0K0

�R; r; t� �
X

n;v;j;K

F JM�
nvjK;v0j0K0

�t�uv
n�R�/v�r�

Y JM�
jK �R̂; r̂�; �3�

where n is the translational basis label,M is the projection
quantum number of J on the space ®xed z axis, (v0; j0;K0)
denotes the initial rovibrational state, and � is the parity
of the system de®ned as � � �ÿ1�j�L, with L being the
orbital angular momentum quantum number.

Fig. 1. Contour of the potential energy surface as a function of two
radial Jacobi coordinates R (between Li and the center of HF) and r
(HF distance) for a ®xed angle h of 74�
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The Y JM�
jK in Eq. (3) is the BF total angular mo-

mentum eigenfunction de®ned as

Y JM�
jK � �1� dK0�ÿ1=2

��������������
2J � 1

8p

r
�DJ

K;M � ��ÿ1�J�KDJ
ÿK;M �yjK ;

�4�

where DJ
K;M �HUW� is the Wigner rotation matrix [28]

with three Euler angles�HUW�, yjK are spherical har-
monics, and � is the parity of the triatomic system.

The functions /v�r� are eigenfunctions of the di-
atomic Hamiltonian of Eq. (2). The de®nition of the
nondirect product basis functions uv

n�R� follows that in
Ref. [20]

uv
n�R� �

����������
2

R4ÿR1

q
sin npR

R4ÿR1
v � vasy����������

2
R2ÿR1

q
sin npR

R2ÿR1
v > vasy,

8<: �5�

where vasy is chosen to be the number of energetically
open vibrational channels plus a few closed vibrational
channels of the reagent HF. For the sake of clarity, we
omit the labels v0j0K0 and JM� in the following
discussion.

The propagation of the TD wavefunction is carried
out by the split-operator scheme as [29],

Wr�R; r; t � D� � eÿiH0D=2eÿiUDeÿiH0D=2Wr�R; r; t�; �6�
where the reference Hamiltonian H0 is de®ned as,

H0 � ÿ �h2

2lR

o2

oR2
� h�r�; �7�

and the e�ective potential operator U in Eq. (6) is
de®ned as

U ��Jÿ j�2
2lRR2

� j2

2lrr2
� V �R; r; h� �8�

�Vrot � V

The matrix version of Eq. (6) for the expansion
coe�cient vector F is then given by

F�t � D� � eÿiH0D=2eÿiUDeÿiH0D=2F�t� �9�
and the operator eÿiUD is further split as

eÿiUD � eÿiVrotDeÿiVDeÿiVrotD; �10�
where Vrot is diagonal in the angular momentum basis
representation and V is diagonal in coordinate repre-
sentation [20].

The initial wavepacket is chosen as the product of a
speci®c rovibrational eigenfunction and a localized
translational wave packet,

Wi�0� � uk0�R�/v0j0�r�Y JM�
j0K0
�R̂; r̂�; �11�

where the wavepacket uk0�R� is shaped by a standard
Gaussian function

uk0�R� �
1

pd2

� �1=4

exp�ÿ�Rÿ R0�2=2d2�eÿik0R: �12�

The exact rovibrational function /v0j0�r� of HF is
expanded in terms of the reference vibrational functions
/v�r� to generate the coe�cient vector of the wavefunc-
tion at t � 0.

From the time propagation of the wavefunction, we
can obtain the corresponding stationary scattering wave-
function w�iE and can calculate the total reaction prob-
ability from a speci®c initial state i by using the ¯ux
formula

P R
i �

X
f

jSR
fij2 � hw�iEjF̂ jw�iEi; �13�

where F̂ is the ¯ux operator. The above equation is
evaluated as

P R
i �E� �

�h
lr
Im hw�iEjd�r ÿ r0� o

or
jw�iEi

� �
�14�

where the dividing surface for ¯ux calculation is chosen
at r � r0. The TI scattering wavefunction can be
obtained by performing a Fourier transform

w�iEi �
1

ai�E�
Z 1
ÿ1

e
i
�h�EÿH�t

���� ����wi�0�idt �15�

where the coe�cient ai�E� is obtained from the projec-
tion of the initial wavepacket onto the asymptotic state
[20, 27]

ai�E� � hW�iEjWi�0�i
� lim

t!ÿ1

h/iEje
i
�hH0teÿ

i
�hHtjui�0�i � h/iEjui�0�i; �16�

where the last equation holds because the initial wave
packet wi�0� is chosen to be located in the asymptotic
region with only an incoming wave. The radial com-
ponent of the free wavefunction has the asymptotic form

/iE�R� � ÿ
exp�ÿikiR�����

vi
p � exp�ikiR�����

vi
p � 2i����

vi
p sin�kiR�; �17�

for J=0 and is proportional to the spherical Ricatti-
Bessel function for nonzero J. The free function has the
same normalization as the full scattering wavefunction
w�iE, namely, h/iEj/iE0 i � 2p�hd�E ÿ E0�.

After the reaction probabilities P R
i �E� have been cal-

culated for all ®xed angular momenta J , we can evaluate
the reaction cross section for a speci®c initial state by
simply summing the reaction probabilities P J�

v0j0K0
over all

the partial waves (total angular momentum J ),

rv0j0�E� �
p

k2v0j0

X
J

�2 J � 1�P J
v0j0�E� �18�

where kv0j0 is the wavenumber corresponding to the
initial state for ®xed energy E. In the present calculation,
reaction probabilities for J > 1 are calculated by
employing the CS approximation [30], which is a
common approximation employed in the calculation of
cross sections.
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3 Results and discussion

The numerical parameters used in the present TD
calculation are as follows. A total of 150 sine basis
functions are used to span a range of [1.5, 20.0] bohr in
the R coordinate, 35 HF vibrational functions in the r
coordinate, and 30 angular basis functions in the h
coordinate. Absorbing potentials are placed at the edge
of both r and R grids and a time step of 10 atomic units
is used for the wavepacket propagation in the split
operator propagation. The center of the initial wave-
packet sits at 15.0 bohr with a width of 0.45 bohr and an
average kinetic energy of 0.07 eV and 0.25 eV for
calculating reaction probabilities in the collision energy
range of [0.001, 0.1] eV and [0.1, 0.4] eV, respectively.

Figure 2 shows reaction probability of Li� FH!
LiF�H from the ground state of HF as a function of
collision energy below 0.05 eV. In order to map out the
entire resonance structure within this energy range, we
used an energy resolution of 0.0001 eV to generate the
plot in Fig. 2. Thus Fig. 2 contains probabilities for
about 500 energies, all of which are calculated from the
propagation of a single initial wavepacket! These results
are obtained after propagating the wavepacket to about
10 ps, which is about the resolution limit of the energy
data point. The resonance structure in Fig. 2 is con-
verged with respect to further propagation of the wave-
packet.

The most interesting dynamical feature in Fig. 2 is the
complete dominance of the reaction probability by re-
sonances, as re¯ected in the energy dependence of the
reaction probability. As shown by sharp spikes in Fig. 2,
the reaction probability suddenly rises to large values (as
much as 0.4 or larger) when the collision energy hits one
of the presumed resonance energies. At o�-resonance
energies, however, the reaction probability abruptly
drops toward zero. In other words, there is essentially no
direct reaction at such low collision energies and the
reaction is completely controlled by reactive resonances

which serve as gatekeepers for the reaction. This is be-
cause the collision energies in Fig. 2 are well below the
reaction barrier and direct collisions at these low en-
ergies are essentially nonreactive. Thus the Li� FH re-
action is primarily determined by the resonance
component of the initial wavepacket that decays to the
LiF product. This explanation is supported by the fact
that the probability function in Fig. 2 requires up to
10 ps of propagation time to converge and there are no
sharp spikes at short propagation times. To examine
further the e�ect of resonances, we show in Fig. 3 a
contour plot of one of the resonance wavefunctions at
E � 0:2848 eV (which corresponds to 0.0287 eV of col-
lision energy). As is clear from Fig. 3, this resonance
wavefunction is localized in the well of the Li� FH
entrance channel. The time propagation of this re-
sonance wavefunction used as an initial wavepacket
shows that a small fraction of the packet decays to the
product channel H� LiF.

As collision energy increases to above 0.1 eV, the
dynamics of the reaction changes qualitatively. As
shown in Fig. 4, the reaction probability above 0.1 eV
shows a broad background, implying a direct reaction
process. However, resonance features are still clearly
present and they are superimposed on the broad back-

Fig. 2. Total reaction probability from the ground state of the HF
reactant for Li�HF! LiF�H as a function of collision
(translational) energy below 0.05 eV

Fig. 3. Contour of a resonance wavefunction (Er � 0:2848 eV with
respect to the HF asymptote) as a function of two radial Jacobi
coordinates R (between Li and the center of HF) and r (HF distance)

Fig. 4. Total reaction probability from the ground state of the HF
reactant for Li�HF! LiF�H as a function of collision energy
up to 0.4 eV
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ground as small oscillations and spikes. This change of
dynamical behavior is re¯ected in the process of TD
propagation in which the broad background feature in
Fig. 4 is converged within a few hundred femtoseconds
while the features of small oscillations require propa-
gation to a couple of picoseconds to be resolved. Thus
resonance lifetimes at energies above 0.1 eV are on the
order of 1 ps and the direct reaction process plays an
important role at higher energies. Again, we see that TD
calculation provides excellent rationales for under-
standing and explaining the dynamical features of the
calculated results.

Baer et al. [15] have calculated reaction probabilities
below the collision energy of 0.13 eV on the same PES.
However, the sharp resonance feature in Fig. 2 is missing
from their calculation. This is perhaps due to the spar-
sity of the energy points calculated and/or approxima-
tions used in the numerical calculation of Ref. [15]. The
calculation of Parker et al. [5] reported reaction prob-
abilities in the energy range of 0.004 to 0.35 eV, and their
calculated resonance feature is quite similar to the pre-
sent result. However, the dynamics calculation of Ref.
[5] was done on a relatively coarse energy grid (0.0005 eV
versus 0.0001 eV in the present calculation). Our calcu-
lation shows that an energy grid of 0.0005 eV is too
coarse to produce quantitatively the resonance structure
in Fig. 2. In particular, since an energy resolution of
0.0005 eV is limited to resolving resonances with max-
imum lifetimes about 3 ps, narrower resonances with
longer lifetime must have been missed in the calculation
of Ref. [5]. It is entirely possible that even the present
calculation may have missed some resonances with life-
times much longer than 10 ps. The most recent TD
calculation by Gogtas et al. [14] has reported reaction
probabilities in the energy range of 0.13 to 0.4 eV. This
TD calculation produced reaction probabilities on a very
dense energy grid, but the entire resonance feature below
0.13 eV is completely missed in this calculation [14].
However, for energies above 0.13 eV, our result agrees
very well with that of Ref. [14], indicating good con-
vergence of both calculations in this energy range.

In order to investigate the e�ect of initial states on
reaction, we also calculated reaction probabilities for
initial rotational states of HF at j = 0±3. There is a
sensitive dependence of reaction probability on initial
rotational state as shown in Fig. 5. In particular, rota-
tionally excited HF generally gives larger reaction
probabilities than does the ground rotation of HF.
There is an interesting trend in that the even)j prob-
abilities generally rise and reach a common plateau,
while odd)j probabilities ®rst decrease and then increase
as a function of energy as shown in Fig. 5. We also note
in Fig. 5 that reaction probabilities for di�erent initial
rotational states of HF all tend to converge near a col-
lision energy of 0.26 eV. These results are in good
agreement with the TD calculation of Gogtas et al. [14].

We next calculate the integral cross section from the
initial ground state of HF. The calculations for J > 0 are
done using the CS approximation [30]. We calculated
reaction cross sections from the ground state of HF for
energies above 0.10 eV because calculation of cross
section at lower collision energies would take much

longer computer time due to long-lived resonances, as
discussed above. The calculation of the cross section is
done for J up to 52 in order to converge the result for
collision energies up to 0.4 eV. The most interesting
feature in the calculated cross section is perhaps the
presence of a broad maximum around 0.26 eV, as shown
in Fig. 6. In addition, there are small oscillations su-
perimposed on the broad background of the cross sec-
tion, indicating resonance features present in the
underlying reaction probabilities for each individual
partial wave J . A comparison of cross section with ex-
perimental measurement is also given in Fig. 6, where we
see that the theoretical result is smaller than the ex-
perimental measurement. However, we should bear in
mind that the experimental cross section involves ther-
mal averaging over initial rotational states of HF, while

Fig. 5. Total reaction probabilities from rotational states j � 0; 1; 2; 3
of the HF reactant for Li�HF! LiF�H as a function of collision
energy up to 0.4 eV. Solid line is for j � 0, dotted line for j � 1, dashed
line for j � 2, and dot-dashed line for j � 3

Fig. 6. Integral cross section from the ground state of the HF reactant
for Li�HF! LiF�H as a function of collision energy between 0.1
and 0.4 eV. The experimental values are from Ref. [7]
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the present theoretical cross section is calculated for the
ground rotational state of HF only. In view of the en-
hancement of reaction probability by initial rotational
excitation of HF for total angular momentum J � 0, as
shown in Fig. 5, it is reasonable to expect that the the-
oretical cross section for excited rotational states of HF
would be larger than that of the ground state. In parti-
cular, we speculate that rotation-excited cross sections
would likely be much larger mainly for energies below
and above 0.26 eV, based on the results in Fig. 5, where
probability curves of di�erent initial rotational states
tend to converge near the energy of 0.26 eV. Baer et al.
[15] calculated cross sections below the energy of 0.13 eV
and therefore no comparison can be made between the
present cross section and that of Ref. [15]. Neither
Parker et al. [5] nor Gogtas et al. [14] calculated cross
sections for Li�HF reaction.

In order to help gain physical insight into the ap-
pearance of the maximum in the energy-dependence of
integral cross section, we show in Fig. 7 the Jmax de-
pendence of cross section which is obtained by summing
over total angular momentum J in Eq. (18) up to a
maximum value Jmax for various values of Jmax. It is seen
that major contributions to the cross section are from
reaction probabilities with J values in the range 20±40.
The cross section remains generally ¯at until after
summing over Jmax above 30. We see also from Fig. 7
that the small oscillations on the curve of cross section
mainly come from reaction probabilities near and
greater than Jmax � 20.

We also use the J-shifting approximation [17] to es-
timate the cross section as given by

rv0j0�E�shift �
p

k2v0j0

X
J

�2J � 1�P J�0
v0j0 �E ÿ B#J�J � 1��;

�19�
where the value of rotation constant B# is taken from
Ref. [16] (B � 5:721� 10ÿ6 au). As shown in Fig. 8, the

J-shifting cross section is a monotonically increasing
function of energy. This result is very similar to that of
an earlier J-shifting calculation by Lagana et al. [16],
which also gave a monotonically increasing cross section
with energy. Since the reaction probability at low
energies for J � 0 is highly oscillatory, the straightfor-
ward application of the J-shifting technique will produce
a highly oscillatory cross section as a function of energy.
The smoother J-shifting cross section in Fig. 8 is
obtained by cutting o� the J=0 reaction probability
for energies below 0.1 eV in Eq. (19). This is justi®ed by
our calculations of reaction probabilities for higher
values of total angular momentum J in which the sharp
resonance structure in Fig. 2 is absent in reaction
probabilities for higher J values. The physical picture for
the lack of such sharp resonances in higher J reactions is
the following: the shallow well in the entrance channel
where low-energy resonances are located is being ®lled
up by the centrifugal potential J�J � 1�=2lR2, and this
eliminates many narrow resonances at low collision
energies.

A comparison of two cross sections in Fig. 8 shows
clearly that the J-shifting approximation using the value
of Ref. [16] underestimates the cross section in the
middle energy but overestimates the cross section at high
energies. We also used a di�erent value of B# to obtain
the J-shifting cross section, but the result is qualitatively
similar. In order to understand the failure of J-shifting
approximation, we plot reaction probability vs J for
various values of J up to J � 50 in Fig. 9. We observe in
Fig. 9 that the amplitude of the probability curve gra-
dually decreases as J increases for J � 20. Thus the re-
action probability falls o� for high values of J . In the J-
shifting approximation, however, the amplitude of the
reaction probability for all values of J is assumed to be
the same as that for J � 0. In view of this observation, it
might be tempted to try to improve the J-shifting ap-
proximation by including a damping function F �J� in
the summation over J

Fig. 7. Jmax dependence of the integral cross section, where Jmax is the
maximum value of total angular momentum J used in the summation
of Eq. (18)

Fig. 8. Integral cross sections obtained from the present CS calculation
(solid line), simple J-shifting calculation (dotted line), and improved
J-shifting calculation (dashed line)
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rv0j0�E�shift �
p

k2v0j0

X
J

�2J � 1�P J�0
v0j0 �E ÿ B0#J�J � 1��F �J�

for J > 20;

�20�
where F �J� is a decreasing function of J. We tried the
following damping function:

F �J� � exp�ÿa J�J � 1��: �21�
Here, we used the value of B0# � 2:135�10ÿ6 au and
a � 0:001; and the result is plotted in Fig. 8. As is seen,
the resulting J-shifting cross section is signi®cantly
improved and has reproduced the maximum between
0.2 and 0.3 eV.

4 Conclusion

We report detailed quantum dynamics studies for
Li�HF reaction using a TD wavepacket approach.
Initial state-selected reaction probabilities are computed
for several rotational states of the reagent for collision
energies below 0.4 eV. The reaction at energies below 0.1
eV is dominated by resonances. In particular, reaction at
collision energies below 0.05 eV is completely controlled
by resonances and the direct reaction process is
negligible (probability at o�-resonance energy is essen-
tially zero). The lifetimes of these low-energy resonances
generally fall in the range 1±10 ps. The plots of
resonance wavefunctions show that these low-energy
resonances are mainly localized in the potential well of
the Li�HF entrance channel. At collision energies
above 0.1 eV, the reaction probabilities show broad
background with some resonance features superimposed
on that. There is a sensitive dependence of reaction
probability on the initial rotational state of the reagent.
In particular, the even and odd rotation states of HF
give qualitatively di�erent energy dependence of prob-
abilities. These results are generally in good agreement

with those of Gogtas et al. [14] and those of Parker et al.
[5] in their respective energy range.

The integral cross section calculated using the CS
approximation shows small oscillations superimposed
on a broad background and is reminiscent of the un-
derlying resonances in individual J -®xed reaction prob-
abilities. One interesting dynamical feature from our
calculation is that the energy dependence of the cross
section exhibits a broad maximum near the collision
energy of 0.26 eV. This feature is absent in the cross
section obtained by applying the simple J-shifting tech-
nique which gives a monotonically increasing cross sec-
tion with collision energy. However, improved J-shifting
approximation by using a decaying function of J gives a
much better result and is capable of reproducing the
maximum in the energy dependence of the cross section.
Our calculated cross sections from the ground state of
HF are smaller than the rotation-averaged experimental
values. However, the initial j dependence of reaction
probability indicates that the agreement with experiment
is expected to signi®cantly improve on inclusion of
theoretical cross sections from rotationally excited HF.
In particular, we expect that the theoretically calculated
rotation-averaged cross section will mostly likely
``¯atten up'' from both side of the collision energy near
0.26 eV in Fig. 6.
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