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Time-dependent wave-packet quantum scattering study of the reactions D"+H,—H +HD
and H"+D,—D"+HD

Li Yao,"? Liping Ju,' Tianshu Chu,"” and Ke-Li Han'*
IState Key Laboratory of Molecular Reaction Dynamics, Dalian Institute of Chemical Physics, Chinese Academy of Sciences, Dalian
116023, China
2Department of Physics, Dalian Maritime University, Dalian 116026, China
3Institute for Computational Sciences and Engineering, Qingdao University, Qingdao 266071, China
(Received 26 July 2006; published 27 December 2006)

The cross sections of the title reactions were calculated as functions of collision energy in the range
0.2-2.4 eV on a potential energy surface of Panda and Sathyamurthy [J. Chem. Phys. 121, 9343 (2004)]. The
calculated results with the Coriolis coupled method were found to be more consistent with the experimental
ones than the centrifugal sudden approximation, thus suggesting that Coriolis coupling plays an important role
in those reactions. A pronounced isotopic effect was also revealed and attributed to the significant difference of

the effective potential barrier height in both reactions.
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I. INTRODUCTION

Being a typical ion-molecule reaction, H™+H, and its iso-
topic reactions are of interest in understanding the collision
processes in interstellar media, the plasmas, and high-energy
physics studies [1-3]. There have been a number of the ex-
perimental and theoretical studies on the electronic structure
of H5 and its isotopic systems [4—22]. Recently, by using the
tandem mass spectrometer (TMS), Michels and Paulson [4]
measured the reaction cross section for collisions of H™ and
D~ with H,, D,, and HD, and Huq et al. [5] measured the
total reaction cross sections for the reactive and the electron
detachment channels. The integral reaction cross section for (
H~, D,) collisions was determined by Zimmer and Linder [6]
with the crossed beam techniques. And they observed that
the decrease in reaction cross section, when plotted as a
function of collision energy, arose at higher energies due to
the opening up of the electron detachment channel. Using a
guided beam apparatus, Haufler et al. [7] determined the in-
tegral cross sections for H"+D, and D™+H, reactions and
the pronounced isotope effect was found in the experiment.

Remarkable progress on molecular reaction dynamics cal-
culations has been made in recent years due partly to the
ability of determining accurate potential energy surface
(PES) from ab initio quantum calculations for simple reac-
tive systems. The differential and integral cross sections were
calculated by Gianturco and Kumar [8] for vibrationally in-
elastic processes in (H™+H,) collisions over collision energy
(4.67-40 eV) on the Stirck and Meyer (SM) PES.

In the previous papers, Coriolis coupling effect is shown
to be significant in both the nonadiabatic and the adiabatic
reactions of the ion-molecule collisions of D*+H, [20] and
He+Hj [24] as well as H"+D, [1]. In this paper, using the
recent ab initio PES of Panda and Sathyamurthy (PS) [11]
and time-dependent wave-packet quantum method, we have
carried out D7(v=0;;=0)+H,—H +DH and H (v=0;;
=0)+D,—D"+HD in the collision energy range of
0.2-2.4 eV with the Coriolis coupling (CC). The present ex-
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act CC result [12,13] from the ground rotational state j=0
will provide further physical insights into the reaction
mechanism. To assess the influence of the CC on the reaction
system, we have also performed the centrifugal sudden (CS)
approximation calculations. We outline the theoretical meth-
odology briefly in Sec. II, and the results obtained are pre-
sented and discussed in Sec. III. A summary of our findings
and the conclusion follow in Sec. IV.

II. THEORETICAL METHOD

The time-dependent wave-packet (TDWP) method [14]
has been widely used in dynamical studies for elucidation of
the mechanism of reactive systems. With the split-operator
propagator scheme, the methods were used to numerically
solve the time-dependent Schrodinger equation of the reac-
tive system. Including CC and invoking the Born-
Oppenheimer approximation, in the reactant Jacobi coordi-
nates, the Hamiltonian of the H,D™/D,H™ reactive system
can be expressed as

S A S
H=-—"7"75+ 5+ 3
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+ VR, 7 +h(r), (1)

where R and r have their usual definitions in Jacobi coordi-
nates [14,23]; ug and u, are corresponding reduced masses
[14]; J and f are the total angular momentum and the rota-
tional angular momentum of H,/D,, respectively; V(é,f) is
the potential energy surface of PS; and /(r) is the diatomic
reference Hamiltonian
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Here, V(r) is the diatomic reference potential.

The time-dependent wave function can be expanded in
terms of the body-fixed (BF) translational basis U.(R), the
vibrational basis ¢,(r), and total angular momentum eigen-
function rotational basis functions YJJ-IZ?E(IQ,;?) using the reac-
tant Jacobi coordinates [14,23]. The following parameters
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were used to get the converged results: 358 translational ba-
sis functions for the R coordinate in the range of
0.1-40.0 a.u., 100 vibrational basis functions for the r coor-
dinate of 0.2—12.06 a.u., j,..=80 for rotational basis func-
tions, and a propagation time of 60 000 a.u. The number of
K that is the quantum number for the body-fixed z compo-
nent of the angular momentum used in the CC calculations is
up to nine. The proper parameters were used to get the con-
verged results.

The matrix obtained by applying the centrifugal potential

operator (j —ﬁzl 2ugR? on the rotational basis functions

Y;ﬁ”s(ﬁ,f) is diagonal in the CS approximation calculation
[15,16], while in the CC calculation [12,13,25] different K
states coupled with each other and constituted the off-
diagonal elements of the matrix.

The initial wave function is propagated by a split-operator
method [17]; the total reaction probability and the integral
reaction cross sections can be calculated by [14]

hs
P o E) = o mlUBINr - r)lWEN]. )
A OE k—ZE @I+ 1P, (E), 4)
J
1
Ujovo(E) - 2jo+ 1% Ujokovo(E)’ (5)

where (E) is the corresponding time-independent part of
the final wave function, k is the wave number corresponding
to the initial state at a fixed collision energy E. The reader
can refer to Refs. [10-18] for more detailed of the method-
ology and parameter.

III. RESULTS AND DISCUSSION

Figures 1(a)-1(d) show the CC and CS probabilities for
ground state and the total angular momentum J=10, 20, 30,

40, respectively, in the collision energy range of 0.2-2.4 eV,
and all the following results of this work are in the same
energy range. It can be seen that trend of the lines, the values
themselves, and the threshold energy in the calculated prob-
abilities are quite different for the two sets of calculations,
except Fig. 1(a). For low J values, such as J=10, 20, the CC
and CS probabilities are almost the same in the low energy,
while the values of CC is larger than the CS in the high
energy; But as J becomes larger, for example, J=30 and 40,
the differences are observed in that the CC values are smaller
than the CS values in the high energy.

Figures 2(a) and 2(b) show the probabilities of D™+H,
[Fig. 2(a)] and H"+D, [Fig. 2(b)] in the collision energy
range of 0.2-2.4 eV for j=0, v=0, and the total angular
momentum J=10, 20, 30, and 40, individually. The CC was
included in the calculation for J=10, 20, 30, and 40, as in-
dicated by solid line, dashed line, dotted line, dash-dotted
line, respectively. The threshold increases with the increase
of J.

In Fig. 3, the calculated cross section is presented on the
PS PES for collision of D™ with H,. The cross sections in-
clude the summation of reaction probabilities continuous J
values (up to 65). The curves of the total reaction cross sec-
tions a'jovO(E) for the CC and CS calculations differ signifi-
cantly in the higher collision energy. As can be seen in Fig.
3, the CS is larger than the CC cross section in the collision
energies; larger than 0.8 eV with a maximum difference of
~10% at the collision energy of 1.87 eV, the cross point
exists in the investigated collision energy range. Due to the
J-averaging effect, some resonances observed in the prob-
ability curves of Figs. 1 and 2 are greatly washed out in the
CC and CS cross sections shown in Fig. 3. On the other
hand, clearly it shows that the CC results in this work are
closer to the experimental results by Haufler er al. [7] than
the others, but the CC results in this work are smaller than
the experimental results in the low energy and bigger than
the experimental results in the high energy; the difference is
also pronounced. Some kinds of excited states were included
in the experiment, while only the »=0, j=0, ky=0 states
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were considered in our calculation. So it is reasonable that
our theoretical CC results were much bigger than the experi-
mental results in the high energy. The trend of the CS results
and the CC results is slightly different in the cross sections.
For the centrifugal sudden approximations included in the
CS results, the threshold of CC is a little lower than the CS
results. Our results are bigger than the cross sections calcu-
lated by Michels and Paulson [4] because they carried out
the calculations on a different potential energy surface than
we did, which was constructed using an optimized double-
zeta-plus-polarization-and-diffuse-orbital Slater-type orbital
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FIG. 3. (Color online) A comparison between the CC and CS
cross sections in this work for D™+H, —H™+HD reaction in the
collision energy range of 0.2-2.4 eV for j=0, v=0, and ky=0.
Comparison is carried out between the experimental cross sections
of Haufler ez al., which is notated by the small solid square in A2
and other results [7]. And the solid line and the dashed line repre-
sent the present CC and CS cross sections of this work, respec-
tively. The dash-dotted line is the theoretical results of Michels and
Paulson [4], and the dotted line is the theoretical result of Panda,
Giri, and Sathyamurthy [2].

(STO) basis set within a configuration-interaction valence
bond framework made by themselves [4]. But in the whole
energy range, our results are much lower than the theoretical
CS results of Panda er al. [2], although the same PES was
used in both calculations. However, for both calculations, the
individual reaction probabilities of J=0, 10, 20, 30, and 40
are almost the same.

The cross section results of H™+D, is presented in Fig. 4
as a function of collision energy in the range of 0.2—-2.4 eV.
As can be seen in Fig. 4, the CS cross section is larger than
the CC cross section in the collision energy range. A maxi-
mum difference of more than 20% is found at the collision
energy of 1.62 eV, the cross point also exists in the investi-
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FIG. 4. (Color online) A comparison between the CC (solid line)
and CS (dashed line) cross sections for H"+D,— D~ +HD reaction
in the collision energy range of 0.2-2.4 eV for j=0, v=0, and k,
=0. The theoretical cross section in A2 by Morari and Jaquet [1] is
for the dotted line with CC included. The dash-dotted line is for
Panda et al. [2] in CS. Dash-dot-dotted line is for Morari and Jaquet
[1]in CS, and the experimental results of Haufler et al. [7] for the
solid square and of Zimmer and Linder [6] for solid triangle.
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gated collision energy range. Much difference was also
found in the CC and CS results of Morari and Jaquet [1]. As
one can see from Fig. 4, the CS results in this work are
almost the same as the CS results of Panda et al. on the PS
PES [2], while a big difference was found when we com-
pared our results with those of Morari and Jaquet [1]. This
may be because the integral cross sections are empirically
estimated by using the J-shift approach in Ref. [1]. The over-
all behavior of the theoretical results in this work fits well
with the guided-beam measurements of Haufler et al. [7] and
also in the chemical precision comparison with the crossed-
beam measurements of Zimmer and Linder [6]. The most
agreement with the experimental results of Haufler appears
in the CC results.

From Figs. 3 and 4, we can see that in this work the CC
cross section increases sharply at the threshold followed by a
maximum value and then a slight decline. The CS result is
higher than the CC result in the high energy for the negli-
gence of the Coriolis coupling. Indeed, now the conjecture of
Panda and Sathyamurthy [2] was confirmed by the different
results of the present CC and CS calculations in explaining
the discrepancies between the experimental data and the
quantum-calculated CS cross sections. On the basis of the
above comparison, we conclude that significant differences
exist between the CC and CS calculated results, especially
with respect to high energy.

Interestingly, the importance of Coriolis coupling was
also revealed for some ion-molecule reactions [20,24] in the
recent quantum wave-packet study. The preceding compari-
son and explanation have highlighted the important role of
the Coriolis coupling for an accurate scattering calculation.
As pointed out by McLenithan and Secrest [18], Thachuk
and McCourt [19] separately studied the CS approximation
and artificially hindered the collision-induced orientation
changes in the molecular angular momentum vector [18];
therefore, it works with sudden collision, but the fact that
collisions do not occur suddenly may lead to the failure of
the CS approximation in describing the dynamical behaviors
of the present system. Although more tests are still needed to
answer whether the CC would generally play a similarly im-
portant role in other ion-molecule reaction systems, now the
CS approximation should be used with caution in quantum-
scattering studies of ion-molecule reactions in the future
[24].

The cross sections of H"+D, and D™+ H, are compared in
Fig. 5 as functions of collision energy in the range of
0.2-2.4 eV and the CC is included. In Fig. 5, both curves in
this work were calculated of the j=0, v=0, ky=0 states on
the PS PES. The general trend observed for the two isotopic
variants curve is in very similar, as expected. However, the
fact that the cross section for the D™+H, reaction (heavy ion
colliding with the light molecule) is larger by a factor of
more than two times than that of the reaction H™+D,. This
large isotope effect is the same as the experimental results of
Haufler et al. reported in Ref. [7], and also reported by Huq
et al. in Ref. [5]. The solid square is for reaction D™+H,, and
the solid triangle is for the reaction H™+D,, both experimen-
tal results are given by Haufler et al. [7]; the isotope effect
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FIG. 5. (Color online) A comparison between the cross section
of reaction H™+D, and the reaction of D™+H, in the collision en-
ergy range of 0.2—2.4 eV in the initial ground state including the
CC on the PS PES, and the solid line is of the reaction H"+D, cross
section and the dashed line is of D™+H,. The solid square is for the
experimental results of reaction D™+ H,, and the solid triangle is for
H™+D, by Haufler er al. reported in Ref. [7].

was pronounced, just as in the results of Huq er al. [5].
The major reason for the striking isotopic effect is due to
the increased reactivity of D™+H, found in the dynamics for
the entrance channel. The differences in thresholds were ob-
served in the detachment channels for H™ and D~ in the
present studies. The cross section for H™ production reaction
process was observed to be much larger than that for D™
production over the entire energy range investigated. It is
possible that these large isotopic effects are mainly related to
the announced difference of the effective potential barrier
height (the summary of the classical potential barrier height
and the zero-point energies) between D™+H, —HD+H" re-
action (effective barrier height 0.48081 eV) and H™+D,
—HD+D™ reaction (effective barrier height 0.49973 eV).

IV. CONCLUSIONS

We have carried out a three-dimensional time-dependent
wave-packet scattering calculation for the initial state-
selected reaction D"+H, —H™+HD and H"+D,—D"+HD
in the collision energy range of 0.2—-2.4 eV on the PS PES.
Comparing the CS approximation results with those includ-
ing CC, the CC results show an improvement, which is
closer to the experimental results of Haufler e al. and other
experimental results. This observation supports the conclu-
sion that for an accurate scattering calculation on the present
ion-molecule reaction, it is necessary to include the Coriolis
coupling. The isotopic effect was very pronounced, due to
the big difference in the effective potential barrier height.
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