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Quasi-classical trajectory study of the stereodynamics

of a Ne+H+
2 →NeH++H reaction∗
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We have carried out a quasi-classical trajectory calculation for the reaction of Ne + H+
2 (ν = 0, j = 1) → NeH+ + H

on the ground state (12A′) using the LZHH potential energy surface constructed by Lü et al. [Lü S J, Zhang P Y,

Han K L and He G Z 2010 J. Chem. Phys. 132 014303]. Differential cross sections at many collision energies

indicate that the reaction is dominated by forward-scattering. In addition, the NeH+ product shows rotationally hot

and vibrationally cold distributions. Stereodynamical results indicate that the products are strongly polarized in the

direction perpendicular to the scattering plane and that the products rotate mainly in planes parallel to the scattering

plane.
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1. Introduction

Recently, atom–molecule ion reactions and the
related systems have attracted much attention[1,2]

since they can play an important role in many in-
teresting cases including interstellar processes, elec-
tric discharges and planetary ionospheres. Rare gas-
hydrogen systems have continued to provide an im-
portant insight into chemical reaction dynamics. So
Ne+H+

2 →NeH++H reaction has been the subject
of numerous experimental[3−7] and theoretical[4,8−19]

studies.
In order to obtain accurate potential energy

surfaces (PESs) for the title reaction, many ef-
forts have been made.[8,15−19] There are also many
dynamical calculations in order to calculate re-
action probabilities,[8−14,17] integral cross sections
(ICSs)[4,9−13,16] and product rotational distributions
(PRDs),[11] and so on. Almost all these dynamical
calculations[9−14] are based on the same analytical
PES in Ref. [15], while the initial rotational state
( j = 0) and collision energies for these calculations
are different from those in Refs. [4] and [8]. Recently,
Lü et al.[8] presented a new LZHH PES for the ground
state (12A′) of the title reaction from accurate ab ini-
tio data and carried out an exact quantum scattering
study as well. The well in their PES[8] is 0.026 eV

deeper (when the Ne–H–H angle is 180◦) and the en-
ergy barrier is 0.075 eV (when the Ne–H–H angle is
90◦) lower than the corresponding ones of Ref. [15].
Their calculated cross sections including Coriolis cou-
pling (CC) fit well with the experimental ones.[4] How-
ever, a relatively large difference exists between the
corrected quasi-classical trajectory (QCT) cross sec-
tions of Zhang et al.[4] and those of the quantum me-
chanical (QM) calculation.[8] There is a discrepancy
between their CC ICSs and the results of previous
studies.[4,9−13,16] Lü et al.[8] assumed that the differ-
ence was ascribed to the use of different PESs.

According to selection rules for homonuclear
molecules, transition from excitation states with odd
(or even) rotational quantum numbers to the ro-
vibrational state of ν = 0, and j = 0 (or j = 1) is
forbidden. So only transition between two odd (or
even) rotational states is allowed. Lü et al.[8] and
Zhang et al.[4] considered the initial rotational state as
j = 1 in the QM calculation and experimental study,
respectively. So one can find that it is necessary to
study the dynamical characteristics of the ν = 0 and
j = 1 state. As exhibited in Ref. [20], the character-
istic of a potential energy surface could be evaluated
in classical trajectory calculations. The QCT method
constitutes a good approximation to the scattering dy-
namical properties and the qualification of a dynam-
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ical feature as a quantum effect in a given reactive
system requires the performance of QCT calculations
on the same PES. So we present a quasi-classical cal-
culation of Ne + H+

2 → NeH+ + H on the 12A′ PES
given by Lü et al.[8] with the initial state of H+

2 at
ν = 0 and j = 1 so as to testify whether the disparity
between the results of Lü et al. and those of former
researchers lies in the difference between PESs. The
total cross sections are calculated to compare with CC
results of Lü et al.,[8] the experimental ICSs,[4] the fit-
ted experimental results through the line-of-centre col-
lision (LOC) model[4] and those of corrected QCT[4]

as well. With the development of laser techniques,
the accurate measurement of the reagent/product ori-
entation and alignment in molecular reactions has be-
come available. To rationalize experimental results,
one needs the assistance of computational work. Gen-
erally, theoretical exploration on the stereodynamics
falls into two categories: one is for those of reagent
k−j, j−k−k′ vector correlations and the other is for
those of product k−j′, k−k′−j′ vector correlations,
where k/k′ and j/j′ denote the relative velocity vec-
tors of reagent/product and the reagent/product rota-
tional angular momentum in the centre of mass (CM)
frame, respectively. Only limited theoretical calcula-
tions, using either quasi-classical trajectory methods,
quantum scattering, wave packet propagation tech-
niques or simple models,[21−34] have been made of an-
gular momentum polarization. As far as we know,
up to now few stereodynamical characteristics of the

title reaction have been studied, so we provide some
stereodynamical information about the product k−j′,
k − k′ − j′ vector correlations. Differential cross sec-
tions (DCSs) as a function of both the scattering angle
and collision energy are calculated, which exhibits the
sensitivity of DCSs to the scattering angle and colli-
sion energy, and the tendency of scattering direction
of NeH+. There is also an exhibition of product vibra-
tional and rotational distributions over the considered
collision energy interval. In addition, he polar angu-
lar distribution, P (θr), the distribution of the dihedral
angle denoting k − k′ − j′ correlation, P (φr) and the
angular distribution of product rotational vectors in
the form of polar plots P (θr, φr) are calculated to val-
idate more information about the angular momentum
polarization and orientation.

2. Computational aspects

Our calculation is performed on 12A′ PES pre-
sented by Lü et al.[8] As is shown in Fig. 1, there is a
deep well in the collinear geometry and its depth de-
creases with Ne–H–H angle decreasing, and at some
point the well turns into barrier. The barrier height is
0.425 eV in perpendicular geometry. The ground state
surface has an overall minimum in collinear geometry
and the well is about 0.536 eV deep with respect to
the reaction asymptote. For the details of the PES,
readers may refer to Ref. [8]. Based on classical

Fig. 1. Contour plots of the PES for the four different Ne–H–H angles in internal coordinates (180◦, 120◦, 90◦,

and 60◦). The dotted line denotes 0 eV relative to the energy of the reactant Ne+ H+
2 .
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trajectory method, in the QCT method some
important quantum effects (using the vibrational
and rotational quantum numbers to describe the
reagent/product state) are taken into consideration,
and the QCT method has been used to study the re-
action dynamics of many systems. The calculation
method we used is the same as the one described in
Refs. [21]–[30].

In QCT calculation, there is uncertainty in de-
termining the optimized impact parameter bmax. The
associated uncertainties with the QCT total cross sec-
tion can be calculated by ∆σ = [(Ntot − Nr)/(Ntot ·
Nr)]1/2σ. Therefore, we estimate the error margin for
the present QCT ICS to be less than ±6.7%.

3. Results and discussion

The classical Hamilton equation is solved in three
dimensions. We carry out the calculation with the
initial vibrational and rotational numbers ν = 0 and
j = 1, respectively. The values of translational energy
Ecol range from 0.4 eV to 1.5 eV with the energy gap
0.1 eV. The time integral step size is chosen as 0.1 fs
and 50000 trajectories are used in the computation.

In Fig. 2, our QCT ICSs and the associated er-
rors are compared with previous results,[4,8] including
quantum dynamical (CC) results, the experimental
measurements, the deconvoluted LOC results (which
are fitted to the ICS curve according to their exper-
imental results by using the modified LOC thresh-
old function) and corrected QCT results (which refers
to proton transfer cross sections corrected for NeH+
products with vibrational energies below the zero
point energy). Peaking at Ecol = 1.0 eV, our QCT
ICSs display an increasing-then-decreasing trend over
the whole collision energy range. For the CC and
the experimental results, the phenomena are similar.
Our calculated threshold is a bit smaller than that
of CC computation and the deconvoluted one, own-
ing to a well-known handicap of classical mechanics
as zero point energy leakage.[35,36] Over the consid-
ered energy range, QCT ICSs are smaller than the
experimental ones. The same situation also occurred
in Ref. [13], which stated that the unusually large
QCT cross sections at the threshold are mainly be-
cause of the inability of classical mechanics to handle
correctly the zero-point energy of the products and
the smaller QCT cross sections at higher energies are

due to a combination of tunneling processes and the
existence of the resonances. So we ascribe the dis-
crepancy to the neglect of quantum effect in the QCT
calculation. Except for the case in Ref. [16], different
initial ro-vibrational states are chosen for the ICS cal-
culation, moreover, the authors used a different PES
in Ref. [16], which might result in the discrepancy be-
tween the CC results of Lü et al. and previous re-
sults. The main difference between the PESs used
in the present paper and that in Ref. [14] is the well
depth and the energy barrier. The former PES[8] has
a deeper well depth for collinear geometry and a lower
energy barrier when the Ne–H–H angle is 90◦. The dif-
ferences are 0.06 eV and 0.115 eV, respectively. In a
word, the magnitude and profile of present QCT ICSs
accord well with the CC and experimental results com-
pared with previous results. In addition, the smaller
QCT ICSs at higher collision energies (Ecol > 1.0 eV)
perhaps result from the large number of resonances
(which could be observed in reaction probabilities of
Lü et al.[8]) and tunneling processes (which might be
ascribed to the deep well at large Ne–H–H angles).

Fig. 2. Comparison between present ICSs (filled circles)

and previous ones (CC of Lü et al. (solid line); experimen-

tal measurements of Zhang et al. (open circles); the de-

convoluted LOC results (dashed line); and corrected QCT

cross sections (open triangles). And the error bars (2.6%–

6.7%) for the QCT ICSs represent the maximum absolute

errors (1 Å=0.1 nm).

DCSs as a function of both the scattering an-
gle (the angle between the reagent relative velocity
k and the product velocity k′) and collision energy
Ecol are given in Fig. 3 so as to explain the ten-
dency of scattering direction of the product. For each
of the considered energies there exists a maximum
when the scattering angle θt is 36.9◦, which suggests
that the forward-reaction is dominant. The forward
type distribution is consistent to a certain extent with
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the experimental results in Ref. [7], which were ob-
tained at Ecol = 0.87 eV (namely within the range
of our translational energies). Due to the fact that
the ro-vibrational states are not distinguished from
the reagent states, a linear combination of all H+

2

states (probably a Franck–Condon distribution) is ap-
plied to the experimental results. Their experimental
measurements[7] result in a strong forward distribu-
tion. The agreement between our calculations and the
experimental results is due to two reasons: (i) vibra-
tional excitation greatly enhances reactivity,[8,11,12,17]

and according to the results of Ref. [12], the DCSs
of ν = 1, 2 in their studied energy interval (which
is within the energy range of our calculation) also
demonstrate strong forward scattering; (ii) as ex-
pected, the contribution of all higher vibrational states
will also be in the forward direction, as they all lead
to exothermic reactions. From Fig. 3, one can observe
that DCS is sensitive to the collision energy, espe-
cially for small scattering angle. Also DCS displays an
increasing-then-decreasing trend over the whole colli-
sion energy range, and the peak appears at a collision
energy of 1.0 eV, which is in accordance with the ICS
result.

Fig. 3. DCSs as a function of both the scattering an-

gle θt and collision energy Ecol for the Ne + H+
2 (ν = 0,

j = 1) → NeH++H reaction.

The QCT method allows for a complete state-to-
state study of the reaction dynamics, so we calculate
the product vibrational and rotational distributions
of NeH+ as shown in Fig. 4. From Fig. 4(a), we find
that only four product vibrational levels at the highest
energies scanned here are open, and the product vi-
brational distributions (PVDs) all peak at v′ = 0 over
the whole energy range. In general, the lowest vibra-
tional state is favoured and the distribution appears
to be cold with a probability of zero above v′ = 3. The

main interesting point is that if the increased collision
energy is not larger than the energy gap between two
vibrational states of the reagent, the number of the vi-
brational channel to be open would not increase, but
it could have influence on the distribution function for
a defined v′, especially for small collision energies. For
example, when the collision energy varies from 0.4 eV
to 0.6 eV, the number of the open vibrational channel
remains unchanged (v′ = 0) with a distribution ratio
1:5.8:12.7 (from small to large collision energy).

Figure 4(b) exhibits the PRDs for the collision
energies of 0.4 eV–1.5 eV. Overall PRDs demonstrate
a unimodal distribution at almost all the collision en-
ergies, peaking at an intermediate value of the open
product rotational quantum numbers. More scanned
product rotational levels are open when the collision
energy is increased. Another interesting feature exhib-
ited in Fig. 4(b) is the dependence of PRD on collision
energy. It is not the same for each collision energy.
The most striking effect can be observed when the
collision energy goes from 0.4 eV to 0.6 eV. We find
that high states become more populated as the colli-
sion energy increases, yielding a distribution peaked
at j′ = 1 at 0.4 eV, j′ = 2 at 0.5 eV, and j′ = 3
at 0.6 eV, which implies that the peak shifts towards
larger rotational quantum numbers with the increase
of collision energy.

Fig. 4. Product ro-vibrational distributions for the

Ne+H+
2 (ν = 0, j = 1) → NeH+ (v′, j′)+H reaction:

(a) PVDs, (b) PRDs.
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The vibrational and the rotational excitations of
the product exhibit different distribution functions.
Through the comparison between Figs. 4(a) and 4(b),
we can conclude that the NeH+ product is rotation-
ally hot and vibrationally cold. Owing to the large
number resonances in reaction probabilities of Lü et
al.,[8] the title reaction is dominated by the formation
of a complex. As shown in Fig. 1, the deep well in
the PES accounts for such a complex-forming scheme.
The complex-forming mechanism usually favours the
molecule rotating in various directions. As j′ increases
the rotational angular momentum becomes increas-
ingly polarized. It might explain the wider range of
product rotational population, and this assumption
can be further testified through the depictions of P (θr)
and P (φr) distributions in Figs. 5 and 6.

Fig. 5. The distribution of P (θr) as a function of both the

polar angle θr and collision energy Ecol for the reaction of

Ne + H+
2 (ν = 0, j = 1) → NeH++H.

To obtain a graphical representation of the polar-
ization we plot the P (θr) distribution as a function
of both the polar angle θr and collision energy Ecol

in Fig. 5. Obviously, there is a demonstration of sym-
metric distributions peaked at θr = 90◦ over the whole
energy range, implying that the product angular mo-
mentum tends to align in the direction perpendicular
to k. Since higher and narrower distribution indicates
stronger product alignment, one can observe that the
alignment degree is much larger at low collision ener-
gies (e.g. 0.4 eV and 0.5 eV) than that at higher col-
lision energies. There is a non-monotonic relationship
between the alignment degree and the collision energy.
The structure of PES (with a deep well and a late bar-
rier) might give a reason of such a phenomenon.

The P (φr) distributions are given in Fig. 6, which
can provide some stereodynamical information about
both the alignment and the orientation characteris-
tics of the product. The φr denotes the azimuthal an-
gle of the final rotational angular momentum j′. All

P (φr) distributions are asymmetric with respect to
k–k′ plane (the scattering xz plane) with two peaks
appearing nearly at φr = 90◦ and φr = 270◦, which
demonstrates that j′ is preferentially aligned along y

axis. The larger peak existing nearly at φr = 90◦

or φr = 270◦ indicates a stronger product orientation
along the positive or negative direction of y axis. It
is interesting that the P (φr) distributions are asym-
metric although the title reaction is symmetric about
the initial relative velocity vector. Orientation of the
product maybe results from the repulsive energy be-
tween the two atoms of H+

2 , which leads to the viola-
tion of the symmetry. Through comparison, we find
that the orientations along the positive and the nega-
tive y axis coexist at the considered energy range, and
the dominant +y axis or −y axis orientation appears
at medium collision energies. Moreover, the direction
and the degree of the alignment/orientation change
with collision energy.

Fig. 6. The P (φr) distributions as a function of the di-

hedral angle φr at the collision energies of (a) 0.4, 0.5,

0.6 eV; (b) 0.7, 0.8, 0.9 eV; (c) 1.0, 1.1, 1.2 eV; and (d)

1.3, 1.4, 1.5 eV (from inner to outer) for Ne+H+
2 (ν = 0,

j = 1) → NeH++H reaction.

To further examine the tendencies, we also plot
the angular momentum polarization in the form of
polar plots of θr and φr averaged over all scattering
angles as shown in Fig. 7. The features of P (θr, φr)
distributions with peaks and valleys are in good accor-
dance with those of the P (θr) and P (φr) distributions
of the products. Also the depictions in Fig. 7 indicate
that the products are strongly polarized in the direc-
tion perpendicular to the scattering plane (x–z plane
is the scattering plane containing the initial and the
final relative velocity vectors, k and k′) and the prod-
ucts rotate mainly in planes parallel to the scattering
plane.
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Fig. 7. Joint P (θr, φr) distributions as a function of both polar angle θr and φr for the Ne + H+
2 (ν = 0,

j = 1) → NeH++H reaction.

4. Conclusion

QCT calculation is performed to investigate dy-
namical information about the title reaction at the
initial ro-vibrational state ν = 0, and j = 1. Com-
pared with previous results, the calculated cross sec-
tions are close to the accurate QM and experimental
ones, which proves the validity of QCT calculation.
According to our QCT results, the disagreement be-
tween the CC ICSs of Lü et al. and former results
is probably due to employing different PESs and dif-
ferent initial states. DCSs as a function of both the
scattering angle and translational energy are given,
which manifests that the forward-scattering is dom-

inant and DCS is not a monotonic function of colli-
sion energy. Also, the product vibrational and rota-
tional distributions are computed. The product vi-
brational state population is rather cold (the lowest
v′ = 0 vibrational state of NeH+ is favoured) and
PRDs are highly selective (medium rotational num-
bers are favoured). Our results show a high rotational
excitation in the product state distribution. Over the
range of the considered collision energies, according
to the vector properties of the title reaction, distribu-
tion P (θr) is symmetric with respect to 90◦, and the
dihedral angle distribution P (φr) manifests j′ prefer-
entially aligned along the y axis. Also the distribu-
tions of P (θr, φr) showing the products rotate mainly
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in planes parallel to the scattering plane are in good
accordance with the distributions P (θr) and P (φr).
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