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The collision energy effect on the stereodynamics of
the Ca + HCl→CaCl + H reaction∗
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The stereodynamics of the reaction of Ca + HCl are calculated at three different collision energies based on the poten-
tial energy surface [Verbockhaven G et al. 2005 J. Chem. Phys. 122 204307] using quasi-classical trajectory theory. The
polarization-dependent differential cross sections (PDDCSs) (2π/σ )(dσ00/dωt ), (2π/σ )(dσ20/dωt ), (2π/σ )(dσ22+/dωt ),
(2π/σ )(dσ21−/dωt ) and the distributions of P(θr), P(φr), and P(θr,φr) are calculated. The results indicate that the rota-
tional polarization of the CaCl product presents different characteristics for the different collision energies, and the effects
of the collision energy on the vector potential, including the alignment, orientation, and PDDCSs, are not obvious.
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1. Introduction

Recently, with the rapid development of reaction dynam-
ics for computing product angular momentum polarization, re-
search into stereodynamics has been predicted to provide valu-
able information in understanding the elementary reaction. A
number of quasi-classical trajectory (QCT), time-independent
quantum dynamics, and time-dependent wave packet calcula-
tions have been carried out to explore the collision reaction
processes over the last two years.[1–8]

Being a typical reaction of the “Harpoonlike” model
mechanism,[9] the Ca + HCl reaction that involves an alkali-
earth atom and a hydrogen halide has been considered to an-
alyze the influences of the initial state on the reactants and
the final state distribution. Moreover, the reactions M +

HX → MX + H (M = Be, Mg, Ca, Sr, Ba; X = F, Cl, Br,
I) show interesting dynamical features, and many studies of
this reaction family have been performed theoretically and
experimentally.[10–25] Experimental research into the reaction
dynamics of this system has been conducted by photon exci-
tation of the Ca atom in the Ca(1S)–HCl van der Waals com-
plex. However, the CaCl product was initially not detected in
its electronic ground state[26–28] because its detection is par-
ticularly difficult. Fortunately, Visticot et al.[29] detected the
Ca–HCl complex by observing the fluorescence of the CaCl
molecule in a supersonic beam/laser-ablation experiment. In
the theoretical aspect, in 2005, Verbockhaven et al.[30] re-
ported on a new ab initio PES computed using a coupled
cluster method with single and double excitations and pertur-

bative triples (CCSD(T)) and multi-reference configuration-
interaction (MRCI) wave functions. This PES is reliable be-
cause the results based on the quantum-dynamics calculation
and the new surface are in agreement with the experimental
data, which describes the full reaction from the Ca + HCl reac-
tant to the CaCl + H product.

As far as we know, most of the studies in the previous
work on the Ca + HCl reaction mainly focus on the scalar prop-
erties, such as rate constant, cross section, and product popula-
tion distribution.[30] However, there are few reports about the
chemical reaction stereodynamics. Wang et al.[31,32] studied
the vector properties of the products and investigated the vari-
ation in the rotational alignment for the Ca + HCl action by
QCT calculations on the PES developed by Verbockhaven et
al.,[30] and they found that the isotopic effect and the influence
of reagent vibration play an important role in determining the
stereodynamics of the Ca + HCl reaction and its isotope reac-
tions. To obtain the whole picture of the emerging scatter-
ing dynamics, we present the influence of the collision energy
on the stereodynamics for the Ca + HCl→CaCl + H reaction in
this paper.

2. Theory
2.1. Product rotational polarization

The theory of product rotational polarization applied here
is one established in Refs. [33]–[39]. The reference frame is
shown in Fig. 1. The reagent relative velocity vector 𝑘 is par-
allel to the z axis, and the x–z plane is the scattering plane con-
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taining the initial and final relative velocity vectors, 𝑘 and 𝑘′.
The θt angle is the angle between the reagent relative velocity
and product relative velocity (the so-called scattering angle).
The θr and φr angles are the polar and azimuthal angles of the
final rotational angular momentum 𝑗 ′.
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Fig. 1. Center-of-mass coordinate system used to describe the 𝑘, 𝑘′,
and 𝑗 ′ correlations.

A simple way to express the degree of polarization of 𝑗 ′

is to use the center-of-mass (CM) frame orientation and align-
ment parameters. The distribution of the angular momentum
𝑗 ′ of the product molecule is described by a function f (θr),
where θr is the angle between 𝑗 ′ and 𝑘 (the reagent relative
velocity vector). Function f (θr) can be represented by the
Legendre polynomial as follows:

f (θr) = ∑anPn(cosθr), (1)

where n = 2 indicates the product rotational alignment〈
P2(𝑗

′ ·𝑘)
〉
=

1
2
〈
3cos2

θr−1
〉
. (2)

Here, P2 is the second Legendre moment, and the brackets in-
dicate an average over the distribution of 𝑗 ′ about 𝑘. In the
present work, we only calculate the rotational alignment pa-
rameter of the product, since it has been solely measured in
most of the experiments until now.

Usually, two vector correlations (𝑘–𝑗 ′, 𝑘–𝑘′ or 𝑘′–𝑗 ′) can
be expanded into a series of Legendre polynomials. The dis-
tribution function P(θr) describing the 𝑘–𝑗 ′ correlation can be
expanded in a series of Legendre polynomials as[33–35]

P(θr) =
1
2 ∑

k
(2k+1)a(k)0 Pk(cosθr), (3)

where

a(k)0 =
∫

π

0
P(θr)Pk(cosθr)sinθr dθr = 〈Pk(cosθr)〉. (4)

The expanding coefficient a(k)0 is called the orientation pa-
rameter when k is odd, and the alignment parameter when k is
even.

The dihedral angle distribution function P(φr) describing
the 𝑘–𝑘′–𝑗 ′ correlation can be expanded in the Fourier series
as

P(φr) =
1

2π

(
1+ ∑

even,n≥2
an cosnφr

)
+ ∑

odd,n≥1
bn sinφr, (5)

where

an = 2〈cosnφr〉, (6)

bn = 2〈sinnφr〉. (7)

In this calculation, P(φr) is expanded up to n = 24, which
shows good convergence. The joint probability density func-
tion of angles θr and φr, which defines the direction of 𝑗 ′, can
be written as

P(θr,φr)

=
1

4π
∑
kq
[k]ak

qCkq(θr,φr)
∗

=
1

4π
∑
k

∑
q≥0

[ak
q± cosqφr−ak

q∓ sinqφr]Ckq(θr,0). (8)

In this calculation, the polarization parameter is evaluated as

ak
q± = 2〈Ck|q|(θr,0)cosqφr〉, when k is even; (9)

ak
q∓ = 2i〈Ck|q|(θr,0)cosqφr〉, when k is odd. (10)

In the calculation, P(θr,φr) is expanded up to k = 7,
which is sufficient for good convergence.

The full three-dimensional angular distribution associated
with the 𝑘–𝑘′–𝑗 ′ correlation can be represented by a set of
generalized polarization-dependent differential cross sections
(PDDCSs) in the CM frame. The fully correlated CM angular
distribution is written as

P(ωt ,ωr) = ∑
kq

[k]
4π

1
σ

dσkq

dωt
Ckq(θr,φr)

∗, (11)

where [k] = 2k + 1, (σ−1)(dσkq/dωt) is a generalized
PDDCS, and σ−1 · (dσkq/dωt) yields σ−1 · (dσk0/dωt) = 0,
when k is odd,

1
σ

dσkq+

dωt
=

1
σ

dσkq

dωt
+

1
σ

dσk−q

dωt
= 0, (12)

when k is even, q odd or, k is odd, q even,

1
σ

dσkq−
dωt

=
1
σ

dσkq

dωt
− 1

σ

dσk−q

dωt
= 0, (13)

when k is even, q even or, k is odd, q odd.
Many photon-initiated bimolecular reaction experiments

will be sensitive to only those polarization moments with
k = 0 and k = 2. In order to compare the calculations
with experiments, (2π/σ)(dσ00/dωt), (2π/σ)(dσ20/dωt),
(2π/σ)(dσ22+/dωt), (2π/σ)(dσ21−/dωt) are calculated. In
the above calculations, PDDCSs are expanded up to k1 = 7,
which is sufficient for good convergence.
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2.2. Computational details of QCT

To shed more light on the vector correlations of the re-
action of Ca + HCl→CaCl + H, we describe quasi-classical
trajectory (QCT) calculations at different collision energies
(ET = 0.6, 0.8, and 1.0 eV) to study the stereodynamics of
the title reaction. The QCT calculations have been performed
using a code developed in Refs. [34]– [39]. The vibrational
and rotational levels of the reactant molecule are taken to be
v = 0 and j = 0, respectively. The accuracy of the numeri-
cal integration is verified by checking the conservations of the
total energy and total angular momentum for every trajectory.
In our calculation, a batch of 105 trajectories are run for each
reaction and the integration step size is chosen to be 0.1 fs.

3. Results and discussion
The calculated distribution of P(θr) of the product, which

describes the 𝑘–𝑗 ′ correlation, is related to the collision en-
ergy. Figure 2 shows that the peak of P(θr) distribution is at
θr = 90◦ and symmetric with respect to 90◦, which suggests
that 𝑗 ′ is strongly aligned along the direction at right angles to
𝑘. It is clear that there is a small discrepancy between the dis-
tributions of P(θr) of the title reaction at three collision ener-
gies. The peak of P(θr) becomes higher with the collision en-
ergy increasing from 0.6 eV to 0.8 eV, implying that the prod-
uct rotational alignment becomes stronger. A simple way to
express the degree of product rotational polarization is to use
the center-of-mass frame alignment parameter 〈P2(𝑗

′ ·𝑘)〉. As
is well known, 〈P2(cosθ)〉 is very important because when the
value is close to −0.5, suggesting that 𝑗 ′ is preferentially po-
larized and perpendicular to the reagent relative velocity, it is
obviously seen that our calculated values of 〈P2(𝑗

′ ·𝑘)〉 shown
in Table 1 are consistent with the distributions of P(θr).

Table 1. Values of product rotational alignment parameter 〈P2(𝑗
′ ·

k)〉 calculated at three collision energies.

Collision energy 0.6 eV 0.8 eV 1.0 eV
〈P2(𝑗

′ ·𝑘)〉 –0.493932 –0.495977 –0.496656
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Fig. 2. Distributions of P(θr), reflecting the 𝑘–𝑗 ′ correlation at three
collision energies.

Comparing the dihedral angle distributions of the 𝑘–𝑘′–
𝑗 ′ correlation, which are calculated at three collision ener-
gies as shown in Fig. 3, one can realize some similar fea-
tures. The distributions of P(φr) tend to be asymmetric about
φr = 180◦, directly reflecting the strong polarizations of angu-
lar momentum for the three reactions. For each reaction, the
peak at φr = 270◦ is evidently higher than that at φr = 90◦,
which reveals that the rotational angular momentum vector
of product CaCl is not only aligned but also oriented along
the negative direction of the y axis. It is very interesting
that the peaks of the P(φr) distributions of the three reactions
have the same trend; however there is a small discrepancy be-
tween three collision energies. The peak of P(φr) of the re-
action at ET = 1.0 eV is highest and that of the reaction at
ET = 0.60 eV is lowest at φr = 90◦, and the peak of P(φr) of
the reaction at ET = 0.8 eV is highest and that of the reaction
at ET = 1.0 eV is lowest at φr = 270◦. According to previous
theoretical studies[41,42] about the molecular reaction for the
reaction A + BC→AB + C, for the Ca + HCl→CaCl + H reac-
tion, the angular momentum 𝑗 ′ of the product molecule OH
can be written as

j′ = Lsin2
β +𝑗 cos2

β +𝐽1mCl/mCaCl, (14)

cos2
β =

mCamH

(mCa +mcl)(mcl +mH)
, (15)

J1 =
√

µHCl𝐸R (rCaCl×𝑟HCl) . (16)

Here, 𝐿 and 𝑗 represent the reactant orbital momentum and
rotational angular momentum, respectively; µHCl is the re-
duced mass of the HBr molecule; 𝐸R is the repulsive en-
ergy; and vectors 𝑟CaCl and 𝑟HCl are unit vectors, with Cl
pointing to Ca and H, respectively. During the chemical-
bond forming and breaking for the Ca + HCl reaction, the term
𝐿sin2

β + 𝐽 cos2 β in the equation is symmetric, while the
term 𝐽1mCl/mCaCl shows a preferred direction because of the
effect of repulsive energy, which leads to the orientation of the
CaCl product.

P↼φr↽

φr

180O

270O 0O

90O

Fig. 3. P(φr) distributions, each as a function of the dihedral angle φr
at three collision energies of 0.6, 0.8, and 1.0 eV (from inner to outer)
for the Ca + HCl→CaCl + H reactions.
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In order to obtain more detailed information about the re-
action dynamics, we also plot the distributions of P(θr,φr) in
Fig. 4. Each of the three P(θr,φr) distributions has two dis-
tinct peaks located at (90◦,90◦) and (90◦,270◦), respectively,
which are in good accordance with the distributions of P(θr)

and P(φr). Furthermore, one can also conclude from the distri-
butions of P(θr,φr) that the products are preferentially polar-
ized in the direction perpendicular to the scattering plane, and
the products of the reaction are mainly left-handed, rotating
counter-clockwise in planes parallel to the scattering plane.
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Fig. 4. Polar plots of P(θr,φr) distribution averaged over all scattering angles, showing the distributions at collision energies of 0.6 eV
(a), 0.8 eV (b), and 1.0 eV (c).
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Fig. 5. (a) PDDCSs with (k,q) = (0,0) (a), (k,q±) = (2,0) (b), (2, 2+) (c), and (2, 1−) (d).

The polarization-dependent generalized PDDCSs de-
scribe the 𝑘–𝑘′–𝑗 ′ correlation and the scattering direction of
the product molecule. The results of the PDDSs for the ti-
tle reaction at three collision energies are shown in Fig. 5(a).
The PDDCS (2π/σ)(dσ00/dωt), which is simply the differ-
ential cross section (DCS), only describes the 𝑘–𝑘′ correlation

or the scattering direction of the product and is not related to
the orientation and alignment of the product rotational angu-
lar momentum vector 𝑗 ′. It can be seen from Fig. 5(a) that
the product is almost forwards and backwards scattering for
the collision energy of 0.6 eV. With the increase in collision
energy, the product is preferentially sideways and backward
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scattering. The PDDCS (2π/σ)(dσ20/dωt) is the expectation
value of the second Legendre moment, which demonstrates the
trend that is opposite to that of ((2π/σ)(dσ00/dωt)), indicat-
ing that 𝑗 ′ is strongly aligned along the direction perpendic-
ular to 𝑘. As can be seen from Fig. 5(b), at the extremities
of the forward and backward scatterings, the PDDCSs with
q 6= 0 are necessarily zero. At these limiting scattering an-
gles, the 𝑘–𝑘′ scattering plane is not determined and the val-
ues of these PDDCSs with q 6= 0 must be zero. The PDDCSs
with q 6= 0 at the scattering angles away from the extremities
of the forward and backward directions provide information
about the φr dihedral angle distribution, and are nonzero at
scattering angles away from θt = 0◦ and 180◦, for the side-
ways and backward scattering products. The distributions of
the PDDCS (2π/σ)(dσ22+/dωt) of the title reaction at three
collision energies are shown in Fig. 5(c), and are relative to〈
sin2

θr cos2 φr
〉
. The value of (2π/σ)(dσ22+/dωt) is nega-

tive for a majority of all scattering angles, indicating the re-
markable preference of product alignment along the y axis. In
particular, the product displays a stronger polarization at about
38◦ and 142◦, respectively.

4. Conclusions
In the present paper, we employed the QCT method to

study the product rotational polarizations of the Ca + HCl reac-
tion at three collision energies (ET = 0.6, 0.8, and 1.0 eV) ac-
cording to the PES of Verbockhaven et al. The results demon-
strate that the rotational polarization of the product presents
different characteristics for different collision energies. With
the increase in collision energy, the product is preferentially
sideways and backward scattering, and the peak of the P(θr)

distribution of the product becomes higher. The product ro-
tational angular momentum vector 𝑗 ′ is not only aligned, but
also oriented along the negative direction of the y axis. These
characteristics may be ascribed to the HHL mass combination
type and the construction of the PES. In a word, the effects
of the collision energy on the vector property are not obvious,
including the alignment, orientation, and PDDCSs.
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