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The two-state non-adiabatic potential energy matrices of the CaH,* system are calculated via a
diabatization approach by using a neural network model. Subsequently, the adiabatic and non-adiabatic
potential energy surfaces (PESs) are constructed based on these non-adiabatic potential energy
matrices. Furthermore, based on the adiabatic and non-adiabatic PESs, the Ca*(4s%S) + Hz(xlzg) -
H(S) + CaH*(X!Z") reaction is studied using the time-dependent wave packet method. Comparative
analysis of the experimental and theoretical integral reaction cross-sections (ICSs) indicates that the
maximum deviation between the results obtained from the adiabatic PES and the corresponding
experimental value is 12.7 bohr?; in contrast, the maximum discrepancy between the theoretical result
derived from the non-adiabatic PES and the experimental value is merely 0.42 bohr?. The potential well
along the reaction path acts as a ‘filter’, selectively guiding intermediates with longer lifetimes in the
potential well back to the reactant channel. This phenomenon indicates that the non-adiabatic effects
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1. Introduction

With the increasing prominence and growing depth of research
on elementary reactions, the investigation of reaction dynamics
has progressively become diverse. Over the past few decades,
chemical reactions occurring on adiabatic potential energy
surfaces (PESs) have become the research hotspot. With the
advancement in non-adiabatic theory and enhancement of
computational capabilities, researchers are now capable of
constructing non-adiabatic PESs with remarkable accuracy.
Consequently, research on non-adiabatic dynamics has also
experienced significant advancement in recent decades.'™*
In most elementary reaction dynamics calculations, it is
imperative to consider non-adiabatic effects for obtaining
meaningful results. However, some theoretical calculations of
reaction dynamics by using solely adiabatic PESs can still
produce sound theoretical outcomes that align well with the
experimental results.'>'® This suggests that the influence of
non-adiabatic effects on reaction dynamics varies across different
systems. For comprehensive analysis of the impact of non-
adiabatic effects on chemical reactions where both reactants
and products exist on the same adiabatic PES, it is essential to
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significantly influence the reaction dynamics of the CaH,"* system.

investigate the reaction dynamics of the same chemical reaction
on both adiabatic and non-adiabatic PESs. Notably, the charac-
teristics of PESs differ among various reactions; therefore, the
extent to which non-adiabatic effects influence different reactions
also differs.

Due to the very long-range asymptotic region between
hydrogen-like ions and H, molecules, the reaction between
an alkaline-earth metal atom and a H, molecule constitutes
an ideal candidate for researching atom-diatom collisions
under cold and ultra-cold conditions."”>° Non-adiabatic tran-
sitions often occur in an elementary reaction process; therefore,
if non-adiabatic effects are not considered in theoretical calcu-
lations, the obtained theoretical results may significantly differ
from the experimental results. For instance, in experiments, the
integral cross-section (ICS) of the Li + HCl — LiH + Cl reaction
is 27 A? at a collision energy of 2.7 keal mol™".>* However, the
theoretical results obtained using two different adiabatic PESs
correspond to approximately 4 A%, which is much smaller than
the experimental one.*** The ICS of the Ca* + H, — CaH' + H
reaction obtained in the experiment is about 0.15 A® at a
collision energy of 4.5 eV.”> Recently, an ICS of the Ca® +
H, — CaH" + H reaction calculated from a quantum dynamics
work based on an adiabatic PES is 3.3 A%, which is 22 times
larger than the experimental result.’® The main objective of this
study is to investigate whether the significant difference in the
ICS between the adiabatic PES calculation and the experimental
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result can be attributed to the presence of non-adiabatic effects.
For this purpose, both the adiabatic and non-adiabatic PESs of
the CaH," system are constructed. The state-to-state dynamics
of the Ca'(4s’S) + H,(X'Z;) — H(’S) + CaH'(X'Z") reaction is
calculated based on the non-adiabatic PES. At the same time,
for comparing the non-adiabatic effects, the quantum dynamics of
the same reaction on the adiabatic PES are also calculated. For the
convenience of discussion, the reactions involved in this article are
designated as follows:

Ca'(4s’S) + Hy(X'Z,) — H(’S) + CaH'(X'Z"), (R1a)
Ca'(4s’S) + Hy(X'Z,) — H(’S) + CaH'(X'Z"), (R1b)
Ca’(4s°S) + Hy(X'Zy) — Ca'(4s”S) + Hy(X'Z,), (R2)
Ca'(4s®S) + Hy(X'Zy) — Ca'(3d°D) + H,(X'Zy), (R3)

where the (Rla) reaction takes place on the adiabatic PES
and (R1b), (R2), and (R3) reactions take place on the non-
adiabatic PES.

This paper is organized as follows: Section II provides the
construction details of the PES and the diabatization scheme,
and introduces the characteristics of the PES in detail. Section IIT
presents the dynamics results in detail and provides an in-
depth analysis of the dynamics results. Section IV presents the
conclusions.

2. Potential energy surfaces
2.1 Ab initio calculations

In ab initio calculations, in order to consider the relativistic
effects of the inner electrons in Ca' ions, the aug-cc-pwCVTZ
basis set is selected for Ca* ions, while the aug-cc-pVTZ basis
set is utilized for H atoms. In the ab initio calculations, the
multi-reference configuration interaction method is used to
treat the dynamic correlation,®® while the state-averaged com-
plete active space self-consistent field (SA-CASSCF) method is
used to treat the static correlation.®® In the SA-CASSCF calcula-
tions, five electronic states (1%A’, 2A’, 1*A’, 1°A”, and 2%A")
with equal weight and three valence electrons are considered.
A total of 17 orbitals are included in the CASSCF calculations;
9 (7a’ + 2a") of them are double-occupied and the remaining
8 (5a’ + 3a”) are active orbitals. In order to compensate for the
impact of higher-order correlation, the final ab initio energy is
included with Davidson correction.

Finally, 19265 points are calculated to construct the PES.
All ab initio calculations in this study are carried out by using
the MOLPRO package.®®

2.2 Diabatization scheme & PES fitting

Many non-adiabatic theories have been developed so far. The
main objective of these theories is to find the adiabatic-
diabatic transformation matrix. The energy under the adiabatic
representation can be converted to the non-adiabatic represen-
tation through the transformation matrix. Considering the case
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of a two-state system as an example, the specific transformation
formula is as follows:

Vi Vi E 0
o )=o) o
Var Vo 0 E
where T denotes the adiabtic-diabatic transformation matrix:
coso  —sina
T_(, ) o
sina  coso

where o is the mixing angle. Obviously, the mixing angle is the
key point of the diabatization scheme. Many different methods
are available to calculate the mixing angle; some methods
are based on non-adiabatic coupling matrix elements, some
methods are based on adiabatic eigenfunction coefficients, and
the remaining methods are based on molecular properties.’”

In this study, the neural network (NN) method is adopted to
construct non-adiabatic PESs. To the best of our knowledge,
it is the one which has been widely used in the construction
of adiabatic PESs. However, the NN method has been rarely
applied to the construction of non-adiabatic PESs. This may be
attributed to the fact that it is a very complex process to obtain
the potential matrix elements. This study provides a brief
introduction about the application of the NN method in the
construction of non-adiabatic PESs, and a more detailed intro-
duction can be found in the relevant literature reports.***' The
artificial NN generally consists of three parts, namely the input
layer, the hidden layer and the output layer. To consider the
exchange symmetry of identical atoms, the fundamental invar-
iants (FIs) method is used in the calculations. The FIs are
generated by using the following functions:

x(l) = rCaHa + rCaHb» (3)
Xy = rean,” + "CaHh27 (4)
xg = I'am, (5)

where x? = (i = 1-3) is the input signals of the input layer. The
hidden layer contains a large number of neurons with adjus-
table parameters (weight and bias), which is initially randomly
generated. In this study, there are two hidden layers in the
NN model and 30 neurons are included in each hidden layer.
The NN functions can be expressed as follows:

sm—=1
=3 (wra ) v b =),

J=1

where wy; is the connection weight between the jth neuron of
the (m — 1)th layer and the ith neuron of the mth layer, b}" is the
bias of the ith neuron of the mth layer, and y;" and " are
the input and output of the ith neuron of the mth layer,
respectively. The transfer function f(x) is a hyperbolic tangent
function.

X — e~ X

eX 4 e~

() (7)
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In the construction of an adiabatic PES, there is only one output
term (Eg,), while in the construction of two-states non-adiabatic
PESs, there are three output terms, namely potential matrix
elements V;4, V,, and V;,. Then, the fitted energies are obtained
by using the following formulas:

e 4+vs o1 2 5
B=TE2 - ) @)
Va1 2
B =2 - ) v o)

The NN parameters are optimized by minimizing the following
performance index
NS[‘(I[C

P-3

12
[E}ﬁ‘) - E}db)] (10)
qg=1 I=1

where Q is the number of geometries and Ef*® denotes the
ab initio energies.

For the two-state case, it is considered that V&, = V4,.
In addition, there is an additional constraint for the coupling
term V4,, that is, the line integral of the derivative coupling
along a closed loop around a conical intersection should yield a
value of m:*!

1; 7(R) -dR ==, (11)
c

When the integral path tends to be infinitely small, the integral
path C becomes a very small circle. At this time, eqn (11) can be
changed into the following form:

firc(olodo = . (12)

where p is the radius of the small circle and ¢ denotes the polar
angle. The derivative coupling can be expressed as follows:*"

2Vd 2
1+ ( 5 12 d)
Vll - V22

ovd ove  ord
2| - vt - v (- 52|

(Vi —v4)°

-1

(olp) = 5

(13)

To guarantee the appropriate behavior of the coupling term V¢,
near the C,, configurations, a multiplicative factor, cos(6), is
adopted in this study, which can also guarantee that the off-
diagonal terms are anti-symmetry for 6 in [0, 2xt]. The refined
functional form for these three terms is written as follows:

Vi, = NN, (FI) (14)
V5, = NN,(FI) (15)
V4, = NN;(FI)cos 0 (16)

where NN(FI) are NN functions of FIs, and 0 is the Jacobi angle.

2.3 Topological characteristics of the potential energy surface

The three-dimensional contour maps of the V;; and V,, sur-
faces are presented in Fig. 1 at Ca-H-H angles of 60°, 90°, 120°,
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and 180°, respectively. The zero-point of the potential energy is
set at the dissociation limit of the three atoms. The valleys at
the left and right ends of the V;; surface correspond to
Ca’(4s®S) + H,(X'Z,) and H (’S) + CaH (A'Z"), respectively.
The valleys at the left and right ends of the V,, surface
correspond to Ca’(3d’D) + H,(X'Zy) and H(*S) + CaH'(X'T"),
respectively. It is evident from the figure that the studied
reaction initiates at the left end of the V;; surface, undergoes
a transition in the interaction region to the V,, surface, and
finally yields the product at the right end of the V,, surface.
Additionally, it can be observed that the seam of the two PESs
shifts with the change in the Ca-H-H angle. In order to analyze
the reaction process more precisely, the minimum energy
paths (MEPs) corresponding to the PESs shown in Fig. 1 are
illustrated in Fig. 2.

In Fig. 2, the black curves represent the MEPs on the Vi,
surface, and the red curves represent the MEPs on the V,,
surface. The potential energy difference between the reactant
Ca’ (4s’S) + H, (X'Zy) channel and the product H(*S) +
CaH(X'Z") channel is about 2.5 eV, which decreases to about
2.32 eV when considering the zero-point energy of the ground
state H, molecule and the ground state CaH'(X'Z") molecule.
After further examination of the four subplots in Fig. 2, it is
evident that the position of the crossover point between the two
MEPs is subject to change with variations in the Ca-H-H angle.
At an angle of 60°, the crossover point is situated at the bottom
of the potential well on the V,, surface. However, as the
Ca-H-H angle increases, the potential well on the V,, surface
progressively becomes shallower, and the crossover point gra-
dually shifts toward the top of the potential barrier on the V,,
surface.

The aforementioned diagrams illustrate that the reaction
studied herein takes place on the ground state adiabatic PES
1?A’ of the CaH," system. Fig. 3a shows the adiabatic PES for
the motion of a Ca” ion around a H, molecule when the bond
length of the HH molecule is 7.32 bohr. Fig. 3b shows the
adiabatic PES for the motion of the H ion around a CaH'
molecule when the bond length of the CaH" molecule is
5.06 bohr. The coordinate origins of Fig. 3a and b are set at
the center of the H, molecule and the center of the CaH
molecule, respectively. The minimum potential energy shown
in Fig. 3a is located in the middle region of the hydrogen
molecule, indicating that the Ca" ion tends to approach the H,
molecule along a direction perpendicular to the HH bond.
Fig. 3b exhibits the presence of potential wells around both
the Ca’ ion and the H atom. However, it is evident that the
potential well around the hydrogen atom is deeper than that
around the Ca" ion, and the farther away it is from the Ca" ion,
the lower the potential energy.

3. Reaction dynamics
3.1 Dynamical calculations

The time-dependent wave packet (TDWP) method employed
in this study was developed by Zhang et al. and improved by

This journal is © the Owner Societies 2023
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Fig. 1 3D PESs of the non-adiabatic states V4 and V32 for Ca—H-H with bond angles of 60.0°, 90.0°, 120.0° and 180.0°.

Sun et al.**** The TDWP method has been proven to be a
reliable and efficient method for theoretical calculations of
elementary reaction dynamics. Herein, the main focus is on
the dynamics, while a detailed introduction of the TDWP
method can be found in previous relevant literature
reports.*>*? In the TDWP method, the body-fixed Jacobi coor-
dinate is employed to represent the wave functions. The coor-
dinates for the reactant A + BC are represented by R, r, and 6,
where R is the length from A to the BC center of mass, r is the
BC bond length, and 0 represents the angle between R and r. In
this study, the propagation of the wave packets is performed in
the coordinates of the reactant. A dividing surface is set in the
product region, and detailed dynamics information can be
obtained by calculating the scattering wave functions that reach
the dividing surface. To prevent the wave packets reaching the
grid boundary along R and r, the absorption potentials are
placed at the end of each channel. The dynamics calculations of
the title reaction are performed based on adiabatic and diabatic
PESs, respectively. In addition, a number of convergence tests
have been carried out on both adiabatic and non-adiabatic
PESs. Table 1 lists the converged parameters obtained from the
TDWP calculations based on the adiabatic PES, while Table 2
summarizes the converged parameters based on the non-
adiabatic PES. In Tables 1 and 2, the Ny*, N> and j represent

This journal is © the Owner Societies 2023

the total grid points in R, r, and 6 degrees of freedom,
respectively. Ni* and N'™ represent the grid points in the
interaction region along the R and r direction, respectively. R,
and 4 denote the position and width of the initial wave packet,
respectively. E, represents the energy at the center of the wave
packet. The absorbing potential is an exponential function
which can be expressed as follows:

n
e ()]
a

r—rp

ra <r<ry

D(r)= )
) :|+exp[_At'Ca]a Iy <7 <rend-

17)

In the present calculations, the maximum total angular
momentum is 99, which is large enough to ensure convergence
of the calculations in the range with a collision energy of less
than 4.5 eV.

eXp |:—At . Cb' <rdi—rb
en

3.2 Dynamics results

The reaction probabilities for the (R1a) and (R1b) reactions are
depicted in Fig. 4a and b, respectively. The observed reaction
probability threshold aligns with the previous MEPs result, and
the probability gradually increases as the collision energy rises.
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Fig. 2 Minimum energy paths of V4 and V22 for the Ca—H—H angle fixed at 60.0°, 90.0°, 120.0° and 180.0°.
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Fig. 3 (a) Contour plot for a Ca* ion moving around a HH molecule fixed at
Ryn = 7.32 bohr and lying along the x-axis. (b) Color plot for a H atom moving
around a CaH™ molecule ion fixed at Rcay = 5.06 bohr. The dissociation limit
of the CaH,™ molecule ion is set as the zero point of potential energy.
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Tablel Numerical parameters used in the adiabatic dynamics calculations

R € [0.01 a.u., 18.0 a.u.], Ni* = 255, Nit* = 199

r e [0.01 a.u., 18.0 a.u.], N°' = 255, N™ = 79

Grid/basis range

and size Jmin = 0 ~ Jmax = 120

Ry =12.0 a.u, 44 = 0. 2 a.u., E, = 3.6 eV

Initial wavepacket
n=2CcCR=0.12 CR=0.07 R, = 14.0 R, = 17.0

Absorbing potential
in R coordinate
Absorbing potential
in r coordinate
Total propagation time 22000 a.u.
Time step 4,=10 a.u.

n=2Cy,=01C,=02r,=14.0r,=17.0

Table 2 Numerical parameters used in the non-adiabatic dynamics
calculations

R € [0.01 a.u., 18.0 a.u.], Ni* = 255, NIt = 145

r € [0.01 a.u., 18.0 a.u.], Nt = 179, N™ = 79

Grid/basis range

and size Jmin= 0 ~ Jmax = 120

Initial wavepacket
Absorption functions
in R coordinate
Absorption functions
in r coordinate

Ry =12.0 a.u, Ag = 0. 22 a.u., Ey = 3.5 eV
n=2C%=01Ck=007R,=14.0R, = 17.0

n=2CX=01Ck=02R,=14.9 R, =17.9

Total propagation 10000 a.u.
time
Time step 10 a.u.

This journal is © the Owner Societies 2023
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Fig. 4 Reaction probabilities of the Ca*(4s%S) + H,(X'Eg) — H(S) + CaH*(X'=") reaction calculated from adiabatic PES (a) and non-adiabatic PES (b).

Upon comparing the reaction probabilities at different total
angular momenta, it becomes evident that both (R1a) and (R1b)
reactions exhibit higher thresholds with increasing total angular
momentum. This trend is attributed to the growing centrifugal
potential as the total angular momentum increases, which leads
to the increase in the minimum energy required to initiate the
chemical reaction. Additionally, it is notable that the reaction
probabilities of the (R1a) reaction are significantly greater than
those of the (R1b) reaction.

To assess the distribution of the wave packet among differ-
ent channels on the non-adiabatic PES, Fig. 5 illustrates the
reaction probabilities for (R1b), (R2), and (R3) reactions at a
total angular momentum of J = 0. From Fig. 5, it is evident that
the probability of the wave packet returning to the reactant
channel (R2) significantly outweighs the probabilities of those
entering the excited state channel of the Ca* ion (R3) and the
product channels ((R1b)). Furthermore, the probability of the
wave packet entering the product channel slightly surpasses
that of entering the excited state channel of the Ca" ion. Based
on the MEPs shown in Fig. 2 and the reaction probabilities
presented in Fig. 5, herein, a plausible reaction mechanism is
proposed; i.e., the wave packet enters the interaction region

1.0 T —
L Jmlal=0
---R1b
08| | ——R2
----- R3
Py
Sos|
©
o
<
o
c
O 04
©
©
5]
o
02
00— e i e T ST S TLT LTI T
1 1 1 1 1 1
2.0 25 3.0 3.5 40 45 5.0

Collision energy (eV)

Fig. 5 Reaction probabilities of (R1b), (R2) and (R3) reactions at total
angular momentum J = 0.
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through the reactant channel, and undergoes non-adiabatic
transitions at the intersection of the two PESs, and then
transitions from the ground state to the first excited state.
However, since the intersection is just in the potential well
of the excited PES, the wave packet transitioning to the first
excited state is trapped in the potential well. Owing to the
confinement of the potential well, most wave packets oscillate
within the potential well and eventually return to the reactant
channel, with only a small fraction entering the product
channel. The potential well in the excited state functions as a
‘filter’, selectively guiding wave packets with longer lifetimes in
the potential well back to the ground state PES, thereby yielding
a significantly higher probability of returning to the reactant
channel.

The ICSs for the (R1a) and (R1b) reactions are illustrated in
Fig. 6, alongside the experimental results reported by Georgiadis
et al® Apparently, the ICS of the (R1b) reaction exhibits a
significantly better agreement with the experimental data com-
pared to the ICS of the (R1a) reaction. This indicates that the
results obtained based on non-adiabatic PES are more in line with

—— this work (R1a)
- — —this work (R1b)
- - - - Exp., Georgiadis et al.

< o0
100 < *
Q s
=3 o6 :
c s .’
5
g sl 3 :
5 04 *
2} 3 .
4 . td
3oL < : -
L wo2
3 6 g . '
5 g . -
o £ L. -
] 00k e’ o= =
gar * H !
2 Collision energy (eV)

0 L 4
0 1

2 3
Collision energy (eV)

Fig. 6 Total ICSs of the Ca*(4s®S) + Ha(X'Ed) — H(S) + CaH*(X'z")
reaction calculated from the adiabatic PES and non-adiabatic PES com-
pared with experimental values.
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the actual situation. However, it can also be observed that the
deviation between the ICS of the (R1b) reaction and the
experimental value increases gradually with the increase of
the collision energy. In our calculations, the H, molecule is in
its rovibrational ground state, while in the experiment, the
rotational energy of the H, molecule is about 0.024 eV, which
may account for the difference between the ICS of the (R1b)
reaction and the experimental results. Within the collision
energy range below 4.6 eV, the ICS of the (Rla) reaction
increases rapidly as a function of collision energy. However,
when the collision energy exceeds 4.6 eV, the ICS of the (R1a)

o

Integral cross section (bohr?)
o
®

4
3.0 35 4.0 45 5.0
Collision energy (eV)

View Article Online
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reaction gradually diminishes with a further increase in colli-
sion energy. This phenomenon can be attributed to the
increasing proportion of wave packets entering the dissocia-
tion channel as the collision energy exceeds 4.6 eV, resulting
in a decline in ICS. Simultaneously, the ICS of the (R1b)
reaction continues to increase with the collision energy, even
after exceeding 4.6 eV. When the collision energy is greater
than the dissociation energy of the product molecule,
the reaction can still yield the H(*S) + CaH'(X'Z") product,
indicating that a portion of the collision energy has been
converted into the relative translational energy between the
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Fig. 7 Vibrational state-resolved ICSs of the Ca*(4s?S) + Ha(X'={) — H(®S) + CaH*(X'Z*) reaction calculated based on the adiabatic PES (a) and non-

adiabatic PES (b).
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H atom and CaH' molecule, while the remaining energy is
converted into the internal energy of the CaH' molecule,
which is below its dissociation energy.

Based on the analysis of Fig. 6, it is evident that the
conversion of collision energy into internal energy of the
product molecules is more efficient in the (Rla) reaction
compared to that in the (R1b) reaction. In order to gain a better
understanding of these distinct reaction mechanisms based on
the two types of PESs, vibrational state-resolved ICSs are further
computed. The vibrational state-resolved ICS obtained from the
adiabatic and non-adiabatic PESs are depicted in Fig. 7a and b,
respectively. From Fig. 7a, it is observed that the vibrational
state with the highest population increases as the collision
energy increases. In contrast, Fig. 7b reveals that within the
collision energy range below 4.0 eV, the vibrational state with
the highest population remains v’ = 0. However, as the collision
energy continues to increase, it shifts to v/ = 1. The result
presented in Fig. 7b indicates that collision energy cannot be
effectively converted into the vibrational energy of the CaH"
molecule on non-adiabatic PES. Based solely on the results
shown in Fig. 7, it is not clear how energy is distributed during
the process, and more detailed information on the product
molecules is needed.

The rovibrational state-resolved ICSs are presented in Fig. 8.
The results calculated at collision energies of 3.6 and 4.5 eV are
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shown in the upper and lower panels, respectively. The left and
right panels depict the results of (Rla) and (R1b) reactions,
respectively. The rovibrational state-resolved ICSs of the (R1a)
reaction exhibit a peak corresponding to a lower rotational
quantum number compared to the (R1b) reaction at the same
collision energy. These results indicate that in the non-
adiabatic reaction, the collision energy is predominantly con-
verted into the rotational energy of the CaH" molecules during
the conversion from the intermediate to the product. By com-
bining the findings from Fig. 7 and 8, it can be inferred that the
(R1b) reaction yields product molecules with higher relative
translational energy compared to the (R1a) reaction.

The analysis of the reaction mechanism relies on the indis-
pensable information provided by the differential cross-section
(DCS). Fig. 9 exhibits the DCSs at collision energies of 3.6 and
4.5 eV. Similar to the previous figure, the left panels (Fig. 9a and
b) display the results for the (R1la) reaction, while the right
panels (Fig. 9c and d) depict the results for the (R1b) reaction.
The CaH" molecules generated on the adiabatic PES exhibit a
pronounced forward scattering trend, whereas the value for
backward and sideways scattering can be almost ignored. The
CaH" molecules generated on the non-adiabatic PES also
exhibit significant forward scattering, but the sideways and
backward scattering distributions are different from the pre-
vious case and cannot be ignored. By comparing the reaction
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Fig. 9 DCSs of the (R1a) (left panels) and (R1b) (right panels) reaction at the collision energies of 3.6 and 4.5 eV.
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paths of the (R1a) and (R1b) reactions, it becomes apparent that
the (R1a) reaction lacks a potential well along its reaction path.
Furthermore, due to the substantial difference in mass between
the Ca" ion and the H, molecule, the velocity direction of the
CaH' molecule is primarily determined by the velocity of the
Ca' ion, resulting in evident forward scattering in the (R1a)
reaction. Generally, the longer the life of intermediate products
in the potential well, the more likely the scattering direction of
product molecules exhibits significant isotropy. However, there
is a potential well on the reaction path of the (R1b) reaction,
which is just in the intersection area of two non-adiabatic
PESs. This potential well acts as a ’filter’ for the intermediate
products, guiding long-lived intermediates back into the
reactant molecular channel while short-lived intermediates
swiftly escape the potential well and transform into products.
The DCS on the non-adiabatic PES for the (R1b) reaction
exhibits a prominent forward scattering peak, along with
noticeable values for backward and forward scattering, indicat-
ing the presence of two distinct reaction mechanisms within
the (R1b) reaction.

To verify our hypothesis, the vibrational state-resolved DCS
for a collision energy of 4.5 eV is presented in Fig. 10. Fig. 10a
and b depict the results calculated from (R1la) and (R1b)
reactions, respectively. In Fig. 10a, it is evident that the peak
of forward scattering is centered around v’ = 8. Fig. 10b reveals
a striking similarity in the forward scattering distribution to
that observed in Fig. 10a. Additionally, Fig. 10b demonstrates
that for both backward and sideways scattering, the CaH"
molecules primarily concentrate around the vibrational level
v/ = 2. Moreover, the distribution of backward and sideways
scattering is broader compared to that of forward scattering.
Consequently, this accounts for the vibrational state-resolved
ICS peak being at v’ = 2 instead of v’ = 8 at a collision energy of
4.5 eV for the (R1b) reaction, as depicted in Fig. 8.

The forward scattering distribution in the (Rla) reaction
closely resembles that of the forward scattering in the (R1b)
reaction, suggesting consistency in the reaction mechanisms of
the (R1a) reaction and the reaction responsible for generating
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forward scattering molecules in the (R1b) reaction. The main
difference in the vibrational energy level distribution arises
from the sideways and backward scattering of CaH" molecules.
In the (R1b) reaction, the CaH' molecules that scatter backward
and sideways possess lower vibrational energy levels. This
observation indirectly implies that the majority of the collision
energy is converted into relative translational energy between
the H atom and CaH" molecule. One possible reaction process
is that the intermediate product composed of H atoms and
CaH' molecules contains a large rotational energy before
escaping the potential well. With the separation of the H atom
and CaH' molecule, this rotational energy is transformed into
relative translational energy between the H atom and CaH'
molecule. From the contour plot presented in Fig. 3b, it is
evident that when the H atom rotates around the CaH" mole-
cule, it tends to depart from the CaH" molecule along the path
with smaller changes in the potential energy gradient, i.e., away
from the CaH' molecule at the end of the Ca" ion. Conse-
quently, this reaction mechanism contributes to the prevalence
of sideways or backward scattering in the CaH" molecules.

4. Conclusion

We investigate the state-to-state dynamics of the Ca*(4s’S) +
H,(X'Zg) — H(*S) + CaH'(X'Z") reaction on both adiabatic and
non-adiabatic PESs that we constructed. The calculations reveal
that the reaction probability and the obtained ICS on the
adiabatic PES are significantly higher compared to those on
the non-adiabatic PES. These results indicate that non-
adiabatic effects have a profound influence on the Ca*(4s®S) +
H,(X'Zg) — H(*S) + CaH'(X'Z") reaction. This influence arises
due to the intersection seam of the non-adiabatic PES being
precisely located within the potential well of the excited-state
adiabatic PES. Consequently, intermediate products with
longer lifetimes within the well show a high probability of
returning to the reactant channel, resulting in substan-
tial differences in reaction probability and ICS between the

Fig. 10 Vibrational state-resolved DCSs of the (R1a) (left panel) and (R1b) (right panel) reaction at a collision energy of 4.5 eV.
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reactions occurring on the adiabatic and non-adiabatic PESs.
Furthermore, we have conducted calculations for the vibrational
and vibrational-rotational state-resolved ICSs of the reaction on
both the adiabatic and non-adiabatic PESs. The results of the
vibrational state-resolved ICSs show that the collision energy
can be more effectively converted into the internal energy of the
molecule in the reaction on the adiabatic PES. On the other
hand, the results of the vibrational-rotational state-resolved
ICS reveal that the intermediates in the reaction on the non-
adiabatic PES tend to distribute the collision energy to the
rotational degree of freedom of the product molecule. Based on
the results of the DCS and vibrational state-resolved DCS, two
different reaction mechanisms are identified in the reaction on
the non-adiabatic PES. One mechanism is dominated by the
Ca" ion, which inserts into the H, molecule bond to form an
intermediate product. In this collision mechanism, the colli-
sion energy can be effectively converted into the vibrational
energy of the product molecule. However, most of these inter-
mediate products exhibit longer lifetimes in the potential well
and only a small fraction of them can smoothly transform into
the product molecule. The CaH' molecule generated by this
mechanism shows almost the same velocity direction as the
incident Ca’ ion, which leads to a significant forward scattering
in the DCS. The other mechanism involves the Ca* ion captur-
ing an H atom at one end of the H, molecule to form a CaH"
molecule. Moreover, the other H atom does not immediately
separate from the CaH' molecule but rotates around it and
eventually separates from the Ca atom at the other end of the
molecule. This mechanism effectively converts the collision
energy into a relative translational energy between the H atom
and the CaH' molecule, and the CaH' molecules generated by
this mechanism exhibit significant sideways and backward
scattering.
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