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State-to-state time-dependent quantum dynamics calculations have been carried out to study H+ DH' — HH' +
D/HD + H’ reactions on BKMP2 surface. The total integral cross sections of both reactions are in good agreement with
earlier theoretical and experimental results, moreover the rotational state-resolved reaction cross sections of H+DH’ —
HH' + D at collision energy Ec = 0.5 eV are closer to the experimental values than the ones calculated by Chao et al. [J.
Chem. Phys. 117 8341 (2002)], which proves the higher precision of the quantum calculation in this work. In addition, the
state-to-state dynamics of H+ DH’ — HD’ + H reaction channel have been discussed in detail, and the differences of the

micro-mechanism of the two reaction channels have been revealed and analyzed clearly.

Keywords: state-to-state, time-dependent quantum wave-packet method, differential cross sections

PACS: 31.15.xv, 34.50.—s, 03.67.Lx

1. Introduction

The H + H, reaction and its isotopic variants have been
the focus of numerous experimental!'~7! and theoretical[®-!7]
studies over many years. In the field of molecular reaction dy-
namics, the construction of potential energy surface (PES) is
very important. For H+ H, system, there are a lot of works
about PES. As early as in 1978, Truhlar et al. have developed
LSTH surface!!®! with 267 ab initio points and a maximum ab-
solute deviation of 0.55 kcal/mol. In 1987, Varandas et al. per-
formed complete-active-space self-consistent field (CASSCF)
and multireference configuration interaction calculation and
gave an adiabatic double many-body expansion (DMBE) PES
for Hs.1'% In 1994, Sun er al. carried out quantum mechanical
calculations of the rotational excitation of H, by H atoms using
the DMBE!"'®! PES and found that the low temperature thermal
rate coefficients were significantly higher than those based on
the LSTH!'8) surface. In order to investigate the origin of these
discrepancies between these two H3 PESs, Boothroyd et al.
developed an improved surface (BKMP),!?°! which matched
the 772 ab initio energies with a maximum absolute deviation
of 1.21 kcal/mol. BKMP surface incorporated new data ex-
tending to Ry_y, = 4ag, but it too was least well constrained in
the critical range of Ry_p,. In 1996, Boothroyd et al. fitted a
refined H; PES, denoted as BKMP2!2!! surface, this PES was
based on 8701 ab initio energies with an overall root-mean-
square (rms) error of 0.17 kcal/mol and a maximum absolute
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deviation of 3.90 kcal/mol. In 1999, Wu et al.!*?! calculated
a new surface based on spline fits of an exact quantum Monte
Carlo method.

Based on these five surfaces, numerous theoretical studies
of the Hz system have been done, among which the BKMP2

23-27] for the reason that in accu-

surface is most widely used!
rate quantum calculation, it can produce a very good agree-
ment result with the experiment. [2.3.28-31] 1 1997, Hochman—
Kowal and Persky[*?! studied the influence of rotation on re-
activity for the H+DH(v = 0, j = 0-6) on the LSTH and
DMBE PESs using the quasi-classical trajectory method. In
2002, Chao et al.3?8! presented the results of a joint experi-
mental and theoretical investigation of the reaction dynamics
of the H+DH’ — D + HH' chemical reaction, and found that
the experimental and theoretical state-to-state dynamics are in
quantitative agreement.

The above researches mainly focus on H+DH’ — D +
HH’ channel, but the collisions between H and DH may gen-
erate products through two reaction channels: the abstrac-
tion channel that produces the production of H, (H+ DH' —
HH’ + D) and the exchange channel that leads to the produc-
tion of HD (H + DH’' — HD' + H), the study of exchange
channel H+DH’ — HD’ +H is few.

al.33 developed a parallel code for state-to-state quantum dy-
34,35]

In addition, Han et

namics with propagation of time-dependent wave-packet!
(TDWP) in reactant coordinates based on graphical processing

*Project supported by the National Natural Science Foundation of China (Grant Nos. 11504206 and 12004216), the Ph. D. Research Start-up Fund of Shandong
Jiaotong University (Grant No. BS2020025), and the Shandong Natural Science Foundation, China (Grant Nos. ZR2020MF102 and ZR2020QA064).
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units (GPUs), and this code has been used to calculate the dif-
ferential cross sections (DCSs) of H+ H reaction based on the
BKMP2 surface and state-resolved reaction probabilities of
nonadiabatic triplet-singlet transitions of O(*P,! D) 4 H, (33
for the total angular momentum J = 0. These results show
that the calculation accuracy is high and the calculation speed
is fast, which solves the time-consuming and memory limita-
tion problems that have troubled researchers for a long time
due to the large amount of state-to-state quantum calculation.
So far, this code has been successfully used to study the quan-
tum state-to-state dynamics of O(BP) + HD,B0! s + H,,[37
N+ H,,[3 N4+ HD,B% F+ HO, Y D + ND"! reactions.

In this work, we used this efficient GPUs version of time-
dependent wavepacket code to calculate the product state-
resolved integral cross sections (ICSs) and differential cross
sections of H+DH’ — HH + D’ and H+ DH’ — HD + H’ re-
action channels. The paper is organized as follows: in Sec-
tion 2, we will give the theoretical methodology used in this
work. Section 3 will present the results and discussion. Finally
Section 4 will close with the conclusions.

2. Theoretical method

the efficient GPUs version of
TDWPP3 code is used. This code has been successfully ap-

In this contribution,

plied to many studies on the state-to-state dynamics properties
of A + BC system.30*3] The main idea of this method is as
follows. The Hamiltonian of the title reaction is defined in the
body-fixed (BF) reactant Jacobi coordinates. For a given J (J
is total rotational angular momentum), the Hamiltonian of the
A+ BC reaction can be expressed as

G
H—— h R 1
2UR 8R2+ 2URR? +2/.er2+ () +V(R,1,8), (D

The corresponding reduced mass LR is expressed as Ur =
ma - (mp+mc)/(ma+mp+mc), and U can be written as
W = mg -mc/(mg +mc). S is the total angular momentum op-
erator, and j is the rotational angular momentum operator of
BC. V(R,1,0) = Vpes — Vi(r), where Vi is the potential energy
of the triatomic system, and V;(r) is the diatomic potential en-
ergy of BC. h(r) is the diatomic reference Hamiltonian defined
as
2 92

h(r) = _2ﬁ,ur8ar2 + V(). 2)
The initial Gaussian wave packet for the reactant in the space-
fixed (SF) reactant Jacobi coordinate is expanded as:

%) = Qo = G(Ra) vy jo (ra) [TM jolog) 3)

For the initial state (vojolo), |[JM jolo€) represents the SF ro-
tational basis and describes angular motion, with M being the

projection of the total angular momentum J . ¢, j, (7o) is the
rovibrational eigen-function of the diatomic molecule BC. The
initial wave packet is transformed into the BF frame and prop-
agated on GPUs with the second-order split method.**! The
absorbing potentials with the form of damping functions are
employed to prevent the reflections of the wave packet from
the boundaries. To extract the state-to-state information of the
product channels, the handicap of the reactant Jacobi coordi-
nate based method is the coordinate transformation from reac-
tant to product channel, and the radial component of product
wave-packet is a delta function multiplied the outgoing asymp-
totic radial functions

|2) = 8(R = Rex) Qs (rp) VM jitls) @

where R is the location of the dividing surface in the product
asymptote where the transformation proceeds. The basic idea
of the transformation is to carry out the projection from the
wave packet in the reactant Jacobi coordinate (Rw, 7o, 0g, Ky )
to the product Jacobi coordinate (Rw,7;,0;,Kp) through the
equation, with K and K being the projection of the total an-
gular momentum J in the BF reactant and product coordinates,
respectively. So, the scattering matrix element in BF represen-
tation is defined as

1

Sit(E) = 27ag; (E)dj,(E)

oo Cn
/ dte(l/h)Et<xﬁf‘e(l/ﬁ)Ht|Xai>.(5)
The coefficients are given by

agi(E) = <¢’i lf>

. [HRkgi (2
= <1 27[ Rhlm(klxiR)

aps(E) = (6|27

_ /[ HRkp (1)
= < o Rh[ﬁf(kaR)

where h(!2) are the spherical Hankel functions of the first and

G(Roc)>7 (6)

5(R—Rm)>, 7

second kinds. Finally, the scattering matrix is transformed into
helicity representation to derive the DCS and ICS by a scatter-
ing matrix summing over all relevant total angular momentum
quantum numbers J.

.V()j()(evE) o 1

dQ a (210+1>),:~,K0

de/j/

- 2J+1
2lkVoJ'o ;( )

2

. ®)

J J
XdK/KO (Q)Sv/j/K/,VojoKo
.
(2jo+ 1)k

voJo

X ZZZ (27+1) !SV(jIKIsVOjOKO

K Ky J

OV j' vojo =

)

where k,, j, is the translational wave vector of the initial state

(vo,Jjo). @ is the scattering angle and d

X'k is the Wigner
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rotational matrix. More theoretical details can be found in
Ref. [33].

In present work, we carry out state-to-state calculation for
all angular momentum J up to 30 to converge differential cross
sections of the title reaction for the collision energy range of
0.15 eV-1.0 eV. To insure convergence of scattering results,
extensive tests have been carried out to determine the optimal
parameters, which are summarized in Table 1. One of the key
convergence parameters in this work is denoted K, which is
set (J+ 1), including all the projection of the total angular
momentum J.

Table 1. Numerical parameters used in the present quantum wave packet
calculations.

Parameter Value

Product Jacobi coordinate (R) range 0.002 ap—-16.0 ag

No. grid points in R 120
No. translational basis functions in the interaction region 50
Product Jacobi coordinate (r) range 0.5 ap-11.2 ag
No. grid points in r 500
No. vibrational basis functions in the interaction region 300
No. angular grid points 50
Center of initial wave packet (Rg) 8.0 ag
Width of the wave packet (5) 0.7 ag
Integration time interval (A) Sau.
Absorption length in R and r 4.0/4.0 ag
Absorption strength in R and r 0.12/0.12
Propagation time 10 000 a.u.

3. Results and discussion
3.1. Reaction probability and integral cross section

Figure 1 shows the minimum energy path (MEP) of H3
BKMP2 PES. As is shown in Fig. 1, there is a barrier with the
height of 9.61 kcal/mol (=~ 0.42 eV ).[?!]

0.5

0.4

0.3

V (eV)

0.2

0.1

S(ag)

Fig. 1. Minimum energy path of the BKMP2 PES.

Firstly, in order to verify the correctness of our calcu-
lations, the ICSs summed over final states of H+ DH' —
HH' + D and HD + H’ reaction channels and the rotational
state-resolved ICS of H+DH’ — HH' + D at the collision
energy of 0.5 eV are calculated, and the results are shown in

Figs. 2(a) and 2(b), respectively. In Fig. 2(a), the green dash-
dot line are TDWP results of H-+ DH’ — HH’ + D, the blue
dash-dot-dot line are TDWP results of H+DH' — HD + H’
channel in this work, and the other results are cited from
Refs. [28,32]. As shown in Fig. 2(a), all the ICSs present
a similar trend, i.e., each of them increases with increasing
relative translational energy and has a threshold at energy
of about 0.35 eV. Due to the quantum tunneling effect, the
threshold energy is smaller than the height of barrier. There
are also differences between the two reaction channels in
Fig. 2(a). The reaction section value of the HD + H’' chan-
nel is larger than that of the HH' + D channel at the collision
energy higher than 0.5 eV. There are two possible reasons;
one is the zero-point energy (ZPE) effect, the other is the de-
viation of the center of mass of the reactant molecule DH'.
For H+ DH’ reaction system, the force constant of the re-
action system is the same, but the vibrational frequency of
HD substitute is lower than HH’, so the harmonic ZPE of the
HD molecule is lower than HH', the H+ DH' — HD + H’
is easier to occur, and the cross section is larger. Moreover,
from a classical point of view, the center of mass of the re-
actant molecule DH’ is closer to the D atom, so when H
atoms collides with DH' molecule, the probability of H atoms
hitting D will be greatly increased, resulting in the formation

1.0
. (a) — HD+H QM Chao et al.
iﬁ O Hy+D QCT Chao et al.
~ 08 - - Hy+D QM Chao et al.
g ' Hy+D this work
i) ---- HD+H this work
5%
g 0.6
)]
@0
2
© 04
=
-
o0
i: 0.2
0
0 0.2 0.4 0.6 0.8 1.0
Eq (eV)
- 010 (b) H+4DH'(v=0,j=0) - HH'(0,j)+D
B Eg=0.5eV
- 0.08 © 0 QM(B) Chao et al.
9 O exp Chao et al.
k3] % this work
8 0.06
é u "}
2 o
2 0.04
[
& 2
— & o
g 0.02
=t
0 . @
0 1 2 3 4 5

'
Fig. 2. (a) Total ICSs versus collision energy. The early QM results are from
Chao and Skodje (Ref. [28]), the QCT results are from Hochman—-Kowal
and Persky (Ref. [32]). (b) The ICS for H+DH'(v =0, j = 0) — HD(v' =
0,j') +H versus j at Ec = 0.5 eV. The red circles are the experimental
results (Ref. [28]) and black squares represent the results of QM using Boltz-
mann statistics (Ref. [28]).
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of HD products more easily, and the integral cross section
of HD + H' is larger than that of the HH' + D product chan-
nel. Figure 2(b) shows the rotational state-resolved reaction
cross sections of H+DH' — HH' + D reaction channel at
Ec = 0.5 eV, the black squares are quantum-mechanical re-
sults with Boltzmann spin statistics reported by Chao et al.,*®!
the red circles are experiment results, the blue stars are the
TDWP results in this work. On the whole, these results agree
well with each other, but from the details, it can be seen that
our results for j/ = 1,2,4 are closer to the experimental values
than the ones obtained by Chao et al.

To shed light on the J dependence of the total reaction
probabilities, we plot the reaction probabilities as a function
of total angular momentum at eight collision energies in Fig. 3.
The J-dependent partial wave contribution is weighted over a
(2J + 1) factor to the ICS. It is well known that the J depen-
dence of the ICS is an analog of the opacity function p(b),
where b is the collision parameter. Thus, different J depen-
dence means different impact parameter dependence. All the
opacity functions are smoothly varied and exhibit similar arch
shapes. The curves follow the trend that increases with J,
reaches the maximum and subsequently drops to zero when
reaching the largest accessible value. Meanwhile, the curves
extend to larger J values with increasing collision energy. It
is also seen that for certain collision energy, large J partial
waves are involved in the H-+ DH’ — HH’ 4+ D channel, and
in particular we can see from the vertical value that the bigger

4
(a) H+DH' - HH'+D E;=0.30 eV
r — Eg=0.40 eV
Eq=0.50 eV
31 — E;=0.60 eV
= r Eq=0.70 eV
S
ol — E=0.80 ¢V
= 27 — Ec=0.90 eV
T L — Eo=1.00 eV
a
1
0 L I h L
0 5 10 15 20 25 30
7}k (b) H+DH' - HD+H' E=0.30 eV
— Eg=0.40 eV
Eg=0.50 eV
— E;=0.60 eV
< E.=0.70 eV
T — Eg=0.80 eV
= — E=0.90 eV
»i_ — E-=1.00 eV
Q)
0 5 10 15 20 25 30

Fig. 3. (2J + 1) weighted opacity functions for (a) H+ DH’ — HH' + D and
(b) H+DH’ — HD + H’ at different collision energies.

contributor to the H+DH’ — HD + H’ channel is the smaller
J. According to the one-to-one correspondence between the
impact parameter b and the angular momentum J, it is reason-
able to consider that collisions with large impact parameters
are in favor of the abstraction reaction, while those with small
impact parameters lead to the exchange reaction.*3 There-
fore, the direct abstraction mechanism is more dominant in
H-+DH' — HH' + D channel than H+DH' — HD + H'.

3.2. Product distribution

Figure 4 shows the vibrational state-resolved reaction
cross sections of the products HH' and HD at the collision en-
ergy range of 0.15 eV-1.0 eV. As can be seen from Fig. 4,
the products of both channels are mainly concentrated in the
v/ = 0 vibrational energy level. For HD product, because of
lower vibrational frequency, the vibrational energy level of the
product molecule can be reached is larger (V' = 2, and 1 for
HD and H,, respectively).

(a) H+DH' - HH'+D

0.4r
v’ =0
o — —v =1
< 0.3r
=1
2
B
§ 0.2
2
2 L
O 0.1
0 ! ! | - !
0 0.2 0.4 0.6 0.8 1.0

0.6 | (b) H+DH' — HD-+H’

0.5+ 0.0015

& 0.0010
N 0.0005
Zo04rp .
5
£
g 0.3
1}
g 02r
2
O _
0.1} —_— - — v =2
0 1 1 1 i 1
0 0.2 0.4 0.6 0.8 1.0

Eg (eV)
Fig. 4. Vibrational state-resolved reaction cross sections for (a) H+DH' —
HH' +D and (b) H+DH’ — HD +H’ reactions.

The rotational state-resolved reaction cross sections of
two product channels are also been calculated and shown
in Fig. 5. There is a similar collision energy threshold (=
0.35 eV) for both reaction channels, and when the collision
energy is greater than the threshold, the rotational quantum
number inversion occurs in both reaction products. The dif-
ference is that the HD product channel can achieve a greater
maximum rotational quantum number than the HH' channel.
Because the direct mechanism plays a major role in both reac-
tion channels, and each atom in the system has a light mass,
so the orbital angular momentum of the reactants can easily

073102-4
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be converted into the rotational angular momentum of the of
the product molecules. Considering that the mass of atom D is
higher than that of atom H, according to the rotational energy
formula,

2

]
the gap of rotational energy level of the HD molecule is small,

and therefore, the maximum rotational energy level that the
HD product molecule can achieve is larger.

E=2j(/+1), (10)

1o =0.090

0.9 " 0.072

0.8 .054
= 07 .036
:g 06} 0.018
B o5f

Eq (eV)

6 8 10 12 14

-

J
Fig. 5. Rotational state-resolved reaction cross sections for (a) H+DH' —
HH' + D and (b) H+4 DH’ — HD + H' reactions.

In order to more intuitively display the state distribution
of product molecule, we plot the vib-rotational distribution
at different collision energies for H+ DH’' — HH’ + D and
H+DH’ — HD +H’ channels in Figs. 6 and 7, respectively. It
can be seen in these two figures that the vib-rotational distri-
butions are like a half-cooked egg for both channels, the prod-
uct’s vibrational quantum number is essentially 0, and with
the collision energy increasing, this half-cooked egg gets fatter
and fatter, i.e., the collision energy can promotes the rotational
rather than vibrational excitation of the product molecules. In
addition, it can also be seen from the difference between the
Figs. 6 and 7 that the maximum rotational quantum number of
HD achieved is greater than that of Hy. During the reactive
encounter, total angular momentum is conserved

J+L =j+1L, (11)

here L' and L are the product and reagent orbital angular mo-
menta. According to the impulse model®! and

j/:Lsinzﬁ —|—jcoszﬁ+J1mB/mAB, (12)
for A+ BC — AB + C reaction system,

mam,
cos’ B = A7c

(ma +mg)(mp+mc)’

13)

Ji = \/ucE(epa x epc), (14)

ep4 and epc are unit vectors with B pointing to A and B point-
ing to C, respectively; tpc is the reduced mass of BC molecule
and E is the repulsive energy, the larger product atom will take
more angular momentum away. Considering these two reac-
tion channels in this work, 37 = 0 and two Js are the same.
But for H+ DH’ — HH' + D,

mag =my, mp=my, Mc=mp, (15)
1 2 m 1
2 2 B
~ - ~ -, — - 16
cos” B 3 sin” B 3 g 2 (16)

while for H+DH' — HD +H’,

mag =my, mp=mp, Mc = my, 17)
1 5 m 2
2 .2 B
~ — ~—-, — & 18
cos” B & sin” & w3 (18)

so the rotational quantum number 5’ of HD achieved is greater
than that of HH'. In order to compare the energy level inter-
vals quantitatively, we calculated the rotational energy levels
of both the HH'(v' = 0, ') and HD(v' = 0, ;') molecules by
solving the radial Schrédinger equation of nuclear motion, and
the results are shown in Table 2. From this table, it can be seen
that HD has much smaller gaps of the rotational energy level.

Table 2. The vib-rotational energies (in units of cm™!) of the HH' and
HD product molecules.

j HH' (V' =0) HD(V =0)
0 2179.93 1890.74
1 2298.44 1979.99
2 2534.36 2157.86
3 2885.57 2423.14
4 3348.92 2774.05
5 3920.41 3208.26
6 4595.24 3722.99
7 5367.94 4315.02
8 6232.56 4980.76
9 7182.75 5716.35
10 8211.88 6517.70
11 9313.22 7380.54
12 10479.96 8300.50

1

(a) Ec=0.4 eV 0.0200 (b) Ec=0.6 eV 0.0630
0.0180 0.0550
0.0150 0.0470
0.0130 0.0390
0.0100 0.0310
0.0076 0.0240
0.0051 0.0160
I 0.0025 I 0.0079

0 0 o o

1

0.0730 0.0780
0.0640 0.0680
0.0550 0.0580
0.0460 0.0490
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Fig. 6. Product vib-rotational state-resolved distributions for H+ DH’ —
HH’ + D reaction at four collision energies (a) Ec = 0.4 €V, (b) Ec = 0.6 eV,
(¢c) Ec =0.8¢V,and (d) Ec =1.0eV.
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Fig. 7. The same as Fig. 6 but for H+ DH’ — HD + H' reaction.

3.3. Differential cross sections

Figures 8(a) and 8(b) display the total DCSs of H +
DH — HH' +D and H+ DH' — HD + H’ reaction chan-
nels at four collision energies, respectively. As can be
seen in Figs. 8(a) and 8(b), the product of both channels
are mainly backscattered, and with the collision energy in-
creasing, the backward scattering is enhanced. Of course,
there are some differences between these two channels. For
H+ DH’ — HH’ + D channel, the range of scattering angle is
larger, and for Ec = 1.0 eV, a more obvious forward scattering
phenomenon appears in H-+DH’ — HH' 4 D channel. These
results are consistent with the usual rebound mechanism in a
system with a collinear reaction path. Moreover, the center
of mass of the reactant molecule DH’ is closer to D, if the
H atom approaches the reactant DH’, it has a greater chance

0.07
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Fig. 8. Total DCSs for (a) H+DH’ — HH' +D and (b) H+DH’' — HD +H’
reactions at four collision energies.

to get closer to D atom, and the reaction is controlled by the
rebound mechanism, which leads to a larger scattering angle
for HD product molecule than HH'. As the collision energy
increases, larger number of partial waves are involved in the
reaction/*?] as shown in Fig. 3, which suggests that the contri-
bution from the direct abstraction mechanism becomes larger,
the scattering angle becomes smaller and the products start to
scatter forward.

The individual state-to-state DCS reveals more angular
structures than the total DCS. Figures 9 and 10 show the
state-resolved DCSs of H+DH' — HH'(v/ = 0, ;') + D and
H+ DH' — HD(V = 0,j') + H reaction channels, respec-
tively. It can be seen from the two figures that the products
of the two channels present backward scattering distribution,
especially for the small collision energy, the scattering angle
is mainly concentrated at 180°. However, with the increase
of the collision energy, the rotational quantum number of the
product molecule becomes larger and larger, and the range of
scattering angle gradually expands in the direction of decreas-
ing.
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Fig. 9. The state-to-state DCS for H+ DH/(v = 0,j = 0) — HH'(V/ =

0, j') + D reaction at four collision energies.
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Fig. 10. The same as Fig. 9 but for H+DH'(v = 0,j = 0) — HD(V' =
0, ') + H' reaction at four collision energies.

In addition, there are some differences between the re-
sults of H+DH’' — HH' +D and H+ DH’ — HD + H’ chan-
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nels. With the increase of the collision energy, the scattering
angle of HH' molecules decreases more rapidly. Moreover,
at the collision energy of 1.0 eV, HH' molecules with large
rotational quantum number tend to have a more obvious side-
way scattering distribution than that of HD, and the forward
scattering HH' molecules begin appear. This forward scatter-
ing is more obvious in the state-resolved DCSs of the product
molecule with v/ = 1, as shown in Fig. 11. It was further ver-
ified that the contribution of the direct abstraction mechanism
in the HH' product channel is greater than that in the HD chan-
nel at the higher collision energy. Moreover, HH' molecules
with v/ = 0 and 1 both contribute to the forward scattering

component.
(a) H+DH' > HH'(v' = 1)+D

Eg=1.0 eV

150
120
90
60
30

il

0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
(b) H+DH' — HD(v' = 1)+H'

— il <10-°
Eg=1.0 ¢V ol

0 2 4 6 8 10 12 14 % 2 4 6 8 1012 14
J J

Fig. 11. The state-to-state DCSs for (a) H+DH'(v =0, j = 0) - HH'(/ =
1,j/)+D and (b) H+DH'(v =0, j = 0) — HD(v' = 1, j') + H’ reactions at
the collision energy of Ec = 0.8 eV and 1.0 eV.

4. Summary

In this work, an efficient GPUs version of time-dependent
wave-packet code has been used to calculate the differential
cross section of H+ DH' — HH' +D/HD + H’ reactions on
BKMP?2 surface.

(i) There is a barrier in MEP, H+DH’ — HH' +D/HD +
H' reactions have threshold energy about 0.35 eV, which is
lower than the barrier because of quantum tunnel.

(ii) By comparing with the earlier theoretical and experi-
mental results of rotational state-resolved ICS of H-+DH' —
HH' + D reaction at the collision energy of 0.5 eV, it can be
seen that our theoretical calculation results are closer to the
experimental values for j/ = 1,24, so, to some extent, our
calculation accuracy is higher.

(iii) The opacity functions are smoothly varied and ex-
hibit arch shapes, larger J partial waves are involved in the
H+ DH — HH' + D channel and the bigger contributor to
the H-+DH’ — HD + H’ channel is the small J, according to
the classical items, the direct abstraction mechanism is more
dominant in H+ DH’ — HH' + D channel than H+ DH' —
HD+H'.

(iv) Because of the smaller gap of rotational energy level
of the HD molecule, the maximum rotational energy level of
HD product molecule can achieve is larger than HH'.

(v) Although both reaction channels are predominantly
backward scattered due to the rebound mechanism, the contri-
bution of direct abstraction reaction mechanism will increase
at the high collision energies, and the forward scattering dis-
tribution of HH' is more obvious than that of HD.

All those show that the mass difference of isotopes can
lead to a lot of differences in dynamics. Therefore, it is of
great significance to study the isotopic effect on the dynamical
properties.
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