http://cpb.iphy.ac.cn
http://iopscience.iop.org/cpb

Chinese Physics B

Reaction mechanism of D+ND—N+D, and its state-to-state quantum dynamics

Ting Xu(¥F4&), Juan Zhao(i*48), Xian-Long Wang(=E % %), Qing-Tian Meng (i bk H)
Citation:Chin. Phys. B . 2019, 28(2): 023102. doi: 10.1088/1674-1056/28/2/023102
Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Polarization and exchange effects in elastic scattering of electron with atoms and ions

Zhang-Jin Chen([%:it), Dan-Dan Cui(# /1)
Chin. Phys. B . 2018, 27(5): 053403. doi: 10.1088/1674-1056/27/5/053403

State-to-state dynamics of F(°P)+HO(*M) -O(P)+HF(S ™) reaction on 1°A" potential energy
surface

Juan Zhao(#*4H), Hui Wu(# £), Hai-Bo Sun(#ME%), Li-Fei Wang(F£37. K)
Chin. Phys. B . 2018, 27(2): 023102. doi: 10.1088/1674-1056/27/2/023102

State-to-state quantum dynamics of N(°D)+HD (v=0, j=0) reaction

Yong Zhang(5k &)
Chin. Phys. B . 2016, 25(12): 123104. doi: 10.1088/1674-1056/25/12/123104

Differential cross sections of positron—hydrogen collisions

Rong-Mei Yu(J Z##), Chun-Ying Pu(i##:¥%), Xiao-Yu Huang(i% % %), Fu-Rong Yin(E& 5 2¢), Xu-Yan Liu(XfiE#%),
Li-Guang Jiao(H#5%), Ya-Jun Zhou(F 7 #)
Chin. Phys. B . 2016, 25(7): 073401. doi: 10.1088/1674-1056/25/7/073401

State-to-state quantum dynamics of the N(*S)+H, (X*£")—NH(X35)+H(*S) reaction and its reaction
mechanism analysis

Zhang Jing, Gao Shou-Bao, Wu Hui, Meng Qing-Tian
Chin. Phys. B . 2015, 24(8): 083104. d0i: 10.1088/1674-1056/24/8/083104


http://cpb.iphy.ac.cn/EN/abstract/abstract73506.shtml
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/abstract/abstract72024.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract71474.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract71474.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract68732.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract67559.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract64847.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract64847.shtml

Chin. Phys. B Vol. 28, No. 2 (2019) 023102

Reaction mechanism of D+ ND—N + D, and its state-to-state
quantum dynamics®

Ting Xu(¥F45)!, Juan Zhao(#X4H)?, Xian-Long Wang(E%E )", and Qing-Tian Meng(i# K H)! 7

1 School of Physics and Electronics, Shandong Normal University, Jinan 250358, China

2College of Science, Shandong Jiaotong University, Jinan 250357, China

(Received 19 October 2018; revised manuscript received 3 December 2018; published online 10 January 2019)

The quantum state-to-state calculations of the D +ND—N+ D, reaction are performed on a potential energy surface
of A’ state. The state-resolved integral and differential cross sections and product state distributions are calculated and
discussed. It is found that the rotational distribution, rather than the vibrational distribution, of the product has an obvious
inversion. Due to the fact that it is a small-impact-parameter collision, its product D; is mainly dominated by rebound
mechanism, which can lead to backward scattering at low collision energy. As the collision energy increases, the forward
scattering and sideward scattering begin to appear. In addition, the backward collision is also found to happen at high
collision energy, through which we can know that both the rebound mechanism and stripping mechanism exist at high

collision energy.
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1. Introduction

The nitrogen (N) atom is one of the most abundant el-
ements in the atmosphere. Furthermore, the reactions con-
taining N atom play important roles in atmospheric chemistry,
combustion chemistry and some explosion processes.!!=
Consequently, the reactions of the N atom especially with
the H atom and their isotopes, have attracted much attention

[4-191 Experimentally,

from both theorists and experimentalists.
Koshi ef al.'*l and Davison and Hanson! directly detected
N atoms by the atomic resonance absorption technique, and
studied the N+ Hj reaction at the high temperatures (1950 K-
2850 K) in a shock tube. Furthermore, the rate coefficients of
the reactions NH +HI® and NH+ D! were given in a quasi-
static laser-flash photolysis, laser-induced fluorescence system
at room-temperature.

The theoretical investigation of the related reaction dy-
namics, such as with time-dependent wave packet (TDWP)[8]
and quasi-classical trajectory (QCT),!”) was generally based
on the accurate potential energy surface (PES). Takayanagi et
al."% calculated the PESs for the N+ H, reaction by using
the ab initio multireference configuration interaction (MRCI)
method. Pascual et al.!''l employed the modified GROW pro-
gram developed in Refs. [12]-[15] to select the points and
calculated the PES at the MCQDPT?2//FORS-MCSCF(7,6)/6-
311++G** level of theory by using GAMESS. Later, Adam
et al.'%) and Qu et al.!” proposed the global PESs for *A” and
2A” states, which are based on the internally contracted MRCI
method. Recently, Zhai and Han!'® constructed a high-quality
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global PES (hereafter denoted as ZH PES) for the ground *A”
state by using the many-body expansion method and the neural
network method. For the ZH PES used in this work, all ab ini-
tio calculations are carried out in the MOLPRO package and
8645 ab initio energy points are used for fitting the PES with
a basis set of aug-cc-pV5Z. The reaction heat of the ZH PES
is closer to the experimental value and the predicted poten-
tial barrier height is lower than the theoretical value reported
in previous work, which can therefore increase the reaction
probability, especially at the lower collision energy.

With this ZH PES, the relevant reactions including their
isotopic reactions have been studied. Yu X and Yu Y JU!7!
and Zhang et al.!"®! used the QCT method to calculate the
polarization-dependent differential cross sections (DCSs) and
the three angular distributions of P(6,),P(¢,), P(6,, ¢,) for
the reaction N+H; —NH+H. The state-to-state dynamics
of the N(*S)+H,(X'Z") reaction in ZH PES has been re-
ported by Zhang et al.'"°! Furthermore, the reaction H+NH
and its isotopic variants have been studied in previous work.
Yao et al.?”) studied the state-to-state quantum dynamics of
H-+NH reaction, calculated and discussed the influences of
collision energy on the product state-resolved integral cross
sections (ICSs) and DCSs. Besides, Li et al.*!! implemented
the TDWP and QCT methods to investigate the H-+ND reac-
tion and its isotopic reaction.

However, for the title reaction, there are as yet no rel-
evant calculations at the state-to-state level. In this work,
we discuss the state-to-state dynamics calculations of the
D+ND—N+D, reaction on the *A” PES. To obtain the
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more precise information, we calculate state-resolved ICSs
and DCSs of the reaction with considering all J values. The
rest of the present article is arranged as follows. In Section 2
we briefly describe the theoretical methods used in our quan-
tum dynamical calculation. Our results are presented and dis-
cussed in Section 3. Finally, the main conclusions are dawn
from the present study in Section 4.

2. Theoretical method
2.1. PES

In this work, we use an adiabatic ZH PES constructed by
Zhai and Han!'® and the PES is a fully dimensional analytic
PES composed of 8645 ab initio energy points. The main fea-
tures of this ZH PES are shown in Fig. 1. It can be seen from
this figure that there is an energy barrier located at the en-
trance channel, no well exists and the minimum reaction path
occurs in the collinear configuration of the three nuclei. Be-
sides, the title reaction is an exothermic reaction with a heat
release of 1.17 eV. More information about ZH PES can be
found in Ref. [16].
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Fig. 1. Potential energy versus reaction path for H+ NH reaction on ZH
PES.

2.2. Method

When a collision of two molecules happens, its state-to-
state quantum dynamics can provide more detailed informa-
tion and profound observation of the chemical reaction pro-
cess. But for general systems, the state-to-state quantum scat-
tering calculation takes a long time to obtain the information
about accurate dynamics.?>-28! To solve this problem, Zhang
and Han?°-3!1 carefully studied the algorithm of the TDWP
method and found that it had a high degree of parallelism.
Based on this feature of the algorithm, they modified the pro-
gram of TDWP into a parallel accelerated version of graphic
processing units (GPUs). The relevant calculation shows
that this version of GPUs can give high-efficiency dynamical
results.[?! In this work, we used the GPUs to perform the cal-
culation about the dynamics of reaction D+ ND—N+D,. For

the given J value, the Hamiltonian in body-fixed (BF) product

Jacobi coordinate can be written as

292 (f-j)? 72
A=—— s ————+ +
2ug OR?2  2u, dr*  2ugpR%*  2u,r?

+ Vpes, (1)

where R is the distance between N and the center of mass
of Dy; r is the internuclear distance of diatomic molecule
D;; two reduced mass g and W, can be expressed as g =
2mymp /(my 4 2mp) and W, = mp /2, respectively; J is the
total angular moment operator; ; is the rotational angular mo-
ment operator of Dy; Vpes is the PES used in this work.

The reactant was prepared in the space-fixed (SF) Jacobi
coordinate system by using the Gaussian wave packet in R di-
rection and can be expressed as

Ixm>:ﬂ i) = |G(RQ)) |9wjo(ra)) UM jolog) . (2

where | @y, (ra)) is the rovibrational eigenfunction of the di-
JM jolpe) is the SF rotational basis and
describes the angular motion, with M being the projection of

atomic molecule Dy;

J; o and B mentioned later represent the Jacobi coordinate of
reactant and product, respectively; € is the parity of the sys-
tem; vy and jo are the initial vibrational and rotational quan-
tum number, respectively. After the initial wave packet is es-
tablished, the wave packet is converted from the SF represen-
tation to the BF representation by using the rotational function
|[JM joK) with K being the projection of J in BF coordinate
system. Then, the wave packet is implemented by GPUs in
BF representation. The wave function that propagates in BF
product Jacobi coordinate can be defined as

WYME(R rt+A)

A A o~ A
= exp —1H05 exp —1th§

A
x exp(—iVA)exp ( — ith>

2
X exp (—iHoé)'PJMS(Rm,t) 3)
with

. K2 92 2 92
A= 2 7 Ly, 4
0 2ug OR?  2u, dr? Vi) @)

2 )

Viot = / 5)

2UrR? + 2u, 1%’

where L =J — j, V = Vpes — V,(r), V(r) is the potential of the
product molecule D5.

The radial component of the product wave packet is cho-
sen to be a delta function multiplied by the outgoing asymp-
totic radial function

\xgs) = 6(Rg —Reo) |@yrpr(rp)) [IM'T'), (©)

where R.. is a fixed radial coordinate of asymptotic region, v’
and j' are the final vibrational and rotational quantum number,
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respectively. Using this method, the scattering matrix can be
obtained in BF Jacobi coordinate as follows:

SrH(E) = —1
5i(E) = 27agi(E)ay (E)

+oo R . N
x /7 deeWME (g e e WMH ) . (D)

The coefficients are given by

aei(E) = (@il%")
- <1\/“§T“‘ Rah(” (keiRa) G(Ra)>, ®)
a(®) = {orlzy )

- <,/“’; ﬁfR,;h}ﬁ)(kﬁfRﬁ)’é(Rﬁ—Rw)>, )

where i and f denote the initial and final states, h(" and h®
are the first and second kind of spherical Hankel functions, re-
spectively. Finally, the state-to-state DCS and ICS can be cal-
culated by the scattering matrix summed over all useful total
angular momentum J values, and expressed as follows:

dGV,j,7V0j() (97E)

4Q
LYY Y @ Dy, (0)5] : (10)
2(j0+1) K' Ko 2ikv, j, J K'ko vii'vojo| ?
OV ' v jo
(2J+1)|s7,, 11
(2] —I—l Vojo ;’;O’Z T V' Voo (11

Here, 0 is the scattering angle between the reactants and the
products, ds, X (6) the reduced rotation matrix, Ky and K’ are
the initial and final projection of the total angular momentum

J, and SV,], v , is the transition matrix from initial state vy jo
to final state v'j’.

3. Result and discussion
3.1. Number aspects

In this work, we perform the state-to-state dynamics cal-
culation for the reaction D+ND— N+ D, with the TDWP

method developed on the GPUs.
ICSs, the maximum value of J is 49 for collision energies up

To obtain the converged

to 0.5 eV. In order to obtain the result of convergence, many
tests have been carried out for v =0 and j = 0 to determine the
optimal parameters. The test results are shown in Table 1. It is
noted that K is one of the main convergence parameters, which
sets an upper limit on the helicity quantum number. From Ta-
ble 2, we can know that for the selected J and collision energy
E. = 0.5 eV, the number of K (K = min(14,J + 1)) is enough
to obtain the converged results.

Table 1. Numerical parameters used in present quantum wavepacket cal-
culations (all parameters are given in a.u. (atomic unit) unless otherwise
stated).

Parameter Value
Product Jacobi coordinate (R) range 0.2-16.0
Number of grid points in R 150
Number of translational basis functions in the interaction region 137
Product Jacobi coordinate (r) range 0.5-16.5
Number of grid points in r 300
Number of vibrational basis functions in the interaction region 150
Number of angular grid points 120
Center of initial wave packet (Rg) 12.0
Width of the wave packet (5) 0.7
Integration time interval (A) 5
Absorption length in R and r 4.0/4.0
Absorption strength in R and r 0.02/0.1
Propagation time 3x10°

Table 2. Convergence test results of title reaction probability as a function of K (with E; = 0.5 eV and J = 20, 30, and 40).

D, (v, all j/)+N on*A” PES

E.=05eV K Total
Vv =0 vi=1 V=2 v =3 VvV =4
12 0.12798594 0.08422887 0.03773586 0.00559811 0.00042308 0.00000003
J=20 14 0.12798556 0.08423064 0.03773427 0.00559758 0.00042304 0.00000003
16 0.12798566 0.08423060 0.03773436 0.00559763 0.00042304 0.00000003
12 0.08590443 0.05553391 0.02806683 0.00225422 0.00004946 0.00000000
J=30 14 0.08590384 0.05553571 0.02806519 0.00225356 0.00004937 0.00000000
16 0.08590254 0.05553581 0.02806390 0.00225348 0.00004935 0.00000000
12 0.01254696 0.00607898 0.00593306 0.00053143 0.00000349 0.00000000
J=40 14 0.01252796 0.00607099 0.00592426 0.00052927 0.00000344 0.00000000
16 0.01252865 0.00607115 0.00592467 0.00052939 0.00000344 0.00000000

3.2. Total reaction probability and ICS

First, the reaction probability of the title reaction at
five selected total angular momenta (J = 0, 10,20, 30,40) are
shown in Fig. 2. For J = 0, because of the existence of the
tunneling effect, the threshold energy of the reaction is about

0.03 eV, lower than the barrier height (E. ~ 0.08 eV). A broad
resonance structure is displayed and it gradually disappears
with the increase of J, which has been also found in H+ H, 32!
and H+Li, 33 reactions. This phenomenon can be partly at-
tributed to the shift of the minimum of PES to higher energy
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as J increases. Moreover, because of the existence of centrifu-
gal potential, the threshold energy also increases as the J value
increases. The total ICSs are displayed in Fig. 3. Obviously,
the curves of the total ICS are consistent with the results in
Ref. [21], so we can conclude that our calculations are reason-
able.

0.20 T T T T

/ _/' \ e
0.2 0.3
E./eV

Fig. 2. Total reaction probabilities versus collision energy for the
D+ND— N+ D; reaction at several values of J.
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Fig. 3. Total ICSs versus collision energy for different product vibra-
tional state distributions in D+ND (v = 0, j = 0) reaction.
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Fig. 4. Plots of (2J+1) weighted opacity function versus J for
D +ND—N+ D, reaction at different collision energies.

Figure 4 shows the plots of opacity function versus J for
the reaction D 4+ ND at five different values of collision energy.
The contribution of J-dependent partial wave to the ICSs is
through a 2J + 1 factor, which is analogous to the opacity func-
tion P(b). As we can see from Fig. 4, all the curves show the
arch shapes approximately, i.e., each of the distribution curves

reaches the maximum at a certain J value and then decreases
to zero at the last accessible value of J. As the collision en-
ergy increases, the maximum value of J dependence shifts to
the larger values of J. The reactions occur at the smaller val-
ues of J at the lower collision energy, and the larger values of
J take part in the reaction with the increasing collision energy.
Different J dependence corresponds to the different impact pa-
rameter b dependence. So, we can think that there are two
mechanisms for the title reaction, i.e., the rebound collision
and the stripping collision. The rebound collision is associ-
ated with small impact parameter b and leads to the backward
scattering, while the stripping collision corresponds to the big
impact parameter b and tends to generate the sideward and
forward scattering. Overall, we can think that the backward
scattering is dominated at low collision energy, and the side-
ward and forward scattering begin to appear as the collision
energy increases.

3.3. Product state distribution

The D, vibrational state-resolved ICSs are also shown in
Fig. 3. As we can see, v/ =0, 1, 2, 3 vibrational levels are open
in the energy range considered and the D, product is mainly
formed in the v/ = 0 and v/ = 1 states. The curve of v/ = 0 in-
creases monotonically as the collision energy increases, while
the v/ = 1 increases and then decreases with the increase of
collision energy. Besides, the result of v/ = 1 state is higher
than that of v/ = 0 before E, = 0.3 eV and the opposite behav-
ior appears after about 0.3 eV. This phenomenon can be due to
the fact that the direct mechanism proceeds through a rebound
mechanism in which the head-on collision plays an important
role at low collision energy. In the head-on collision, the vi-
brational excitation of the reactant molecule is produced and
then transferred to the product molecule. But, the stripping

0.06 T T T T T T T T T
F (a) E.=0.1 eV A
0.04F A% i
LA N
0.02 Z/ - =
0 é:o-o v A
10 15 20 25
T T T T T T
. Jk:; (b) Ec=0.3 eV 7
Qg A\\.
O A\ N
- N
0000-00, AR
10 15 20 25
T T T T T
- (c) Ec=0.5eV ]
0.06 | N
N —a—v' =0
0.03 | AAAA 'LAA —A—v' =1
L k& —0—v' =2 7]
0 £0-0:0-00-00:00-0- .
0 5 10 15 20 25
J

Fig. 5. Product rotational state distributions for D+ ND (v =0, j = 0)
reaction at three different values of collision energy.
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mechanism emerges and dominates as the collision energy in-
creases, and the rotational excitation is more advantageous in
this case.

Fig. 6. (a) 3D product vibrational state-resolved reaction cross section
and (b) 3D product rotational state-resolved cross section.

Figure 5 shows the product rotational state-resolved ICSs
at three values of collision energy. All curves reveal the sim-
ilar features and the peaks lie between j/ = 0 and the maxi-
mum ' value allowed by energy. Unlike the vibrational state
distribution, the rotational inversion population appears in all
rotational states for the considered energy values. Although
the behaviors are similar under different energy values, there
are also some differences among them. With the increase of
collision energy, the peak value of ICS tends to the higher j’,
and the magnitude of the maximum value increases. This indi-
cates that the number of product rotational channels increases
as the collision energy increases, and more rotating channels
are effectively opened at the higher collision energy. In addi-
tion, there is a negative correlation between vibrational exci-
tation and rotational excitation, i.e., with the increase of prod-
uct vibrational number V', the density of the rotational state
decreases gradually. To give a much more indicative view
of the product rovibrational state distributions, we plot three-
dimensional diagram in Fig. 6. As shown in this figure, the
products mainly concentrate on v/ = 0,1 and 0 < j < 15,

which is consistent with the distributions shown in Figs. 3 and
S.

3.4. DCS

Figure 7 shows the total DCSs of the title reaction at five
values of collision energy. It can be seen that the distribution is
dominated by the backward scattering at low collision energy.
The sideward scattering and the forward scattering begin to ap-
pear as the collision energy increases. Besides, the sideward
scattering and the forward scattering are obviously enhanced
as the collision energy increases. The details of the distribu-
tion from the scattering angle 0° to 12° are shown in Fig. 7,
in which we can find that there is a weak forward scattering
at E. = 0.5 eV. This is due to the collision with larger im-
pact parameters involved in the reaction, which fits our guess
in Fig. 4. From this drawing of partial enlargement, we can
find that the DCSs decrease with the decrease of the collision
energy in the forward scattering region. When the collision en-
ergy is 0.2 eV, the DCSs in the angle range from 0° to 12° are
close to zero. As the collision energy continues to decrease to a
smaller energy (such as 0.1 eV), the DCS oscillates slightly in
the forward scattering region. This can be attributed to the fact
that the scattering direction of the product is weakly affected
by the smaller collision energy, and the scattering in each di-
rection will have a certain probability. Due to these reasons,
the DCS of E; = 0.1 eV is larger than that of E. = 0.2 eV in
the small scattering angle region.

0.30

0.0008

0.254 0.00061-._

0 20_- 0.0004

1 0.0002

0.154

DCS/(A2/sr)

0.104

0.051

Fig. 7. Total DCSs versus scattering angle for D4+ND— N+ D, reac-
tion at five different values of collision energy.

To show more details of the reaction, we calculate the
state-resolved DCSs at three values of collision energy, which
are shown in Fig. 8. For low collision energy case, E. =0.1 eV,
the product experiences predominately the backward scatter-
ing in two vibrational states. For the higher energy case, the
distribution of the DCS at E. = 0.3 eV is similar to that at
E. = 0.5 eV. We can find that the backward scattering relates
to the relatively small rotational states. Besides, the sideward
scattering is enhanced with the increase of rotational quantum
number.
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Fig. 8. State-resolved DCSs for title reaction at three typical collision energy values.

4. Conclusions

In this work, the efficient GPU version of the TDWP code
is used to study the reaction D+ ND on a new ab initio PES.
The total ICS increases as the collision energy increases af-
ter the threshold value, barely having the oscillatory structure.
In addition, there is no obvious inversion of quantum num-
ber in the vibrational state-resolved ICS, while the rotational
state-resolved ICS has inversion phenomenon. Because of the
low impact parameter b collisions at low collision energy, the
products experience mainly backward scattering. With the in-
crease of collision energy, the sideward scattering and the for-
ward scattering begin to appear and increase gradually, and the
product molecules are excited to high rovibrational states. The
backward scattering of the product is also observed at high
energy, which means that there exist rebound and stripping
mechanisms at high energy.
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