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Fig. 1. Rate coefficients for the VV process (1, 0) — (0, 1) (a) and VT process (1, 0) — (0, 0) (b) as a function of translational tem-
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# 1 QCT BIBEMEH Ny(v) + O,(w) Rt

Table 1. Ny(v) + Oq(w) collision processes contained in the QCT dataset.
Group Na(0) 0s(w) F, (eV)
1 {0, 5, 10, 21, 30} {0, 1,3, 7,10, 15, 21, 25, 30} (02,06, 1,2,
2 {0, 1,3, 7,10, 15, 21, 25, 30, 35} {0, 5, 10, 21, 30} 3,4,5,6,7,8,9,10}
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Fig. 2. Contour map of VVN and VVO single-quantum transition cross sections with the initial energy level (v) and initial transla-
tional energy (E;) of Ny(v) + O4(10), Ny(v) + O5(21) and Ny(v) 4+ O4(30) processes.
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Bl 3 Ny(v) + 05(10), Ny(v) + 04(21) Fl Ny(v) + O,(30) i3 # th VIN F1 VTO Ho 8 F BRI 81 B N, 91 4 e K (v) Fp) 46 - sl hg

(E) % HE A

Fig. 3. Contour map of VIN and VTO single-quantum transition cross sections with the initial energy level (v) and initial transla-
tional energy (E;) of Ny(v) + O4(10), Ny(v) + O5(21) and Ny(v) 4+ O4(30) processes.

ARARSE MR N, 32 PR Sy it 5 2 o 30 3 3 23 T R
ERES T, —ERE L AMGIERES VV BRiTH
PR B3642) G REIRIT No(v = 0) REIE R, 21
LT VIO i M simbiZ i K T VVO, Bi#E N,
REGLIWIE R, VTO HHRRECEHI /DN, VVO HR
ZHCBEWE . A A(F), TEPIA R 2 R
M HIZET VVO FI VTO #5 R A4s R L
RET, U SR 20000 K LA E. SA9 R,
XFFHEE No(v) 43F, kB Oq(w) ¥R 21 g 2
1, PRBIRE AL AR R, R ZIRIR AT AN
FREATII TN No-Ny /R R BY, i F R or 71 fig
REEFIAIR], No-O, Rl I FE  VV AT VT BRIE Bl
PR FERE R M AL R S LA B 2, ANRER B N 59
YGRS RES H] RE AR G
R TAE TAES) Sy @t iy A, VV AT VT
HOR ZET LIS Arrhenius JE2U:
kE(T)=AT"exp (—B/T), (15)
Hr A, n, BAUESE Vol T iRERY 5000—

30000 K. # it B2 LG S EOLI S 2 A1, 35
J5iR2E (MSE) f/MgZh 1027,

3.2 B MmERENRNEE
No-O, filh 43 3xF 72 vp A 1) fife 15 S AL 45 O,
PSR ES Ny B ES AR —1 NO 43T R 38 fift 25
FUOSUR B R, 40 (5) 20—(8) 2NN, e fiff 28 A i
AT AR
Ototal-dissoc = ONy-dissoc T T0,-dissoc T Oexchange-dissoc

+ 20 double-dissoc- (16)

L5 FNEL 6 23 5l 7R 1 4 A fifk 25 38 38 1) SN
U PR 46 T3 (E,) F1 Ny MR BED (v). Oy ¥
TRBEL (w) MOSF(AEZRIA. UL 25 18 R AR T AU 4
INARAE IR ERA H HBT BRI  1 E E A S AT
rhL AT U At O I 28] A i 5 3 T T S
BT Y DAk, ]2 A R A R ) AR T A (R PR DR
FAERI B 2R, BT O, 43 F B B RE/NTF N,
¥ (5.21 eV vs. 9.90 eV), TEFT A il i+ O,
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Bl 4 RIF Ny(v)-0y(w) filh 1 i 2 i 2851 F1 2 51 VVO Fl VTO 5 2 2 500 TR AR i v
Fig. 4. Temperature dependence of single- and multi-quantum VVO and VTO rate coefficients during different Ny(v)-Oy(w) colli-

sions.
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Fig. 5. Contour map of reaction cross sections of each dissociation channel with N, initial vibrational energy level (v) and initial

translational energy (E).
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Fig. 6. Contour map of reaction cross sections of each dissociation channel with O, initial vibrational energy level (w) and initial

translational energy (E}).
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Fig. 7. (a) Comparison of NN-totaldiss predicted data and the raw QCT data; (b) error histogram between the predicted values and
the raw QCT data. The black dash line indicates zero error.
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Fig. 8. Contour map of QCT calculated (left) and NN-totaldiss predicted (right) total dissociation cross sections with initial transla-
tional energy (E;) and the initial vibrational levels of Oy and Nj.
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A A figh 25 AN
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BRAR X /N 3

TH 14 BT R S ORI s 8 T A%
%%%Jﬁum&ﬂmmKﬂEm@Wﬁ%T
HiEFRIZ R T VV/VT SRR R B0 IR B K
k. WFIE KB 1) IS F &AL 3R VV BRIT
R & R RAR 22 51, O, KA VT BRAT
R B AT Ny; 2) O FAMRES I I A B S
TSI, No-O, A2 fift 25 38 3

HWK, N, H g s A

3) Wi Ik Bl fiE

A5

REE A3 0, A 0 AT 2 R s . BT

QCT 5 K&

fige S A R A, UGk TR RE LA

[ NN-totaldiss # %1 (FH)C R % R ~ 0.99), W] L)
VV/VT JREA AL (B k/ (em®s™

& Al
TRLBE Y[
Table Al.

square error (unit: k/(cm?®s!)), and the temperature range is 5000-30000 K.

A 5000—30000 K

1) 1 Arrhenius 14

YR b TN 45 72

ERA Ny(v) + Oy(w) Ml 175519

B, AL SR QCT HHA, ol 22 W) 45 5 7Y
PG5S AR TR A AR 12 91.94%. X —
AN Ry FAth 73 - 4311 Z ) il 42 e i AR AT 9 42
M7, ARG Bl ) AR R A LA
BT 5%

kA VV/VT KR 5 25 Arr-
henius ?W\ /El\é{ %&% %H NN ﬁﬁ;
BENINESH kR

B (A, n, B). MSE ¥ 71825 (Sh7: k/(cm®s 1)),

Arrhenius fitting parameters (A, n, B) for VV/VT reaction rate coefficient (unit: k/(cm?-s-

1)). MSE is the mean

WJE,

Ny(v) + Oy(w) — Ny(v') + Oy(w') A n B MSE

(0, 10) — (1, 9) 4.10 x 1010 -2.91 x 10! 4.81 x 10? 4.27 x 10°%
(0, 10) — (0, 9) 244 % 1010 498 x 102 2.01 x 104 7.67 x 102
(0, 10) — (0, 8) 3.33 x 10710 —-6.70 x 1072 3.10 x 10* 3.04 x 10
(0, 10) — (0, 7) 3.95 x 1010 -1.39 x 10! 3.96 x 10* 2.66 x 10
(0, 21) — (1, 20) 424 % 1010 458 x 101 453 x 108 421 % 10
(0, 21) — (0, 20) 3.50 x 1010 2.04 x 1071 2.78 x 10° 7.96 x 102
(0, 21) — (0, 19) 2.51 x 10710 -3.01 x 102 1.94 x 10? 2.32 x 102
(0, 21) — (0, 18) 2.87 x 1010 7.43 % 102 2.46 x 104 5.62 x 10 %
(0, 30) — (1, 29) 3.01 x 1010 375 x 101 479 x 101 6.99 x 1077
(0, 30) — (0, 29) 1.39 x 1010 9.46 x 102 7.06 x 10° 6.44 x 102
(0, 30) — (0, 28) 1.49 x 1010 2.78 x 10°% 9.00 x 10° 9.18 x 102
(0, 30) — (0, 27) 1.74 x 1010 5.01 x 102 1.14 % 104 2.99 x 102
(15, 10) — (16, 9) 2.31 x 1010 -9.11 x 102 1.73 x 10? 8.85 x 10%
(15, 10) — (17, 8) 3.46 x 1010 277 % 10! 3.64 x 104 2.77 % 10 %
(15, 10) — (18, 7) 3.94 x 10710 -3.69 x 107! 4.36 x 10* 1.97 x 10°%
(15, 10) — (15, 9) 1.97 x 10710 5.51 x 103 1.30 x 10? 8.14 x 102
(15, 10) — (15, 8) 2.78 x 101 1.96 x 10! 2.58 x 10° 440 x 102
(15, 10) — (15, 7) 317 x 1010 3.04 % 10! 3.38 x 104 2.16 x 102
(15, 21) — (16, 20) 1.79 x 1010 -2.61 x 10?2 1.56 x 10? 2.42 x 102
(15, 21) — (17, 19) 2.69 x 1010 3.02 x 10! 2.64 x 104 5.21 x 102
(15, 21) — (18, 18) 3.12 x 10710 -3.82 x 107! 3.60 x 10* 3.42 x 10726
(15, 21) — (15, 20) 1.96 x 1010 7.64 x 102 1.35 x 10? 2.82 x 102
(15, 21) — (15, 19) 2.46 x 1010 1.03 x 10! 2.19 x 104 3.80 x 10 %
(15, 21) — (15, 18) 2.07 x 1010 188 % 10! 2.49 % 104 3.33 x 102
(15, 30) — (16, 29) 9.24 x 101! -8.39 x 10?2 1.39 x 10° 3.39 x 102
(15, 30) — (17, 28) 2.05 x 101 347 x 10 2.70 x 10° 1.23 x 10
(15, 30) — (18, 27) 3.20 x 10 10 466 x 101 3.90 x 10¢ 467 x 1077
(15, 30) — (15, 29) 1.17 x 10710 1.13 x 10! 453 x 10° 1.04 x 1020
(15, 30) — (15, 28) 157 x 101 1.67 x 102 1.10 x 10* 5.05 x 10 22
(15, 30) — (15, 27) 512 x 1010 2,19 x 10°! 117 x 104 1.06 x 1022
(35, 10) — (36, 9) 5.68 x 10710 -5.32 x 102 3.17 x 103 1.51 x 1020
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AL (8E) VV/VT RNEHEZRE (PP k/(cmPs 1)) B Arrhenius I SECGE (4, n, B). MSE ¥R (FAhL: k/(cm®s ™)),
ik £ FEL 2 5000—30000 K
Table Al (continued). Arrhenius fitting parameters (A, n, B) for VV/VT reaction rate coefficient (unit: &/(cm?s?)). MSE

is the mean square error (unit: k/(cm®s!)), and the temperature range is 5000-30000 K.

Ny(v) + Og(w) = Ny(v') + Oy(w') A n B MSE
(35, 10) — (37, 8) 1.30 x 107 -2.97 x 10! 6.01 x 10° 4.83 x 1022
(35, 10) — (38, 7) 410 x 101 3.94 x 10 6.35 x 10° 7.64 x 102

s — s 2.01 x 10~ —6.83 x 10~ 1.58 x 10 1.33 x 10~
(35, 10) — (35, 9) 10 2 i 2
(35, 10) — (35, 8) 1.98 x 10710 -2.33 x 10! 1.85 x 10* 3.73 x 10

s — (35, 1.88 x 10 -3.31 x 10 2.17 x 10° 3.19 x 10
(35, 10) — (35, 7) 10 1 7 1 25

s - s 1.79 x 10~ -2.60 x 10 1.56 x 10 2.42 x 10~
(35, 21) — (36, 20) 10 2 ! 2
(35, 21) — (37, 19) 2.69 x 1010 3.02 x 10! 2.64 x 10 5.21 x 10°%
(35,21) — (38, 18) 3.12 x 1010 -3.82 x 10! 3.60 x 10* 3.4 x 102

s - s 1.96 x 10~ .64 x 10~ 1.35 x 10 2.82 x 10
(35, 21) — (35, 20) 10 7.64 x 102 i 2
(35, 21) — (35, 19) 2.46 x 1010 1,03 x 10! 2.19 x 10! 3.80 x 102
(35, 21) — (35, 18) 2.07 x 101 1.88 x 10! 2.49 x 10* 333 x 102

s - s 5.99 x 10~ -8.87 x 10~ 1.96 x 10° 1.15 x 10
(35, 30) — (36, 29) 10 7% 102 s »
(35, 30) —> (37, 28) 454 x 1010 2.35 x 10! 3.14 x 10° 348 x 102
(35, 30) — (38, 27) 9.69 x 10 1 238 x 101 5.53 x 10° 9.00 x 102!

s - s 6.49 x 10~ 1.25 x 10~ 3.21 x 10 5.24 x 10~
(35, 30) — (35, 29) 4 n i 3 z
(35, 30) — (35, 28) 1.25 x 1010 9.18 x 102 1.26 x 10t 6.00 x 102
(35, 30) — (35, 27) 1.61 x 1010 2.35 x 10°! 1.59 % 104 3.84 x 102

F A2 EEEHIE (A1 A?) MILASEEE (o, b, o). WG FEhAE B, JEEIRN 0.2—10 eV, RMSE ¥R (Jfr: A?)

Table A2.
ergy FE, is 0.2-10 eV, and RMSE is root mean square error (unit: A2).

Fitting parameters (a, b, ¢) of total dissociation cross-section (unit: A2). The range of initial translational en-

Ny(v) Oy(w) a b c RMSE
0 1 1.98 x 10! ~1.02 x 102 9.03 x 10° 1.82 x 104
0 3 1.13 x 10! -5.82 x 10! 5.11 x 10° 3.54 x 10
0 5 8.29 x 10° —4.30 x 10! 3.87 x 10° 2.95 x 1073
0 7 6.43 x 10° -3.35 x 10! 3.14 x 10° 8.48 x 103
0 10 —2.46 x 10? 3.52 x 10! -9.70 x 107! 5.70 x 1073
0 15 -9.18 x 10! 1.06 x 10! 2.57 x 107 8.02 x 107
0 21 -2.04 x 10! 2.24 x 10! 8.60 x 10! 3.37 x 102
0 25 ~5.67 x 10° ~1.11 x 10° 1.01 x 10° 6.37 x 102
0 30 -6.06 x 10! -5.62 x 10! 1.10 x 10° 1.30 x 10!
1 21 —2.03 x 10! 3.57 x 10! 8.50 x 10! 2.33 x 102
1 30 -7.54 x 107! -4.60 x 107! 1.09 x 10° 1.58 x 107!
3 15 -7.75 x 10! 8.74 x 10° 3.16 x 10! 1.44 x 1072
3 21 -2.10 x 10! 1.02 x 10° 7.94 x 10! 4.72 x 102
3 30 -8.40 x 10! -3.81 x 10! 1.09 x 10° 1.73 x 10!
5 30 -8.07 x 10! -3.74 x 10! 1.09 x 10° 1.94 x 10!
5 0 8.27 x 10° —4.28 x 10! 3.65 x 10° 6.98 x 103
5 1 8.21 x 10° —4.25 x 10! 3.75 x 10° 3.78 x 1073
5 3 7.21 x 10° -3.75 x 10! 3.44 x 10° 6.53 x 107
5 7 -3.96 x 102 6.61 x 10* -2.62 x 10° 1.60 x 103
5 10 -2.83 x 10? 4.83 x 10! -1.81 x 10° 5.40 x 103
5 15 -7.95 x 10! 9.94 x 10° 2.43 x 10" 2.80 x 102
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T A2 (8h) BB (AN A?) BBIAESECE (o, b, o). PIEFSIEE E, EFN 0.2—10 eV, RMSE B iR (#fi: A?)
Table A2 (continued). Fitting parameters (a, b, c) of total dissociation cross-section (unit: A2). The range of initial transla-

tional energy Fj is 0.2-10 eV, and RMSE is root mean square error (unit: A2).

Ny(v) Oy(w) a b c RMSE
5 21 -1.95 x 10! 8.26 x 10! 8.08 x 10! 3.42 x 10?2
5 25 —6.46 x 10° —4.60 x 107! 9.66 x 107! 6.22 x 1072
7 15 -6.79 x 10! 8.41 x 10° 2.93 x 10! 2.57 x 102
7 21 1.85 x 10! 6.82 x 10! 8.22 x 10! 3.75 x 1072
7 30 ~7.52 x 10! -3.87 x 10! 1.09 x 10° 2.02 x 10!
10 15 -6.21 x 10! 7.99 x 10° 3.14 x 10! 3.16 x 102
10 21 -1.75 x 10! 7.87 x 107! 8.16 x 107! 4.21 x 1072
10 30 —-6.64 x 107! -4.20 x 107! 1.09 x 10° 2.00 x 107!
15 0 3.92 x 10° -2.04 x 10! 2.03 x 10° 1.68 x 102
15 3 3.21 x 10° 1.68 x 10! 1.83 x 10° 4.68 x 1072
15 7 -1.97 x 102 3.56 x 10! -1.29 x 10° 2.32 x 102
15 10 -1.12 x 10? 1.78 x 10! -2.20 x 10! 3.96 x 10?2
15 15 —4.74 x 10! 5.30 x 10° 5.20 x 10! 3.20 x 10?2
15 21 -1.20 x 10! —4.00 x 107! 9.19 x 10! 5.88 x 1072
15 25 -5.0 x 10° -5.65 x 10! 9.88 x 10! 3.51 x 10?2
15 30 6.92 x 10! 3.97 x 10! 1.09 x 10° 1.50 x 10t
18 21 ~1.16 x 10* -2.55 x 10! 9.34 x 10! 5.33 x 102
21 15 -3.44 x 10! 4.04 x 10° 6.22 x 10! 4.97 x 102
21 0 ~7.70 x 10! 5.01 x 10° 5.89 x 10! 1.06 x 102
21 1 —-7.61 x 10! 5.57 x 10° 5.54 x 107! 7.48 x 1073
21 3 -8.50 x 10! 9.82 x 10° 2.65 x 10 1.68 x 102
21 7 6.54 x 10! 7.75 x 10° 3.69 x 10! 2.71 x 102
21 10 -4.66 x 10* 4.61 x 10° 5.73 x 10! 1.65 x 102
21 18 -1.81 x 10! 8.87 x 10! 8.42 x 10! 6.70 x 10?2
21 21 -1.09 x 10! 8.07 x 10?2 9.19 x 10! 5.56 x 102
21 25 -3.91 x 10° -8.38 x 107! 1.04 x 10° 6.94 x 1072
21 27 -2.07 x 10° -7.80 x 10! 1.07 x 10° 6.97 x 10?2
21 30 4.61 x 107! 5.58 x 107! 1.12 x 10° 1.79 x 10!
27 21 -6.79 x 10° -4.70 x 10! 1.02 x 10° 8.37 x 102
30 15 -9.22 x 10° -3.68 x 10! 9.65 x 10! 1.25 x 10!
30 21 —4.34 x 10° -9.02 x 107! 1.08 x 10° 1.40 x 107!
30 30 1.01 x 10! -8.90 x 10! 1.23 x 10° 3.85 x 10!
35 21 -2.49 x 10° -8.65 x 10! 1.13 x 10° 1.79 x 10
35 5 1.15 x 10! 5.75 x 10t 8.62 x 10! 5.73 x 102
35 10 -8.09 x 10° -4.55 x 102 9.44 x 10! 7.15 x 102
35 30 1.06 x 10t -8.47 x 10! 1.29 x 10° 5.14 x 10!
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SPECIAL TOPIC—Dynamics of atoms and molecules at extremes
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GUO Changmin! ZHANG Hong? CHENG Xinlu Ut

1) (Institute of Atomic and Molecular Physics, Sichuan University, Chengdu 610065, China)
2) (College of Physics, Sichuan University, Chengdu 610065, China)

( Received 23 April 2025; revised manuscript received 23 May 2025 )

Abstract

The scattering cross-sections and reaction rate coefficients are crucial parameters for elucidating the energy

transfer mechanism of state-to-state collisions between molecular gases and also serve as a fundamental basis for
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modeling the non-equilibrium flow field. However, the database of kinetic processes related to nitrogen shock
flows is still being developed. In this work, a detailed kinetic study of the N, + O, collision is carried out by
combining the quasi-classical trajectory method (QCT) and neural network model (NN). Firstly, QCT is used
to calculate 90 Ny(v) + Oy(w) processes with various initial vibrational states (v,w), and the contributions of all
vibrational excitation and dissociation reaction channels are discussed. The following conclusions are drawn:
1) The contributions of the vibration-vibration (VV) energy exchange channel of O, and N, are similar, while
the vibration-translational (VT) transition mainly occurs on O,; 2) The total dissociation cross-section primarily
results from the O, single-dissociation channel, followed by the exchange-dissociation channel, with relatively
minor contributions from the N, single- and double-dissociation channels. Then, based on the QCT dataset, a
high-performance NN model (R-value of 0.99) is trained to predict the total dissociation cross-section caused by
Ny(v) + Oy(w) collisions. Compared with the method that only uses QCT, the method that jointly uses OCT
and NN model can achieve an approximately 91.94% reduction in computational cost. Finally, to facilitate use
in kinetic modeling, Arrhenius-type fits for the VV/VT rate coefficients are provided over the temperature
range of 5000-30000 K, and an exponential form related to the translational energy E, is used to fit the total

dissociation cross-section.

QCT-calculated: Ny(v)+Osq(w = 15) NN-predicted: No(v)+Os(w = 15) o/A?
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