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Fig. 1. The geometry of the one-dimensional glow discharge

model.
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Fig. 2. Schematic diagram of the structure of the Std-PINNs.
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Table 1. Collision reaction of low pressure argon glow discharge.

Fris N HAHE R & JeV 225 3Lk
1 e+ Ar = e+ Ar f(g) — [48]
2 e+ Ar = e+ Ar’ f(g) 11.5 [48]
3 e+ Ar = 2e + Art f(¥) 15.8 [48]
4 e+ Ar' = 2 + Art (%) 4.43 48]
5 Ar' + Ar" = e+ Ar+ Art 6.2x10710 — [40]
6 Ar" + Ar = Ar+ Ar 3x10°% — [40]

T RP (e )RR TR N BB 4, ST LT RERY SR AR, 85 17 Bolsig ™S A HL T RIS S AR 15545 2, XUA Ay

MR F BN m? /s,
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0r 0F
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3 FEM, Std-PINNs 51445 PINNs A5 E 25 5 H i (NN, Hi )
Fig. 3. Comparison of the numerical results of FEM, Std-PINNs (the output of NN;) and traditional PINNs.

Kl 3 5 &l 4 Xt 1 %48 PINNs, Std-PINNs
5 FEM Ry #4125 5, n] LA, Std-PINNs >R
iff ) 25 DR A AR f RE A AR A i (A B L0 W S T FR 254
(I i 1) [ A 57 B3 X ME L TP X)), H 5 FEM
SR EVE. BT E . EETHURE noe
RSB THUE T nae P FRER 2 DHE
P AN Ly 1222 5350120 3.55x10°2, 2.82x10°2,
4.21x10°2, 5.71x102 DA )¢ 5.86x10°%. [a] i, A B
i F LS PINNs 25 5 FEM 255 2 [0 7778
ET L

25000 - — FEM
~ — Std-PINNs
-~ - PINN
20000 | S
15000 |
¥
<
10000 |
5000
0
0 0.2 0.4
z/m

4 FEM, Std-PINNs 5 % 4t PINNs #9 %0 B 45 R
(NN, i i)

Fig. 4. Comparison of the numerical results of FEM, Std-
PINNSs (the output of NN,) and traditional PINNs.

T FRATINAG S bR O S S 7 BE I AD oy
Mri&5e PINNs YIZR R AY A . 18] 5 s 11
AEBE W 7 5 A5 R0 Bz J7 1R A4k pR K
YIRS AR, [FIETIE] 6 X LG T P24 g
i AR TRORE Ly FAXTERZERE VI ZROB L
e e, AlE ), S E T RE R 2 Il ZRiR 20K
I, AT R0 B B VI R 25t U B R, IX—
BRI N T 45007 BOH 5 X T g e i
PR T O7 R IR SRR 5 S0 . BAROR UL, P

100

102

10-4

106

Loss
s

0 2z 1 6 s 10
BRIEL/ 104

Pl 5 RTS8 PINNs I, A AU e ook 7 4 s )y 12

5 1T B 4 RE 5 R B0 0 R pR BRI

Fig. 5. When the traditional PINNs is applied, the loss

function values of the particle transport equation and the

electron energy density equation during the whole iteration.
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LT AE TR £ AU GRiR 2R 38 i 52 kL1 J7 e YL
EAG AR 41z 7 AR G IUHGE R R, oA L 8
50 JEE R AUL 5 R 2 SRS E A R W FL 8 2 R T R TR
TG (U EL R A5 TR T R I R
72, AR EAESE PINNs YIZRR 4.

12.0
4 1.00 118
i
. {11.6
S 0. i
2 0.99 g =
£ 08 12 2
% 110 B
% 0.97 =
ﬁ log ®
& 0.96 10.6
10.4
0.95 L , , , , ,
0 2 4 6 8 10
A% /104
K6 NS4 PINNs B, 8451003 72 i 4R 7 50w )

5 T Re B A XS Ly R 22
Fig. 6. When the traditional PINNs is applied, the relative
L, error of each particle number density and mean electron

energy during the whole iteration.
5.2 =fl 2: REEESEXME

ZE (S WA NS NS WATE: SO Sl N VAR 11 0 A e

BB Fr 2R A A 5 25 5. 1, FERARUR
T, HFARESFEES, b (T B/
TS T) Z 18] R EE A A X AR R A e
B, 3K TR L BN B[R] P & A= I il s 14
ERAESFM T EZ TR Hik, KK
JE R 0 1R %% B IR B AR T A0S — AR R TE Y
TP F Al B N AT, RTREAR BUE 2R
B a1 R e el [T NI S I A NG WA B s ol e
AE B Rl 48 52 17 5ok T RO 22 IR S A
T PR DL RN A R B R B 2R R SR A
AR TR g 2051, S P Std-PINNs 76 3R i 19 1] 42 1k,
e 7. TRz AR R rf ) 2 BT 20 Al 4 o
K 6 MURFEPRET- (HLF- (e), He 515, He WAAAS (He"),
He, WARZS (Hed) , Het, Hed ), TE4NAY I i 7 2
Kk 2 .

TSR He L4008 B A RE  BEAR SRS
Tt (44) a0, Kby RAUKRRE T, 08N
300 K, 5T po WE A 760 Torr, SHRIA]
P d, I E 0.2 mm, BRI 6x10 7 m?, —
UCHL T R R BFE AR B2 R 0.1, HL AR ZEE 40
L, = 18.92 mA, SMiiHL T V,y = 400 V; F1EH

2 KRR AR
Table 2. Collision reaction of atmospheric pressure helium glow discharge.
=2 JLW TR AR & JeV S5 3Lk
1 e+ He = e+ He f(g) — (48]
2 e+ He = e+ He’ f(¥) 19.8 (48]
3 e + He = 2e + He" f(g) 24.6 (48]
4 e + He' = 2e + He* 1.28 x 10713 x T96 x exp(—4.78/T¢) 4.8 [41]
5 e+ He" = e+ He 2.9 x 1015 19.8 [41]
6 e+ Hej = e+ 2He 3.8 x 101 -17.9 [39]
7 % + He* = e + He' 6.0 x 1092 x (7,/0.026) ** 48 4]
8 % + Hef = e+ He + He' 4.0 x 107 x (7,/0.026)"! — [39]
9 e + He+ Hef = 2He + He' 5 x 10% x (T,/0.026)! — [39]
10 2% + He] = e+ He} 4.0 x 10% x (T,/0.026) ! - (39]
11 e + He+ He* = He + He’ 5.0 x 10% x (T,/0.026) ' — (39]
12 ¢ + Het+ Hef = He + He} 1.0 x 10% x (T,/0.026) 2 — (39]
13 e+ Hel = 2+ He} 5.0 x 101 x (T,/0.026)* 3.4 [39]
14 He" + 2He = 3He 2.0 x 104 — (39]
15 2He" = e+ Hef 2.9 x 10 — (39]
16 2He + He' = He + Hej 1410 — 4]
17 2He + He" = He} + He 2 x 101 — [4]
18 He' + Hey = e+ Hef + He 5x 1071 — [4]
19 He} + Hey = e+ Hej + 2He 12 x 10" — [4]
20 He + He = 3He 1.5 x 10°% — [4]

T FhHe R FHe(239) K He(2'S), He, Mt FKHey (23S ) .
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Fig. 7. Comparison of the numerical results between the FEM, the Std-PINNs (the output of NN;) and traditional PINNs.
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Fig. 8. Comparison of the numerical results between the FEM, the Std-PINNs (the output of NN,) and traditional PINNs.
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Abstract

In recent years, the artificial intelligence computing paradigm represented by physics-informed neural
networks (PINNs) has received great attention in the field of plasma numerical simulation. However, the plasma
chemical system considered in related research is relatively simplified, and the research on solving the more
complex multi-particle low-temperature fluid model based on PINNs is still blank. In more complex chemical
systems, the coupling relationship between particle densities and between particle densities and mean electron
energy become more intricate. Therefore, the applicability of PINNs in dealing with sophisticated reaction
systems needs further exploring and improving. In this work, we propose a general PINN framework (source
term decoupled PINNs, Std-PINNs) for solving multi-particle low-temperature plasma fluid model. By
introducing equivalent positive ions and replacing each particle transport equation with the current continuity
equation as a physical constraint, Std-PINN splits the entire solution process into the training processes of two
neural networks, realizing the decoupling of the source term of the heavy particle transport equation from the
electron density and mean electron energy, which greatly reduces the complexity of neural network training. In
this work, the application of Std-PINNs to solving multi-particle low-temperature plasma fluid models is
demonstrated through two classic discharge cases with different complexity of reaction systems (low-pressure
argon glow discharge and atmospheric-pressure helium glow discharge) and the performance of Std-PINN is
compared with that of conventional PINN and finite element method (FEM). The results show that the training
results output from the traditional PINN are completely incorrect due to the strong coupling correlation of each
physical variable through the source terms of each particle transport equation, while the L, relative error
between Std-PINN and FEM results can reach up to ~102 , thus verifying the feasibility of Std-PINN in
simulating multi-particle plasma fluid model. Std-PINN expands the application of deep learning method to
modeling complex physical systems and provides new ideas for conducting low-temperature plasma simulations.
In addition, this study provides novel insights into the field of artificial intelligence scientific computing: the
mathematical form that describes the state of a physical system is not unique. By introducing equivalent
physical variables, equations suitable for neural network solutions can be derived and combined with observable

data to simplify problems.
Keywords: physics-informed neural networks, low-temperature plasma, source term decoupled, fluid model
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