Y] 32 2 3R Acta Phys. Sin. Vol. 74, No. 23 (2025) 235205

L. [BREH T THIE 5 £
AEFINEEENBTEBESEEETH
AR EXREERESESRERR

ZRF) HERY MEY KELY XY
FHxHY RITa?  FHOUEV

1) (PR R N T ARSI, TR 400715)
2) (RIEH T RFYBERE, KiE  116024)

(2025 4F 9 A 19 HYF; 2025 4E 10 A 9 HEMHEH)

BN G SE B TR (CCP) (9 AR LU T B ik ris 4y BEATL A A 6 T 22 B MG v & 3 B AR 1 29 TR
WHESHALIRER. I RBOZIRG, AR SCOT R T — PR R 2 ) AUERRE R 5 7 DL I i $f 2Lk 12 52 B — 4k CCP
Ui PSS TR % i 2 L R BRSO A R 5 A R T A AR S B A S T R S B s 18] A
FERT 3L T S A a0 A, IR T S ) KN T 4 R A A R . BRI A B A, AR R 2
2SRRI R R TR T A5 BT A A X B A PR AE g . AR PR R R A 2 ) I T ) B A e 2 R B Y
o LR, e Z AN AT AT, R HORZS BA oS B A W B B i — 20, AR SCHESE 1 — B R B Y B AR
P DR BT A5 R B4 AT SR R SOOI O B e i TR L R R ) O AR AU S B T AR AR B T O R

SEA: RO SR TR, VUM, RIS St

PACS: 52.65.y
CSTR: 32037.14.aps.74.20251290

il

1 3

BVERR G BB TR (CCP) 22 A 2] 5
FEICRR A Se i il i BRI A, TRABAR I AL )
AL 2 oC H 2 BUERAUITIE, Rl AR
SR RIMIE (PIC), At se it 15 RAY S T A,
GRTIT, TX L8 b B2 0 RS2 i A2 B T4 g ) 153
JEA SR AR ) 1. S 28 2 H R AR R A,
PATARJEE 5 > S AR A0 B K sl 9 X s Rk~ 1
AR T kAL

TESF B TR A SR, IR E 2R Z
PHORBE 2 I B GRS R 2 2% (DNNis) 23, 45
PR R2% (CNNs) 9] RAGERFHZE /2% (RNNs)(,

* R A ARRERAS (IS 12020101005, 12475202) B HI IS

t BfE1EE. E-mail: jlawenzhu@swu.edu.cn
© 2025 FEYIEZS Chinese Physical Society

DOI: 10.7498/aps.74.20251290

O T FRL iR =t A T R ORGS0l
Bh il A AL AR ) B RNNs ST R 5
FORE PRSI SR, DAl CNNs SEBL
A5 B A R AR AR AU D01, S bR R~
FIBIFSE T A JE O EAR S, AT I AR E e 22
P2 SEBL T 48R S oe R AR E 1 A T,
I e ) LB T RSP L AN, SR
SRR BRI DA, XM 4 (GANs) B8
PTG AT AR T 5 A5 88 M DR AR S 6 I
Wi, LA AL S BERLAYAR 5R 191,

JUE R 543202 0, B DFFEEAE
R LHL A <BA, AT WIS HE ELAH G AY Bk
. BRI SRR T TR
U AL A JEIAIL 04 22 R IR GAIL 191, K

http://wulixb.iphy.ac.cn

235205-1


http://doi.org/10.7498/aps.74.20251290
https://cstr.cn/32037.14.aps.74.20251290
mailto:jiawenzhu@swu.edu.cn
mailto:jiawenzhu@swu.edu.cn
http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 2 3R Acta Phys. Sin. Vol. 74, No. 23 (2025) 235205

B 2 AR IS TR PP 28 2% (CNNs)I6 i 1 pf 28
K2 (RNNs) 07 AT 3 10 12 W 2% (LSTMs) !,
It ik — 1 & Transformer? 5 KAN [ £ (20
SERTTTRAY. SR, H RSk = RGBT £
FEACHRAL TR 55 B T IR 55 th R PR BE A T LR,
FFHERGT N 48 23540 5 0 B ) AR 2 ) P P 2

5 A HE A ARA PR R TE TR Z 6 5
HMEERE 1. {2 A8 B FR BRI E I 2R 53 A Z A
B R R AP RYRE ), BERMNAEEE S I 2L
ol 2 AH RIS A T HUREAS A, BV J2 54 ]
Iy A e, M ELE B4 4% (PINNs) K4 37 7
VE R IE I, ISz A RE ) 0 T SR 3 L v
Jyv22 R0, PINNs 7RI & BEAR G I E A R 4
AR 2 SR B, BB SR A s B D 53 R B
Tofs JBE AT R [ 281, L2 R ok L S A R A 1 i A7
M 24261, B SCRREAR I, R L Ttk F (R A A A A
F W], PINNSs 75 25 X 55 20 45 5 il i S BG4 Tl
SEYNGR, Bz B AR TAES AR SRR T 27,

SR, ACHEARE AL (A% O A ELE T LM AR
RIS I 25 25500 BB 2 A T A A% 1 v
T AEES) . FoRi R, MR M — A% 0Pk
() OCHEA R AR T2 — kA PR M2 R S5 Ha 15
P12 S A H BT 2% 25 ke, AR TT DLk
A [R) RBLRS 2 00 BERH — 250 U 90 O 8, AT 7
FALA A (R A 1Y SR PR, S AT EE A ST 051, fai]
n, FEER 25 R 1 PR 22 2% (GNNs) Beds SR
22 REARE B g B2, 2N 48 78 S MIEAT 55
{14 F500 A B AH LU A 1 2 2 R RIPL (MLPs) 48 7+
25 20.8%. (A7 B, X FhAMERE 1 If IR
TC BR——8 4% 32 BR T I 25 5005 43 A B Sl #5348k
I 5 U S o3 A %) R O R BRI
AT ART R AR 1 D AR 22 R 5 B 45 B £ B,
PR I, TR AT 5% 0 50805 3K 0y 458 750 ) A4 G ] 52 i
HAMEPERE, JFDIAR L RE 130 5, T Ak
A A Y A5 B8 - R AR BASE 7R EL A AN AT sl e )

YT, RSO R T =Fhph 2452848, 5351
SRR 2R 4% (FNN) | 7 ) 3% 5 80 K 6 10
12 M%% (ALSTM) L) K& 45 #-Transformer 18 & ¥
%% (CTransformer), 5 7E & 48 VAL BOINAS B 5 11
SRR, HH BN, @ik O S URIE S
HMESESS, S f R R X SRR AN [ T (AN
RS EE) T e PRI, JFEE S AMERE

JIHA T X I T AR IR s, e Bl s 45
BT T B2t T Be 1 .

2 F %

oh ZR GEE MR TEAN [R] i 22 9] 245 AR ) 455
PRSIV RE RN, AR SO T =R rEng
BRI I, SR NP 1 B,

2.1 REMLK
2.1.1  ATHTAY 2 M 2% (FNN)

IRALR FEA 1 BRI Sl 5 vk, ST W
RS (U UE p) 55 TR (I
TEEIIG ne () ) Z B EHEBSCR. Q1K 1(a)
iz, PR AE R A0 35 AR L 43 42 [ 2 A
Rz, RS (ARSI SHUE) 1R ok ARRE,
745 B TR 28 ) 0 A B (e 25 2 | gk
JEEH TR MRS TN H AR, FNN it 29> Bl
JEARZ AR S 2] g At 2 TR S A G &R
{EAF TR, AR A IR LM C R AR
IR THHAE A AN B SMETERE, B2 R T
H G PREL . 54258 ReLU UG TE 5311 A X
) T IR AT AR L, T REEE AT
RO A PR A 2R ) 55 B AR B R R 22 4
{037 MER/NEW

Y =03 {01 [00 (WoX+bg) Wi+b1] Wa+bo}, (1)
Horbroy 255 JZRBEE BB, W, R (2R
FCEFEFE, b; R @ 2 10 & i, X Rk
EHRISH, v FRmE.

2.1.2 EFZE ¥z KEETITILATE K %
(ALSTM)

KA e A2 p 2 R 4% (LSTM) 3 3 [ ] 3 AL il
(AT BT TR 1]) BEAE A A HE 7 91 S
IR BRI OC R, I B R AL GG 28 W 4%
rhRR EE I 25 IR Ak, LSTM KB rh & 13 2
BT AT 4 TR A 5 B o S SRRAE 1Y) A 3
7 YA 3% AT — 2 i U A o R g 36,
ZBALE AR S Ar S5 TR S TR
LR S AR AR 80 3 81 AT 55, alad /i & A
YOS N TNAN NS 271 I 1611 B <3 G SR <]
ARAS. BG T B IIHLEAE BHC A h 2 M 45
CIEVNE R & /N i 3u Y I

235205-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 2 3R Acta Phys. Sin. Vol. 74, No. 23 (2025) 235205

Je =0 (W;i-[hi_1,Yi] + by),

it =0 (Wi [hi1, Y] + b)),

Cy = fi % Cy_1 + iy x tanh (W - [hy—1, Yz] + bc) ,

ot =0 (Wy-[hi—1,Y;] +by), hy=o0;xtanh(Cy),
hay = LSTM»(LSTM; (Y3)),

Y = o(Attention(hy) - W + b), (2)

Hrb i, C, f, 0, h3% LSTM 8 iy rp ] i 2.
iRFERAL], CAREERMMIRE, FREREIETT, o R
T, pAURRGEZRE CHHEA T T 5%
BEFARESHa & (G 5% B IR
HLZ0R BESE)); o i TS PREIG WA b 430l R
ey AR R R Rl ) 1, W R by SR8 TRY
SR R R O [ B, WV D by R AT A R
R I R O 8 1) 2, W T e o 4 IR 2 A
W R B ) e, W, I g T I T 1) P A
F B 1 hy 8 LSTM 7855 ¢ T.00 R IR
HORES; VAR ¢ AT WS E T HRORE;
LSTM; #£/”55 i 1> LSTM JZ; Attention 8 HiE=E
B v R BE.

2.1.3 RA H 6 Transformer (CTrans-
former)

1RG %A Transformer F B Fl& 1 % M
Z: 2% (CNN) 5 Transformer 2844, 5 7540 B 45
BT RSB R S Fe i 23 HOIEOC & . Transformer
2R S g i A8 OF B T 23k AR L],
i b, AR AR AR CCP 1 AP BUE 1Y R AE.
G2 AR N fi i e, SR ] 27 2] AR A%
TEHL 95 | HL S 3 Bl Ui B 1Y A [R) A B
B A, A FRORH 41 A 18] s R A 2R,
B VAT TUAY, DI RE SRS U | TERRE M
e 2 80 18] oIS S AR AR TR 2L Ry AR AE. TR &
£ T Transformer #2588 ] DL %24 28 2R
wnr:

(Y; + Attention(Y3)) — pq

th* = 5 v+ ﬂla
01
Y Y; —
v = (Yy" +max(0, tW14;b1)W2+b2) 2 g,
93
Y = Conv1Dy (Y;*), (3)

Fort i NS RAAIAES o0 WS 4 SRR ARYTT
255 i, B WA RV IR R R Wy, b A

HEIRJZ S Attention 75 H 1 & S L ; ConviD
18 k2 — 4B RERAE; v v B o IR
Vi IREEE ¢ TP RS FIRIRE; v ERT
A

2.2 REZ

ARG — e /AR B (MC) IR A A
BT A7 F AR B] 1 2 MR A OO . LA
HL SRR iR A B 3 cm, SR A 13.56 MHz 1E
SZH R IRIK B, AR R E S 300 K, BAk
b2 I N HAE S 2 SCik [37). AR SCRLUE (100—
3000 mTorr (1 mTorr =~ 0.133 Pa)) I3k sl HL
(50—400 V) AR AL Jr = A (1 L 75 3 L LT IREE I
P37 118 ] (0] P 2572 i) 235 () A ) s B AR 8 11 50
P 48 2B AR BB e U R SR TR HES Bk
INAT 75% B0 TR, J5 25% F 4.
IR, 9 7 B FAR /MC BB, dR ] PIC #
RIXE AT T 52 .

 2(a) FIIE 2(b) 2 BIJER T A/ MC A5 B
55 PIC #ERY B7) YE R[] S R R T 3545 Y s [
BIH P B | FL I R B I A ] o0 A . T LA
£ 100—1280 mTorr S & i [l P, 0 i 45 75 15 51
F14) I ] SF- 127 Hi 2% B R Hl 4725 (R 43 A LA R A1)
— M. ARIMAE 300 mTorr DA TS EX H], Bk
FEFF IR IR BT 25 5. oL AR 50—345 V Z[H) 48
AR, T RS T (1 FR - B 55 UL A 2 S 1A Bk
%. idZERFEFET PIC HAERL E B TR
2 A SIS E I A EUEIR 2. A HIEEUERR
SEE A ERMERA P, TR PIC BRI SC S 5L
(e (E] A | RS RS b AR &%) T ZEAR YR
ANTA] BB 25 (NS L) SEA TS Al T 3
P, LARIBH# 2 Courant 4504 | f@HTFEFEK: BE A
BT RIREZOR . fEFREAT LTRSS E
DIAE R S, RS TO0S A sh Skt
B P R S BUE — AN AR F BT HRERT ) TR
[, X DL SR A — 20 A Sk R AR
FAGE— AR | B Ia) A DS A% RsE [ sh kit
I LA BT IR 2, SR Rt A s
YN 28 I 8BRS A5 B B IR I A5 18

AT B 28 I 25 R 3 7 125 (MSE) $i2k
R £ W1 (K B Loss = 37 (% -
Y;)?). 3 7R i 5t pf 28 M 4% (FNN), & )

235205-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 2 3R Acta Phys. Sin. Vol. 74, No. 23 (2025) 235205

Output

| z/cm
P =200 mtorr

Attention
layer

Hidden
state

Hidden
layer 2
e
Hidden ®
) Predicted
Hidden ne/101° value
layer 1
Input @&
layer <QQ
Q z
n./10'5 n./1015
T=1 T=3 Sequence axes
(<) Encoder block
ne/10%0
o O
> a
I P=200 mtorr z/cm g =
= 2 e ]
/10 - 2 O P BRI
T=2 S i &; = 3
= = =
> ol 2 D @ ——O =) 5] [}
[ P=250 mtorr x/cm 2 s} — -g -g
< |l 2 2 22
1o/ 101 T O 3 g || &
T=3 < <
» )
P=300 mtorr x/cm b/
\4 | |
Sequence axes 1DConvolution 1DConvolution
Kernel Decoder block Kernel

ne/101

T //’ Predicted\\\
|

- 1 S
value N

P =350 mtorr Z/C;l

0000

K1 MEMBERMRER () BTRHEM % (FNN) 2585 (b) 18 ) Y 58 B WIHCAZ W 2% (ALSTM) 254, % 55 5 7R
ABALA R P FIBUAE S5 5 (c) B FL-Transformer J& A& M 4% (CTransformer) 454, 2% H] Transformer Zif5#5 5 CNN i 75 284

Fig. 1. Schematic of the neural network architectures: (a) Feedforward neural network (FNN) structure; (b) attention-enhanced
long short-termmemory (ALSTM) structure, which treats plasma state evolution as a sequence prediction task; (¢) hybrid convolu-

tional-transformer (CTransformer) structure, employing a Transformer encoder and a CNN decoder.
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Fig. 2. Time-averaged spatial profiles of electron density, electric field, and temperature under scans of (a) gas pressure and

(b) driving voltage, used for dataset generation. The red-colored series represents fluid model simulation results, while the blue-

colored series represents PIC model results.
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Fig. 3. Convergence curves of training loss for the FNN, ALSTM, and CTransformer models on the electron density (nc ), electric

field (£ ), and electron temperature (T; ) datasets, where the loss values reflect the models' error performance. The horizontal axis

represents the number of training iterations. The vertical axis represents the negative logarithm of the loss ( — log;, Loss ).
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Fig. 4. Time-averaged spatial profiles of electron density, electric field, and temperature. Panels (a), (e) show the ground truth from
a fluid/MC simulation. Predictions from the FNN ((b), (f)), ALSTM ((c), (g)), and CTransformer ((d), (h)) models are compared
against the ground truth under varying pressure (left columns, (b)—(d)) and voltage (right columns, (f)-(h)). Each panel for the

models shows the prediction and its normalized absolute error (NAE) distribution. The vertical dashed line separates the training

data (left) from the test data (right).
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Table 1.  Comparison of neural network and traditional

models in low-temperature plasma simulation.
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Fig. 5. Extrapolation performance of FNN, ALSTM, and CTransformer for time-averaged spatial profiles of electron density, elec-
tric field, electron temperature on (a) the pressure set and (b) the voltage set(Electrode spacing is 0-3 cm). The blue-shaded area

represents the extrapolation set, while the gray-shaded area is the training set.
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Fig. 7. Spatial distributions of electron density (a) and electron temperature (b) predicted by FNN, ALSTM, and CTransformer

models at different extrapolation distances when trained on distinct voltage datasets (10%-50% subsets of the total voltage range

50-400 V). These extrapolation distances correspond to 10%, 20%, 30%, 40%, and 50% of the total voltage parameter range calcu-

lated from the respective training set boundaries. GroundTruth refers to data from fluid simulations.
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of 50-400 V). Vertical dashed lines in the figure mark the specific extrapolation distances shown in Figure 7(a), (b).
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SPECIAL TOPIC—Non-equilibrium transport and active control strategy in
low-temperature plasmas

Capacitively coupled argon plasmas fluid simulations with
deep learning surrogate model: Asymmetric inference and
quantitative trust boundaries”

LI Jingyu!  JIANG Xingzhao? HE Qian ZHANG Yifan? WU Tong!
JIANG Senzhong!  SONG Yuanhong?  JIA Wenzhu Ut

1) (College of Artificial Intelligence, Southwest University, Chongqing 400715, China)
2) (Department of Physics, Dalian University of Technology, Dalian 116024, China)

( Received 19 September 2025; revised manuscript received 9 October 2025 )

Abstract

Fluid simulations of capacitively coupled plasmas (CCPs) are crucial for understanding their discharge
physics, yet the high computational cost results in a major bottleneck. To overcome this limitation, we develop
a deep learning-based surrogate model to replicate the output of a one-dimensional CCP fluid model with near-
instantaneous inference speed. Through a systematic evaluation of three architectures, i.e. feedforward neural
network (FNN), attention-enhanced long short-term memory network (ALSTM), and convolutional-transformer
hybrid network (CTransformer) it is found that the sequence-structured ALSTM model can achieve the optimal
balance between speed and accuracy, with an overall prediction error of only 1.73% for electron density, electric
field, and electron temperature in argon discharge. This study not only achieves significant simulation
acceleration but also reveals that the model can accurately extrapolate from low-pressure conditions dominated
by complex non-local effects to high-pressure conditions governed by simple local behavior, whereas the reverse
extrapolation fails. This finding suggests that training under low-pressure conditions enables the model to
capture more comprehensive physical features. From the perspective of model weights, both low-pressure and
high-pressure models assign important weights to the sheath region. However, the low-pressure model exhibits
higher weight peaks in the sheath, indicating stronger ability to capture the essential physics of sheath
dynamics. In contrast, the high-pressure model, because of its lower weighting in the sheath region, may fail to
adequately resolve complex sheath dynamics when predicting under new operating conditions, thereby limiting
its extrapolation capability with high fidelity. To ensure the reliability of this data-driven model in practical
applications, we establish a trust boundary with a normalized mean absolute spatial error of 5% for model
performance through systematic extrapolation experiments. When the model's extrapolation error falls below
this threshold, the spatial distribution curves of predicted parameters such as electron density and electron
temperature closely match the true physical distributions. However, once the error exceeds this critical point,
systematic deviations such as morphological distortion and amplitude discrepancies begin to appear in the
predicted spatial distributions, significantly deviating from the true physical laws. In the future, we will develop
neural network models capable of processing high-dimensional spatial data and combining multi-dimensional
input features such as various discharge gases, ultimately realizing a dedicated AI model for the field of
capacitively coupled plasmas.

Keywords: capacitively coupled plasma, fluid simulation, deep learning, inference capabilities
PACS: 52.65.—y DOI: 10.7498 /aps.74.20251290
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