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Table 1. Electron-impact reactions used in the He and Ar discharge models
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Fig. 1. Training workflow of the P-PINN, covering input/output processing; automatic differentiation,

loss evaluation, and parameter updates.
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Fig. 2. Training convergence of the parameterized PINN for the He discharge, showing total, data,

boundary-condition, and residual losses versus epoch on a logarithmic scale.

FIBJE/R T IR . S50k PINN DSBS UKl 1 of 28 9] A 2R = ol 2R, T 0 S A P
& He SR AT T, B8 E. B¥ME TS EN NS NEWAEL, S8
PINN B SEHRAM R A RO SHOT S TEM & He B py I S ifad fe . i T NS T3 4
HOE L TET B S, RS T O AR PRy DRI bR T W, e 11 L 4 R T L B A 5 N i 2
ARG R L. F SRS A R AR A, e DI I R 2 e 5 . T RER I
B ARAE R D LRI DI, I s 3 1 HL s A AL B AN ] B8 25 () R SE RN AEL R/ o

SHESE RN, S8 PINN GERUFIRIZ 4P R A N2 Ak . AR IR sh B th ARSI L 451
PRI S A, (BAERS TR RS EAIESNA TR N =S 01 B AR A 22 .
JE LT B AE L I RA T RS R i HL s 2 B AR B — B, W T RER I G s . AR 5 2k 5
Wi SN IR s AHEERR AR U A, A RZ A5 M BUREA BiG. 240k PINN il 2 .
HTREE A . TAAR T R A BE T 2 BRI R 2R DU A - 2 B, (il B 45 A E 25 W) B i (R =5 () 4544
AR HIGH) RE-CCP Ji .



ni(10¥m=3) ne(10m=3) d(V) we(10YeVm—3)

(@) 1.2 1.2 a0
o= 0.8 0.8 20 i:
2% o .
™ 0.4 0.4 0.6

o -20
W o H0.0 H0.0 H0.0
< T 1.2 1.2 40
0 © 1.8
S B 0.8 0.8 20 1.2
S ®5 o )
[a) 0.4 0.4 0.6
-20
w
o H0.0 H0.0 H0.0
: T 1.2 1.2 40
2 1.8
Eg 0.8 0.8 (2)0 1.2
d 0.4 0.4 0.6
% 1.5 3 0:0p 1.5 3 0:0p 15 3 15 3 00
x (cm) x (cm) x (cm) x (cm)
T.

(b) 3.0 3.0 40 4.5
: : o
[TH . . 1.5

o -40
0 o H0.0 Ho.0 Ho.0
T,
a| m 3.0 3.0 40 4.5
= . .
- t‘Br‘? 2.0 2.0 0 3.0
(a] 1.0 1.0 1.5
-40
a o lo.0 lo.0 lo.0
T,
<z 3.0 3.0 40 4.5
E@ 2.0 2.0 o 3.0
z“ 1.0 1.0 1.5
% 1.5 3 005 1.5 3 0:0p 1.5 3 1.5 3 0:0
X (cm) X (cm) X (cm) x (cm)
T, 6.0 6.0
(o

( )'U a 50 7.5
S .0 4.0 5.0
3 2.0 2.0 0 .

- : . _50 2.5
. o 0.0 H0.0 H0.0
:’ T 6.0 6.0
7.5
0 & 4.0 4.0 50
= ﬂ:& 0 5.0
1
n 2.0 2.0 _50 2.5
g o 0.0 H0.0 H0.0
< T 6.0 6.0
= 7.5
2= 4.0 4.0 50 5.0
.~ ) .
o= 2.0 2.0 2.5
o -50 :
% 1.5 3 0:0p 1.5 3 0:0p 15 3 1.5 3 00
X (cm) x (cm) X (cm) x (cm)

Kl 3: SRR B M 4% P-PINN ., A0k sl 2e 0 45 AR AR BT3RS 2 1) He SR 8 14
JE. TR BN TRER AR S . MR SRR B (a) P = 0.3 Torr, V =30 V; (b)
P =0.8 Torr, V=55V; (c¢) P=1.3 Torr, V. =80V,

Fig. 3. Spatiotemporal distributions of ion/electron density, electric potential, and electron energy density
in the He discharge predicted by the P-PINN, data-driven NN, and fluid model under three conditions:

(a) P=0.3 Torr, V=30 V; (b) P=0.8 Torr, V =55 V; and (¢) P =1.3 Torr, V =80 V.
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Fig. 4. Averaged relative L, inference errors of the parameterized PINN (a) and data-driven model (b)
over the pressure—voltage space of the He discharge. Stars, squares, colors, and red circles denote training

conditions, inference conditions, error magnitude, and selected representative cases, respectively.
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AMGEIT A%, MHZF RF-CCP MBI 2R, HMAER i 2480, 240k PINN £
BUOSREAESFHE TR . B THE. T RERS AR Z MG XA, MRS E IR R 2 .

# 20 He Jiria i+ ACERMR R A0 T S W BRI AR Ly 5225, PUNPIBEE Y- PRI R 2 A —
TSR] . — IR SERE BN ZRAERT Jy 32 min, I EAEER AT O AL

Table. 2. Relative Lo errors of each physical quantity, average error over four quantities, and inference
time for ten unseen He discharge cases. The offline training time was 32 min, independent of the listed

discharge conditions.

Four quantities

Discharge Relative Lo Relative Lo Relative Lo Relative Lo Infer time
average relative
conditions Errors n; Errors ne Errors ¢ Errors we (ms)
L error

0.6torr40V 2.4149e-03 7.1684e-03 2.4331e-02 5.9470e-03 9.9654e-03 2.0070e+01
0.5torrd5V 1.4486e-03 7.4044e-03 2.9233e-02 6.6786e-03 1.1191e-02 2.3649e+01
0.7torr60V 3.7754e-03 6.8884e-03 3.1385e-02 7.5122e-03 1.2390e-02 1.7200e4-01
1.1torr65V 1.4942e-03 6.6454e-03 3.5285e-02 8.1355e-03 1.2890e-02 1.1852e+4-01
0.6torr70V 7.1334e-03 7.6969¢-03 3.7441e-02 8.0480e-03 1.5080e-02 1.2585e4-01
1.2torr65V 7.6796e-03 7.9280e-03 3.6806e-02 1.1214e-02 1.5907e-02 1.3497e4-01
1.3torrd0V 1.7836e-02 2.0131e-02 2.1717e-02 1.6968e-02 1.9163e-02 9.9227e+00
0.6torr80V 2.0193e-02 9.9517e-03 4.3477e-02 1.1174e-02 2.1199e-02 1.0839e4-01
1.1torr30V 4.0305e-02 2.4015e-02 4.0143e-02 5.4767e-02 3.9808e-02 1.0158e4-01
0.3torr50V 5.0361e-02 3.8562e-02 4.3975e-02 4.1160e-02 4.3515e-02 2.6470e+01

Averaged across
1.5264e-02 1.3639e-02 3.4379e-02 1.7160e-02 2.0111e-02 1.5624e4-01

all conditions

Note. “Four quantities average relative error” denotes the mean relative Lo error of the four physical quantities under the same discharge
condition, i.e., €& = (en; + €n, + €4 + €4, )/4. “Averaged across all conditions” denotes the mean value of each column over the ten

unseen discharge conditions, i.e., e = 107 321 e..
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Fig. 5. Spatiotemporal distributions of ion/electron density, electric potential, and electron energy density
in the Ar discharge predicted by the P-PINN, data-driven NN, and fluid model under three conditions:

(a) P=10.3 Torr, V=30 V; (b) P=0.8 Torr, V =155 V; and (c) P = 1.3 Torr, V =80 V.
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Fig. 6. Averaged relative L, inference errors of the parameterized PINN (a) and data-driven model (b)
over the pressure—voltage space of the Ar discharge. Stars, squares, colors, and red circles denote training

conditions, inference conditions, error magnitude, and selected representative cases, respectively.
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# 30 Av MR MER DU 25 R A B AR Ly 3225, DU B PN R 2E A B —
TSR] . — IR SERE BN ZRAERS 31 min, I EAEER P AT O L.

Table 3. Relative Ly errors of each physical quantity, average error over four quantities, and inference
time for ten unseen Ar discharge cases. The offline training time was 31 min, independent of the listed

discharge conditions.

Four quantities

Discharge Relative Lo Relative Lo Relative Lo Relative Lo Infer time
average relative
conditions Errors n; Errors ne Errors ¢ Errors we (ms)
L error

1.0torr30V 3.4175e-02 2.0149e-02 6.1685e-02 3.3028e-02 3.7259e-02 1.1666e4-01
0.6torr35V 9.8550e-03 1.4671e-02 2.8789e-02 1.0282e-02 1.5899e-02 1.6985e4-01
0.9torr40V 6.6251e-03 3.2829¢-03 1.5045e-02 4.9326e-03 7.4715e-03 1.0771e+01
0.3torr45V 7.5340e-02 4.6952e-02 2.9753e-02 6.5105e-02 5.4287e-02 1.1586e+-01
0.7torr45V 1.5136e-03 4.1553e-03 1.6388e-02 4.6850e-03 6.6856e-03 1.9234e+-01
1.3torrb0V 1.7441e-02 1.2898e-02 2.0665e-02 1.9780e-02 1.7696e-02 1.3465e4-01
0.6torr55V 1.5861e-03 4.0783e-03 2.0859e-02 4.7365e-03 7.8151e-03 1.7005e+01
1.1torr65V 2.1803e-03 2.7985e-03 1.8103e-02 5.1077e-03 7.0473e-03 1.3889e+-01
0.5torr70V 2.0690e-03 5.5067e-03 2.6028e-02 5.0423e-03 9.6615e-03 1.5611e+4-01
1.1torr75V 4.2391e-03 6.9719e-03 2.8035e-02 6.8899e-03 1:1534e-02 1.4426e+-01

Averaged across
1.5502e-02 1.2146e-02 2.6535e-02 1.5959e-02 1.7536e-02 1.4464e4-01

all conditions

4 i

ARSCH T —ERIA A & He Rl Ar S5 5 TR SEULY PG DA L MG, 2ol 1 RFp M
25 R AECE T RE ) S T AT R R LT RER ST DA K B s T R ) B A S . He AT Ar TR
TR, S8k PINN BESAEAR MG &F MR AFE M RE-CCP MBCRE, SRR THE. BT
WL RIS ANE TRER R LA, R TR TR s A S AR SRSl 2 M 25 A
o, 2%k PINN fEHoi—H RS S N B A AR U5 MR Ly 2%, 1 HAE DI AUR I He
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Parameterized physics-informed neural-network
modeling of radio-frequency capacitively coupled He

and Ar discharges constrained by fluid equations*
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Abstract

Radio-frequency capacitively coupled plasmas involve strongly coupled particle transport, electron
energy transport, sheath dynamics, and self-consistent electric-field evolution. Conventional numerical
simulations of the spatiotemporal plasma evolution at different gas pressures and applied radio-frequency
voltage amplitudes require the fluid equations coupled with the Poisson equation to be solved separately
for each operating condition. Consequently, the total computational cost increases with the number of
operating conditions, making large-scale scans of the pressure-voltage parameter space for suitable dis-
charge conditions time-consuming. This work aims to develop a fast surrogate model capable of predicting
spatiotemporal plasma characteristics for pressure-voltage combinations not included in training. To this
end, a parameterized physics-informed neural network (P-PINN) is constructed for one-dimensional He
and Ar discharges between parallel plates separated by 3 cm and driven at 13.56 MHz. The network takes
the spatial coordinate, time, gas pressure, and radio-frequency voltage amplitude as inputs and predicts

four principal plasma quantities: the electron density, ion density, electric potential, and electron energy
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density. Its loss function combines sparse fluid-model reference data with the residuals of the electron
and ion continuity equations, electron energy equation, Poisson equation, electric field-potential relation,
drift-diffusion flux relations, and electrode boundary conditions. Only 1% of the spatiotemporal reference
data from each training condition is used. Separate P-PINN models are trained for the He and Ar dis-
charges and evaluated at pressure-voltage combinations absent from their respective training sets. The
predicted spatiotemporal distributions agree closely with the fluid-model reference solutions. The models
capture the periodic variations in electric potential, electron density, and electron energy density over a
radio-frequency cycle, as well as the main spatial features of the discharge, including the concentration of
charged particles in the plasma bulk, the rapid decrease in electron and ion densities near the electrodes,
and the potential drops across the sheath regions. They also reproduce the changes in these distributions
with gas pressure and radio-frequency voltage amplitude. Compared with neural networks trained using
the same sparse data but without the equation and boundary residuals, the P-PINN models generally
yield lower relative L, errors over the evaluated parameter space, indicating closer agreement with the
self-consistent fluid-model solutions. For each gas, ten representative conditions absent from the corre-
sponding training set are evaluated. The mean relative Ly errors of ion density, electron density, electric
potential, and electron energy density are 1.53%, 1.36%, 3.44%, and 1.72%, respectively, for He, and
1.55%, 1.21%, 2.65%, and 1.60%, respectively, for Ar. Averaging first over the four quantities and then
over the ten conditions gives overall mean errors of 2.01% for He and 1.75% for Ar. The electric potential
has the largest mean error in both gases, indicating that its reconstruction is the main source of error in
the present models. After offline training, the average inference times for one discharge condition are 15.6
ms for He and 14.5 ms for Ar on the computational platform used. For both gases, relatively large errors
occur mainly near the boundaries of the sampled parameter domain, particularly under low-pressure and
low-voltage conditions. This behavior may be associated with the smaller number of neighboring training
conditions near the parameter-space boundaries, which makes accurate inference more challenging. At
sufficiently low pressure, the increased electron mean free pathalso enhances nonlocal electron kinetics,
potentially limiting the physical validity of the underlying fluid model and, consequently, that of a sur-
rogate constrained by this model. These results demonstrate that combining sparse fluid-model reference
data with the fluid conservation and transport equations, the Poisson equation, and wall boundary con-
ditions enables millisecond-scale prediction of spatiotemporal plasma characteristics. Within the validity

range of the underlying fluid model, the proposed method can therefore provide an efficient surrogate for
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rapid pressure-voltage parameter scans and analysis of discharge operating windows.

Keywords: radio-frequency capacitively coupled plasma; parameterized physics-informed
neural network;
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