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Abstract

To further investigate the formation process and spatial distribution characteristics of plasma in-
side a Penning ion source under low-pressure conditions, a simplified three-dimensional physical
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model of ahydrogen Penning ion source was established. Numerical simulations of charged-particle
transport, collisions, and ionization processes within the ion source were performed using the par-
ticle-in-cell/Monte Carlo collision (PIC/MCC) method. The model accounts for elastic collisions be-
tween electrons and hydrogen molecules, and excitation and ionization of hydrogen molecules by
electrons, as well as the transport behavior of the associated ions and neutral particles. Under an
applied anode-cylinder voltage of approximately 2 kV and an axial magnetic field strength of 0.2 T,
self-sustained discharge was achieved within the ion source, and the spatial distributions of the

electric potential, magnetic field,and H, ion density were analyzed. The simulation results show

that the electron trajectories inside the ion source are jointly governed by the electric field and the
axial magnetic field. In particular, the magnetic field significantly extends the effective electron path
length within the discharge region, thereby increasing the probability of electron collisions with
and ionization of neutral hydrogen molecules. As the discharge gradually develops, a relatively high

plasma density is established in the central region of the ion source. The H; ions are mainly con-

centrated around the axial center and exhibit a pronounced centrally peaked distribution in the
radial direction. Such a distribution is favorable for subsequent ion-beam extraction along the axial
direction. The results provide a theoretical basis for further understanding the Penning discharge
mechanism, optimizing the ion-source structure, and designing the ion-extraction system.
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Table 1. Reaction equations and energy losses
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Figure 1. Structure of the physical model
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Figure 2. Electric potential distribution (V)
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Figure 3. Axial (Left) and radial (Right) electric potential distributions
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Figure 4. Three-dimensional magnetic field distribution inside the ion source (Left) and axial magnetic field distribution
(Right)
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Figure 5. Ion distribution and ion density distribution
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Figure 6. Axial and radial density distributions

E 6. HEEESHMEEEENH

5. &ip

ASLHTF PIC/MCC 77 TARSE(0.01 Payi AR 7 & TIR MO 8 J1 A58, 487K 1 5l [a)
Wi3%(0.2 T) 54210 F VA IR 10 B2 L RS, RT@Ed R4 W, EK T RHEEgE. FFFRR:
1E 02 T #miin 5 BB BRI IESAE T, BRI Pt 199 iy ) A8 )2 [0 P el 1] s 0 4iR 3%
ARG TR RS LA, MR TR R B RO AL (R RS A B XU BRI 7R
2P ) S AR ] v R A O 2R SRR BRI RP TR A, X — BRI TS A SR T O Rl R 5 H

IAREE7/EL

864


https://doi.org/10.12677/app.2026.1610079

EHH %

JrRAETE AR PTSRSE PR ) A P R AL 51 a7 i i 2B A%, Ve 8iE TR 5 51 &
SR BETHR AL 7 HEe S B

SE

[11 Li, J., Ju, S, Yue, A., Zhang, X., Wang, H., Lu, J., ef al. (2020) A Simulation Study of Argon Discharge in PIG Ion
Source with Axial Magnetic Field. Journal of Physics: Conference Series, 1601, Article ID: 022044.
https://doi.org/10.1088/1742-6596/1601/2/022044

[2] Ju, S. Li, J., Lu, J. and Zhou, X. (2020) Symmetry Breaking of Plasma Induced by Pressure in PIG Ion Source. Journal
of Physics: Conference Series, 1601, Article ID: 062034. https://doi.org/10.1088/1742-6596/1601/6/062034

[3] Mamedov, N.V., Gubarev, A.V., Zverev, V.1, Maslennikov, S.P., Solodovnikov, A.A., Uzvolok, A.A., et al. (2020)
Magnetic Field Design for Miniature Pulse Penning Ion Source. Plasma Sources Science and Technology, 29, Article
ID: 025001. https://doi.org/10.1088/1361-6595/ab6758

[4] Choe, K., Kim, D., Chung, K. and Hwang, Y.S. (2019) Improved Gating Device of Time-of-Flight lon Mass Analyzer
for Ion Sources. Review of Scientific Instruments, 90, Article ID: 033305. https://doi.org/10.1063/1.5088576

[5] Sereda, 1., Tseluyko, A., Ryabchikov, D., Hrechko, Y. and Azarenkov, N. (2019) The Increasing of H™ Current from
Penning Ion Source with Electrically Biased Metal Hydride Cathode. Vacuum, 162, 163-167.
https://doi.org/10.1016/j.vacuum.2019.01.046

DOI: 10.12677/app.2026.1610079 865 I EEY/BEH


https://doi.org/10.12677/app.2026.1610079
https://doi.org/10.1088/1742-6596/1601/2/022044
https://doi.org/10.1088/1742-6596/1601/6/062034
https://doi.org/10.1088/1361-6595/ab6758
https://doi.org/10.1063/1.5088576
https://doi.org/10.1016/j.vacuum.2019.01.046

	潘宁离子源放电过程仿真分析
	摘  要
	关键词
	Simulation Analysis of the Discharge Process in a Penning Ion Source
	Abstract
	Keywords
	1. 引言
	2. 工作原理
	3. 离子源模型与PIC/MCC方法
	4. 仿真结果分析
	4.1. 电势分布
	4.2. 离子源内磁场设置
	4.3. 离子分布

	5. 结论
	参考文献

