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Figure 2 Spatiotemporal evolution of electron density under microwave electric field amplitude of
4x10° V/m: (a) d=0.5 mm and p=5 Torr; (b) d=5 mm and p=5 Torr; (¢) d=0.5 mm and p=100 Torr;
(d) =5 mm and p=100 Torr.
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Figure 3 Temporal evolution of numbers of electrons and ions under microwave electric field
amplitude of 4x10° V/m: (a) p=5Torr; (b) p=100Torr,
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Figure 4 Temporal evolution of mean electron energy at microwave electric field amplitude of
4x10° V/m: (a) p=5 Torr; (b) p=100 Torr.
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Figure 5 Variation of mean secondary electron emission yield with microwave electric field

amplitude under different gap widths and gas pressures
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Figure 6 Net growth rate of electrons asa function of microwave electric field amplitude for

different gap widths: (a) p =5 Torr; (b) p = 100 Torr.

13



FESEN S Torr &, FIHRLT-ZERE-R & Rl AR IR0 A [7] [R] 72 56 FE R 1o 28
AT W, IF 5 SEE A HRCIHEAT LU, W T BoR. T I OE ONHLTIE
K5 451 2R 18 2117 ) B 6 B 13l F S ke, F IR RS TR U R AR IR T 580
PR B 2 T B DX 3. B TR B i P K8 R, RERE TR AR 2 ot S 1 1T R AR AR AR
B HT o S BT LR P BRI, BAR DT R RO RF S ek 55 . PRtk, R4
KRB R, AN 7R AR R e e S IR e B AT 4 5 /L 7 H S S TR B R 1P 4,
SR Nyt o I Bl (R B3 B SRR B . AU B o 2 r A7 B 1] B
AR LA it el R —3, (HAERE LA —EmZE, JHAA/DNERESE T
FONHE. AR ZmZE, AT 3777 715 #3740 A P8 7 T i2E AT 53 AT
—J71H, SEE I T R IR AR B T R T, g T RS R R R
GRS, IR R ) A R 2 NEE i 2 28, KT 7 . A,
PAVR KL T - SR RIS AL T T 2 E VG Siuk iy 5 Rk 4 1)k
14 0. %%ﬂ%ﬂa‘, 0.5 mm [ B T5 2 H 404 1.27%105 V/m. 1.06%10° V/im i
0.84x10° V/m, K777 [l 2 Al S8 & 7 B SS9 —J7m, A mtkil s
X 35 ) F 7 W 7 0, AT R Al =) mm g o, A S o 28, AT B S AR M4 (1)
i zr I A,k PN DR 3R AT & B R o AR 3 R BB AU s SE B 1) 22

=
TT.

14



[\

Breakdown field / (10°V-m™")

—u&— Simulation
-0 Experiment

| \
L —
= iR m ]\E
0 1 1 1 1
0 1 2 3 4 5 6
d/ mm

Kl 7 IR 5 Torr MIAN[RIZERR 56 B2 T o 5 47 AOASEAUUE 5 S 96 a0 L At
Figure 7 Comparison of simulated breakdown electric fields with experimental datals) for various
gap widths at a pressure of 5 Torr,

4 St

ARSCR AR - SR RUS LAY, %P AT S AR R B o f e S o 2 i
FERATRUE T, A58 TRk B AR T UUR R R UL IR TR
Shxh e o FRAE LS. T R TR0 H A HE S i AR AR IE, DA
[FJ B0 6 P AN AU o 2 RR PRI S M. BN EE AR, S8 T T RS A
T 1, URTHTARMRRIGERSI KB T @R SR B FARR
I 5 T 5 5 FEEAE 2 ), Aip Fi 7 B S S AE (Rt P B K [RD N, o e) J F 7 AE A
JRAR T IUCARI G s P FR) 5 4 0N A 45 P 440 A R I gl P 3 IR i S B
B ORJE RN AR SRR AR AR, AR, TR B B I K T T AR AR I, H
BESHETHKNRE, DETH KRS O g IRE S T, HiZ
14K AN 1 LT e R S 3 KT /N ] B T

B RE LW, & UE PSR TR RIR AR T A
YRR, o i /N T AHE 7T BT R A 0.5-5 mm 8] 5 58 5, A BT T B4 40 K Oz
ANT R AR TR, IR B O B R S, HAS R AT

15



B8N ARG S AR, OSBRI U oy 2 H 37 B Ta] B2 98 2 F K
M, 2R S Sgn g R — 3 BB S SR e B B 2, 40
MR 37 907 A e 2 P 22 5 W T T EAT A N ARE. AR TEANDURAL 1T AT
1 AR B) B R R ol AR R A A R, T B TR R T RE R R G S R
X 18] B 98 L R CBURT 1, Al R A R (R i 5 SR HE SR L DGR S48, 54T
B ST JE IR A7 AR 8] B i o 5 (A% O DB BILE], R 1 BRAED G A i &
ARt . Skbr b, A PRI . RIPIRAEE TRERER S A =ik
BRI P8, o g e AR AR E R R U N L TR A

=, TR TS SRR AL RE

S22 3R
[1]Lee J, Raja L L, 2025 J. Appl. Phys. 137 013302

[2]Rossignol N, Wang Y, 2025 Phys. Scripta 100 035604

[3]Kourtzanidis K, Raja L L, 2017 Plasma Sources Sci. Technol. 26 045007

[4]Zhai Y G, Wang H G, Cao M, Lin S, Peng M, Li Y, Cui W Z, Li Y D, Wang R,
2023 [EEE Trans. Electron Devices 70 2897

[5]Wang D, Liu H J, Yang B C, Zhang K'Y, Hu T C, He Y N, Zhang G H, 2026 Acta
Phys. Sin. 75 100201 (in Chinese) [ £/}, X%, ¥, kel $1RA7,
PURT, REF 2026 P93 75 100201]

[6]Malhat H A E A, Zainud-Deen A S, Badawy M M, 2023 Opt. Quantum Electron.
55369

[7]Cohick Z, Luo W, Perini S, Baker A, Wolfe D, Lanagan M, 2016 Appl. Phys.
Express 9 116201

[8]Sharma A, Upadhyay R R, Karpatne A, Subramaniam V, Breden D, Raja L L,

2021 J. Phys. D: Appl. Phys. 54 434005

16



[9]Fu Y, Zhang P, Verboncoeur J P, Wang X, 2020 Plasma Res. Express 2 013001

[10] Garner A L, Loveless A M, Dahal J N, Venkattraman A, 2020 /EEE Trans.
Plasma Sci. 48 808

[11] Semnani A, Venkattraman A, Alexeenko A A, Peroulis D, 2013 Appl. Phys. Lett.
103 063102

[12] Wang H, Venkattraman A, Loveless A M, Garner A L, 2023 J. Appl. Phys. 134
103303

[13] Yang D, Verboncoeur J P, Fu'Y, 2025 Phys. Rev. Lett. 134 045301

[14] Chang C, Liu G Z, Tang C X, Chen C H, and Fang J Y 2011 Phys. Plasmas 18
055702

[15]Chang C, Liu Y S, Verboncoeur J, Chen C H, Guo L T, Li S, Wu X L 2015 Appl.
Phys. Lett. 106 014102

[16] Schaub S C, Shapiro M A, Temkin R J, 2019 Phys. Rev. Lett. 123 175001
[17] Shu P P, Zhao P C 2024 Acta Phys. Sin. 73 235101 (in Chinese) [&7#3H3, &

£ 2024 Yp32E4Rk 73 235101]

[18]Shen F Z, Wang X B, Cui W Z, Ran L X, 2023 /EEE Trans. Microw. Theory
Tech. 71 4318
[19]1Dong Y, Dong Z W, Yang W'Y, Zhou Q H, Zhou H J, 2013 Acta Phys. Sin. 62

197901 (in Chinese) [E M, FHHEMA, MiEIKH, FRIZ, B 2013 P)3EcE
% 62 197901]

[20]Zuo C Y, Gao F, Dai Z L, Wang Y N, 2018 Acta Phys. Sin. 67 225201 (in
Chinese) [/ E, @ &, BEI, TAE 2018 PHZHAR 67 225201]

[21] Wang J G, Cai L B, Zhu X Q, Wang Y, Xuan C, 2010 Phys. Plasmas 17 063503

[22] Wang H H, Bai X C, Liu L Q, Liu D G, Meng L, 2023 [EEE Trans. Electron
Devices 70 2725

[23]Igbal A, Wen D Q, Verboncoeur J, Zhang P, 2023 J. Appl. Phys. 134 153304

[24] Zhang X, Wang T, Hu Q Q, 2024 [EEE Trans. Electron Devices 71 2669

[25] Dennison S, Chapman A, Luo W, Lanagan M, Hopwood J, 2016 Plasma Sources
Sci. Technol. 25 03LT02

[26] Kourtzanidis K, 2023 Plasma Sources Sci. Technol. 32 025002

17



[27]Kim H C, Verboncoeur J P 2006 Phys. Plasmas 13 123506

[28] Cai L B, Wang J G 2010 Acta Phys. Sin. 59 1143 (in Chinese) [%<F fe, T2 [H
2010 Y3k 59 1143]

[29] IST-Lisbon database (available at: www.Ixcat.net) (Accessed 21 January 2021)

[30] Vaughan J R M 1989 IEEE Trans. Electron Devices 36 1963

18



Influence of gap width and gas pressure on microwave
breakdown characteristics in parallel dielectric
plate gaps
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Abstract

Dielectric plate gap structures have been extensively applied in micro-discharge
units and high-power microwave devices. Therefore, investigating the microwave gas
breakdown characteristics in such gaps is crucial for engineering applications. In this
paper, a self-consistent particle-in-cell-Monte Carlo collision model is adopted to
numerically simulate the microwave argon breakdown process in parallel dielectric
plate gaps, and the electron displacement amplitude is derived based on electron
kinetic theory. Simulation results indicate that when the electron displacement
amplitude is comparable to the gap width under low gas pressures, the enhancement of
the microwave electric field simultaneously elevates both the ionization rate and the
deposition loss rate on dielectric surfaces. Driven by the competition between the two
effects, the net electron growth rate exhibits a trend of first increasing and then
decreasing with increasing microwave electric field. In contrast, when the gap width is
much larger than the electron displacement amplitude, ionization plays a dominant
role in the evolution of electron populations. In this case, the net electron growth rate
increases monotonically with the microwave electric field, and both the growth rate
and the mean electron energy are significantly higher than those in the small-gap
scenario. Under high gas pressures, the electron displacement amplitude is far smaller
than the gap widths ranging from 0.5 mm to 5 mm considered in this study, and the
electron deposition loss effect is greatly weakened, resulting in a negligible influence
of gap width on the net electron growth rate. The simulated breakdown electric field
under low pressure decreases with increasing gap width, and this variation trend is

consistent with experimental results.

Keywords: gas breakdown, dielectric plate gap, microwave, particle-in-cell-Monte Carlo

collision model
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