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Fig. 1. (a) Parallel plate model; (b) surface protruding microstructure model; (c) voltage current density when A = 0 mm and

0.04 mm.

235216-2


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

#) 32 2 3R Acta Phys. Sin. Vol. 74, No. 23 (2025) 235216

TR ) SRR T FER A
on 0, OI
ot + Oz 87; - (1)
K n B0 D o3 AR RO B SRl g, S Ak
TP A SIFEZH, AR o, y 2GR e IR
T AEAS AL bl ] 5542 ) (9 40 R 138 i AT
FEREYE 2T SIR VWi g =R R E

on

Ie(x) = &pEyn — D%» (2)
on

Lie(y) = £pEyn — D@’ (3)

(2) A (3) 2 B, D Al w A BIFOR IR P
BURBCRIT R R, Kb i R8T, e LT 1
Y E @i RAGIAAA J5 RS

Er€0 <8£:x + a;;y) =e (Z Nip — ne> , (4)
p

Horlt ey, e Al e SMBIRFAIXE A LB B0, 205l

BB LA Ay

HL I R LRy
I = - Z Fiv (5)

oy IR R T RS R B (v HL0.1).
AR P RE & T DL DR A5
Onee O
ox) O
- 3mneutmeNKnnnek3(Te - Tneut)a (6)

P, TR TR AR, m R T
RIS L, K, R Ky 4B iR i S
2 ] F I 1 5 17 8 2 L 8 T 8 st

KR U S T RO 8 4 2 1 R
R R I A TR 5 A

—el F+ KL,ij (E) N

3 #XR5i#H

3.1 WEMEAETHHBESEREES
A R SR AL

T2 ¥4 25 18] 1) H - 28 B AL A 2(a) TR,
L[] TR AR A TR S A8 T 7 R4, TR
S P10 JR A X R, IS R 4 1) e B
[fEH%, 0.135 ps BEAZIFE R EEIR(E 1.15x10% m 3,
HL TR e ik 2 36.1 eV, & 2(c) s T 1M
WL y = 0.006 mm AL R0 A0, WIS

[] B A 1) L 3758 B 5 1 1 () O A T AR 25 A 9 1
it R — B, HERRTE 3.79%x 10 V /my; T il 45
P IXET Ty, BT rL TRI BRI 0N, D\ 1a] e 3 b 2534
S, HAE MR TR AN (2 = 2.25 mm) &bk B R (E
4.77x10° V/m. H1 T i IR, flahte T J7
S 5] 1(a) SPAT AR AR L SR AT HLE 5.

Bl 2(d) M IESORF RIE A i 2 f s (]
S E L. AR TP TR T £ AR e, O, O,
O3 , IEK T FEAHE O, Of . LTI/ T
Hptn g7y e, HHGEB RSP R E S
THALG T, B E FEHB T E
S, 1B R DTBRAE 2 B0 O T AT DL kT
PG\ )RS Y HGE SR (N 6.99x10% m2s!, 1
IR LT RY HiGH I (E o 9.34x 10% m 257,
IE R FIE Y Bl B A, SERmE, oE
MR T AniEl 2(el) Frs B 1) L b, i 1n) FL i
Wit 2 ] e 5 RS E) A2 AR T 43 A5 AN [R], 7E 0.135 ps,
y = 0.006 mm &b, fff FiL—F FIFEE A4 T T SR H A )
LB, A2 (0 FL T [l G A0 N 5 SR AR ThiAE y =
0.09 mm = BEAL, HL35 5 ) S L~ 1) I AU SE 7%
{HHL ) R R AR R A 5 5 (K] 2(e2)).
PRI FL B A R AR A8 7 X3, I FEDN ] FeL
PR S ) N ARG, TERUEL 2(a) Frs B R
. 2t = 0.140 ps, f {5 H 7 ) W32 2 14 R
] HL 373 i, S HA T O L U ] 2(a3) BT ik
Wi DS ] PN

T 55 R RN P9 ST A 5 FRL 2 T O T v ] A R
S 23 AR BR, A SC R AE ) DX 35k A 4610 i 4 40 B
3 Bt AR 25 ], LR U T rE AR SR 1T A
z = 1.5 mm [ EACZEEEGE, ME 2 = 1.5—2 mm
X[ FEL RS . 45 P81 2(e) TR, et b IX el i)
HLZ AR T LT A0 A, S E0Z X Sl 4o il
A TRCRIEES, IR BT AR AR AT
(IR, A5 [ EEL 72 0 R~ ] S e b, DX 1) R 5 Sk
FRICEE, BT o = 1.5 mm A B AL IR,
FWIOCFR AT BRAN AR, PR 0 P 2 e A 4 et
K 1(a) FAT MRS A AR, 0.135 ps 7] 322 4 fL W 4%
&, 2 0.140 ps 7% BEIA 3] BT AR R IR A
8.18x10% m 3,

il 3(c) s A PS4 AR R H, DX s - Ui
JE B e I AR 23 ) 43 A, HOUE(E R 15.2 eV, 8] 3(d)
IR T A TOIE A8 B 2 25 () o, 3050 e s P 1Y)
O3, FEE R 36.1 eV, BB S T IS M T

235216-3


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)

235216

3 7
)
g 2 &
o
g =
>~ 1 8
8
3]
2
0 @
X/mm
10 2
‘B
g
é <
= v
b
Q
2
0 M
X/mm
>
10 =
£ 8 &
g 6 4
>~ 4 g
8
>
53]
X/mm
20
g 15 §
g £
= 10 3
53]
5
1.8 2.1 2.4 2.7
X/mm
4
(el) — 0.135 ps
— 0.140 ps
— 0.006 mm
= 2r - - 0.090 mp
g e - (PR
B e - Y =
5 0& B
© L e e,
= - LY Al
~ \’ e
5} ’
_ot
_4 .
1.5 2.0 2.5 3.0

z/mm

/(1020 m—3) /(10" m~3)

/(101& m—3)

temperature/eV

5.0

E,/(10% V-.m~—1)

3.5 t
0 1 2 3 4
z/mm
8
0
5 i
=z — Negative =
‘E 4 L— Positive -4
b b
=} =}
— —
< s S
~ 0 ~
&
g 4r
o
S
=}
Z
> 2r
2
k7
g
)
ol
2.1 2.2 2.3 2.4
z/mm
5 (e2) — 0.135 ps 6
- —0.140 ps ol 0.006 mm
. — 0.006 mm S o A
h 1Lk - =0.090 mm X —=3F
- S
‘E' 15 20 25 3.0
g 0 e
Z 10
~ _ 0.09 mm
g —lpe  °b.
N
-0
—2r M50 25 30
1.5 2.0 2.5 3.0

z/mm

Kl 2 (al)—(a3) %25 [A 0.131, 0.135, 0.140 ps B, % B 25 [B] 3 4k 5 (b) 0.140 ps“2S &2 23 ] 7 o IR BE 25 8] 4315 () y =
0.006 mm, 0.135 ps BIYAIT HL 3G (E,) 5345 (d) y = 0.006 mm, 0.135 ps A Y\ 1] 3l 4 S 1E 50K T A 2SR 43415 (el), (e2) Tl A o

BRI HL 3 () B i i A%

Fig. 2. (al)—(a3) Evolution of spatial electron distribution in corona space at 0.131, 0.135, 0.140 us; (b) electron energy in corona

space at 0.140 ps; (c) the E, along y = 0.006 mm at 0.135 ps; (d) longitudinal flux and the spatial distribution of positive and nega-

tive particles; (el), (e2) the E, and transverse flux during the discharge process.

(2910 eV), %225 FEIRT MR S5 T J7 8555 1Y
Ry, BEREGR T RLTIEALN. R, 45514 3(c)
T2 R A Ay LB SE A, 2R IX e 1 TR AR
TIMEA AR BT . S Re T R e T
PR 7 L DX, SRR ZE M S T L T e
102 ]

P 4 BE— 255 B 1 HL T4 RT3 T e

Xof T SRR A B AR BRI 4 SR AN E 4(a) BT
N, TEEA O RR v ELA S s R i s A
JE 235 ) P-4 50 2 R AR 2 TGS A A T I
HAE R 45 3 38 B K H 6.52x 1020 m 3. ILAh,
A S P AR T 1 N R 5 o B L TR
JE 7 AL S — (18 4(b)). 5 J0 3 M i as it
(B BL, 51 A 3R TR 45 #4264 v T

235216-4


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

#) 32 2 3R Acta Phys. Sin. Vol. 74, No. 23 (2025) 235216
8 Z
g o
|
62z
o «©
45 &
2 LU" =
0 &
0 0.5 1.0 15 2.0 e EPr—
. — h =0.04 mm
2
] 2z g 301
0 o5 =
g | s
6 < & 5
= o Q,
‘83 g 201
= :‘/ g
2 e =
o H 2
510
2
X/mm =
15 0 . . . .
% 0 1 2 3 4
g9
10 5 3 z/mm
N
5 @\ A
g
g

1.0
X/mm

F 3

FL T RE Y 2 (1) 3 A1

1.5

2.0

Fig. 3. (a), (b) Evolution of spatial electron distribution

0.006 mm at 0.135 ps.

(a), (b) FH=2s ] 0.135, 0.140 ps B T2 A3 AL (¢) 0.140 ps M 2s 18] 61 35 BE 25 /8] 434 ; (c) y = 0.006 mm, 0.135 ps

in parallel plate space at 0.135, 0.140 ps; (c) electron energy along y =

ot

{16
Z Z
—~ ©
E5 112279
< E 2
R B R
£% 1% 8 &
- - @
< - [CAR e
S o
o >~ 14 5
<] it
10
436
iy =
m o ~
= =)
Q 424 3 &
< § 24:5
B
581 £%
2 = 3
£ {12@ 2
[SEhd =
Qo ™~ =)
m o
10
1
0
—1

8 .
(a) — h=0mm 6.53x 1020 N R
h =0.04 mm o A .
RS P “
T RE [ T
: - ©
8, o & 4L T Eo
z 4.60x 1020 +35 o=
O~ —
= < of T
x ) 0
% 4t
o
3 4.35x1020 | 3.76 X 1020 o L=
[ 12 !
3.6 X 1020 + B — ™
o o o
& N E 8F t E
g 27 T o=z
> A S 2
< S8 4 1 E
e 2z
N
0 L] ~ Or o <0
0 0.5 1.0 1.5 2.0 2.5 3.0 0.135 0.140 0.145
Time/ps Time/ps
0.12 4 (¢) Enhanced and weakened regions
g 4
E 0.08
>
0.04 4
0 .
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.
X /mm
4 (a) PATHREE AL S 3R E 84 Ha ™ S = B b= 0.04 mm 9 25 )7 3 U T 808 B (b) 77 AR U SO I s T 4 A iR

JEARE; () 5 PATARES MY AE LU R TN & A4 b = 0.04 mm B 405 5 19 3858 58059 X

Fig. 4. (a) The spatial average oxygen density of the parallel plate structure and the surface micro-structure protrusions with a

height of h = 0.04 mm; (b) reaction rate and electron temperature dependence in oxygen atom production; (c) enhanced and

weakened regions of oxygen compared with parallel plate discharge.

235216-5


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)

235216

2 MBS, B A(c) 3Bt H— bR b T 4G
WG, AFTE 2 G R4 B 36 M U T 19 28 8] o A 5
SRR S5 AE T S ) 4 A Y 25 5. o) I 28 (A IX )
(KT X R IE58E X, EEAE PR T
XN, 5 2(a) MEHETHEXBYIA; f
ZEXIR (NFF) MR X, 53T o=
1.5—2 mm & z = 3.0—4.5 mm X[d], 5 3 fF
Bl L 55 X — 3. bR ah e i, e h it # BT
P 0 1) FL AR S R AR F KR AR A
17 4 S B i T TG R R A A R A ) 8

25 PR, AR A R SR T 23]
Mo, ks A ey, AT
HLFATR, 520 T R A 23 [RI3350 0k, 5K T Rl
H BRI, e e ik e DX el S B SRR S
RCFLRRAE. RIS, ZERE I FRIAVERT T, 1l
T DX I P R A, LR RN AR R B T A
1o I L% B 5 P IR R P R R R BT T, T
AU AR AR BGH SR SO B D

. (a) =—o= Current density
T o3t . -7 =o= Electron density 1.2 c"?
g RN =
< i
N =}
— 108 2
< 2 =
) b=
g 0.4
S —= Parallel plate spaceO . =
2 1f== Corona space <
[} +
s = o o = =m0 mOo=0= 0% 3
5 {0 =
O m
0 . . .
0 0.04 0.08 0.12
h/mm
~ 5.2
o 0.14
g
=)
Z
> 410.12
2 48 S
B =
2 S
o
!
& {0.10
©
8
€ 44
<
. L . 0.08
0 0.04 0.08 0.12

h/mm

3.2 BEOEMEMIFESHITXRABEIEE
AR RIIEEER

BEE RIS R R, AR
o P R R, NI B R AL TR R, T
FEWEAEAERT R B 2 b R 24 e g B i —
A3 T B L 2 (R B R AR I, LT R TR 1)
23[R AR, TR A A O TA R B I I e
DAB| RS E, Wi BCR T % IR TR
l 5(a) AN, H 2 DX 1 B 2 B I (L RE 1 A3
KEBLETH G, 78 b = 0.05 mm ik ]
BRMH 1.23%x 1021 m 3, RS ZHFAEAL.

] 5(b) 7R T i) Ho, 37 R (L il 2 1A 2 4 17
EEERARE LR, 76 b = 0.08 mm I 1 7] 1, 3
KB B KA 5.06x 106 V/m, ZJ5 TS, X &
HH T 7E ™ AR TR 5 ) R A 1) RS A RS (9 i
T, MRS AR LR ARE TR R
P Berger %5 3 [OAIFST, 7EHL AL 23 (B R B INAS [R)JE
ARG HEIL NIRRT, 82 R A BE A FURL AT 55/ N1 2
T AR ALY, WAL RE 755, DA 5 S508 ) F 373080559

(b)
5 -
T
g af
>
©
=)
Z
2+
0 0.04 0.08 0.12
h/mm
2.0
(d) - -h=0mm |3

' — h=0.11 mm

Voltage/kV
Current density/(10* A-m~—2)

5 . . . .
0.12 0.13 0.14 0.15 0.16 0.17
Time/ps

Bl 5 (a) BT 2 0 R A0 032 BB o7 2 w5 B ) 2245 (b) = 0.02 mum A% 7] R 375 B 425 12 A 2845 () 25 1 1 249 S D7 0 1 I
T BE AL TR (5 ELRE R B4R 4R (d) h = 0 mm, h = 0.11 mm |- Fh- ¥ i & B 3 2 13
Fig. 5. (a) The variation of peak electron and current densities with h; (b) the variation of E, with h along y = 0.02 mm; (c) the

variation of spatial average oxygen density and the proportion of high-energy electrons with %; (d) the rising edge of voltage and

current density at h = 0 mm and A = 0.11 mm.
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Fig. 6. (al), (a2) Spatial electron density distribution when » = 0.08 mm and 0.157 ps; (b1), (b2) spatial electron density distribu-
tion when h = 0.11 mm and 0.151 ps; (c), (d) spatial electric field distribution.
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Table Al. Elementary reaction and rates26 39,

e+ 0,—0 +0 AT e+ 0y = 0y(alp,) + e 1.7x 107 1% exp (—3.1/T¢)
e+ 0y(alA,) = Oy + e 5.6x 10715 exp (—2.2/T¢) e+ 0, >0+ 0(D) +e 5.0x 10" exp (—8.4/T¢)

e+ 0—0(D) +e 4.2x107 18 exp (—2.25/T¢) e+ 0,-0] + 2 AT
e+ 0,—20 +e 4.2x107 " exp (—5.6/T¢) e+O(D)— 0 +e 8.17x 10715 exp (—0.4/T¢)

e+ 0,20 +0*t+e 7.1x10717T95 exp (—17/Te) e+ 00"+ 2 f(T.)

e+ 0, > 0"+ 0+ 2 1.0x 10716709 exp (—20/T¢) e+ 0,— 0, +e AT

e+ O('D) > O "+ 2

e+ 02(alAg) — OF +2¢ 2.3x107 167103 exp (—11.31/T¢)

e+0,(alA,) = 040" +2e
e+05 - 0+0('D)
e+03>0; +0
O +0—0,+e
O + 0y(a'A,) — O3 + ¢
0+0; - 03+e
0y +0—0 + 0,
0~ 4+0f - 0,+0
O +0+—20
0~ +03 = 0, +0;
0f +0~ +0; —» 03+ 0,
0; +0) — 20,
0; +0F - 0+4+0;
Os(alA,) + O = 0, + O
O+0+0,>0;+0

9.0x107 16797 exp (—11.6/T¢)

1.0x 107167 exp (—15.83/T¢)

2.2x 10~ 1471705

9.76x 10~ 167,126 exp (—0.95/T%)

2.3x10716(T,/300) 13
6.1x10717
8.5%10717(T,/300) '8
3.3x10716
1.61x 10~ 14(T,/300) "1
2.0x10~13(T,/300) !
1.0x10°17
1.0x10737(T,/300) 25
1.6x 10~ 14(T,/300) "1
2.0x10713(T,/300) 0-°
1.3x107%
4.2x 10747 (1050/Ty)

e + 0y(a'A,) > O + 0
e+ Oy(alh,) =20 +e
e+ 0O — 0+ 2
e+0; — 20
e+ 0;3>0,4+0+e
O +0,—0;+e

o5 + Oz(alAg) — 209 +¢

0, +0t - 0f +0

0~ +02(atAg) - 05 + 0

0~ +0; —30

O + 03— e+ 20,
0y +0~ +0;, - 0+20,

0F + 05 + 0,30,

0; +0f —=20+0,
O+ 0y + 0, 03+ 0,

0+0+0—>0+0,

O('D) + 0, > O + O,

2.3x 1071672 exp (—2.29/T¢)
4.2x10716 exp (—4.6/Te)

AT
1.2x 10147707

1.42x 10477968 exp (—2.6/T¢)

5.0x10%
2.0x10716(T,/300)%-°
2.1x10717(T,/300) 04
1.0x10716
1.61x 10~ 14(T,/300) "1
3.0x10716

1.0x 10737 (T, /300) 25

)* .
1.0x10737(T,/300) 25
)71.1

1.6x 10714(T, /300
1.8 x1046(7T,/300) -6

3.8x 1074 (T,/300) exp (—170/Ty)

7.0x10718 (—67/Ty)
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Table Al (continued). Elementary reaction and rates2 3,
J B 52 o7 R 52 o7
O('D) + O3 — 20, 1.2x1071 O('D) + O3 — 204(a'A) 2.5%10716
O('D) + 03— 0, + Oz(alAg) 2.5x1016 O('D) + O3 — 20 + O, 2.5x10°16

0, + Oy(alA,) — 20,
0y(alA,) + 05— Oy + O
05 + 03— 30,

05 + 0 — 20,

03 4+0; — 0,405

3.6 x 10724 exp (—220/Ty)
4.55x 10717 exp (—2810/Ty)
(—9310/Ty)

1.80x 1017 exp (—2300/Ty)

7.47x107 18 exp

6.0x10716(300/T) 0
07 +0; —20+0; L.0x10713

0; +0— 0, +0, 2.5x10716(300/T,) ~%-®

0,(a'A,) + 03 = 20, + O
03+ 03> 0,+ 0 + O

0; +05 — 0+ 03

5.2x 10717 exp (—2840/Ty)
1.65x 1071 exp (—11435/Ty)
03+ 0,—20,+ 0 1.56 x 1071 exp (—11490/Ty)
0;+0~ - 0; +0 1.99x 10~16(300/T;) ~%-°

2.0x10713(T,/300) "

2.0x10713(T,/300) !

3x10°10

0; +0T - 0+03
07 +0—20; +e¢
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SPECIAL TOPIC—Non-equilibrium transport and active control strategy in
low-temperature plasmas

Characteristics and enhancement mechanism of hybrid
discharge under microstructure-induced
electric field distortion”
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Abstract

In order to investigate the enhancement mechanism of atmospheric-pressure oxygen pulsed discharge in a
parallel-plate dielectric barrier discharge (DBD) with microstructures fabricated on the dielectric surface of the
high-voltage electrode, this work systematically analyzes the electron transport processes, the formation and
evolution of electric fields, and the spatial distribution of particles by using a two-dimensional fluid model. The
introduction of microstructures can cause significant electric field distortion, generating a strong transverse
electric field that locally confines and focuses electrons beneath the micro-structured region, leading to the
formation of a stable corona-mode discharge. At the same time, the reduced local discharge gap near the
microstructure enhances the longitudinal electric field, resulting in a temporal asynchrony between the corona
discharge under the microstructure and the parallel-plate discharge in the adjacent flat regions. As the
geometric dimensions of the microstructures increase, a secondary discharge is triggered, further modulating the
overall discharge behavior. Under conditions where the corona discharge is suppressed by higher protrusions, the
occurrence of secondary discharge effectively increases the proportion of high-energy electrons and the spatially
averaged density of reactive oxygen atoms. Simulation results reveal that the corona discharge and the
secondary discharge significantly raise electron density, electron temperature, and the proportion of high-energy
electrons, thereby intensifying the discharge activity. These findings offer deep insight into the micro-
mechanisms of microstructure-induced discharge enhancement and provide valuable guidance for designing

highly efficient plasma devices with tailored geometric features.
Keywords: two-dimensional fluid model, surface microstructure, hybrid discharge, corona discharge
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