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Fig. 1. Schematic of cylindrical hollow cathode discharge.
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Table 1.  Discharge reactions in the model.
o R o R
G1 Ar + e — Art + 2el? G17 Ar® + e — Ar’d 4 elld
G2 Ar 4+ e — Ar® + elld G18 Ar® + e — Ar® + el
G3 Ar + e — Ar® + el G19 Ar? 4 e — Ar® 4 el
G4 Ar + e — Ardd + el G20 Ar'> — Arts + 1]
G5 Ar® + e — Art + 2el G21 Ardd — Ayt
G6 Ar® 4+ e — Art + 2elM G22 Art + 2e — Ar + el
G7 2ArS — Art + Ar + el G23 Art 4+ e — Ars2
G8 2Ar" — Art + Ar + elld G24 Art + 2e — Ar® + el
G9 2Ar% — Aryt + ell7 G25 Ary™ 4+ e — 2Ar1
G10 Ar® + Ar — 2Ar0 G26 Aryt + e — Art + Ar + el
Gl11 Ar®s + 2Ar — 3ArS G27 Aryt + e — Ar® + Arll9)
G12 2Ar + Art — Ary" + Arrld G28 Aryt + e — 2ArHRl
G13 Ar® 4+ 2Ar — Ar, + Arl G29 Aryt + e — Ar® + Arll)
G14 Ar’s + e — Ar + 2 G30 Aryt + e — Ardd + Al
G15 Ar® — Ar + nit G31 Ar + e — Ar + e
G16 Ar? e — Ar + el?
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Fig. 2. Distribution of electric potential.
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Fig. 3. Distribution of charged particle density: (a) Electron; (b) Ar*.
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Fig. 4. Distribution of excited state atoms: (a) Ar®; (b) Ar'?; (c) Ar’d

3.2 SRz HFILE

T BEIR N A8 78 U 28 0 T ) 5
e, AAUBI 5 1 AN [R) B AL R 7 A TR A
JFF Ar's B Arte P2 AE FINHAER B ) St 7

&l 5 FIEL 6 430 Ry A [ Ha, 2 3 38 1) — 4B FN—
£ T S I I D e N N -5 e d - g 4
FL S (RIS XAME. i DL B2 T LA AN R O i

XS T8 A M STBRAEAEAR O R]. ZE S ]
B R 1 ™ A S R T Rl S U T
SRR AR G1, H i B R (W 2 i
A BT B TR P B Y, S 1,72 x 10'8 em s
HIEHEHEES, =ren.N. ERSEE T % E
N—EMNTEOL T, B B RO T 1% ne
FIE 2 L B R R e TR, (B 7 LT3
T 3% BV AR ) ) — 4 An Il i & 7 AT AR

215101-4


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

Y] 32 2 3R Acta Phys. Sin. Vol. 68, No. 21 (2019)

215101

S/em=3.s~1

0

2.16 X107
4.33x10'7
6.49x 107
8.65x 1017
1.08 x 1018
1.30x 108
1.51x 10
1.73x 1018

y/mm

0 04 08 12 16 20 24

z/mm
2.0
S/em=3.s71
1.6 0
1.70x 1016
3.40x 1016
g 12 5.10x 1016
g 6.80x 1016
~ 16
3 8.50% 10
0.8 1.02X 1017
1.19x 1017
04 1.36 X 1017
0
0 04 08 12 16 20 24
z/mm
Bl 5 ANTA] H s 4 o3 A

2.0

(b)

S/em=3.s71

1.6

0

1.76 x 1016
3.51x10'6
5.27 %1016
7.03x10'6
8.78 1016
1.05 %107
1.23x10'7
1.41x 107

1.2

y/mm

0.8

0.4

0 04 08 12 16 20 24

z/mm

S/cm=3.s71

0

2.39x 1016
4.78 x 1016
7.16 1016
9.55Xx 106
1.19x10'7
1.43x 107
1.67x10'7
1.91x10'7

y/mm

0 04 08 12 16 20 24

z/mm

(a) G1 LA E; (b) GTIETHE; (c) GI0WETHE; (d) G5 4y HE

Fig. 5. Different ionization rates: (a) G1 ground state ionization; (b) G7 Penning ionization; (c¢) G10 Penning ionization; (d) G5

stepwise ionization.
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Fig. 7. Radial distribution of averaged electron energy and
electron density at z = 1.2 mm.
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Fig. 8. Production rate of Ar*: (a) G2, direct excitation;

(b) G20, radiation transition from Arr.
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Fig. 9. Radial production rate of Ar%.
F3 At EERTE

Table 3. Average values of the different produc-

tion rates of Ar® in the discharge region.

JL iR FL 57 PEIEHE fem 357
G2 Ar +e— Ar® + e 1.6 x 10'7
G19 Ar + e — Ar¥ + e 9.1 x 101
G20 Art— Arts + hy 11.8 x 10'7
G24 Art +2e — A + e 55.3
G23 Ar+ e— Ar® 4.4 x 1012
G27 Aryt +e— Ar®™ + Ar 4.3 x 10
G28 Ary™ 4+ e — 2Ar® 3.9 x 104
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Az B A N HILA ) S 3R R A BT AT A% A A
BIH.

BB 5 T 23 0 B s R B I A S A e
B ERT E ML R At BESY LR I
G2 =i Ar' 19 ROV AL 7). A g AR A
TSR0 DU 8 MR O G2 A2
FRAE Art [ E LRI RS EE T Ar IRE
F| Ar® BEHIHR S N G20 (Ar'e — Ar® + )
B Ar® BEGT A FEEORTR, HXT Art P AE R BT
Wk 5 2 B A SN Y 88.2%, T L 4% I & 7 AR 1Y
Arts 0 11.7%. AU, b K 380 i) HoAth JLAS 7= 4R
Ars BEYLIY B (G19, G22, G23, G27, G28) X
T Ar®s (7= STERARNT G20, G2 J& 1T LLZBS 7).

[ 10 FHIEL 11 R AE Ar's AN [A] S g R 1 —
Y Fn—4E A 1B, 2 4 IR0 T I AE Ar®s [
1% 5 N7 SR AE FiT AT A% P 4 P304 il
i Ars BOE B Ar® BRI ROV HLH] G18: Ar®s +
e = Ar' + e WA B FER T Ars AR R 3%
AR, NIRRT AU IR F] 6.4 x 10' /em?, f&
HoAth S IR IR 1) LA LA Ry i TR AS
TR T Ar®s Fl Arte BEGLZ [MIAEZEAR B8 19 A A5 0

2.0

S/cm—3.s71
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Fig. 10. The Ar®* consuming rates of different reactions:
(a) G17, Ar™ + ¢ = Ar™ + ¢; (b) G18, Ar™ + e — Ar' +e.
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Fig. 11. Radial distribution of the Ar* consuming rates.
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Table 4.  Average values of the different consum-

ing rates of Ar® in the discharge region.

SRR J0E T JEIFA(E /em 357!
G5 Ar¥ + e — Art + 2e 2.6 x 1016
G7 2ArH — Art +Ar + e 7.9 x 1016
G9 Ar® + Ar — 2Ar 3.0 x 10"
G10 2Ar" — Aryt + e 7.6 x 1016
G11 Ar® + 2Ar — 3Ar 4.5 x 10
G13 Ar®s + 2Ar — Ary + Ar 3.5 x 106
G14 At +e—> Ar +e 1.2 x 10
G15 Ar® — Ar + hv 1.9 x 107
G17 Ar +e— Ar¥l + e 1.2 x 107
G18 ArB +e— A + e 8.2 x 107

BB R IO S TR Ar' 2B L ATE AR
1) 2 R B ARRLRY 3 A ek, L™ 2R R AR U
17 32 BT 0 HR, v RO DX DX, At XS
Ar'e BB AR FNHFEARRIAR /N, S T v A b L
B VML TR SRR Ar'> 1A BUFTIH
FERTTHR, FIAELA R T AR N 2 = 1.2 mm
Ty Bl Il AR ) A . 35 5 3 H TSR] S
FEAE Art (1) SO R TR

ME 12, B 13 fk 5 af I B F e T
HEHEMASRIE T Ar® RN G18 (Ar® + e —
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Ar' + e) JEAE L Ar'e BB T2 MR U LT
FHMR ISR T IR G3 (Ar + e — Ar'P + ¢)
F£5 Ar RGP

Table 5.  Average values of the different produc-

tion rates of Ar® in the discharge region.

FRAR S B PRIEEE fem s
G3 Ar+e— Ar'r e 2.2 x 10Y7
G18 Ars +e— ArfP + e 8.2 x 107
G21 Ardd — Ar 1.4 x 107
G29 Aryt + e — A + Ar 4.3 x 101
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Fig. 12. The Ar' production rates of different reactions:
(a) G3, Ar + e — Ar® + ¢; (b) G21, Ar3d— Ar'r.
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Fig. 13. Radial distribution of the production rates of Ar®.
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Fig. 14. Radial distribution of the Ar% consuming rates.
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cathode discharge in argon”
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Abstract

In this paper, the dynamics of hollow cathode discharge in argon is simulated by fluid model. In the
numerical model considered are 31 reaction processes, including direct ground state ionization, ground state
excitation, stepwise ionization, Penning ionization, de-excitation, two-body collision, three-body collision,
radiation transition, elastic collision, and electron-ion recombination reaction. The electron density, Ar* density,
Ar® Ar® Ar®d particle density, electric potential and electric field intensity are calculated. At the same time,
the contributions of different reaction mechanisms for the generation and consumption of electron, Ar® and
Ar® are simulated. The results indicate that hollow cathode effect exists in the discharge, and the Ar* density is
much higher than electron density. The penning ionization 2Ar*— Ar* + Ar* + e and stepwise ionization
involving Ar® make important contributions to the generation of new electrons and the balance of electron
energy. In particular, the penning ionization reaction 2Ar* — Ar,* + e, which is generally ignored in previous
simulation, also has an significant influence on electron generation. The spatial distribution of excited state
argon atomic density is the result of the balance between the formation and consumption of various particles
during discharge. Radiation reaction Ar*® — Ar% + hv is the main source of Ar* generation and the main way
to consume Ar®. Ar® + e —Ar® + e is the main way of Ar® consumption and Ar* production. The simulation
results also show that the Ar? density distribution can better reflect the optical characteristics in the hollow

cathode discharge.
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