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Fig. 1. Cross section of cylindrical hollow cathode dis-
charge (dashed line z = 5.5 mm).
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Table 1.  Discharge reactions in the model.
SibR JNE T iR SN J5 A
G1 e+ 0y — 20 + e G25 03 + O('D) — 0, + 20120
G2 e+ 0y — OF + 2 G26 03 + O('D) — 20,
G3 e+ 0 =0+ 2 G27 03‘ + Oy + 0y— 02‘ + 0,2
G4 e+ 0y, =0 4+ O('D) + e G28 0f + 0, 0f + 0y 4 0,
G5 e+ 0 — O(D) + e G29 0f +0— 0F + 04
G6 e + Oy(alA,) — 20 + e G30 e+ O('D) = O + e
G7 e+ 0,— 0 + O G31 04 + 0, — 20, + 03
G8 e+ 03— 05 + 03 G32 O + Oy(alA,) = Oy + 23l
G9 e+ 0;‘ — 92029] G33 O + 0y(alp,) — 05 + o
G10 O+ 0 — 301 C34 O3 + 0 = Oy(ala,) + O, B
Gl11 O +0—e+ 0, G35 03 + O('D) — Oy(a'A,) + 0,
G12 O + 0y = Oy + e G36 O3 + O('D) — 20,(a’A,)
G13 0f + 05 — 20, ™ G37 O + 05 — 30, + O
Gl4 O3 + O — 20, (38 Oi + 0 — 0y + 05
G15 03 + 05— O3 + 0, G39 Of + Oy(a'A,) — OF + 0y + 0,2
G16 O+ 03— O35 + O™ G40 e +0f — 0, + 0,8
G17 03 +0— 05 + O, G41 0f + 05— 30,
G18 o3 + 03‘ — 04 4 2008 G42 Ojl— + 0 =0+ 0y + 0,8
G19 Oz(alAg) + Oy — 20, G43 Oi +0; 20+0+0, + 0,/
G20 OQ(alAg) + 0 — 0 + 0, G44 OZL + 03— 034+ 0, + 0,1
G21 O('D) + O — 2023 G45 0; +0—0 + 0,
G22 O('D) + Oy O + 0,1 G46 0+ 0+ 0;— 0 + 04
G23 O('D) + 0, O + Oy(a'A,)P G47 O + 0y + 0y = 0y + 05
G24 O3 + Oy(a'A,) — 20, + O G48 O + 0y + 03 — O3 + 04
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Fig. 2. (a) Two dimensional potential distribution; (b) radial
electric field distribution at z = 5.5 mm (dashed line in (a)).
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Fig. 3. Two dimensional particles density distribution:
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Fig. 4. Radial distribution of particle density when z =

5.5 mm: (a) Charged particles; (b) reactive oxygen species.
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Fig. 5. Two dimensional particles density distribution: (a) O;
(b) Oy (a'Ay).
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Fig. 6. Radial distribution of electronegativity at z= 5.5 mm.
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AR, (B2 i AR SR AR 1) f sy, F TRl ekt
AASRE R, A X Sl A KR R T, SR
THRERLIN 1047 eV, KPR L B SOV 3R R BN
109 em s, CARAF 7R3 = A HEL S % T 7E )
AN BN 67 R [X A2 DX 8k, 55 B Aoz o8 DX R L Al 7
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Fig. 7. Radial distribution of reaction rates of (a) generation and (b) consumption of electronics at z = 5.5 mm.

%2 WA TR SR A L TR

Table 2. The ratio of electron generation and consumption for different reactions.
R AR N TR/ % LT IE AR SN TR/ %
G2: e+ 0y~ OF + 2¢ 99.875 GTl:e+ 0,0 +0 42.418
G11: 0 + 0 — e + O, 0.114 G40: e + Of — 0, + O, 31.748
G12: O+ 0, = O3 + ¢ 0.008 G9: e + O — 20 25.808
G32: O 4 Oy(alA,) = O3+ e 0.002 G8: e+ 03— 05 +0 0.026
G3:e+ 0 — 0 + 2 7.0 x 104

AE e BTG RIS, T2 B AR A B — A8
TR L, X B I% DX P R A IR M. LA
PRI RN ALEE O B2 5 PRI N
G11, G12, G32 Fl G3, EAT ML+ 7 A= 1% BT Rk AH
FeF R v G2 2 1] Z 1.

HI [ 7(b) TR, LRGSR G7, G9 Fil G40
e LTI AE Y 2 RN AL, A R R Y
42.418%, 25.808%, 31.748%. G7 i 4 % thy [ 4%

50
= ..x
- 1011
40 + \
41010
30 | — T, »
> \. —— e ./ 4100 &
> <
S ool / \ £
108
10 l\. j 107
O . 106
0 2 4 6 8 10

r/mm

Bl 8 z=5.5 mmAb, V¥ 7 iEE A 7% E — 41 m
534

Fig. 8. One dimensional radial distribution of average elec-
tron energy and electron density at z = 5.5 mm.

FRFIT B8 K, 7 BAAR A B3 DX 5 97 R IX S T A W A
AR, Z e 4R S R, FEl i O b3k 31 i R 1A,
55 G2 BB VAR, S KRN HR(EN 5.2 %
10Y cm st G9, G40 BA7 AR B4 Rk,
DX ) R B R R 78 KT FFIARANE F IX ) s I 3R e R
A F R B IT AL, 439008 8.5 x 101 em 35!,
6.2 x 10 cm s L5 REN) T IRAS B E
SN G8 S o AR, X HE - AR A A AT 2 0%
At

322 O BFAMmEHAY T 2R T HH

A A _E STl 0, O B F i A 1Rl P 22 Y
BT KIBHT 2=55mmil, OB A4
EHFE SN A AR ) A A . 3R 3 A L A
(] AN]SR JIE i O 85 - ) 2B il T AR R 11
Fe . ASBER O 85 T 1A IR T G7 F G45 A~
J I, HeH o 5 3 A A T I R A S R
G7 X O B EMA BTk A 99.998%, [ G45 1Y
TIRRL R 0.002%. TOREIX 1) GT7 0 3 2R I 25 )
FRAMALRE X, BLEH O B F 1Y = EZORIE T
WX Jak.

BRHEITTNOT 5 O BT HIEEE, HEAER
A BB 9(b) AT, IEREFEERN G10 & O
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Fig. 9. Radial distribution of reaction rates of (a) formation and (b) consumption of O at z = 5.5 mm.

3 O RS AL A STk
Table 3. Ratio of O generation and consumption for different reactions.

O A U N, Bk /% O IHAESNL BTk /%
G7:e4+ 0,— 0O +0 99.998 G10: O +0F — 30 86.712
G45: 0, + 0 — 0O + O, 0.002 Gl11: O + O — e+ Oy 8.548

G38: 0 + 0 — 0, + O 3.809
G12: O + 0y = O3 + e 0.631
G32: O + Oy(alA,) = O3 + 0.135
G42: Of + 0 -0+ 0, + O, 0.055
G3:e+ 0 =0 + 2 0.055
G33: O + Oy(a'p,) = 05 + O 0.045
G16: O + O3 > O35 + O 0.011

BT IHFEN IR EELRRE, b O B TR 86.712%.
SN T ER TR BRI K, AR UM XGRS ik
{8, SRSV HRIEA 1.0 x 106 cm st HAbIH
F& O B F IRV O G11 FE &
N G38, BTSN G10 B A A A 1Y 23 A 4
PO B iRtk 2] —a MIEH, 20l O B+
Y 8.548% M1 3.809%. HoAth 5 i Xt O &5 T4t
JGRBN BT/, B2 AR 1%. X5 Laca
A5 12 R A SR
3.2.3 0 BT A REMAL £ F R HUH]
OF BT Rtz M N FZ R IEE 7. K 10 4
z= 5.5 mm Ab, OF B4 5 1AL I N R 145
AR L 4 NEEAS R 2 [N & OF B T-2E
5 TR SR A R TR SRS S R N G2
4 OF B T 1) BEER AR, JLT R OF B I &k ok
PR HoAth =4 OF B 1Y 3 Fh st Rt OF B =4k 1
TTERZ A A 0.007% 247 . =Rl fe v G27,
BT & N G9, O 5 OF & & I G10 J&

OF B TIHFEM) FZL ML, 4351 4 OF B T 2k 11
44.657%, 30.675%, 24.634%. G27 KL B =4 OF
A HE OF B 14k iU B G28, G29, G39 FIFEAT.
G10, G9 Wi 1724 O [IAEAE #E OF B F4E iU
N G29 WHEAT. X —J7 T A HE T OF B 11
PR TS R Z AR — A B A R
ERBETEARN GL8 F1 G13 Xf OF B Tt #E M
YEHAR/IN.
3.2.4  EMALT ARG WAL RO AL
AR TR (45 O, O('D), Oy(all,)
1 Og. i TAIES S 0T AL, SR % B f O T
Bt K11 AT 2= 5.5 mm AL, O Al 5 WAL
S S R A ) A P, 265 4R T AN TR] g X
O A WL 5 AR RN, AR DTRR L. f 1Al 11(a) AT
A, B 5 A ST RRERER R RN G4 AR
RN G22 Je b AR 1 E N, —E T
AR T LA 22 FH ik 3] 84.472%, X 54 B4
L B 45 SRS D3 4h, Rl A S S Gl
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Fig. 10. Radial distribution of reaction rates of (a) formation and (b) consumption of OF at » = 5.5 mm.

F4 OF HERT THFE RN AR

Table 4.  The ratio of O;r generation and consumption for different reactions.
OF LR Uk /% OF IHFESIN k)%
G2 e+ 0,— OF + 2 99.993 G27: OF + 0, + 0, = Of + 0, 44.657
G28: Of + 0,— OF + 0, + 0, 0.007 G9: e + Of — 20 30.675
G29: Of + 0 — OF + Oy 5.8x104 G10: O + 0 — 30 24.634
G39: Of + Oy(alA,)—> 05 + 0, + O, 6.9%10 6 G13: 0 + 05 — 20, 0.032
G18: 05 +05 — O3 + 20 0.002

FP AR S0 G23 i 48U 1 0 AR At 2 —
YT, Wl 5 IO 7 480D 1) A R T o B 481 )
1 8.725%, 5.602%. i H._ 3R PUFh 5 W 437 e
. BB RN GT, P HEE R G, AR
N G10 X 48 A ) BTk AN, =R R R 22 A
X SR A AR R AY 1.189%.

F I 11(b) FTA, BESWOR ROV G5 LIS
KW G11 F = Al 4 J v G47 J2 O THFERY £ %
FOSERL, 4350 b AR 1Y) 56.855%, 26.231%,
16.765%. |43 7 F X O 45 2 AU 4
0.15%.

MR TR T 4UR T 250, B4 Oy(ald,),
O('D) F103. K1 12 25 O, Oy(alA,), O('D) F1 O3 4=
A FE AR K. BRI T Og(ald,) YR
F A U AR S G23: O(*D)+0y—
O+0y(alA,), A BT 99.998% I Oy(alA,). LI
G23 [RIHRFE T 12.497% M A S8R 7, B
1 5.602% B4R HAA I Og(atAy) 1 RIE
FLAE RN G35 1 G36, {HAZLE Oy(alA,) AL
1) 0.001% F1 0.001%. AR FFERHFE
AR RN S R S A TR SN G32:
O +04(alA,)—03+e 5G33:0 +0y(alA,) >0y +

O, 4 HIHFE T 69.076% Fl 23.025% I Oy(alA,).
RV G32 A I A2 il T 1.338% Y R4 1B &
i G19: Oy(alA,)+ Oy — 20, HHE T 7.376% 1Y
Oy(alA,). WRSERT O('D) e FE M A Uk
A5 S AT R EOR SOV G4: e+Oy—
O+0('D)+ e, AW T 99.869% HY O('D). HA
KIZR G5: e + O— O('D)+ e XA T 0.131%
1) O('D). ¥ &A1) i FEEMAE RS MR
PR G22: O('D)+0,—0+0,, FHFET 87.478%
1) O('D). 5L 32 A WL A% Ry — Ml 2 S5 1
G4T: 0y+0,+0—0,+05 FIEFEFEAN G38:
Of + O —0, +0s, 7HEMR T 54.191%, 37.777%
1 AR B4R e 32 B AL RE A Dy B F S
G8: e+03—0,+0, HFE T 68.976% 1Y R4 . A
550k A ER T B RS RN G35: O3+0('D)—
Oy(alA,) +0,, G36: O3 +0('D)—20,(a'A,) FlH
TFERS N G16: O + O3— O3 + O 43 JIAE T
10.048%, 9.304%, 7.09% I 544, it DL FAfgE ]
LRI, £ Z A — 2 22 A ELRR A 1Y
TR, B SO TR AR AR [ B L 7R T AR
AH R A A T, A5 FRL 2 R B — el
A
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Fig. 11. Radial distribution of reaction rates of (a) formation and (b) consumption of oxygen atom O at z = 5.5 mm.

5 O AR SN A Tk

Table 5.  Ratio of O generation and consumption for different reactions.

OA= 1 I sik/ % OTHAE LI Tik/ %
Gd:e+ 0, — 0+ O(D) +e 45.255 Ghie+ 0 — O('D) + e 56.855
G22: O('D) + 0y, — O + O, 39.217 G11: O+ O — e+ O, 26.231
Glie+ 0,—20 +e 8.725 G47: Oy 4 Oy + O = Oy + Oy 16.765
G23:0('D) + 0,—0 + N N
Os(a'A,) 5.602 G29: 0 +0— 0F + 0,4 0.135
GT:e+ 0,0 +0 0.567 G45: 05 +0— 0 + O, 0.012
G9: e +0F — 20 0.345 G46: O + O 4+ 0, — O + Oy 0.001
G10: O + 0F — 30 0.277 G17: 05 + 0 — 05 + O, 7.7 x 101
Fifil 0.012 Gl14: 04 + O — 20, 3.4 x 10

G34: O3 + 0—0,(a'A,) 4 O, 1.9 x 10
G48: O 4 Oy + O3 — Oy + Oy 6.0 x 107
| G2399.998%
—] Os(alay) Qo O('D)
G23 12.497%
NS AA ! Oj hA ;
IYe) H oi ~. 49 o o | Q! o
Qx| B s 5 J: RS
A A S . >6‘ D — | 2|3
R 2 ~ e N ol IS T
abo|lie g ~° N R Y
21 S|ie S S ST
ol R1IR & ol &8
OlIo U © ORNRY
olive il o) AU I
EYER R S B
=A -G AW A
i ] N4 I R
ol © i 6010 SR P oo N .
o P %) s Y] ~ | o
0| I A 2 n 0 ™
B g |2 a e
A IRCE 10 o
; w s : LA 4
| G868.976% G167.09% & |
i Os e GAT 16.765% o
GA7 54.191% x

P12 R T A A SRR B AR IR (SR Sk B U 1) SR A R T, R Sk B T U Il A B FE KL T
Fig. 12. Outline of active particle generation and consumption path (the direction indicated by the solid line arrow is the generated

particle, and the direction left by the dotted line arrow is the loss particle).
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Simulation of hollow cathode discharge in oxygen®
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Abstract

The characteristics, the formations and loss mechanisms of different particles of hollow cathode discharge in
oxygen at 266 Pa are investigated by using the fluid model. The model contains 11 kinds of particles and 48
reactions. Under this simulation condition, the negative glow regions corresponding to the surrounding cathodes
overlap. The results show that there is a strong hollow cathode effect. The density distributions of different
charged and active particles are calculated. The charged particle density is located mainly in the central region
of the discharge cell. Electrons and O are the main ingredients of negative charges in the discharge system, and
their density peaks are 5.0 x 10" cm™ and 1.6 x 10" c¢cm™, respectively and O is a main composition of
positive charge in the discharge system with a peak density of 6.5 x 10" cm® Abundant active oxygen
particles exist in the discharge system, and their density is much higher than those of other charged particles.
According to the densities of active particles, their magnitudes are ranked in the small-to-large order as O,
0,(a'A,), O('D) and Oj. Furthermore, the generation and consumption mechanism of electrons, O~ and OF are
calculated in detail, and the generation and consumption paths of different active oxygen particles are also
given. The results show that there is a complex coupling process among these particles. Each reaction generates
a certain number of particles and consumes other particles at the same time, resulting in a dynamic balance

among these particles.

Keywords: hollow cathode discharge, oxygen, fluid model, active particles, generation and consumption

mechanism
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