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i EEZAEH. Eliseev 55 B3 @57 T RAUE T R
JHCH ) — R GRS FE iR 2 J T B 5 5%
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B 5 E TR WL, X 5 SR R AN
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FIECR SERE ) CVC ZL. T IE TR
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Baeva 45 B4 7E LB i B At 25 i T B A
LR 27 pun i VAL RS AT Nl [E1 S P (VTR
TR, FRZ “Ge—TRBAY IF ATARAg T RRET
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B B F B e i F2. Saifutdinov (24
T RUAMARN S — IR, 15 8] T 5
el E ML) CVC HHZE, T T BRI
X 58 WS T SR | A 2R T BRE A A T AR 22 4k
DL RS AAR T R A 2 18 A AS TR AL SR
Baeva Fl Saifutdinov 55 FIIF 57 = ZE X HE G
DXL SO H X, A 0 7% i K ) X RN
AR K. ERT, AT 4 I T AR 1 () B4R B
SERE (HIEL 3 5 sE K B X W AR L XL I T
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B s E TR GRS RE) | RSP IE T AR L Y
JHCH HL Y B B LB T R TAAA T R, B T
W HL S (L L R ) AR S
GE TR PE TR, T ixsi, [ 515 2
T AL S5 KR X (Geiger-Miiller discharge
regime, GM). % # L L X (Townsend discharge
regime, TD), W.1E# #EHHIX (subnormal glow
discharge regime, SG). IE & MG HL X (normal
glow dischagre regime, NG) . K i MOLHHL X (ab-
normal glow discharge regime, AG). HL 3L HL X
(arc discharge regime, Arc) 4 4% it HE #5211 5¢
# CVC &k, XF et TR RAUEZRMAET (50,
500 Torr (1 Torr ~ 133.322 Pa) ) Ji H, #1782 2 fi4 43
Akt SRR, AR X a5 18] L 37 20 A1 L
P¥5), A AL HL fa RN AT 2 AN T G DX
R P S ) ISP A7 oo DX R 4 AR X 2 T H A
B2, P AR SHEAHAT. R, R HEDGI
HL DX TR RS BE RS K, B R 4.
HL It 285 T i — 2D, T AR R S A L
F 0 IR X, B R S E
1022 m=3 . FEE R 500 Torr I, A4 I B2 W4 1 Ny
11850 K, e e B A5 A, IS A o i L
JNAREREI 4000 K.
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5) R AE B RS IR G St B, R A5 R 4n
1 . Fr, I W Loy — 400 um , LB
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1, VR SR ) A 2450, DR R AR 7R ]
Ak Rt ] T P ) — AR . o SRR T 6
ze =0 pm, PR RO E S 2, = 400 pm . 5 E ]
WA (MR ) L Tt B, BB i
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Fig. 1. Schematic diagram of the Ar DC microdischarge. The gap distance between the anode and cathode is Lgap = 400 pm . The

radius of electrodes is Re = 2 mm. The cathode is tungsten and it’s length is Leyh = 20 mm .

2.2 HMEERILE

TSR G, 57— ) i i 5 AR 2R AR i
. Hrkis B ass: 1) Wk ERSERT
()8 M IE RS LR 2) A R F-23 (B9340, A7
TE2E BERS LT R A RIS A Al AR A P 0 45 5P
Rl 5||5§5.‘gl PERIEIRE S5, 3 RO B A RITE 2R (R
M, SRR NIRRT IR BT R 1)),
Ak, 1‘%1@@, TWOR RS FREES ()R
RS SRR ASCE R A TAER
&, FERFA: BT (o) AR T (Ar), W
T (ArT) PR (A 2R T (Ar)
PSR IRAK (Ary). FERETE R b 2% 8T i
BEFE (e + Ar — e + Ar) EIR TR (e + Ar
— e+ Ar") FIBIA (e + Ar* — e + Ar), H
FEHTE (e + Ar — 2e + ArT) FIZAHE (e +
Ar' = 2e + Ar") S FET R TRIKIEAL (e +
Ary — 2e+Ar] | 2Ar + Ar* — Ar+Ary ) 58K (et
Ary — Ar* + Ar, 2Ars — e+ 2Ar + Ary ), FEUTIER
it (Ar* — Ar+ hv, Ary — 2Ar+ hv), B A RN
(2Ar+ Art — Art Ary ) 0, G0E 1R, f
FL Rl B B ) A B AR A A SO B O FR
B 1 s, Hob T, Foml FIREE, SR eV;
T, FoR SRR, A K; R, = 8.314 J/(mol - K)
HEME R h = 6.62607015 x 10734 T s B 7T

WG AR RO R

2.3 EHGE

TR SR T R T TSP E (G
Zefk) i RE . ShEsrE I R R SPE TR AT
T NTIE 7 R AR 0 BT A R 38 1 1 YRS
T ) (drift-diffusion approximation)”#& ik =, Jf
AR TR AE KR (RRrBiAL). A, A
RS — AR AL S T IR SRR R
[ P R AL i B, A G T R O R TR
IR AR T EARS A,

2.3.1 WwFHELEN AL
s E (L) FR R
a;uv =5, (1)

T, ne o ML TS
PGl

I, = —peneE — D Vne, (2)

Horp, uefFﬂDeEEE¥E’Jﬁ5F§$$HT}“§ﬁ%§& (1) 5K

frse= 3" RS-SRS T

% FE AR AL B R T EMH: NA™ L T4 iU N
M A F I FE S 5T R AR 26 {8 PO, FEARRL | A,
THE PR R (R4) . BHHEES (R5, R6).

TR T o, PRS-
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F 1 BRI IR S B A2 U
Table 1. Reactions involved in the model.
75 F 0 it FAEY i BEH AE JeVH
R1 e+ Ar — e+ Ar BOLSIG+ [47] 0
R2 e+ Ar — e+ Ar* BOLSIG+ 47 11.5
R3 e+ Ar* — e+ Ar BOLSIG+ 47 -11.5
R4 e+ Ar — 2 + Art BOLSIG+ [47) 15.8
R5 e+ Ar* — 2 + ArT BOLSIG+ [47] 4.3
R6 e+ Ary — 2+ Arf BOLSIG+ [47] 3.66
R7 e+ Ars — e+ 2Ar BOLSIG+ [47] -11.27
RS ot Arf o Af 4 Ar 1.04 % 10712(0'026/%)0'671jg.;fzi;(4ji{$;g) [m? /s] (48] 3.03
R9 ¢+ Arf — e+ Art + Ar 1.11 x 1071275 Lexp{—[2.94 4 3(T}/11600 — 0.026)]} [m3/s] [49,50] 4.53
8.75 x 10739745 [mS /5], T < 0.276 eV
RI10 2 + Art — e+ Ar , [50] -15.8
{ 1.29 x 10744 (11.659/T: + 2) exp (4.11/Te) [m8/s], Te > 0.276 eV
R11 Ar Lﬁrl :r et 1.62 x 10~ 167;,0-5 [m3/s) [51] ~13.26
R12 Ar* + Ar — Ar + Ar 3 x 10721 [m3 /s [52,53] -11.5
RI3  2Ar; — e+ 2Ar 4+ Arf 1.6248 x 10716705 [m3 /5] (54] -8.01
R14 2Ar + Art — Ar + Ar;’ 7.5 % 1074 /Ty [m®/s] [54] 1.27
R15 2Ar + Ar* — Ar + Ar} 3.3 x 10~%* [m%/s] [39] -0.23
R16  Ar+ Arf — 2Ar + Arf 6.06 x 10~ 2Ty Lexp(—1.258 x 10%/ R, /Ty) [m?/s] [49,50] 1.27
R17 Ar* — Ar + hv 3.145 x 10° [1/s] [55] -11.5
R18 Ary — 2Ar + hv 6.00 x 107 [1/s] [39] _11.97

% 7 (Penning) HL & (R11, R13). B & &K Wi (RS,
R10) &Fidfeolee, A
Se = R + RS + R + RY) + G5 — R§ — R,
= Kynenar + Ksnenar + Kenenarg

+ Kllnir* + KlSnirg — KgnenAr;r

— Kionnaet, (3)
Hfr ng (K RIFFIZE, k=e, Ar, ArT, Ar], Ar*,
Ars)) HAHRL IR EE, KR5S AN N )
E3 4 G0 I RCER AR B @ AN K A U U B S GRS R
PRI EE AR DG 1 FRaR 20, ANk 1 gl XT il
RN, K; HHFRER e MBI o, (e) FIHLFHE
15 7 A BB L (electron energy distribution func-
tion, EEDF) fo(e) BRrE BT, HGk= 0k

K, = 2e]me | T okeVEREE ()

H, e = 1.60217733 x 10719 C HICHfaf &, me =
9.10956 x 103! kg Ay FiL BT . 3, 7E i ALY

TR fo(e) 22 va i oA
232 wiRETREIAL
B RE RSP Rk
on.
ot
A, n. BHFRRINEE, no =ns, €= (3/2)T:
BRI RER; BRI, eE - I RRBF1E
il FEB I (Joule heating) i K [ HE &
Witk IR FREm e, AR SER-P Hok
Ll ] %0

+V-I.+eE -I.=5; — Qy — Qraasr, (5)

I.=—pmn.E— D.Vng, (6)

Hr, pe, D JEHFRER MITB BT # R L
pre s Do pe, De WIRFRIGFTE T I (2.3.3 /h35)
25,

FET K T (5) A I =3 Y & SCRIT
Bk 8 1S, RN AR RAPE Al S 20N FL - RE
R g el e, AN S = Zj AEiel,j Rinelj
APFEinel,j 1 Riner,; A A 55U Alf 18 52 107 1) 1 1t A8 £k S
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FEAA N B 2 N R HH ABje,; = Zj Hiej—
D, Hivey BB YRR AS T LAl ot A O 5
I RLIRE LI 2275 5] (L4 155 5 91). 5 295 Q,
Oy WL T 5 ST R L 1 i A 2,
A

3 2mee
= — Ck S Te - T
GQn 5" Bmg+meV1( 2)
m
~ 3ncks #Vel(Te - Tg)a (7)

g
o mg BRI TF (Ar) BIBTRE (mg > me), v
S5 AR R R AR R (5) U5 3 T
Qraair N5 B TR rP IR BV S s LAY RE B %, AR
FRHEFHHPEERS (Bremsstrahlung radiation), &
P P il 2 5 | A ) v 8 P R SR VB P 7 A Y
S (PR R G4 i s il St ), oy Y

Qraa.fr = 53.7597L 2 7 + 91072 (8)

X Qrag, i BUOUE T TC 5 N HL T 25 JF R = ne/mo I
TCENE TR Aia = nar/no (FHing =102 m=3),
FH HL R Z (B RS (53.759R% 2% R, ) LTI
BFZ AR S (910a2) IR, 52 ER
&, H TSRS B RN AIEA SR S
) FORE - A, T A R R T RS, L
g i S E 7 AR T B I TR PO

233 ERREMEX R X

7E (1) A (5) b, X HL 1% 38 1 R
RE I Y3 &, AT SRV HOE U A3, RO 3R
2% 2 TR — R TR B S A E TR, 20
RVE TR, 2 L 3 R0 ) [ Y 5
i, FHABBORL -1t I B SRS 7, A 3 1
138 FH IR
I, = sgn(qg)pxngE — DpVng. (9)
(9) =i i Hy AR TR RO BRS04 BE AR BE 5 |
EAY RO . Horb, sen(gr) Z PR FI2E K&
LA LR o 1Y) PRI
1, qr >0
sgn(qr) =40, @ =0. (10)
-1, g, <0
XFHT, sgn(qr) = —1, HILAR] (2) X1 (6) =0
F, 7 %) 3 0 P R P TR X
TR B R BTN

e kg1 5 5
, De:llle 5 e7 te = 5 e, De= 7Dk, (11)
Mele e 3 3

Hrp, kg = 1.380649 x 10723 J/K &3 /R 2% 2 W%k,
Ve %@i%%ﬁ%, Ve = Re/ne , Re = Zj neanj
I FREFE SRR A BN R, ny F K 450
55 5 ARG B AR I R FEOR R T
(11) X pe 5 pe « Do 5 De 1945 /37 REOCFR MY
SULEA S AL SRR R AP R LT DL h R R
Fok, H R O 2 X
De/pe = D. /e = kgTe/e. (12)

X R, HE S B Z
Wi, B sgn(qy) = 0; %z 18 3 b 2 B B B TR 5
B I, = =D, Vn, .
234 EHETHMETA

TR (B RAR) iz il

—_ I, = 13
. ot +V - I}, = S, (13)

S, SR oy th AR S HACRZS )y AR my,
W KRR TN Vi RS kIR 5 k4
BOA D, Ve =1; I8 kR R EE,

He =

I, = % (—zkukEZ\Y; — DkVAY;> , (14)
Hr, MoIRG YR EE R BT, BB it
SR IREFR, — = S (V/My). (14) &
UL ks A S A BB MR G, iy
HAhRL T AR A . 2 W KRR R H
ff i, 1L RS RAE L 2% AT O R 38 s, = eDy. /ks Ty
B Y kTEIR S Y B R ECE LR
1Y

a Za:j/ij, (15)

Jj#k
K, ap = (Ye/Mie)M ; R4 SAK B 75 31 i 100
I BUREL Dy BRIBAH
Dy; = 2.66 x 1072

Dy,

\/Tg3 (Mj, + M;) / (2 x 103 M, M;)
X

.6
De010 ;{2 (16)

#\ (Lennard-Jones) H K, BN 2R (A),
Op YR kA § AR BRERER S, A] 7Ry (61
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kT o !
s _ / 254309 (A2
D 2mmi; Jo 0 ij ('V B )

x exp (—7?) dy. (17)
XL, R QL) R T YRl kAR § 22 i)
MR, 22 R ALRERY, miy WAL, X =
AR FIE R

Q;(gl]) (€i5) = 27t/ [1 — cos’ xkj (ekj,b)] bdb, (18a)
0

2
2 mg;9

= 18b

T ST (18b)
mgmm;

my; = —————, 18c

kj my, +m; ( )

Hed b s 40 ) Sk i R B B R RE AR A, eny =
S S LS RERTI XL g 5 LRI 66 2
e, LAn CERAEEF IR, s RERRHEF 30
WA, xu; AERETEZEY b SRE e FURL A AH AR
PV (r) WIREL, A AR R[] B R 5 1621, Sy
TR, Op il iR AU E 1S5 0364

p = A(T*)"B4Clexp(—DT™)|+ Eexp(—FT™)]
0.190%;
ST (19)
H A, B C D EF G5 HNUGERE, T =
knTy/er; FPTEIREE, ex; = (erey)'* HALHHE
REE, 6 = p3/2e0® MR RFIRIEM T RN SEL,
pa ARLF AR A, B0 A TEFE (Debye), fEFEK
BEH Ape = (c0Tu/ene)?, op; = (00,)"/7.
235 ThTRETREIA

R (T 53R) MReRLSTE R 9]
ngp,g% +V- Qg = Qh + Q]I + Qquen + Qrec» (20)

oo, KRR AP O Coe = ) G/
> M, 5 kRIS S (R
25 Coto s BEIRKE hie , BEIRNH 51, ) VT SCAR (65, 66].
(20) AW 2 TitE ikt y
Q; = —krVTy — Z hi Iy, (21)
k

+ Glexp(—HT™)] +

Hr, kr =05 [Zk Tpkp + (l‘k//ik)il} NIRE
SRR, o VT BB R, D DR
P H T O™ A e

(20) RAF BRI AR D ERT (B

R B9 A FIEBLEL. A5 1 QR T 5 E
BT SRERERES | BB T RO RE R 25, B0 (7) 2L
55 2 T QY L % B TN T AR R RIS
FHEEAA, TERE Q= E- Zj a1 - A3
PAERNIES T (AT, Arg ), HAavsm /N5
T, B QL = eB - (Darr+ L) - 45 3 T Qquen =
D, A Faen g Rauens 7 WK A5 ST E Vi R Jok 7
HRE LRI, A Bquen WA 5NV HORE 2
Al CBE LR 1), 55 4 T Qrec = Zj AFErec,j Rrec,j
TE ARG RIS, AR, W5 jAEA
JRAIREIL AL (B 1).

23.6 #HEFaMRTAL

Sk 2 ] P L3 R SO AR ARSI AA D7

v.-E=% E=_vy (22)
€o

H ) oz m B, pg = e(na+ + Nt —
ne) + o0 AL, 0.6 IRFMF (A4 Bikim)
b R g B 6T 2 5 = O BsE, U 22 I AL
T, eo AT HLEEL.

2.3.7 AR MAEF AR
R B B A A B ek =k
pMCp,Maai:/l + (=sm)V - Ty =0, (23)

Ho, pm, Com, w23 BB 42 )& B4R (46
)R LIS TR oy = 19.35 g/em? ;
Coan it BLE T3 (24,5 /M) 106 52 55 g 2
R ) RSO3 90) BnE 2 IR, em A Con SHIRIE
SEEAH G B R Y T R R Y, ev RUIEREE
T 2 8 T2 T U/

2.3.8 IrERITAE

INHEL R 4 7 R R
Va = Viae — Lais Ry, Lais = / 1 - JiodS, (24)
s

Z RGNS S A (IR Vae B FLFH Ry
P B P UG s ) 55 PR 2R T P U %% Togan  BHARC R
PV RER, FE AR R B R S
Fih R EA R, B Jowm=el: — Zj(qw‘ L;).
AR, EPRIE B, FURY RIS LA
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Fig. 2. Specific heat capacity (Cp M), thermal conducti-
vity (kM ), and emissivity (em ) of tungsten cathode scaling

with temperature.
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J
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FE. v MBI R A IR F R G RZE B ye =
0.096 33701 o I 5 FoRE 5 Fh B F7EBIR 5 R —
YRS TRl (TEABHEI A Ar™ Fl Arg P
BIT). Teom 72 FRAHR St A5 DA BF R 4 51 1 W -3
o, REFHREE RN Jeen = —eleem, HITHE
ik X A K- 47 % (Richardson-Schottky) 77
M 25

Tar ) @
Hrp, T, HBABGEE (BN K); A NI ZR AL,
AR =X rAg, Ag=4mm.kie/h®>=1.2x10° A/(m>K?),
Ar N SGMRHE R R (W T8, A =05),
I Ar=0.6x10° A/(m?-K?) [P Wi S BIR AT 9 2
PR, XTI Wr=4.32 eV; AWs =ey/eE/(4nz))

Jeem = ARTC2 exp ( —

7 SRS I R R I TR T

2) FIRR LT SRR L, 7R B — A7
UL TR AR AR AR 1 IO H T
A ARz, Bl

1
n-I.= Zneve,th- (27)

242 BFAREM

BT R LE DR IR A 2 Dk s, 4R
SE SR 55 A TR A5 02

1
n-Ij = il + ospini B -, (28)

Horfr, o BTSN HE L o I(EHER
THITT T,

1, E-n>0,
a5 = (29)
0, E-n<0.

243 HEAEETHAFEMS

PR AR 14 308 2 Tk A BA AR A BH AR A A
[, B TSR o b v, Hs Ay
SN, Jr A HGE ik s A Pz Bl

1
n- Iy = Znexcvexc,th; (30)
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SPIHEE, FEA SO BUR SR AL HG Art Fl Arg

244 WFREGAREMH

1) BRI A, FL - BE AR IR AL i i B S5
AR BE

1
n-I.= chvc,th - 2kgT; — Vse Zj ESC,jFiJ 'n

- ge,empe,em 'n, (31)
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2.4.5 MAMMKAEF TAZD T L4

B TR (23) TERTHE 5 4B T
AR A B4 A Ay 143.44)

n - Qc|z:0 =n- (Qi+Qg+Qe1n+Qe+Qrad,B)~ (33)

(33) AT 1 0 Qi filiid 1 T Bk IR A AE
TR, A BRI R G I

3
Qi =L SheTi+ I+ (B — W), (34)

Hof, TRETHRE KOF T =1,). %314
2900 1) BT A R R R RS Y 3h
fiE, B (3/2)ksTi; 2) BS T IYBEE, Tz 3h FIRH
MR, 5 FIAR R B T2, TR R
T LB BE, St [ TR B R B AR, XLk
FL - AT LA S IR B AR AR X E TR TR AT BE (R
Hy) RS IF B, %0 A i 4 B AR A BE R
(B — Ws).

52 T Qg o I B BT 3 B MR (S R T
R) BIPIREE, WL (21) X

5 3T Qem A UCHL T ST RIS 1 A
B RE L R, HRIRA

Qem: _Fe,em : (Wf"v‘?kBTc) - Fe,se : (Ei - Wf) ) (35)

Hodr | Lo AIEBTHLE R, (W + 2ksTe) FoR
FEBAR 1 T O P A T B R
ZRER SRR ) (BVEAE) A28 1%
AT T 1 I 3 RE; Tese = Zj Yee Il N K
e Gt HL -

55 431 Q. R n] L RE B (BT AR 1Y)
HL -7 LB [ B 2 A s i, i) L T 9B 3
Dy 143 K A ARk, 7 AT e B AR [l B, 4n
SEBE B K DA B SA BN 2 TR R BAAR A, Sk B
RE R I, HaR k=0

n- Qe = ive,thne(QkBTe + Wf) (36)

55 5 T Qraa, B 75 DE BN SR AR R SRR TS 1 1Y
AEf, B RERAIR I, HRBATh

7 Qrap = —emossTy, (37)

o ev 0 5 BAAROR R K BE AT O & G % (D
& 2)68690 ggp = 5.67 x 10~8 W/(m? - K*) Ny 7 #
53R %45 (Stefan-Boltzmann) %X

2.4.6 HALAFEM4
[ 1L 2 AINAS 5 FE 15 B 0] (i o A o7 ) i, 34 R,

JFE S5, FRARAL LRV, (H (24) ke, BB
Mo, M V. =0, HIRARERE N T, =
300 K, BAMAS 55 45 B 1A fih— 00 7y YL Bt 1
H T w20 mm = 300 K, AT B4 300 K, H
T3 R R AR Ak R AR [ YA SR AR
247 AKX

AT COMSOL Multiphysics ® #7476
X IR AR FE T REUEA TR R A AR )5
W 3000 4~ PIA% BT AL, BT K/NEE R 10, 2R
FHXTRR A BB AA T 200 4> A% BI04 Y, 30T
KN 200, SR FHZ M A (G5 25 P A & 5 %
7, XIS ERA BT ). AR SCRHUE 435124 p1 = 50 Torr,
p2 = 500 Torr , HLEK [H] 54 400 pm PO i & 3HF
A EESE. AR R ARSI I S5k, i E )
FREFE]2A 100 s .

3 HREGk
3.1 RZEHFMHER

BT 50— T B R 8 RSO i R A T
BUARBMITSE . N RES — AR e v,
%65 Baeva % B0 ByBFE S5 AT T X 0. R E
LR L T Vae = 1500 VAN k28 B0 F BEL Ry FO
BELAEL, 45 2 AN [ BEL {8 T i s R 285 I 1 A0 H T
(Vi) S HLRE L (Jow ) ZBIRKEHR, B CVC
Mz, &l 3(a) Hr 2.0 85 RUONAS SO g8 — it A4 AR Y
TE po = 760 Torr (1 atm) I B HEAF3IHY CVC iHh
2, Pt PO 2 R 3 R, ik A M S ) s 1
KB HL X (Geiger-Miiller discharge regime,
GM) [ #HH X (Townsend discharge regime,
TD) . WIEH LR X (subnormal glow discharge
regime, SG) ., IEFHOEIHEIX (normal glow discharge
regime, NG) . R HEEGHHIX (abnormal glow disch-
arge regime, AG) $67% | Ff et P THCR IX
(arc discharge regime, Arc)!""™ 35 T HL L% &
1077107 A/m? [ RIE FIRBLHLEE R, e R AL
TP R, i CVC I FEIE# O . X
O AU L X S SRR 39, 40] A4S — 2L,
BOUE T A SO — T AR IR B R AR A . AE ¢
MR [39—41] WSERE I, ASSCh S — I AR kit T
AT (B HAUR) R FE TR ((20) 2X), 58
RTINS w43 R S 1
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RRAYA T 2T ((33) 3X), B T BB R I 0 e B
AP B AR ST ISP B A AR B A 2 FEE TS
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K3 ARSERETHBIBE CVC L (a) po=
760 Torr (1 atm) 244 T, A< SCAL L 45 3 5 SCHik [40] 45 5 %)
Lt; (b) po = 760 Torr 5% 14 T, Fa BH 44 15 F He 451 4 o 143
CVC M4 R —2, AU B T oAb s gk V-1 ik
5 CVC & 32 555 (¢) R34 p1 = 50 Torr, p2 =
500 Torr W}, {5 HAF B[ CVC ik

Fig. 3. CVC curves of the microdischarges under different
conditions: (a) Benchmark between the calculation results
of the unified fluid model in this article with the Ref. [40] at
po = 760 Torr; (b) overlapping CVC curves obtained by
ballast resistor sweeping and voltage source sweeping at po
= 760 Torr, the discharge regime depends on the intersec-
tion of external circuit V-I curves and the CVC curve;
(c) CVC curves at p; = 50 Torr and p; = 500 Torr .

A3 R R BEL (11 H YR R Ve AR
MU L Ry ) R (R TR FL R Ry AN
A AR LR R Ve ) PR RR O 20T A B ik L AR
AEE CVC gk, M E S, WK 3(b) i,
X—ZE SRR T CVC 2R ] Bt i [ A e
JE P, TR T ST R, AR PR
AR B R E AR, [’ 3(b) R LA VAT

M4 Vae B 2E . Ry 28 AL B A1 AL I 1) 4R 1 il 2
(1 (24) ITHHAG ), HE CVC &M 28 s
TR T AR A T AR A, AR AR X
S IE R F DX | LR MR R X RCE R A
F, DX % FEL IR X

BTG — MBI, AT Vie = 1500 VB,
p1 = 50 Torr 5 py = 500 Torr B~ R AT By 3L
B FE, BRASAT A CVC i nid 3(c) iR, B4
SRS T B CVCO ITZ AR SRR, 055
AR, ST T LR B, FEA AR X
50 Torr B /14 % FL HEL /1N F+ 500 Torr B 114 5 HRL HAL
Bl Var < Vio . T ARIICHEL X T30 R B X6 IO B Ak
ZEHLER Vo . ARSI (Paschen) a2 f M) 28R
RS MIBRIE B (pd) MIREL, h—2% UIE
M2k, A SCWE5E 250 T 19 pd (B TR Ze i 4y
3, MR d ARFERAR, SR p TR
BT A ATRRAR A, BT AR A BRACRAL,
A 7855, PR U A G Y R A g i 2R AR
50 Torr B 1) 1F 5 W FEL FEL I %% B2 /N T 500 Torr B
MIZER, B Joain < Jiowine - ARHESCHE [80], 1E#
SRR, P R AR T 5 P I P P DA B A Ry

4e 1V2
Jtotal,n - 0;3 c (1 + 75e)7 (38)
C

Hrp, o AAHVEEL, w WETRITHER, Ve AP
WALRE, de R BIRR A R IX B S8 BE . TEH MG P
AR A7 K% Ve HARURTE, I A B 5 de 5
SR p B . YREF R, IEH R R
BRI XA R SH RO L X R A T A5 S
gl. AN, 50 Torr B S HHEG-HL AR A FEHR LR Vi, LR
500 Torr FYFESR L, B Vi > Vip . A s sl
I AR Y R O R s R N AR R (T
M) REESFE TR ((20) 3X) AT 1A R 2,
AR L, AR TR s R AR TP I
B OTRR ARG R, PR B DTER B AR L A 2B )N,

Yk 22 A T AR e, 45 3 S0% M 50 Torr 3
3000 Torr ZZfL R ) CVC ik, anlEl 4 Frs. 45
JE 5T 3000 Torr B, A1t L Vge = 1500 VAN &2 LA
il PR 28, 75 L4 R VR L R A RS B e R Y
CVC . S EAKT 50 Torr B, 42T MA I il £k
P23, pd (BRI, WA BN FIE . & 4
Wl E SR T, AR R A TR L s 2B T
TE W DX A R I 5 B N, B R G- HL ik
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PR i R VORRAG, S5 3(c) a5 R —F T Xt
p1 = 50 Torr A1 pa = 500 Torr A [A] i HL AR 2 A #i
AUl S i TR

100 .
7 3000 10

P 4 EFE 50—3000 Torr 115 453519 CVC ik
Fig. 4. The CVC curves obtained with the gas pressure ran-
ging from 50 Torr to 3000 Torr.
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F N RR R ITAG HE N B R . AR AR
W B R B E LA o bR (P T
HR I e ) Ay i AR (M R i — Rk - R S
). B R FRATHL, A o AR R

ne(x) = npexp(ax), (39)
Horbr, ng 2yt A5 R R AE B AR BT Ak i ) i v 1
BT 52830 o Nyl A HL B R A (MR O L T
X B 5 PR AR A OC R A ). AR ST
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Fig. 5. Discharge characteristics in Townsend discharge regime. The position of z =0 is the cathode and = = 400 pm is the an-
ode. Spatial distributions of the electron density (me ), ion density (ni = np+ + Npp+ ), electron current density ( Je ), and ion
current density (Ji) at (a) 50 Torr and (b) 500 Torr. The corresponding spatial distributions of the electric potential (¢) and the
electric field (E) at (c) 50 Torr and (d) 500 Torr.
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B B0 HRGR A
a/p = Aexp(—Bp/E), (41)

Hrp, A, B R S5REFEMCHSEL, X TRAA
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ERTEFITEREEE (ve > v ), FILTERB AL
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30 PHAR 328 B R A (3840), 1E 25 DB AR 1) B A%
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Fig. 6. Discharge characteristics in subnormal glow discharge regime. Spatial distributions of the electron density (ne ), ion density

(mi), electron current density ( Je ), and ion current density ( J;) at (a) 50 Torr and (b) 500 Torr. The corresponding spatial distri-
butions of the electric potential (¢) and the electric field (E) at (c¢) 50 Torr and (d) 500 Torr.
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Fig. 7. Discharge characteristics in normal glow discharge regime. Spatial distributions of the electron density ( ne ), ion density ( n; ),

electron current density (Je ), and ion current density (J;) at (a) 50 Torr and (b) 500 Torr. The corresponding spatial distribu-
tions of the electric potential (¢) and the electric field (E) at (c¢) 50 Torr and (d) 500 Torr.
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Fig. 8. Discharge characteristics in abnormal glow discharge regime. Spatial distributions of the electron density ( ne ), ion density

(mi), electron current density ( Je ), and ion current density ( J;) at (a) 50 Torr and (b) 500 Torr. The corresponding spatial distri-
butions of the electric potential (¢) and the electric field (E) at (c¢) 50 Torr and (d) 500 Torr.
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Fig. 9. Spatial distributions of the electron current density ( Je ), the diffusion ( Je gif ), and the drift ( Je ¢r ) component of the elec-
tron current density in the abnormal glow regime at (a) 50 Torr and (b) 500 Torr. The dotted line is the critical position of the

electric field reversal (

¢ ). Spatial distributions of total current density ( Jiotal ) and other current density components near the

at (¢) 50 Torr and (d) 500 Torr. Spatial distributions of the Jia and Je near the x; at (e) 50 Torr and (f) 500 Torr.
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Fig. 11. Spatial distributions of discharge gap gas temperat-
ure scaling with current density at p = (a) 50 Torr and
(b) 500 Torr . The initial temperature is 300 K. The maxim-
um gas temperature ( Tgmax ) is 11850 K at 500 Torr .
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Fig. 12. Spatial distributions of gas temperature in differ-
ent discharge regimes at p = 50, 500 Torr .
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Fig. 13. Evolution of cathode surface temperature scaling with current density at (a) 50 Torr and (b) 500 Torr. The initial temper-

ature is 300 K. The maxmium cathode surface temperature ( Temax ) is 3961 K at 500 Torr. The temperature of cathode surface
scaling with time when the current density is Jio = 1 X 107 A/m? at (c) 50 Torr and (d) 500 Torr.
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Abstract

Numerical simulation has become an indispensable tool in the study of gas discharge. However, it is
typically used to reveal microscopic properties in a discharge under specific conditions. In this work, a unified
fluid model for discharge simulation is introduced in detail. The model includes the continuity equation, the
energy conservation equation of the species (electrons and heavy particles), and Poisson’s equation. The model
takes into account some processes such as cathode electron emission (secondary electron emission and
thermionic emission), reaction enthalpy change, gas heating, and cathode heat conduction. The full current-
voltage characteristic (CVC) curve covers a range of discharge regimes, such as the Geiger-Miiller discharge
regime, Townsend discharge regime, subnormal glow discharge regime, normal glow discharge regime, abnormal
glow discharge regime, and arc discharge regime. The obtained CVC curve is consistent with the results in the
literature, confirming the validity of the unified fluid model. On this basis, the CVC curves are obtained in a
wide pressure range of 50-3000 Torr. Simulation studies are carried out focusing on the discharge characteristics
for microgap of 400 pm at pressures of 50 Torr and 500 Torr, respectively. The distributions of typical discharge
parameters under different pressure conditions are analyzed by comparison. The results indicate that the
electric field in the discharge gap is uniform, and that the space charge effect can be ignored in Townsend
discharge regime. The cathode fall region and the quasi-neutral region both appear in glow discharge regime,

and the space charge effect is significant. In particular, the electric field reversal occurs in abnormal discharge
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regime due to the heightened particle density gradient. The electron density reaches about 10?2 m™ in arc
discharge regime dominated by thermionic emission and thermal ionization, with the current density increasing.
The gas temperature peak is 11850 K when the pressure is 500 Torr, and the cathode surface is heated to nearly
4000 K due to heat conduction. The present model can be used to simulate gas discharge across a wide range of
condition parameters, promoting and expanding fluid model applications, and assisting in a more comprehensive

investigation of discharge parameter properties.

Keywords: gas discharge, unified fluid model, current-voltage characteristic, Townsend discharge, glow

discharge, arc discharge

PACS: 52.25.Dg, 52.20.—j, 52.50.Nr, 52.65.—y DOI: 10.7498 /aps.73.20240392

125201-25


http://doi.org/10.7498/aps.73.20240392
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

Chinese Physical Society

%i@%"—*&Acta Physica Sinica

Institute of Physics, CAS

BTG — R RIS R BUE 0 BB L

Numerical simulation study on microdischarge via a unified fluid model

Wang Zhen  Zhao Zhi-Hang  Fu Yang-Yang

5] Fi{5 B Citation: Acta Physica Sinica, 73, 125201 (2024) DOI: 10.7498/aps.73.20240392
TEZE RT3 View online: https:/doi.org/10.7498/aps.73.20240392
BHAPIZS View table of contents: http://wulixb.iphy.ac.cn

FETT ARG K A S

Articles you may be interested in
RAEL AT B VG — 405 BT
Two—dimensional numerical simulation of pre—ionized direct—current glow discharge in atmospheric helium

WAL 2024, 73(1): 015101 https://doi.org/10.7498/aps.73.20230712

i i sl B A5 8 - A sl P B ) S B Y
Experimental study on gliding discharge mode of rotating gliding arc discharge plasma

PIFRE4. 2020, 69(19): 195203  https://doi.org/10.7498/aps.69.20200672

o U ORI L 2R 805 8 TR TE JL AN AL
Formation and evolution of striation plasma in high—pressure argon glow discharge

FEEEAR. 2022, 71(14): 145201 hitps:/doi.ore/10.7498/aps.71.20212394

o U T SR 1 SO AL R S B 5
Experimental investigation of discharge characteristics of alternating current rotating gliding arc discharge under high air pressure

PFEEEAR. 2022, 71(7): 075204 hitps:/doi.org/10.7498/aps.71.20211232

ST oM B R ORI B S OB
Micro gap air discharge based on fractal theory
YrH2E4. 2021, 70(20): 205207  https://doi.org/10.7498/aps.70.20210362

ARG AR ArFHE T BOE R SRR R
Analysis of ArF excimer laser system discharge characteristics in different buffer gases

YrHE2E 4. 2020, 69(17): 174207  https://doi.org/10.7498/aps.69.20200087


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.73.20240392
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.73.20230712
https://doi.org/10.7498/aps.69.20200672
https://doi.org/10.7498/aps.71.20212394
https://doi.org/10.7498/aps.71.20211232
https://doi.org/10.7498/aps.70.20210362
https://doi.org/10.7498/aps.69.20200087

	1 引　言
	2 模型介绍
	2.1 放电结构
	2.2 放电基本过程
	2.3 控制方程
	2.3.1 电子的连续性方程
	2.3.2 电子能量守恒方程
	2.3.3 爱因斯坦关系式
	2.3.4 重粒子的输运方程
	2.3.5 重粒子能量守恒方程
	2.3.6 静电场泊松方程
	2.3.7 阴极热传导方程
	2.3.8 外电路方程

	2.4 边界条件与模型设置
	2.4.1 电子的边界条件
	2.4.2 离子的边界条件
	2.4.3 激发态粒子的边界条件
	2.4.4 电子能量的边界条件
	2.4.5 阴极热传导方程边界条件
	2.4.6 其他边界条件
	2.4.7 模型求解


	3 结果与讨论
	3.1 伏安特性结果
	3.2 汤森放电区
	3.3 亚正常辉光放电区
	3.4 正常辉光放电区
	3.5 反常辉光放电区
	3.6 电弧放电区
	3.7 背景气体与阴极温度特性

	4 结　论
	附录A　$\mu_{\varepsilon } $与$\mu_{\rm e} $、Dε与De的“5/3”比例关系的推导
	附录B　穿过某平面的粒子平均动能表达式的推导
	参考文献

