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LB ECRIT B TR TE S LWH R

HAH' BB, &2, 2L
(LTEAE Tl K2 i R2Be, BEPT PE4¢ 710072 2. 22 M ZS A4S AR YRS T, Hol 220 730000)

B E.2cmBFEzERS T HH % (electron cyclotron resonance ion thruster, ECRIT) B 7 7 # A
Rk HEFE ERTRAXNGHERZA, ATELKIERARSKRARS TS, TREALIR
ECRIT & FR &g At A5 LI %, 2 547 ECRIT B TR A w it 2 %6 TAT e E2 L
EE TR 2 em ECRIT & TR 69 FHRAEA ST LM at |, B L R RARE I, AT B £ 5],
AREREN . DS BT ROGMAD RS 8§ W, ARAEHN 2 ml/min B, BT 3| h R A H e+
5 R RHYAF KK, 5 B RASAA 162 5 12.5 mA,3E A 5 5] 476.6 5 368 pN, QL m AT
EH W, AKAEH 0.6 ml/min B, bbb ed3H 5 202 R 420058 5 1855.6 5, 34k B R kM, &
F Al kR A AP S s R AR R 2 TATE R A 2% ~32% ., B Lt H KR 69
NG FEH 8 W, AMAEA 1 ml/min, FIRAGIMASES 8 W, A WAEH 0.8 ml/min &, & TR
AR T A TAERDS BBt 3 AR A 248 H , 5 5 A 17.8%F7 16.2% ; B T e MALEAK, 55 A
443.9 #2596.2 W/A,

* g A RAXBdpit MR ECR B T4 B 2R
RESES V4392 X EAARARED: A M EHS :1000-2758(2023)02-0274-08

ARZIUE AR A% 2 AT = LIRS B PR T At K 4t
BT OGN PIE A R AR K, 75 2R H
et RGE LIRSS B PR Fr . R AR &R
4 g LU TE 7 8 R SAE Sy AR BT, JE A5 HE 5
WA ARG, BEHak REpsfs™, By
] HEILR B9 4k 77 2% ( ECRIT) AR B4 B B T4
Al 24 B TAE 38 TR B R 5,
H AT 2% v A 3 A A 10 em 1 2 em 45 T
i ECRITH . Hid 2 em ECRIT 4549 5% it i,
AHTARBE UM TR BT RG]
RETE

XF ECRIT 8 7 5 8 7 4 (R A AU I I e M e i
A A LR g uE A M T DL T (o M T A
ECRIT AyRE, SR H A E N AMEX 7 5 T
YEA R, EZ A T A K TR ECRIT 2 14
PEREPEAL . SCHR[ 6 ] R IR AURIZK T 5T ECRIT 2
FURHAT T RS A A M SL a5y it a5

¥ #5 B 25:2022-06-08

SR EE R M — 2, (R B TR 220 A S Ay
A REARRN L S S 2 S5 TR 5 S e 45 A 22
5o FTERIATIR 4~6 W VLN, K T3 1R I
SR K 11~ 18 mA , AR 2215 BN 10% ~
40% ; i T 5B FUR M5 | H SR B 8~ 12 mA |, AH
X IR -25% ~ 0%, SCHR[ 7% 10 em T
T ECRIT BT 7Rl S pe it 5, L
HL T BE KT 3 eV I, R T 19 i B M RE i
5 BT UR S 38 A R v A 1 R SO
W 375 Y 2 0 1 A R T R AR L i 2 (HR 25 B
RCHE TR AR, 3k BERIF ST T AR IH A1) F 2 A
RIPPAL B T IR R A — & P ER . SCHR[ 8 T X
2 em{i 1.5t ECRIT B FIRIEAT T HRESLIRMSE , 43
MET B 75 | A B A T 25 SR ) AR R R
BRI TR B IR, H AT E A AR
FEHHESE NI F0 2 em ECRIT B 1B A9 P AE AL
W TAE A =, ERAFSE TAE SR AR

HEWMB . FR A RBFHE 4 (11875222) % Bl

YEE BN ARAFE(1999—) |, PGdb Tl K= ox Az, 3222 3525 ] L AHEE A 5T
BEESE BB (1964—) ,VEIL Tl K¥# 7, FEMNF A [ HEIEHIS . e-mail ; yangjuan@ nwpu.edu.cn
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BOK BT (AT AT LA P G v % AR 1) 4 3
B LA SR T T R A TR A AT

AR SCHEST 2 em BT ECRIT 81 I8 () 8% fA A
Y3 R A e | H O RIS S S O AR TS F
BRSO M) b EPERES A, W
I SCIRREGY RS B TR R RE S 4L, At iR S 5
BT LG, A AT AR 5 SR A R 2 ) 1) 2 S R A
51 2 em A TR ECRIT & IR B AL TR,
AR SCWFFE TAEX F AR IR PIE AT 2 i i
IS A S HME.,

1 2cm ECRIT BFEREFASIH
SRS

1.1 2 cm ECRIT BFiR

2 cm ECRIT HPERE 2l i e K 1 R
HE5HE, B N AMERS REHE Rk LR 5
MR A 1, B I TARR P AE NP IR IE
WEMATE WL R 5 rh A L g iz 2, 78 W 1 [l e 3 R
(electron cyclotron resonance, ECR) [X., B, F [] ig iz
Bl 5 B L AR A SRR I, L ARk e R
R 1 o Rk 2% VAR 12 W o e NS R R S ]
ok AR AN S e 32 5 | 0 O A A T

— Bt

Bl 1 ECRIT & TR R K

BTURRIHET) T b 1 8 T RER AL £, Al
SRR 7, B1(1) ~ (4) GHREY

T:Ihm (1)
1, =T1/(mg) (2)
g, = (P, - P)/I, (3)
n, =1,M,/(en ) (4)

£, 1,0, PP M, my FlL g 53 )2 B 5 | R

TN i R R R B R SR R
TR R R SN, R
R B FE MRS, TR (1) ~ (4) X
SR AE T2 AHE T | L vl | B8 BE s ASURE R R A
FHRCE IS B PE BRI TR 45 R . SR LA S5
PN BT H 1 AR, W AT AR R A kAR
3 He BT R R R AR A0R 1Y) S5
B, PEREMTTH S S0 25 AT Hev] RAAr AT 2 FpiE
kS
12 BFERRSIHEERS

K 2 fif7n 4 2 em ECRIT B TR 51 525
ARG, FER SR LA AR AR
WAL AR, R i 2 AR A%
R A B TR, P R 4.2 GHz, F&
ELae FH TR B B0 , Dt I S T
RS h R P I AR P, =P, - P,
eI IEF 5 0 B 7o 1, i BRI 1, sk
MR 1, AR =1 -1 KT =V /R,
I, =V, /R, RZRIHBHFHE R =3 000 Q,V, FIV,
43 S92 S5 R T e A K 1 P b b BEL g P, S B
PG R R V. 1 500 V, MR R V, K
=350V, Hrhv.=v_-v V.=V, -V, V. FV_ 4
551 Ay S MR SR ) F R R P, S FE FLR U =
v.o-v.,

SRR ¢ Rilis

K2 B ais] s R4

2 BT ENEFERZERANSEERNE

2.1 EEEE

A5 85— U P 0 A5 B P R B (R M 3450 A, AR
T A R T O o R G AR R TR R Y R
RIA AR | HBIRIZRG T B IR A h Mok 2%
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JE REES TR B R A SR R = [5G
SRR AT LAAS 1 U B 5 L AL B
ERENTIN gL AN R SR K e 2 |
(1) ~ (4) 2T LB 50 RAG #E 0 | Honb 1 B
R AR50 ) FH 80 B A A A A D 1
AR, I LA i 114 2 22 590 00 2803 e AR 1
TREAFE N FUAR , BRI A48 i) e TS0, B
AR R,

RAGRE RSP ESC R AT R 5 URMCR F
5 S ISE I FE D) R L BE T4 2% HELfaf MIAARE 5 | HH) o i 85
A7 DR A1, B

Pabszzloz'ea-l-zlﬁ.eﬁ-l-
a B

(I, + 1) (Ty/2+ V) + 1, (2T +V,) (5)
A 1, 1, 5350 S R T B D OR L B AR
SRR €, I e 23l D RS L ) 3k TP 5
BE 1, AN, oD BE T M LR T,
AT V. B AR
B B TR AR [ 20 A 3 5, T R (5) i
]a ’]ﬁ ?]wi ’Iwe ﬂ] Ih ﬁ\%UEE(6) ~ (10) ﬁi+%:[12_13]

I, =nyneK,V (6)
I, = nyn,eK,V (7)
I, =en v, (8)
I, =0.25en v.exp[ — eV, /(kTy)JA,  (9)
I, =en (A +A)T, (10)

X ng PR T B E 0y = 4m (1 -
n,)/ [vo(A, + A) T, 15 T, MR A %065 W B,
Mo, AT RE G n, AR TFRORE K, F1K, 53500
TR RN FG, B B N R R H B, i Bolsig + 1R
BN BRI E T R 0, = 0.86 -
(3 +0.5L/A)n;, L, NETFIRFEREE A, W+
AR A R, n, NS T BUR T v, 0 E T RO PR
vy = JeT /M, v, A H T B, =
SET/(mm,) ,SMRIREE T=300 K, m, AHL T Fit;
V REGFIRARER A, S B 400 2R T AR (R A R S
FLANE T IR R AL R BE ) 5 A, HL 451 25 AR (6L
FEEM ARG ) A, BRI AR A, Sy R L T
o

R 12 - P ST TEL DG AR 7 A 1 18 1 i 55
R T 5 R T 2 ) B - L A RN S | S R Y S 1
PO AR HAE T AR AR e S i, B

E 541
Zla :]\\i +Il) (11)
Iwi + Ib = ]we ( 12)

R 57 511 G AR, 2 A AR i 5 T

T A 1t 55 SN TH AR I Mt i 2 A B
m, =m, +I,M/e (13)

A, m, R SRR R T BRI R

TELE AT P, AU m, AT,
HUERYESAME ny = n,, ATRIFHAC AL R By 7 72 (5) |
(11) ~ (13) SRt o PR RO BE n, B T 5U%
JE n, 2T H S VR IR T, 24 R
i, JEAIH (10) R 751 A0 1, , TR 5
(1) ~ (4) IR ERAOTERE
22 WERMN

2 em ECRIT &5 N 19 = gL T Ag ' HUAE
R THREN BT A ELH RN
J 3o P A 5 9 R AN R B R N, 3 27 BT
UK SOSELAE S TR SR Oy T IR SR
TR ARSI A I R Y — 2D N

1) N,+e"—N,(rot)+e™, € ,=0.02 eV

2) N,+e"—=N,(v,)+e”, € ,=0.29 eV

3) Ny+e >N, (B ) +e™, e ,=7.35 eV

HL B SO AT 2 2D

4) N,+e —>Nj+2e , € ,=15.6 eV

5) Ny+e >N (B*3)+2e”, €,=18.8 eV

e O B T 05 R (5) Hh BT I R H g
e AR R K F2% IR B AR R A, gE
.(6) F1(7) AP B SFE R

3 EFHEMTEHNAIR 2 cm
ECRIT &FiEM4gE

31 BFSIHRRHIHTESKEER

I RTAREARRIR ARG 2 em ECRIT B FUR MY
MR 8 25 H0 SR 3 6 B Bk AR A T AT
AN R A DR AR B IR B g
WO o FHIE I B R Y B R | SR A AR
DR AARG B N B 5 AR, A
e 3 R, HWHE SRR ER R E H
0.6 R Z 2.2 ml/min i FEH, B 751 H R 5 H
AT R 2 52 1 AH G, 302 PR i A T 4
I FE - FRBE R I, AR T 1 3G ol v PR il
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AERIG I, M Ry 1 AL B 3R 458 B M
B T B S LR . R SRR A B, 235
A S DR P ) UM L RS 1 5 | o R A - il
TR TR A AL, B 75 [ O A B A
AR AZIAT AR  HOR A 55 SR 4G

W s, A RIS SR AR, B T AR
AR Ot o T S R, O HLAE AR A DR A
ARG T BTG S 2 R R, T 2 5 B
INA 2% 5 WA B A DA AR T B R RS
TIGEE R 2 G, T KN 32%

RNER, % & T ECRIT & FURMERE TR 5 5010 i o1 <277 -
Moawam —awiy
6 W S5y 6 W 4
A 8WHM  -a-8WilEE
16| A——A—A .
< P
g o
2 1 Wl = o o
aa‘ Ay
™ -
M- 8 A — ) i -
B !/!/E/D g o ° °
/
4 5
[0 L L L L
0.6 1.0 1.4 1.8 22

Ak /(ml.min_]).
B3 B RmAITHE S e

®1 BHFEMRREITEMSZEITME

THRH SHH TR S RO R 2
AN BRI NS WA ETREAENR maET
) LA IS AT ] DUATI Y= AT - -
W S 3 o . 3 o YRFiR2E/mA IR/ %
A/ (ml « min™") IR/ mA AR E/(ml - min™") IR/ mA
4 2.6 8.3 2.6 7.4 0.9 12.2
6 2.6 12.4 2.2 10.1 2.3 22.8
8 2 16.2 2 12.5 3.7 29.6

M AR 25 S R AT . 25 A TR AR
PRI AR I B R P S 1Y) A S A AR
ECR DX HVEE [T BT DX 3 1 56 2 1R 2% 138 2 5 /N filf
PRI SE RSB0 25 1 L30T 5 M5 A DR AR
R R E R, B TR ECR X 1Y %5 5 TR % 1 4%
LSRR A SRR MR B G R A R )
22 S8 0 ECR DX 9 55 B8 -1 2% 3 1 RE 1hi bt
T DX Sl P A5 A B A B R B A A AR
B oppEr | I ek Rl B i AR S S i T BT
FO AR R 2
3.2 EFitEMSIgagHE ARt b

BT 31 WE SRR S SR g
R (1) ~ (2) AR R i A D R F AR
(S AN AT T S PEAN , 25 R 4 s, 3
LA RRY, AR 0.6 HKE
2.2 ml/minid B o HE DT 5 A DR SR =
SEIEAG, R (1) T 5851 AR
SEAEARSC, B AL RLEEAR ] ; b S AT R 2
TEAHSC 5 AR i 2 A G SO R (2) h
ARG AR L of S HE ) ARG, P AR
FERLBEARR], 107 S AR A i, 255 (1) L (2) Al
(4) AT B b 55 4 1 550 R FH AR 52 TE A O, RUiA
T O o R AR 2 (0 v L A A A SR i {EL TR

Aft 2 i Fi BB A G, (A FRL R Rl s, it
FUF RS AT EE s AR AR

6

o

WazEy =4 Wi

4
6 W 3Ky 6 W i51
o 8WIALE  -a-8 Wil
oA A A
/A/
z 4t s
e P Y S
S A N
\ N
R e
N |
® 2 ./n/ﬂ/: 5 o o ¢
./
o
ol : , . .
0.6 1.0 1.4 1.8 2.2
SRt / (ml-min ™)
’s a) N
0 4WRE - 4AW S
6 W Sl 6 W 4L
ol A, SBWER o sWitH
) A \
No \
= B3y . \\
£ 5 —_
X A A
| A
10f ~ L
C T~ 4.
[ = a
n\-\
o l\-
st o o
0.6 1.0 1.4 18 22
ARt / (ml-min”™)
b) b

P4 TSRS A HE ) A EE oA
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odt T ok K

2
&3

A,

o5 %41 %

FRRAE SR T35 SR A R AN 36 2 Rk 3
IR HETTRIEC b EE 5 S A R 2 5 5 15 |

WL —3, o RGAF] 32% , Fe/NAT ik 2%

x2 EFIHEMIEHNRAENTMA
A FHfE RS R %
AT B AR B AR
W SRR (ml - min) 1/ uN Y (ol - min) MEH/uN HRFRE/UN AHRHR /%
4 2.6 244.5 2.6 219.4 25.1 11.4
6 2.6 366.9 2.2 299.1 67.8 22.7
8 2 476.6 2 368.0 108.6 29.5
*3 EFIHEMIEHREALLRTMA
HRE TR S SNERLUTES
WA 5 R R B R
v KGR/ (ml - min™") el S GRS/ (ml - min™) s BRI/ R %
4 0.6 1075.5 0.8 1036.2 39.3 3.8
6 0.6 1637.2 0.6 1502.1 135.1 9.0
8 0.6 2 095.8 0.6 1 855.6 240.2 12.9

33 EFtEMIBAEHRFTF AR EIEFE
ERZERERIIESH

MR 3.1 R ol R A S AR,
FIFH(3) Fi(4) XX HEAR R i A DR MASAA R R
AR HE S 7R R 80 R B8 7 g R B AR E AT 1T S04
SRR 5 R, RS SCIR A BRI, 7R SRR
0.6 B E 2.2 ml/min 3 AR HEHE R F 2L
RS T R S AR AT 5 i A T 2R 5t TE A G ; 4 2E 7

[SI=E=N

iR ERSHE IR RRILT 3%, & K5
32% ,5/NATIE 2%, B FIRTEARRE AR T B+
Al FE 5 4 R R AR 1 ¢ R n il 6 i
N, A HPY B T IR A TR AN AR B SR
W/ TS SIS VT AN 1 B B 45 FE B A A 2 )
FIFHARCR A8 T, 2 H B 9218 18 i DR s 448 in f14
MG YR AN B 257U A )R g 3
I, HNE 5 PR Y B T BE 8 10RE 38 Bl 2 4 2F 7

R R Re BB 5 AR i 2 A G, FI AL B 38 i 2z 18 Y
I P50 R AR AR T RE R AR B 5 3L 50 1A
257 04wy e 4 W 8 o 4AWSE " 4Wii 8 o 4WHy " AW
6 W S5y 6 W it = 6 W ALy 6W{ o 6 W 3Ly 6Wf¢§
o ool o A8WHK s 8WiH < L, A3WIR Wi < Ll A8WEK - 8WitH,
s N ~a_ % f é q ;
@ 15 a X Sa_ —, NS da . NE o \\ /Oﬁml/min
= 10 e % \ . % s / 0.8 ml/mi
= —a ., -A st a A 5+ AT .8 ml/min
5 |- e 0 - \w oS - 8o/ 1.0 ml/min
& 5 o 5\5\5 %ot \\5\\5§A§A o g %ot == el ‘/A/A/A
# D ¢ A
0.6 1.0 1.4 1.8 2.2 0.6 1.0 1.4 1.8 22 4 6 8 10 12 14 16 18 20 22

AfEHR / (ml-min”")
a)  HEREFRIA AR

Bl 5 &S0 S A s 570 R

BRI TR A

AfEHER / (ml-min”")
b)  BTRERK

HEREFIRI R /%

Ko & TR0k BRI

ORI £k
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RNER, % & T ECRIT & FURMERE TR 5 5010 i o1
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— PR OLT , H A g i A 1 A 50 A
RORHEAR A B TRERAFE . e T IR ATIRA
PRI Bt AR B 980/, R R FHARCR R 3G K
RRTE T REE BN KM In A, RN Ry
L TAE S, W, 72K 6 b aT IR I 44 th
PR LIRS 1R R T R s Al 2R 15 3
AR L) 5 RIDA 1 YRS TR i A Zh 38R B e f A
XoF I TR eP T kB bt o B R BE S B it
B S EAG AR AR 4 Fos . MR TRAR
TARRSH TR AT Z y 8 W A &
N1 ml/min SEEAAFHETA IR 8 W AU
>4 0.8 ml/min,

FH SCHR[ 21 ] AT, AR KACRH ) 5 s = B
A, 5 TR KRR IE A DG, 12U (24 emx
24 ¢mx36 cm) 37.J5 2 AE 200 km PE TAERF 2724
29211 uN RSP TT . s sCER[ 2] ar %0, R )
A AGE SR R B B 50% B, 24 HAfE 5 550 A
B IR B 10% B, v 2 6U (10 em X 20 em X
30 ecm) 12U .27U(34 emx35 ¢cmx35 em) 3.5 B 1E
200 km 3B TAE, B HEERAND, 455K 4
25 B IR TAESECT HEdE R A AR R
FSIIEAGZE A, BT 211 N, HE R )
FHELR AR 10% , ol UE I UL HE S geve s 7 2 1Y
N RTATI

R4 EBTERRETSHETETTEMIRAMEERITHSER

A S
AR/ - i
BFROARI R e teehs HESERIRD BSFORORIRTR HES/ ey HESERIRIAH
AEFE/(ml - min™')  pN S A%/ % SARHRE/(ml » min™')  pN s B/ %

4 0.8 172.5 1 055.6 10.2 0.8 169.3 1036.2 10.0

6 1 288.8 1413.8 13.6 0.8 2322  1421.8 13.7

8 1 376.9 1 845.1 17.8 0.8 274.5 1 680.9 16.2
B RE R PIFEYY S A TR TE ARG 4 AR
4 & it it S ARG T F o e R AR RIS FRE i

ARSCHEST T 2 em ECRIT 8515 B AR AL 5
AR S IR AR AT, PPAL T R IR R, 152
ZEBI .

1) 2 em & T 5 ECRIT & FI & F5 AR it
SRR R, BT o AR S AT R MR
PR R EARE, e KB T3 MR T 5 5000
SEEMH R 16.2 F1 12.5 mA , AR 22 25 Ak 78 Bl Ky
2% ~ 32% ,FEPRIE AL v o 38 5 A A RO R
FOTA S5 R 2R EE RN,

2) RIS S0 A5 20/ B o, SR 1S4
FRIPERESEL, & BLHE T | Ewf HEE FRR) AR A

SE MK
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PAFER 5 MR I & 2 00 AH O HE T B KB
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B AR R 25 A I 2% ~32%

3) R S B e 1R Bl A2 R 0R 1 AR
R4, R ik SR T 25 5 AT B 1
VRIS TAERAS B 1) SR T 1, BV A T35 510
4,6,8 W B, T 345 0 S5 e A =430k 0.8,
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Computational and experimental research on the performance of
ECRIT ion source with nitrogen propellant

TAN Renwei', YANG Juan', MOU Hao', WU Xianming’

1.School of Astronautics, Northwestern Polytechnical University, Xi’an 710072, China;
2.Lanzhou Institute of Physics, Lanzhou 730000, China

Abstract; Electron cyclotron resonance ion thruster ( ECRIT) with a diameter of 2 ¢m has the characteristics of no
hot cathode and high specific impulse, which is suitable for the air-breathing electric propulsion system. In order to
adapt to the atmospheric composition characteristics of nitrogen and oxygen in low orbit, the computational and
experimental research on the performance of the ECRIT ion sourse with nitrogen propellant is an important basis for
analyzing the feasibility of applying ECRIT to the air-breathing electric propulsion system. In this paper, the global
model of the nitrogen ECRIT ion source with a diameter of 2 cm is established to calculate its performance. Then,
the computational results are compared with the experimental results to analyze the difference. The research results
show that when the input power of the ion source is 8 W and the gas flow rate is 2 ml/min, the computational and
experimental results of the extracted ion beam current and thrust reach the maximum with the extracted beam cur-
rent of 16.2 and 12.5 mA and the thrust of 476.6 and 368 wN, respectively. When the input power is 8 W and the
gas flow rate is 0.6 ml/min, the computational and experimental results of the specific impulse are 2 095.8 and
1 855.6 s, both reaching the maximum value. The relative errors between the computational and experimental
results of the extracted ion beam current, thrust and specific impulse all range from 2% to 32%. When the input
power and gas flow rate used are 8 W and 1 ml/min in calculation, and 8 W and 0.8 ml/min in experiment, the ion
source is on the optimal operating state. At this situation, the computational and experimental propellant utilization
efficiencies with 17.8% and 16.2% respectively are high, and the ion energy loss with 443.9 and 596.2 W/A

respectively is low.
Keywords : air-breathing electric propulsion; miniature ECR ion thruster; global model

SIAES: kAN, F, £, ¥ AL ECRIT B FRERITEGLBFIL[I]. BAIWAFFR, 2023, 41(2):
274-281
TAN Renwei, YANG Juan, MOU Hao, et al. Computational and experimental research on the performance of ECRIT ion
source with nitrogen propellant [ ] ]. Journal of Northwestern Polytechnical University, 2023, 41 (2): 274-281 (in
Chinese)

© 2023 Journal of Northwestern Polytechnical University.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (hitp://creativecommons.org/licenses/by/4.0) , which

permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.





