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Fig. 1. Schematic diagram of a divergent-field discharge

chamber.

KB R Y 4 T R = LA R AR A B AR A
Bk BHARRE | B0 WEER | SCEEARCR TR oA,
SRR L BARRARE  RE R AN ST AR A A
SR 7 A e BN R B Bl ) 3, WG OR IR
HUREER R ZSAIE X, i ik il i FL R 1, R S B
JHC FEL S RS i P PR S AR T s PR I
P28 0 R P DT RE DX B AR AR 5 P 0 24 A
PR 58 8 AR 5 DRI R 5 5 A5 205 0 i 4 27
HLIX, $ - B AR At L (67 [) LR T 2 AR A
S R FLE, A P SRR R R R S T U 9K B
PRI 1, R e o B AR A 5 5 =2 ] A 2
TE SR B AR X1 R X iz 1A%, B

205205-3


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

) 32 2 3R Acta Phys. Sin. Vol. 74, No. 20 (2025) 205205

FE8 3 B L] RS RS2 e J F 5 A 20
DX Ao g R e R A R, TR e R E T
FEL 2 ) 28 1 A R P T B HL ] i) 23 Af 132 T g
G BE e R FH PR 580 3 SRl ] 1) SU H S S5 A4 TE
2 (AnTET 2 P ), i ad AR T B U o, sl 1
TCRBE AT 3 B33, S T E R 1] [
I A I R 2 A S i) 20 Af 3% S VRS 2 A R T
PEMIAGE 12 B TR B3 S0k i
AR LR S PR R e DR ) AR T S, R O %
weit b R R AN R T AR 25 F N S e T ARG A
TG WP B, SIERIHEFIRASA 5 2k

7.6 mevy

<0'enve>
~Di ¢ (7)

3 (ojve)’

K, m, W F IR v, NHEFRIEE; o0
H 5 P PR D A IR AR, A L /AR R
BT A AR, o TS PP % o B
FERAE TR R R S R B A ()N
i RS F L T U A SR I (7) AT
B FERC R D AR E B AL T, In A0 S+
MR UIRC. 456 KRR 2 R HA R, 7
YR B | PR AR S B AR AN, o S e ik H, B S )
B RS SRR R S A

B.

NSRS
ML
v ) ; /’
fimhets
T
T P R
L
A

e ESMI
PHARAES (PR A i)

2 TR R AR a5 MR
Fig. 2. Schematic diagram of the propellant distributor gas

supply structure.
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Fig. 3. Distribution of electromagnetic field and plasma characteristic parameters in the discharge chamber at a high-power, high-

thrust operating point: (a) Equipotential lines and magnetic field lines; (b) electric field lines and magnetic equipotential lines;

(c) electron distribution in the discharge chamber at steady state; (d) ion density distribution in the discharge chamber at steady state.
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Fig. 4. Schematic diagram of an ion thruster discharge
chamber structure based on a convex spherical surface ion

optics system.

205205-5


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

) 32 2 3R Acta Phys. Sin. Vol. 74, No. 20 (2025) 205205

29 5%. FEHIRPIEAEIE S AR s B IR e &
—HTEOL T, MEREA AR T R EEE S T
R R, USRS PRI, T
PE T BTUMCRIESRE | H B8 0 23 (IR 4, SR AR L,
AR BEZ T B, MEAh, AR A A B A R

F 2 PIREREDEXT M & TAESEOT I
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meters for the two surface forms.
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Fig. 5. Comparison of extracted beam current density dis-
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face forms of the ion optics system: (a) Comparison of ex-
tracted beam current density distribution; (b) comparison
of extracted beam current characteristic curves at 90 C

low-temperature environment.
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Table 3. Ion optics system design parameters.
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A, Iy SO B L LT, 32 A0 B A
S B A AR R B 7 A 1) R FRL U R R S AR R T R
SRR TR L, AN, L, =~ 0.71y; J, & SHA
1 & BT T HL A%, i1 Richardson-Dushman
T2 P fliA: Je = DemiverT? exp [—e@wt/ (KT)] , Demitter
h 5 R SR AR A DG I B, TR R AR
Ot N RGTAR BER T REL, kB IR 252 H L.
TR, TERSHAMP R A1 O T, 3 5 42 i & S
AP I R R T 2 B R 3 B A L LU, FR AN
250 I T EAT R AT IS (IR Dy RE A 4 4.
FEHE A8 K B TR e I O T, 7S
AR 2 ST AAR ) SR E b 2y 130
ha~ A-{Dexp [4l./ (rd’L.)] /B + C}te, (10)
K, Lo WESHAKE, —8h & SHANZER 2 45
it b, NRSHAZR kiiFeHar; A, B, C, D AW
B, 41904 1.25, 0.10777 A/mm?, 6.480x10 ® mm /h
M138.166x 10 mm/h. 7] LLF 1, &SR EE
ERTRIGHRNBEMZE R IFEA I pREL. 25T 45
PR RR I, & SHA NGRS K. L, 8t
T YR SR ZE R R A A B R, TS R
RATAIELRE , DAFETH 25 0o IR 1 /5 2% B F - FL U
RAPARZS AT Stk 5 2k
g PR i 2 0 BRI AR A R FEL 8 P R e/ RS
(il % 5 B8 IR RO B A 55 . DR /) YR
WL A S RE Ty B R SRR I, 7R TR AR

BT, AR 0 P
SEAETE WO BT A RPN, TR 2B R
10 555 RS T 4B 30, i, 25455009
B H SR, Xt BB TIUNAL B8 dy HET 38 R
B o

do = \/7; (13.7 4+ 7.8214) x 133.3 x 107¢,  (11)
0

X, po 9 BEAE (9 T30 AU 5T 220 B Y
B A AR TR o Ry 23 00 AR B T B AU
IR, dy W TSI AR HE S B T s
BN AR AT L 1 B R A S LR A T e, (B 2% 3
/N IRSE TARZER, F X s B
WA SR /ML AR SR AT it
TS OICHR A SR B I o 1 A SRR, 58
TRy B ) fe s BB B RNk 4
B B 6 PR o SE e B AEHE T B 1 A SR A
F4 ZEOPRERITE

Table 4. Hollow cathode design parameters.

BHAHR PaEat
KA AL axiia
B T/ ML AR L 1:12
EEHANBESKEH 1:2.05
KA/ A 0.5—3.4
BHHRIRE S N EAZ 1:0.78
RV ZE R REH 4 /h 40000

P 6 3 R AL A s 4 A% S R
Fig. 6. Photograph of a wide-range variable thrust ion

thruster.

3w b Ae AT
3.1 ENRSEMFE

B 0 R AR A 7 B 4 7 28 M v M R ST A 2%
M 23 [6] 7 A Wy BRAF ST TS-6S B 1 4 0 7=
PEREMN K 15 A T e, s i L BE AR S5 3
fik [38], IRE RGN E 7 BN, SR RS B
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JINHEE 3000 2 AN (] A R A D iR AT T S,
I T b,
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P2t

|mﬁm%ﬁﬁ||mﬁ&@%ﬁ|

A X 2
T RS ﬁiggém
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Fig. 7. Composition of the test system.

Sk AT P A 2 2R 6 ) B R A2 4 R 1 4 il
MERE, 45 BHAR I | Dol R v 3 B BE AR (6% 8 7
FOCR MR ) 22 S AL ReE, SETE I AR ) B T
FIRRARYE TS B SR PRIRBR B FL O« BE A
HPES TNl FL A M A TAES R E NS, KB
WSl 8 4, B SIS R 1 4R
i, B TR E AR S HE R ) 2 SR T il
i P 1R H 1 08145 S 3 07 %9 /NS PR LN At Ak A
A FESLIERN [ 255 BHAR LSS R L B K i
ARSI I S L | RS IR R
JELE AT TAE S B HE v BR AR He i KAk
FIHE DR 7R B AT 86% AY B BH R HL 3 15
BRI T FE R A T, S LA 4 b
FEL U ] 7 s oK A T R, H R W e R T
VERUT IR R SRR G 4wl AN s T 41 V A 20 V,
Jil R EEL 3 T R PR R R AN IR 310 W/A,
HH AR R AT 30%. BT 14854 S
7 1 BHAR P68 PR L S S U WLk 5.

F 5 BT ST B AR TV 0 B AL B A

HLI S
Table 5. Anode gas supply and anode current

parameters for ion thruster variable thrust adjust-

ment.
WEHELEH/mN PR /A R/ (ngs 1)

1—3 0.55 0.100

4—5 0.80 0.150

6—8 1.45 0.185

9—I11 2.00 0.250
12—14 2.20 0.335
15—16 2.35 0.390
17—18 2.50 0.450
19—20 2.70 0.500

3.2 I{EMREITFMRER
Ta 0 R AR HE T T AR DR PO T A B
AY EE 1R 22 Al
P = Vily + Valy + Vala + Vildi + Vel ek + Vinlm, (12)

K, Vi, Vo Vi, Vi, Vi B Vi, 23500 0 B A FE T
TS E | BE AR R L S B iR E R L R g
fidp L R AR A R I 1, L, I, L, g A
L3 5300 A T B R o A RO L BHAR R IR L
P AR fish A FEL JE L AR e R O R ER R A R R
FL L.

Vi 30 PR AR HE 0 B 4 g A At g 5 R R O

VILEES
F = apBly/ 27;% Us, (13)

K, o, B0 B F AR A A B R BT
17 S I FRA, BT 8 U i A B A RS
F- LIRS SR 8 1E R A U, A
B 00 P2 4 T B 4 0 A 1 o A R R PR PR T
KRB L T, U, = M+ V. b
(14) K5

Iy, = F/(mmyg), (14)
K, o A A0 TSR R g W
JIIMH .

FETFE 7 s R G, X IeE AR ) BT
a8 TAEMERE TR T IR, & 8 i Wit )1 4%
fE 1 mN, 5 mN, 15 mN & 20 mN # /5 5 1951 1
W TAER . B9 A T iy AR HE S s 4 )
i EEVERE S BB LA

Kl 8 HMENETEAFMHES TAER MG IR AE A (a) 1 mN;
(b) 5 mN; (c) 15 mN; (d) 20 mN

Fig. 8. Photographs of the thruster’s extracted beam at dif-
ferent thrust operating points: (a) 1 mN; (b) 5 mN; (¢) 15 mN;
(d) 20 mN.
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E 15 42000 o i 192L —=— 0.100 mg/s
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E ol {1500 & E 10 —— 0.185 mg/s
= E & 8r —v— 0.250 mg/s
. 41000 A 6k —4 0.335 mg/s
5 /h/ —a— Specific impulse « 4l .’.‘.‘,/""H —— 0.390 mg/s
Ve —»— Calculated thrust 1500 9 —&— 0.450 mg/s
' Measured thrust [ —e— 0.500 mg/s
0 o S S S S R R S 0 0 . . . . \ ; .
50 150 250 350 450 550 650 0 0.1 02 03 04 05 06 07 038
Power/W Magnet current/A
B9 FEEASE B T3 E RS HUE A (a) HEST L L ahBETIAE M AR AL IR s (b) T f v TAE 4 g 5 o R 4

Fig. 9. Variation patterns of the main performance parameters for the wide-range variable thrust ion thruster: (a) Thrust and spe-

cific impulse versus power consumption; (b) influence law of magnet current on thrust.
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Fig. 10. Thrust resolution test results at wide-range thrust points: (a) 1 mN; (b) 5 mN; (c¢) 15 mN; (d) 20 mN.
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Fig. 11. Variation of main performance parameters of the thruster based on ground test equipment: (a) Cathode keeper current,

neutralizer keeper current, magnet current, and acceleration grid current; (b) thrust, specific impulse, and power.
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Fig. 12. Simplified diagram of the on-orbit power and gas supply.
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Fig. 13. On-orbit verification test results of the ion thruster’s rapid thrust variation capability and high-resolution thrust adjust-
ment capability: (a) Main thruster rapid thrust variation; (b) backup thruster rapid thrust variation; (c¢) main thruster 15 mN high-
resolution thrust adjustment; (d) backup thruster 20 mN high-resolution thrust adjustment.
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Design of high-resolution wide-range continuously variable
thrust ion thruster and its space-earth integrated verification”
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1) (Science and Technology on Vacuum Technology and Physics Laboratory, Lanzhou Institute of Physics, Lanzhou 730000, China)
2) (School of Aerospace Science and Technology, Xidian University, Xi’an 710071, China)
3) (Key Laboratory of Space Electric Propulsion of Gansu, Lanzhou 730000, China)

( Received 27 June 2025; revised manuscript received 8 August 2025 )
Abstract

To meet the application requirements for continuous variable thrust capability and high-resolution
characteristics for ion thrusters in drag-free flight missions of gravity gradient measurement satellites and
precise orbit maintenance missions of near-Earth high-resolution observation satellites, the technical research on
a high-resolution wide-range variable thrust ion thruster and its application verification are conducted.
Leveraging the weak coupling and relative independence between the two critical physical processes of plasma
discharge and ion beam extraction in Kaufman-type ion thrusters, a wide-range variable thrust ion thruster
technical scheme with a divergent magnetic field configuration is proposed. The key technical investigations
include wide-range discharge stability in the discharge chamber, a concave spherical ion optical system
configuration design balancing wide-temperature-range ignition and high-density extraction requirements, and
hollow cathode current emission continuity design. The discharge chamber structure based on a divergent
magnetic field configuration can rapidly adjust plasma density under varying discharge intensities through
optimal coordination of anode gas supply, magnetic induction intensity, and anode current, while resolving
critical technical challenges in low-power discharge stability and high-power operational reliability. Adopting a
concave spherical ion optical system, the technical challenge in matching grid thermal deformation spacing with
the reliable extraction of high-density ion beams is addressed. The concave spherical configuration can realize
full-power ion beam extraction within approximately 10 s in low-temperature environments. Meanwhile, the
hollow cathode based on a lanthanum hexaboride (LaBg) emitter, through redundant design of emitter thickness
and adaptive design of the cathode orifice aspect ratio, not only extends the emitter evaporation loss lifespan
but also achieves stable operation within an emission current range of 0.5-3.4 A. Based on this, the design
optimization and ground-based performance evaluation of a 10-cm-aperture high-resolution wide-range
continuously variable thrust ion thruster are completed (In fact, such an ion thruster already achieved on-orbit
flight in 2023.). Satellite on-orbit test results indicate that the 10-cm-aperture thruster achieves thrust
regulation of 1.39-20.05 mN within a power range of 98.3-585.3 W, with specific impulse maintained at
547-3056 s, consistent with ground test results. The thrust response rate reaches approximately 3 mN/s, and
thrust resolution exceeds 15 pN, outperforming ground test metrics. Compared with traditional chemical
propulsion systems used for satellite orbit control, this thruster improves orbit maintenance accuracy by two
orders of magnitude, effectively ensuring the implementation of satellite’s on-orbit engineering missions.

Keywords: high-resolution, continuously variable thrust, ion thruster, on-orbit verification
PACS: 52.75.Di, 41.85.Ew, 41.75.Ak, 42.65.Jx DOI: 10.7498/aps.74.20250841

CSTR: 32037.14.aps.74.20250841
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