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Numerical simulation on spacecraft charging
due to electron beam emission

Ren Sanhai',  Peng Kai’, Tan Qian'; YeXin', Fang Jinyong’
(1. Beijing Institute of Tracking and Telecommunications Technology, Beijing 100094, China;
2. China Academy of Space Technology (Xi’an), Xi’an 710100, China))

Abstract: Measuring the geomagnetic field in space by emitting electron beams is a new and effective high-
precision measurement method of the geomagnetic field, but the emission of electron beams has an impact on the state
and safety of the spacecraft. To study the influence, based on the orbit-limited mechanism, the model of spacecraft
charging due to high-energy electron beam emission was studied, and the potential balance formula under different
initial potentials was derived , and a program was compiled to study the impact of particle beam current, energy, light
electron and other factors affecting the spacecraft charging potential. The time-varying law of the charging potential
induced by the spacecraft itself or the platform when the spacecraft emits high-energy electron beams is obtained, and
the correctness of the simulation results is verified by the partial analytical solution comparison.
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Table 1 Environmental particle flow of a spherical spacecraft with a radius of 1m vs spacecraft potential (assuming that the ion is proton)

spacecraft environmental electron environmental environmental ion environmental
potential/kV current density/(A-m?) electron current/pA current density/(A-m?) ion current/pA
-1000 ~0 0 2.1x107 670.00
-100 ~0 0 2.1x107° 67.60
—10 7.2x107!! 0 23x107¢ 7.30
-1 2.5%x107° 31 4.0%1077 1.20
0 7.9%107 100 1.8x1077 0.58
1 1.7x1073 210 5.8x1078 0.18
10 1.0x 107 1200 1.7x10712 ~0
100 9.2x107 1160 ~0 ~0
1000 9.1x1073 11000 ~0 ~0

EM/IME, BRI RS MR N . b g i s IE LA RS B (1 MV), R TE ST MeV DL EBCR HLIE A
ATRER A, ARKMET — A2l 10 keV,

2 FBEFREHHFTHER

s BB R BN Tocam s BE K Epeam, I 11 23 ST X400 53 0 R A7 75 290 R0 0 B S 55 0 E AT 518
21 VBB AMXFIRE

RN BT, FREEH I 2, B Im s, A sE HE R R

L.(O)[1- <6 + 71 >]exp(—qc¢/kTe) — L(O)(1 — qid/kT}) — Le($) — Ipeam = O (6)

[ 20 BUIE I, D6 H 3 I K T IR f Ui B I, — A 29 - B R 855 f F i Y 4~20 151, (R, n
REZEIEH, TR B AETER T RS, X (6) M FRA A AE, BV SR AE 07 o 7 AN AR AE A (8, L X & IE i
ik s, MAnRAFE R, B Le(o) = 0, B T IR A K 0 B4 fL -0 52 B HE v, B4R B8/ N B R4 185 -0 52
2o, 2 C(6) AT ITE A GE Z 0, 5 BN AELE SR AT A, W ReaE i a2k QI AR Bl Ty R A

A2 1 BB T AL, X T2 1 m MEE MUK, T ALE-1 kV LR, AEEHE FRE KR TFAREES R, & T
=1 kV LUF B F i B s I 46 K T IREE 0o B AR 3 e 1) 67 Y- P A6, O B PR 858 U AT D) 220, 2K (6) Y
SEEUARANAEAE o BRSSO, A DR 28 AN T BEAE 76 38 i 19 00 L o A0 SRR AR A 07 1 Al FEL 7, LG B 2 9
AR /INF -0, W= (6) AT fb R

N &
o= (kTe/qe)ln Ie(())[]— < (5+TI >]) ( 7 )

AL R S L R E I /N TR U, DU K B Y A e A S R Y S AR TR UL, P O AR = (8)
JRR, XA T BEMANAETEMREAT o [R) 2D B0 N A K 4% 52 5 5 45 B IR 70— IR T SR B80T AR A 70 F A7, R e SR A1
BT IR TT AR A2 AR 0,

L(0)[1- < 6+ 1 >]exp(—qep/kTe) = L(O)(1 — qi¢p/kT;) (8)

TSR v R I /N TR B UL, W) e S I 2 5 o A6 LS, OGS ) S S BB T R OR R Y ET LA, T RE
218 1) LA A AR B0 A A7l 5 o7 BRI b, — T H K () AR R S i I . R R BT R IR R TR R TR,
LR A5 1 17 A 2315 BB G2 i, I 1A 70 TE Az, 2F— 20 38 e 3t D00 2 in PR 7 W 28 0 fEL A7 A R

HAF— 3 A2, 7EML R &% T L ALET, i o 2 fR kB R AR R M, /T AR RS B F A — b FE R I -
FH T I B R I — M KT A R AR AR 0, T DAL R A8 5 TR AL s B b L, I S AR 28 O 4R 2 IE FL R, A
RSB TR S, & FBURR S TR, G i TRER UL eV, FF A M L 25 K 45 22 18, i & 5 i+
WS ARG 2G4, R B RLA TR, T — R X IR
22 MIMRIEBMAIKIFRE

[7) 25 203 AT R 25 T30 6 s R Ry e, 1) BHTE — AL T AR A IE FL A o Y IF HEL A Ak ZE 4R TR

014002-3



weOoW s 5 Ol TR

TR R T AR R AR AF AR, AN T IT IR SN, SRS i L 2 T, I R L S 2 PR — S B T
IR B A V- o AR S S PR SR A BE B T AL K A L A, DDA S e ROT Lk AR AR 2R T, Y O LI
B 5~10 V LA, JEr 7 A Ak B AR AR R0, T L2 . it s (3) Al fig ko
1(0)[1- <6 +n>](1 - e /kTe) = 1;(0)exp(qip/kT:) = Ioeam = 0 (9)
YIE AL AEZE I 2] 20 VDL, U R AT L2, FE UM T i TN T SRR (—RAE 0.2 7%
PATR ), DRI BG R S AR v it T A28 o 3 A, T RS A R 8 o Jo] FRL 8 A DS e, 2 R AR HL U R T 3R 5%
HL T LRI, ) 2 AR B TR, O A el — 2 A

Ie(o)(l _qe¢/kTe) _Ibeam =0 ( 10 )
~ Ibeam _
¢ ~ ( kTe/qe)(Ie(O) 1) ( 11 )

M (1) AT RVE T g o T, 225 & 5 i A0 K T 2R 58 B B G A, AR i 8 - Pl 6 o8 TR AR, JF HL32
P F P AR R —— RGN, LR AR E AL MR N X — S M R P E TR A X A F R SR, WU TR R
SF 1 P O R B R A A i, MR A% B B R AT R Sy R R T A R O IE LA, R AR A A B A R T AL TR
2% JE [R] R
23 WEREAL

A CLD) 0, L R #8 - f 6 5 & S e P IR A RE R T LR G R, P e 5 R B oA 6. (HSERR L,
EW2 NICIR7Y. DN & iRV IRST i1y S o7 | S~ S  R a  B  N  N a2 O 3 T S A s S
Tb, 2 IE B T B R, R AR A A — A R LAY ) BB —— e T R G 2 R LI, TR TR ki
MR AR KFIENE b, R 75 & R A o e e L 20 ol

Bmax ~ Eveam/€ (12)

X Epean WERRE R ST F AR BB . B XRAE T R RE fi - o & 5 W] BN 1 1) e KL (B 5 L F A Y B o
(CHfr IR ) ZE R0 AR A o G 2R & S ol i LA — o Y BB St 7 98 sl 20 A1, 3 PR H S, S5 A A9 113 DU B8 i 42 4% —
Se BT RS, AT T O B AR T R U R e BE R (B (B eV) .
3 hERRE

HF(6), () MK (12), BB M KA FTCEBER D DERIE AR, LR Im BT REE FREET. =T, =
107 K, 2R FH B0 22 23 1%, o f o0 i S L A K/ L B S R A48 FE AL Z B Il 290G &R o R AR an sl 1

initialize plasma and initial condition
program spacecraft parameters calculation

Consider the
effects of light?
calculate the

A

the total duration
and the emission

current
photoelectron flux
l no
calculate emitted 1o Whether calculation time yes_ | the calculation
beam charge, has been reached? ends
ambient electron
and ion fluxes
4 correction of
calculate corrected ambient electron
the net charge flux spacecraft potential and ion current
densities

Fig. 1 Program flow chart
B RIFRERE

014002-4



E=%%, 55 T AR R TR 88 78 B A SO AR PR 5T

% X T T S R T L T % 1 R 1.1
FOL R i P 2 PR IE £ . J A-AAA L+ 05mA
N < gl A < 0.1 mA
31 fIBuRE = ;KA e 7 001 mA
N i e ; £ oA P ek
AR D m kG, % L ME R G TR 2 | S A
M TN 0.1 mA 058 uA, 10KV iAMDY 5 | FA X
0.9 nA 1 7.3 pA. {BE ¥ 1G4 10 KV, 4 BT R 5K S St ¥ -
& i’ o
0.2, 43 5% 0.01 mA. 0.1 mA. 0.5 mA. 1 mA il 2 mA [ I =
10 keV HL U A 5, ALK 4 1 H A5 I I [ 28 £ 1) it 2 45 0‘ e
Bk 2 s . time/ms
ﬁi EI/J 0.01 mA 5_10 keV EI/‘J ﬂ:iﬁ%%{ﬁ ;FH %’[ » 0.1 mA Fig. 2 Schematic diagram of negative potential charging
AL LT/, 0.5 mAL 1 mA F1 2 mA 43 HIAC IR EE (slowing down) vs different emission currents
KT KT RZ KT IR0 sl R SO, /T LR P2 AT S LA B P 7 P () o R

Hhe 1) 2% S5 H 70/ T2 50 H A7 PR SRR U TS 2 28 H A7 858 F 0 ) B, 0 38 F 7 S AR AN 2% 2B AR 4k, i i
R AR IR A LA 5 2) 24 K SR T 2 i RS PR RE IR A, AT e (4 B LS, 23 W S AR PARAER, SUFE s %] ms
et G B ) P9 R 2 1) 22 F A SRS, O EL A U R KR AR B AR 3) 2 R SRR K T PR B R TR, 0K g 3 S
P B0 HL 57 3 1 LA 978 Ak, I L 0P i e 47 oA R R A7, I L Pl R A, S R o PR, X R R A A
R, BT ARG AT DU RO 22 T 78 o Y & S LI K T IR BRI B, i R 25 1 v SR AR IE LA . 7E
R RN VAN N 2075 e I AN = R0 1 = R e | a8 2 R A = e [ B3 2.7 B (= s 0/ SN 179 = B i [ SN VA
32 EHEFEH

NS 2 S AR T T HL R 14 R ), AT DR i P R 0 v 1 O LA, s L P I 0k S g e T, L B O R
5 B AT 20 AN B I ER LA A 10 V, 328K A 0.01 mA, 0.1 mA, 0.5mA, 1 mA 12 mA /) 10 keV HL T3
T A ST, 00T A5 e A7 B S i) A Ak i 2R A 18] 3 B, Hoh B 3(a) SR O LI B0, & 3(b) S 2 RO L T O
I 3(a) AHER L, TOCIEN T 1Y RS 8 0.01 mA, & T35 5 ASHE T3 (45 0.1 mA) I, fiif K284 K15
S SR B TR B i 3% AL 70 L 8 B LA, LA A SR A S AT K A L A T LA W B H AT ) A (AN T
SR TARIEE AT 56, 2001263 V; 2) 4 R EH N 0.1 mA, 2955 T3R8 H 100 19 & SR, L R 2 AR 335 70 A e 07, et
AT VML 28 H A s B0 3) SR /3 T35 s A STl T & S i (0.3 mA H10.5 mA) B, fiit K246 o 70l &
TEHLA, I 530 P 75 FL AL 3 500 V FT 7 862 V, 52 (10) i I AT (L (435918 3 503 V Fl1 7 869 V) B AW 55 4) %
FH 2 15 15 50 A G LT 30 0 & S U SR R 0 T s AR R LA, R 10 keV A N 2945 F 10 kV, 5
(DA

12 ¢ 12 -
+ 2mA  2mA
| ek -k ko A mA | ke e e D IMA
> 10r —+ 0.5mA > 100 = 0.5mA
x ! e & ! & 0.1 mA
E 8l ll A_A—A-A-A-A & 8'(1)1mn/?A E 3 ,I A_\AA-A-A-A 0.01 mA
5 L ' 5 oA
2 4, & 2 4t &
% o —+ = 4+ + g " -+ 4+
& ! R = ! —t -+ -+ —+
RNy R RN e
g s Q s
% ';l,-{( % ‘:I;F
’ ’
OAT;-D-G-D-D--D--D-E-E]—EI-EI-EI-E-EI 0‘5 FOUOOUT-T-U-T-9-9-9
72 1 1 1 1 1 i ) 72 1 1 1 1 1 1 )
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
time/ms time/ms
(a) no photocurrent (b) consider photocurrent

Fig. 3 Schematic diagram of the initial positive potential spacecraft charging balance potential with the emitted current
Pl 3 90 0 0 RS A 5 S R S A v o7 B A S e 9 RN R AR T
XFEEIE 3(a) 1 3(b), P MR S L A 0.01 mA AT SEHLTR -5 JE6 R 5 B0 A B 2 X0 3 J2& i1 T 0.01 mA
8 SR A S A8 /N T O LR, 25 PO LA IR, 00 K F 07 P O L IAL o AR M A, P A MR E 2 0~ 10 VB LA,
BEIF 25 0.1 mA B9 J7 18 i R EEA T A, An1AT 3(b) B8] = A i 25 A% FEOEHURIN, AT R e — M th 3 St R 1

014002-5



weOoW s 5 Ol TR

RFE 2= —E T, WA 3(a) AR = A k. 2
33 ZLEFTHE

A1 3 ATLAE X F 2R 1 m LR, & 51 2 mA,
AETE N 10 keV MY HLF 3, HFFEZY 1 ms fil K #% H 07l 4
FETHZ 10 KV, M5 HZ R R AE A S, TCIR s 4k 21 &t
SR IR R AL R A5 AL AR AN S i — 2P HE T . e B RS
SIS A NN | o 1B e S SRV ) el A

R T B R A 0 R R ) e L R, F R TR R AR

spacecraft potential/kV

s 25 A BB A BT 07 202 S PR 4 9 % 0 2 M o A
TFUR & S T o, 76 1 ms Ze A7 R A] SR B fe s FLAZ 10 kV, 5 time/ms

Kl 3 PR 2R 45 50— 30 R GTHPRTE 2 ms & 1F, )5k Fig.4  GEO spacecraft potential vs time when emission stops at 2 ms
PO TE 1 ms PN RGE R & A7, 3 HAE 1~2 ms WFHA] Kl 4 GEO MUK & 2 ms {5 1k 22 555 175 B0 vt 32 B P i) 2 £ [

FoHL AR A2 2 KV GRS ML), 5 3(a) 1Y 0.01 mA B = £ 1 R B AT, HE— I8 HE TR YA ME
FERTE .

TRR B R & G T30 (A0 2 mA DA 1 (P25 A3, D0 K #8233 4 B [l a5 31 10 kv, QSR & S g it
G 8 N R VAN = B S B A O @ N = T o N NG T X DAY 1R €285 D e 1973
FI B 5 1 UL 1 [, 52 T2 A A7 e 2 S B R, 0 SR 2 e e rp R O b R R (e Ak A 0 %
10 keV BB [AIY 1 ms) 25 22 78535 & 11 .

4 & it

Sk K T T IR R 5 TR R B RIOBAR 4T, IR TN 2 40k, PEAN A W R T A G IR B T
S LTS A/ L AR R 7 A 2 IR B 2 06 2R SR T LA G B R S i

(1) HL T3 78 2 10 v 67 2 3 AT TR 8 P S A T Rl 28 A 9 B, 8 11— L K 8 6 B 7 2 8, TR 3R
W B4, B T R 2 5 R BRI ST SR A T R R R S e

(2) LT3 40 5 5 ) 45 0T K sty b B o v 00 TE PR, L 7 02 e 0 D o A A 2 R L, L
L TR, JF L T A e, ST At R, B b T TS R A 7 M5 K S T R R (B0 V) FE K
1 A 25 ——10 ke 48 20 LA B0 o030 1T 7 2 10 188 TR ESE R T — I K 287K 32 R 1 . R, 36 T ik — AR 2%, A
BEH B BB A 24 7843437 XU, SR SBURFL I (1 L ko IR G, 3 2 7 43 % 18 vl 0 0 B2

AR SCHE T HUE BRI LRIIT Y T % ST 0 T o 0K 7 70 F A0 A B, B TR L A TR R B B T o
VKGR £ 11 B TR R R LRI R AT B R R I . T — b Bk — 2 S8 S K R S5 M R LY, Sy
- H o7 4 o A A T B S AR SO TR AT TR s i 3 e S L o T R ST
A7 BT K 5% FEL 57 92 SR B B TE

2% 3k

(1] REE, XISHE. 25 [0 IO AR BEA (1], DURER AL T/, 2015, 32(1): 108-113. (Liu Hui, Liu Zhanjie. Review of nondestructive evaluation in space[J].
Spacecraft Environment Engineering, 2015, 32(1): 108-113)

(2] THSE, BiFRS, WA, 45 ZSIEE CT SRINEAR-PRHEIE ENA R CH CT S RBIIIFE [CL /e 73 [ Rl 272 2223 R £k 28 R 23— K
FARE PGS CHE. 2009. (Ma Shuying, Yan Weinan, Huang Ying, et al. CT detection technology in space environment-simulation research of ring current ENA
imaging and CT inversion[C]// Proceedings of the 22nd National Symposium on Space Exploration Dalian. 2009)

[3] RobbR A, Hoffman E A, Sinak L J, et al. High-speed three-dimensional X-ray computed tomography: the dynamic spatial reconstructor[J]. Proceedings of the
IEEE, 1983, 71(3): 308-319.

[4]  Tan Chengjun, Tang Chuanxiang, Huang Wenhui, et al. Beam and image experiment of beam deflection electron gun for distributed X-ray sources[J]. Nuclear
Science and Techniques, 2019, 30: 50.

[5] Powis A T, Porazik P, Greklek-Mckeon M, et al. Evolution of a relativistic electron beam for tracing magnetospheric field lines[J]. Frontiers in Astronomy and
Space Sciences, 2019, 6: 69.

[6] Sanchez E R, Powis A T, Kaganovich I D, et al. Relativistic particle beams as a resource to solve outstanding problems in space physics[J]. Frontiers in

Astronomy and Space Sciences, 2019, 6: 71.

014002-6


https://doi.org/10.12126/see.2015.01.021
https://doi.org/10.12126/see.2015.01.021
https://doi.org/10.1109/PROC.1983.12589
https://doi.org/10.1109/PROC.1983.12589
https://doi.org/10.1007/s41365-019-0561-y
https://doi.org/10.1007/s41365-019-0561-y
https://doi.org/10.3389/fspas.2019.00069
https://doi.org/10.3389/fspas.2019.00069
https://doi.org/10.3389/fspas.2019.00071
https://doi.org/10.3389/fspas.2019.00071

E=%%, 55 T AR R TR 88 78 B A SO AR PR 5T

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

Xue Bixi, Hao Jianhong, Zhao Qiang, et al. Influence of geomagnetic field on the long-range propagation of relativistic electron beam in the atmosphere[J].
IEEE Transactions on Plasma Science, 2020, 48(11): 3871-3876.

HBHELT, T-Aw, KI5, 5. RS sh it aiy ks TR RS ST (0], ERRMHE #2547, 2021, 43(5): 168-174. (Hao Jianhong, Wang Xi, Zhang
Fang, et al. Simulation analysis of long-range propagation of charged particle beams propelled by moving window [J]. Journal of National University of Defense
Technology, 2021, 43(5): 168-174)

JASE, 5K LEO RANEAMIKAR T sh i Azl BoRBERE (1], H25 51K, 2014, 20(4): 243-247. (Zhou Haocheng, Zhang Tianping. Active LEO large
scale manned spacecraft potential control evolve[J]. Vacuum & Cryogenics, 2014, 20(4): 243-247)

BARME, 422, MUREHEDE R G LR (M), P2 P Tl kgl ek, 2009. (Mao Genwang, Tang Jinlan. Propulsion system of spacecraft and its
application[M]. Xi’an: Northwestern Polytechnical University Press, 2009)

HITR, &S, fehte, % e S s F b sTob e (0], #EkHR, 2011, 32(6): 857-863. (Xia Guangqing, Wang Dongxue, Xue Weihua, et al.
Progress on the research of helicon plasma thruster [J]. Journal of Propulsion Technology, 2011, 32(6): 857-863)

Lai S T. An improved Langmuir probe formula for modeling satellite interactions with near-geostationary environment[J]. Journal of Geophysical
Research:Space Physics, 1994, 99(A1): 459-467.

Lai S T. Fundamentals of spacecraft charging: spacecraft interactions with space plasmas[M]. Princeton: Princeton University Press, 2012.

Lai S T. A critical overview on spacecraft charging mitigation methods [J]. IEEE Transactions on Plasma Science, 2003, 31(6): 1118-1124.

Lai S T. Some novel ideas of spacecraft charging mitigation [J]. IEEE Transactions on Plasma Science, 2012, 40(2): 402-409.

Pisacane V L. The space environment and its effects on space systems [M]. Reston: American Institute of Aeronautics and Astronautics, 2008.

Lai S T, Cahoy K. Trapped photoelectrons during spacecraft charging in sunlight [J]. IEEE Transactions on Plasma Science, 2015, 43(9): 2856-2860.

Lai S T. Importance of surface conditions for spacecraft charging[J]. Journal of Spacecraft and Rockets, 2010, 47(4): 634-638.

Reeves G D, Delzanno G L, Fernandes P A, et al. The beam plasma interactions experiment: an active experiment using pulsed electron beams[J]. Frontiers in
Astronomy and Space Sciences, 2020, 7: 23.

Neubert T, Gilchrist B E. Particle simulations of relativistic electron beam injection from spacecraft[J]. Journal of Geophysical Research: Space Physics, 2002,
107: 1167.

Neubert T, Gilchrist B E. 3D electromagnetic PIC simulations of relativistic electron pulse injections from spacecraft[J]. Advances in Space Research, 2002,
29(9): 1385-1390.

Neubert T, Gilchrist B E. Relativistic electron beam injection from spacecraft: performance and applications[J]. Advances in Space Research, 2004, 34(11):
2409-2412.

Hoshi K, Muranaka T, Kojima H, et al. Numerical analysis of active spacecraft charging in the geostationary environment[J]. Journal of Spacecraft and
Rockets, 2016, 53(4): 589-598.

XU4kZE, SRAT R, M, 45 MRESR IR FURIZ SSRGS 0], s R3R, 2018, 44(3): 864-869. (Liu Jikui, Zhang Kemo, Liu Qing, et al.
Internal charging and discharging tests of large power transfer dielectric on spacecraft[J]. High Voltage Engineering, 2018, 44(3): 864-869)

Wang Song, Wu Zhancheng, Tang Xiaojin, et al. A new charging model for spacecraft exposed dielectric (SICCE)[J]. IEEE Transactions on Plasma Science,
2016, 44(3): 289-295.

HEDUAE. WANZE (TR 2 0 R RO T2 5% (D). dbst: vh BB K2, 2017. (Zheng Hansheng. Research on internal charging discharging
of typical structures and discharging interference[D]. Beijing: University of Chinese Academy of Sciences, 2017)

XU A, BN, R =, . WU SO RN S B s g (9], s R, 2019, 45(7): 2108-2118. (Liu Shanghe, Hu Xiaofeng, Yuan Qingyun, et
al. Research progress in charging-discharging effects and protection of spacecraft[J]. High Voltage Engineering, 2019, 45(7): 2108-2118)

014002-7


https://doi.org/10.1109/TPS.2020.3026088
https://doi.org/10.11887/j.cn.202105020
https://doi.org/10.11887/j.cn.202105020
https://doi.org/10.11887/j.cn.202105020
https://doi.org/10.3969/j.issn.1006-7086.2014.04.011
https://doi.org/10.3969/j.issn.1006-7086.2014.04.011
https://doi.org/10.13675/j.cnki.tjjs.2011.06.022
https://doi.org/10.13675/j.cnki.tjjs.2011.06.022
https://doi.org/10.1029/93JA02728
https://doi.org/10.1029/93JA02728
https://doi.org/10.1109/TPS.2003.820969
https://doi.org/10.1109/TPS.2011.2176755
https://doi.org/10.1109/TPS.2015.2453370
https://doi.org/10.2514/1.48824
https://doi.org/10.3389/fspas.2020.00023
https://doi.org/10.3389/fspas.2020.00023
https://doi.org/10.1016/S0273-1177(02)00185-0
https://doi.org/10.1016/j.asr.2003.08.081
https://doi.org/10.2514/1.A33270
https://doi.org/10.2514/1.A33270
https://doi.org/10.13336/j.1003-6520.hve.20180301025
https://doi.org/10.13336/j.1003-6520.hve.20180301025
https://doi.org/10.1109/TPS.2016.2521867
https://doi.org/10.13336/j.1003-6520.hve.20190628007
https://doi.org/10.13336/j.1003-6520.hve.20190628007

	1 基于轨道限制机制的充电模型
	1.1 轨道限制机制与朗缪尔方程
	1.2 同步轨道航天器环境粒子流

	2 有电子束发射的充电模型
	2.1 初始负电位航天器充电
	2.2 初始正电位航天器充电
	2.3 极限电位

	3 仿真校验
	3.1 负电位充电
	3.2 正电位充电
	3.3 综合充放电

	4 结　论
	参考文献

