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Thrust Generation Mechanism of Propulsion Systems Making Use of the
Solar Wind

Hiroyuki NISHIDA®, Hiroyuki OGAWA**, Tkkoh FUNAKI** and Yoshifumi INATANI**

Abstract : For the last few years, several deep space propulsion systems making use of the energy
of the solar wind have been proposed and researched. Thrust production mechanisms of these
propulsion systems, however, have not been understood well, hence they are now intensively
studied in the United State and in Japan. In this paper, the thrust characteristics of the Magnetic
Sail, which is considered as one of the simplest system in these propulsion systems, are
quantitatively obtained by numerical simulations, which successfully revealed the momentum
transferring process from the solar wind to the coil of the Magnetic Sail. Also, other propulsion
systems making use of the solar wind are introduced in comparison with the Magnetic Sail, so as

to reveal the unknown physics and the applicability to deep space missions.

Keywords : Propulsion system, Solar Wind, Thrust generation mechanism
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1. @&

KIS ZIMEER R X 512 F DIMADIERNOEFHEEIH L 2> 27 4 LT, KIBROESE (Eh) %
FHLUZHEEY 272080 D BEXh, FEBTHNI T\ 5. Magnetic Sail [ 9] , Mini-Magnetospheric
Plasma Propulsion (M2P2) [ 8] , The Plasma Magnet [ 5], Electrostatic Solar Wind Propulsion System [ 2] 7
ENREHTHB. = Z TElectrostatic Solar Wind Propulsion Systemid, FHBEZ SBEICHFEI R 5 THL S
BRI LD KBANFOMBE LB ZORRATHET S, ZOHEY 2T L3RIy TIrkares

NTHOHEEM LM TH S, —7F, Magnetic Sail, M2 P2, The Plasma Magnet’s & {Z—#%!ZElectromagnetic
Sail (EM Sail) [6] &FRiEh, THECEMIZERL BB ABROEHE (E7) 22010 EE
T3, ZNFROY AT LOE T, MBRHGHEICES. LrLass InsDEM Sal DA T 1+ 2L
BHLERNIZNTHBIIL - TED, TOFFMIILSAS N TR,

AFETIE, EM Salldd b & e ¥ v PR 4 b (Magnetic Sail) OHETIFE A H = X & & HERFHEIZ DOV
T3, F7, WREALOREEELEA D ZOMOKERARMALZHEY 27 21200THRITL, Ih
V2T LDOWNFREFEE L MERTESHT .

2. Magnetic Sail

Wt 1L (Magnetic Sail) 13 Zubrin B2k > TRIUNER IRV V7L BEM SailTh 5 [ 9], T
DORFEFEICERE I NERLBEEIA VCEREZHRL, KBROENZZITIEDBDIZHHE@S %%o?’:ﬁ?“/{

K- LB A AEHICEMTS (Fig 1 2. BRI, PEEPELES 303 5#IEE310E
B kP EOBEEI A L ERWIRERH D L REE oh, FHIT S ifﬁ%ﬁ'\]“(“&ﬁ&%ﬁ%ﬂ“(“é.
L Ly, EBIES VY TARY AT LATHY, TOBK LA NDETIA =X L5ECTHI L, 20
O X VERNE (FPEMEL AT TH5) EMSalO#EI A W= XL 58BT3 LTEELILTHS. T

Meb Fobe BT L ) A LA ST )

ZTRAGWR LA LD 2 7 = X ok, BREGHATIF (MHD) IZEDOWBERIC L OREEL 72, S0l
Re A NOMAIET B HEERE (ETIRy PL, PA2) EDGTERNST- 72
Super conductmg co;l Payload

§ e Several hundreds kilometers————————»

Fig.l BEE4JL (Magnetic Sail) .

2.1. BT

TEAERICEERIEZEE 2 BRA L E L7z 1 A EMRA AR Hy, BiEfE e UT2M 2 0T
¥ 3 2 b —¥ g VIZIEFlux-Corrected Transportih [3] #, R 3XICY I 2 b — ¥ 3 VITid 8 -wave formulation
[6] %3/ L 72TVD Lax-Friedrich#: [ 1] #Fv7-. TVD Lax-FriedrichiE D B IEE (LIZIEMUSCLEE # v,
HUFREEEZIZMINMOD Limiter % U 7=,
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22. EIEEFIRUEERH

YIab—¥avid, BHIRTRUEMIXTICEVWTTS. FR2ATEYIab—YaVIicBOWTREFS
RO FEM A EH L, B I LT R A AN IS E RN 2 RIS 0 2 Ko EE A
WREL, Bt/ L EBETS. —F, FH3XTY I ab -y a VIO THEABRO EEmEERL
BURIC T 400 (REH) 2RET 5. KEBEEFHERRGI & ) —FOBRE» 5% LIk, Tk k2 £ it
Fafrd. BRICE3WBOVIHEEE LT, BIBOMOERTIZ—EFE ) - —EAlfven HE DT X+T, 5
VI TEEIE N - —RBEO T T ATl Lz, BREEE LT, ABEGEASR I B TRABRD
8T A= ZTHEFEL, TAUNOERICRHREEEES 2, $2a 40 EHRMNOBERIEI 4 L - BgH 5 —
EFHMEN OB 2 BET 5 Z 12k 5 A2, #8599 2 — % £Table 1 1274, T Z TAttack angle (1) i3
ARG EE IL LHEOBOMETERT S, =70, ZITRERTNEIST A — 2 iFTNTERTTE
THd. MREOEYD, RERRLo=a L4, REBREE Bo=2X10"% [T], REEE po=1.67 X
1077 (kg/m’] 0 3 D% MHEMERTEAL 85 4 — 5 & LC, REW vO =Bo/(gopo) 1/2=436.2 [km/sec],
REET po=pv?=3.18 X 107" [Pa], K&E®EH Jo=Bo/polo=2.5X 107" [A/m?] #EELTED,
pold BN TOBWETH S, T4 NEEOH A X4 ED-ERTRIIOVTERIZESR TS,

Table.l MATEENSA—% (£FEL. () ARHET2HATE) .

Solar Wind velocity 0.917 (400km/sec)

Solar Wind pressure | 8.7X10? (20eV)

Solar Wind density | 5.0 (5miX10°%kg/m®)

Coil Current BHROE D 12X10% | 3%t 1 9.6x107
Attack angles 0~90 degrees

23. WEEIILOHHAHZXL

KB & B35 BRI D IR ) LD 2 r — LT THE L & 5 B, S 4 L 0 O ¥t i Bk & B
DOTMNBIZ L BAEDIZE S, Figure2 Dy 3 2 b —2 g YEERD S, St LEEIC 3REONERTH
B RS AT & A, KRR R S R D A S B B SR IS A £ W2 & A2 5 RS FiSiE
Bow shock 2 TERL & fu, KBGO #4103 Bow shockiz & 0 [ - vih X MBS R E FIcED S %4 5 .

—— Magnetic field li
il

Fig.2 HSRtAILEAYORAE (PR3 RATIIaL—2ay) .
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s A LS KREBROERE (1)) 4, HEOBESEN LB EERNC X2 #4535,
ZDTO L AGRBAET B8, 773X~ - BHTHPICEEh2 hoRL0ED ((BHKEEN) 2iErDHl-. thb
b, KEERAEE? 62T 51 (KEROEBRZN (F1), BKAE ERE EOKBREHL D25 H
(F2), a4 LVERPFEEH 5% SLorentzh) (F3) O3 20O N&HEL 2, F1LEFHEEMANCHKA « W
2 KEBROSEBRAFT T3 LIk -7, F2IRRAEBERE 4% L 7 OBRE EOE 536 % o
BZLiC&koT, FIFEHEMERAICRN A2 2FEBRRE I 4 0L & ORIZH < Lorentz N &S5 Z L2 X il
L7, Fig 3Bl 2RIy 32— a3 VICKDEELUAFL,F2,F3 &4 LOHEFA (Coil tilt angle) @
BfR AR,

Fig. 3L 0, 3D00ONMHEREOHEAT R LTHDA-THBZEHHEETES. DEroBREI LG

25

T T

20
2 15
§1
]
o
glo

5 |

n—-.’.
0
0 20 40 60 50

Codl tilt angle [degree]

Fig3 320A0152 2,

KIBM O BSR4, FBEERE 0 LizLorentzJIZ S DR OH#H LT 22 &4a3bhd, 20, KBRE T
A ETRIGEOE PSR AL L CHSEBE AR L, MEAEE2ERT S & THhs3HEER LBz
A NP OB E ORIZME < Lorentz AR £ 4 L% X 25 (Fig.4).

Induced current loop |3

el 4

Figd MRt VO#HNA DXL (BEEFGE).
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6.5 T 5 ) T

o[ el s |

[eo.u089p] sopBuy Supmwerg
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Fig.5 WSV OHSERSE.

2.4. BRI OHERM

EHBRILY I 2L =2z itk MALALOBBMIRY P, VLo OERLAT %, HS1xs b
e, Ps ORISR A L AKX LT & & & & 55010 (Attack angle) % & o BAICH L THY, W
AL DOBRIZOWTH R, Fig. 510 EHS), Steering angle (S AEgnf) OBG4E 5 7 o5+, 22
TSteering angle & AR 51004 & OS2 P LOMERATH O, HEIISARREIE 1233 2 #8HRKCd
TRLTHD. EHHRE 23RS 2RO REmANIE, WA 0° OBEIZH 1T 5 Shock stand off distance % F{F & L
MR A E 5T 5,

Figure. 5705, J0If1 90° OBEHRENENR L, BABEORE ICHLTHS5. 0 0ENBEAEORBZ L
W s, LLEOUREBIICRICIRET 2L, T4 LEES20kmD & 22 INOHIAB SR BB TS,
DANIHSRRE SKAICE S, £, PAIORHIOEBRLA LIARLEN 4> TWBZ Eiibh ok
[4].

AV Iab—va iz T a4 LR E 20 kmiZERGREE AR IO L E L6 MB EN FOEANDY A X
ThHD, ZhEUTOHA ZADEDIEDNTOMMIZEN K k37 Fa—F Bl k5,

3. Mini-Magnetospheric Plasma Propulsion (M2P2)

B A LIS, FRIES 2 DEREMEMHBETH B L VWIMEAS 5. ORI AMIET 3201z
Winglee 5 (2 &k - TH LOBBRETESER SN [ 7], ZOFRIFHE» 6075 X202 FIHT 5 &0
IEDTHS, NIRRT T XY HICHS L CRENAWEY S 5, FHMORBECREESBEL, 22127
A EWH Y5 &, PHBDEHEOERGEA T 9 X WIS L 7 7 X R e ism < IEiEh S RO RE
PIAHIICIRE & hd) Z&ikd, ZORBRBHAEEMAVAZLICLD, WHT 5 2070 OHEER L LT
ERDEDORMBLREME BELET, KDBHENESZATFAICES, ZOF B AVIHEY 27 L%
M2P2 (Mini-Magnetospheric Plasma Propulsion) U < (3% 7 7 X v & 4 L (Magneto Plasma Sail) &5 (Fig
LB
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Plasma injection Magnetic field inflation

Spacecraft

Fig.6 ST 5 X<+ 1)l (Magneto Plasma Sail).

WER 77274 LB THE» DT 7 Z2BHIC X SHIBEMNE WO BRISN T O 22 EATHDE78,
HENRERA =X LBHAEANDOEO LD LEHTH 5, FHMHEIGMBAER U2 Z S0k 0 iinig
WA NS (FVRA D &7 7 X EHHIRAE U223 O BB I & D SR h3), B Lofs,
AR OES S ER AW EOFEERE LT, BAEMICHREA LSO a4 LEBEIZITIED S Z &I
EDIhAENEED, LAL, BR7TI7AYEALEESD 24 VBT TE L BEOBS 7 2~ hizin
NOFEBRTERITIED DI I LItk EI6h53. BRLAEELS XA TOAEHE TS 2w FHlE &I
(BRESKANC) B R T VRS, KBEOEDEZY LD 75 X v O RHKERE FAKEHEh,
W77 A7 LA NOVEIFLIETTA2WHENS S, MR 7T I AV ALOREBET I hL T
VSIS L DR E R 51013, MHT I X ABTRENIC T 9 T 5K 5T X EH RSB
HEELZLEND,

4, The Plasma Magnet

¥L4f-, Washington K@ Slough 512 & - THEE X h 728 L WE P 54 v 3 EM Sail A% The Plasma
MagnetTd 5 [5]. ZDHEMED 2 7 213z 4 4 K —Jb (RMF : Rotating Magnetic Field) % FH T 12 #i
s Z 4 5. Fig. 7Iomd L3 H7c@ Uz 2o a4 Lzl 90° F56 LiiEisms 2 & oh
B 5 44 R—NEBKT S,

o Polyph tenna t
. olyphase antenna hoops
Wind »\::\-\ yp P
\m\\:\‘
A
7
A
RV b

Steady dipole field —
from plasma currents

Fig.7 The Plasma magnet [5].
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TIATHZBNTHL A K- ENRX T 5L, BOBTHEES 4 - LI b5 v 73 CHEEL |
77 X HUCIRBH NS, ZOT 5 X B OBERALE LIz 4 4 K — LR (Steady dipole field) % k45 .
MR 4 R =S T 7 A7 HOBFARMICH S > TET A X ThE 2T OMRORIBRENLETH S, X5
12, 79 AV EHiIEE S Dhoop force 12k » THMZEL > TR L, ZhEEBICREL LA F— LR A
ELEHENBZLITED (Fig.8). 79 XAVOMRINMIOKBETEN EHVAS L TIEES., 2OV 25T
ADFRUE, KRB AREMEBEL LAVWI L, AT 7 X724 L ERU L HBABIOY A X HAIBR E O
NOHNENTRE D DN KGD 6 OFBHCHRF L AW &, HEREDEE LAWZ 22 E8% T 5h
5. Fz, ZOWHREOT 7 XvERER 70 2A0OWEAEMZ LB XA TR, EROFE L Tl
TIhhTOWBZ L TH S,

Fig.8 [EiE4 1 X =)L (RMF) IZ & 258 ERHEIE [5].

REAEXAS, CWTRABROENELASBZLICAkE 75 XvERE (HiEsy 4 £—Lic kLR 2 h
TIXR)ICBRELDPTHRAMCMb S ZLEICED, T XTBEOARNENEL A F— L LD DX TR
K E S N B HEVEA D 5. The Plasma Magnet AN HE N A F64E4 51212, KBRS S6DIEHE, Fhi %
ATVWBET I AVHERENT LT, BRRMICFEEO 2HO T4 LBRTRIEZBENRSE, 20EBICETIT X
VERA RS S A KA P Ty TR, B ICHER LI AR B S, ST S U 7= S & Ik U 2=
HERRAT BT H 5 9 .

5. Electrostatic Solar Wind Propulsion System

TSN KO KEBIR D Fid & R - X B4 &8 3EM Sail & vy, EHIZ L 0 KBROFIH 4B X 420
%*Alexander BolonkiniZ & O ##% & #17zElectrostatic Solar Wind Propulsion SystemT& % [ 2], ZHhiddEiice o
TNEHEEFIED L A7 5T, BMBHEOM L E T - =T M A SEIEICSE X85 2 L TABRR O 4
=S DHELEEHEN 485 (KRR T LD — oy HRIZE0ENAES), BHikd—10miZE0
LOOMV/miZm®BE L A2 R — L& ES Z L A TENIEENOWN 222 L8 0%, KEMBEETT0H, ARiE
*TIS50H, hEHEFC250 ATMITTCESLRME 6N [2].

CDVAT LEFEBTH0I0E, FHEL2REEICHE X 8 2 Hili0 A B RK 7 2 T HMEIC 2 LS
BEBBLTLEIOREIT S LREEIBEE LB,
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6. £

AT, BEEIC & 0 KBEEOEEIE % 5217 HE T % Flectromagnetic Sail DA, |mE YV ITLEV I T ATH
AWELANOKEBRIICLDHEE N koA B S XA LHEEREIZ DV TN, ZOMOBEANE SN
TWBKBRAFE L MY 27 2QFHIZOWNTRIT &7 5 72,

z 2 X W
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A Three-dimensional MHD Analysis for a Magneto Plasma Sail
Yasunori NAGATA", and Hirotaka OTsU™

Abstract : A magneto plasma sail (MPS) is a new propulsion system for a deep space mission such
as the Voyager. A thrust of MPS is considered to be generated by utilizing the interaction between
the solar wind and the magnetic field inflated by plasma injection from the spacecraft. In order to
estimate the thrust, we performed magnetohydrodynamic (MHD) simulations including plasma
injection. Our results indicate that the thrust of MPS increases with the beta value of the injected
plasma. Additionally, from a viewpoint of the thrust performance, the thrust of a MPS is larger than
the reaction force generated by the plasma injection under the condition where the beta value is

less than 107™°.

KeyWord : Magneto Plasma Sail, Solar Wind, Propulsion, Magnetohydrodynamics

&7 7 X< 21 L (Magneto Plasma Sail, MPS) & B/ REEEBOHEY 274 THD
K B BE ENTOBKGEE, MEOH D IZRE X B-WETRITIED 52 & THN %3
FEEES. MPSTRERNPS 7' I X2 2§52 & THBEHARESEZH, ZhlCkDad
AN TEDEZEAON TS, ZOXIICKBRAERAT S Z & THREROHE Y
AT LK, WL BIZARELL TEBLBEAOA TS,

KR TIE, KGR EMPSE DIZFE S8 72800 & ORE THIZET 5 3 X 0BRERE
{Magnetohydrodynamics , MHD) #iF & 47\y, BH 77 v 2 BAETAHENOBERIZI W TH
Nz, F7z, BB RICHCS 77 X7 OB THRONBKTTEMPSTE S 5] & DHE
B L TMPSOARPEIZ DTN, BITOMIR, 4T 9 TvOBIFE & AE L DT H

B RESREVEZEHETNIRE LS L B2, K0 pEFHOZTIUEMPSOHES L DIES DR T
DFHFPRES L >TULESHBEERD D Z L2 bh -7,

* Shizuoka University
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1. FE
MR T X 4L (Magneto.Plasma Sail, MPS) & 13, MWREEEI v g VTHOWERZHF LLEEY X5
LAELTHEEFHINTVBEDTH S, ZOVIF LT, BAEWTZTIED CEDIM & FREID, A 5K
HENTWAEROKER T I XvHE2EERBOICEBBELAEE TSR3 L THIEREESYE. 20
SUIKBRARESTAHEY X574 & LTI, RSS2 A L (Magnetic Sail , Magsail) 3F 2 5h T3,

Magnetosphere Boundary } without Plasma Injection | Qriginal Mégnétic Field

NS

Bow Shock Streamlines of Solar Wind

Solar
Wind Thrust
i =
Spacecraft  piagnetic Field Lines Plasma Injection
Hl #5EXBEOTERN. H2 JOXTHEHILLABEEAOET.

B, B ISRE & R e KB ATHL T U B MASOERNERL TS, 20k
BEKBREATHT 52T, MBAAEICHUAD bR, m%ﬁ(mwnawmm)ﬁﬁﬁghérzmﬁ
CE S TABRAEL NS Z L THINRET S, 205 2l 27 2084, ABROBE ZHKEET
2.0 [nPa] LIFEFEITNEL, KBEEZZTIEDSEE, TobBHMRENPAZ 2TNE+oE#ENZE
RTELC, BREORNE SEBEEDIIBATIRBORIICL > THIE DI D, 24 VDA THE.

A MIEERT [km] K8 B KSEREIAAPRBEEESTLED, JHISHL T,
Ko TSIXvEEHL, COBHINAETIXVIHBERE CERI L TRIBLE AT 5. W22
DR (Magnetic Inflation) DERRTH D, TTADNEOEEAES X R TS AICBET 52 L7T, 7
FATLELIHHL, WSS FTHEIRBZLERL TS, Z0KS1D, MPSTEY 7 X & FIWTH
BIWKRETS LT, TADBBE NS TE, ZORRBEZOLDENELLTERLELILATVS, F7-,
KBRENATEZIET, A4V 27 28D K5 BHEROESIZ L REATHENIEE2ERMEEICN, #
71, WL Sk 2L TEBEZEALATHA Y

2. B®W

AROBIE, 3 RITEBRFEE (Magnetohydrodynamics, MHD) 458 1L T, MPSIZ®B I} AEH T 5 X
CHWREOKREX, BLUOHNEOBEREANDZLIZd 5. V7 XA X 2B & KIBRBE TS
FRFCEC 2L T, MPSEY OB E KD, BEEOKZ X L#ENEEN TS, MPSTRESH TSI X7 %
BERIENS 2D, TOBEIIDOTHENDS, 72, BREXKICHWS 7S Iv 2 —THIIEHT S L TES
NBERITEMPSTHE SN BHTI & DHEET, MPSOAEZMEIZDOWTOR 217 .
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31 EEFES

AMETRT I X-OERNLEHITEB L, SHIIBREEESTHAEL, BEEER L 2EMEID AR
RNEXEHEAL UTHCS. &7, MIERENERICR 22N ETOHEFBERLA S =010, g
EOWTRERMEB 6 DEHH THEBEUBR I OVTHERTY. 0L %, 2EOMER RS SRS
Bo LiFERMB L ORME LD, XA THEE S,

B=By+B (1)
ZIT, BREBL LTHA R MBEBARETS L, BT I h-BEMEDAERIE RO L5 12533,
fol pu 0 0
3 |pu| pun+ (p+ EEV - BB (Bo - B)I - (BoB' + B'By)| _ | B (2)
o | B V- ul — E’ V- uBg — Bou V-8B u
E (E] —I—p+~———-)u—(u BB’ | By B yu—(u- BB | u- B
, 1 3’.31
E’zy—l +§p54-54+
ZZT,p,u,Bo,B' p,y, i%h%“hj’%fv@@j&f HENY ML, EREEEFERBEORRBE Ny
hov, B, BETH Y, B iﬁLﬁk%éﬂV)@i AFE-T, BRI ILEX - L L THERIBOARIZL S
ﬁ%ﬁib‘fhé. 72, V-B =00 E LT 8-wave Formulation® FIV 3728, V- B =0 0HEAEHIZEBLT
53 [3]
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Numerical Simulation of Magneto Plasma Sail Using a 3D Hybrid Code

Yoshihiro KAJIMURA*, Daisuke SHINOHARA®, Kenji NoDA* and Hideki NAKASHIMA*

Abstract : Recently, a new propulsion system called Magneto Plasma Sail (MPS) attracts attention,
and it is expected to have high thrust to power ratio and high specific impulse. The MPS produces
the propulsive force by the interaction between the solar wind and the artificial magnetic field
inflated by the plasma injection. By using a 3D hybrid simulation coede, we investigated,
considering the finite Larmor radius effect, the inflation by the plasma injection and the interaction
between the solar wind and the artificial magnetic field, respectively. In this paper, we showed the

results of the magnetic field inflation with the finite Larmor radius effect and investigated the

costs of large scale calculation related with above numerical analysis and the necessity of
concurrent analysis including both the inflation and the interaction between the solar wind and the

magnetic field.

Keywords : Magneto Plasma Sail, Numerical Simulation , 3D Hybrid Code
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Thrust Performace Assessment of Sub-scale Magnetic Sails by
Particle Method

Kazuhisa Fujrra*

Abstract : Electromagnetic interaction between the solar wind and sub-scale magnetic sails was

numerically analyzed to assess reaction forces exerted on the magnetic sail when its characteristic

for the plasma flow fail. The hybrid particle-in-cell (PIC) method was used to take the finite Larmor-
radius effects into consideration. The magnetic dipole intensity was changed so that the
characteristic size of the magnetic sail changed from several kilometers to few thousand
kilometers. The results show that the drag coefficient of the magnetic sail based on the
representative radius of the magneto-hydrodynamic interaction decreases as the ratio of the ion
Larmor radius to this representative radius becomes greater than unity. An approximate formula to

compute the drag coefficient in a wide range of magnetic sail dimension has been developed.

introduction

Y
7

specific impulses, their thrust densities are so low that long flight time to the target planet is inevitable. Contrary to
this, the chemical propulsion can realize only poor specific impulses in exchange for high thrust densities to
accelerate a spacecraft quickly. In order to increase a chance for low-cost, frequent, and quick access to deep space
explorations, a breakthrough in space propulsion technologies may be necessary. From this viewpoint, as one of
candidates for advanced space propulsion, solar sails and magnetic sails were studied in the past. Although their
specific impulses are infinite in principal, there is an essential problem from an engineering standpoint that
unrealistically gigantic structures should be constructed or deployed, and kept under control during the flight. For
this reason, researches of the solar and the magnetic sails have slowed down.

Recently, Winglee and his coworkers have proposed an idea of magnetic inflation, in which the initial magnetic
field attached to a spacecraft is expanded by injection of high-beta plasmas from the spacecraft to form finally a huge
magnetic field, namely a magnetoplasma-sail (MPS), in place of using a substantial conducting coil of great
dimensions™®. In view of reduced difficulty in producing a gigantic magnetic field, interests in using the solar wind for
interplanetary propulsion have been renewed. Following Winglee, the author and coworkers have started to assess
the feasibility of this concept, using both theoretical and experimental approachesw.

In principle, both the magnetic sails and the magnetoplasma sails are accelerated by the Lorentz force originating

* JAT/JAXA
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from interaction between the electric current induced in the solar wind plasma and the magnetic dipole in the
spacecraft. Like in the electromagnetic interaction between the terrestrial magnetic dipole and the solar wind, in a
quasi-steady state, the magnetic field generated by the spacecraft is surrounded by the magnetosphere boundaries,
beyond which the solar wind plasmas cannot penetrate directly into the magnetosphere. Thrust obtainable from the
solar wind is expected to be proportional to the cross section of the magnetosphere with respect to the stream
direction, just like an aerodynamic drag about a blunt-body object in the atmospheric hypersonic flight. In such a
situation, momentum of the solar wind is equilibrated with the magnetic pressure on the magnetosphere boundary,
resulting in a unigue magnetic flux density of B~ 40 nT just inside this boundary. Larmor radii for electrons and
protons for this magnetic flux density are at the order of 100 m and 100 km, respectively.

In practical applications, the dimension of the magnetosphere may be limited due to engineering
implementabilities such as the induction coil and the power resources. With respect to the MPS, the dimension of the
magnetosphere may be subject to the efficiency of magnetic field inflation in addition. If the representative radius of
the magnetosphere is smaller than the ion Larmor radius, acceleration forces predicted by magneto-hydrodynamic
(MHD) models may suffer from considerable errors, since MHD models are based on an assumption that Larmor
radii of both electrons and ions are infinitely small in relation to the representative scales of the magnetic field.

Such a problem is known as the finite Larmor-radius effect in the field of nuclear fusion technologies and
planetary plasma simulations. However, how the finite Larmor radius exerts an influence on acceleration force of the
magnetic sail has not been well understood. In the past studyg, to gain primary understandings of acceleration force
generation in dipolar magnetic fields, electromagnetic interactions between sub-scale magnetic fields and plasma
flows were numerically simulated by the full particle-in-cell
and ions are com
assessment of the finite Larmor-radius effect on acceleration force generation in moderately-scaled magnetic sails, the

hypersonic plasma flows around the magnetic field are solved by the hybrid PIC method in this arficle.

Method of Analysis

Particle-in-Cell Model
The plasma flows and the electromagnetic fields are numerically computed by the hybrid PIC method. In this
approach, electrons are treated as a continuum fluid consisting of massless particles, while kinetic motion of ions is
solved in terms of sample particles. Since details of the hybrid PIC method can be found in the literature (Ref.10, for
example), only a brief description is given below. As a primary assumption, the hypersonic plasma flows are assumed
to consist of electrons and protons without Coulomb collisions, since the solar wind is highly rarefied. Kinetic motion

of each proton is expressed by the equations of motion as

81]2' e

6t:E(E+mXB) (1)
Or;
57; =v; (2)

where r; and 9; are the position and the velocity vectors of a proton, ¢ is the elementary charge, m; is the mass of a

proton, and E and B are the electric field and the magnetic flux density vectors, respectively. The momentum
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conservation for the electron fluid is approximated by
en. (E+V.xB)+Vp. =0 (3)

where %, is the number density of electrons, V. is the mean velocity vector of the electron fluid, and p, is the electron

pressure. Electrical neutrality is assumed by
Tte == T4 ( 4 )

where #; is the number density of ions.

In this analysis, motion of the electron fluid is assumed to be isentropic since the electron fluid is subsonic
everywhere in the flow under consideration, and since no external electric field is imposed. Consequently, the
equation for electron energy conservation is not solved but an isentropic relation between the pressure and the

density is introduced as
p. /nY = const. (5)

where 7 is the specific heat ratio for the electron fluid.

Maxwell's equations describing the electromagnetic field are reduced based on the Darwin approximation, as

o8
S =-VxE (6)
J= VU xB=emV, —n.) (7)

Ho
where ¢ is the magnetic permeability of vacuum and V; is the mean velocity vector of protons. Combination of

Egs.(3),(4), and (7) with elimination of #, and V, vields an explicit expression for the electric field as

1
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Equations (3) and (7) fail when particle densities are zero in the absence of a sample particle. In such a situation, the

electric field is determined alternatively by
V-E=0and B =-V¢ (9)

where ¢ is the electrostatic potential. Equation(6) is reduced to

9B

9E _ (1
o 0 (10)

since V X'V ¢ =0.

Numerical Procedure
To perform the particle simulation with statistical operation involved, the electromagnetic field solvers are
incorporated into the multi-purpose DSMC code, RARAC-3D'L. Equations (1) and (2) are integrated in time by the 4th-
order Runge-Kutta method for each sample particle. The average density and the average velocity, #i and V;
respectively, are determined at each computational node from positions of sample particles by linear weighting (PIC
methed). The electron pressure is calculated by Eqs.(4) and (5) from the average ion density. The magnetic field is

then determined by Eq.(6) from the electric and the magnetic field at the previous time step, and the electric field is
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Table 1: Scale parameters for magnetic sail and computational domain.

Case pon/dr (Tm®)  7o(m) 71{m) RL 7e/70 71/%0 71/70 8 /r®
1 434710 3.16'% 3.08"%° 0100  3.22 10.2 973 0323
2 1.37°% 1.007%° 9.73°% 0316  3.22 5.73 9.73 1.02
3 4347 3.16" 3.08°% .00 3.22 3.22 9.73 3.23
4 1.37°% 5.62°% 5.47°% 3.16 5.73 3.22 9.73 182
5 434 1.00"% 1.38°% 10.0 10.2 3.22 9.73 102

2 434" stands for 4.34X 10, for example.
b5 = 1.02X10°(m) is the skin depth of the solar wind plasma.

Fig 1: Spherical grid system consisting of 30-radial X 37-latitudinal X 73-longitudinal nodes.
etermined finally by Eq.{8) or (9).

In order to enhance accuracy in time integration, the leapfrog techniquem is used by introducing halfintegral
time steps. Since the magnetic flux density generated by a magnetic dipole varies roughly in proportion to 72, fine
orids are necessary in the region where r is small for the flow and the magnetic filed to be solved accurately. To
realize this, a spherical grid system with radial reticulation is used in this study. The magnetic dipole is placed at the
origin of the spherical grid system, aligned with the z coordinate in the positive direction. In order to avoid an
excessive increase of the magnetic field intensity in the calculation domain, the inner boundary is set at# = vo, which is
small enough to have no influence on the flow and the magnetic field in electromagnetic interaction. The magnetic
field intensity is fixed during time integration on this inner boundary. On the other hand, the outer boundary is set at
# = 71, depending on the magnetic dipole intensity, so that the final results are not affected by this boundary. A typical
example of the grid system is shown in Fig.1. In addition to this base grid system, a staggered grid system is
introduced to maintain V-B=0 precisely during time integration. The magnetic filed are defined at the staggered

grid system.
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Solar Wind and Magnetic Dipole Models

The solar wind is assumed to be a hypersonic plasma flow consisting of electrons and protons. Protons are
assumed to be members of a Maxwell-Boltzmann velocity distribution function at 0.3 eV, while the electron
temperature is assumed to be 10 eV. Average flow velocities of both electrons and protons are set identically to be 400
km/s. Average number densities of electrons and protons are given uniquely as 5% 10° m'3, based on the
representative value at 1 A.U. The interplanetary magnetic field in the solar wind is neglected in this study. Proton
samples are added at every outer surface element of the computational domain by the statistical inflow conditions
based on the Boltzmann velocity distribution and the flow velocity. The flow direction is aligned to the x coordinate in
the negative direction.

One important scaling parameter is the distance from the dipole center at which the dynamic pressure of the
solar wind is equilibrated with the magnetic pressure produced by the initial magnetic field. This distance, denoted
hereafter by 7., represents the radius of the magnetic sail with respect to magneto-hydrodynamic interaction against
the solar wind in a MHD approximation. Another scaling parameter is the distance from the dipole center at which the
ion Larmor radius, L;, is locally equivalent to the distance from the dipole center. This distance, defined by 7, is the
radius of the magnetic 'sail with respect to particulate Lorentzian interaction, in which motion of each proton is
controlled by Lorentz force due to the initial magnetic field of the magnetic dipole. The ratio of L; at 7 = 7, to 7.,
defined hereafter by Ry = Li(r2) / 7., is an important non-dimensional parameter representing the finite Larmor-
radius effect in the magneto-hydrodynamic interaction. In the series of comparative computations, the value of R is
changed by changing the magnetic dipole intensity, .

The scale parameters of the magnetic sail and the computational domain are summarized in Tablel. Dimension
of the computational domain is changed in accordance with a variation of Rz so that the representative interaction
radius, 7, or 7 depending on Ry, < 1 or Ry > 1 respectively, can be located between » = 37¢ and 670 in an attempt to

reduce influences of grid resolution on the computed reaction force exerted on the magnetic dipole (see sixth and

momentum of inflowing and outflowing sample particles.

Numerical Results

Distribution of sample particles and magnetic field lines around the magnetic dipole for several computation
cases are shown in Fig.2. Although the flow and the magnetic fields shown in Fig.2 are in a quasi-steady state
statistically, instantaneous views of the flow and the magnetic fields suffer from slight fluctuations since they are
essentially nonstationary in particle simulations. When the finite Larmor-radius effect is small (R, < 1), magnetic
field lines are deflected toward downstream due to induced current generated in the solar wind plasma. In this case,
interaction between the solar wind and the magnetic field around the dipole is close to that predicted using the MHD
approximations, since the Larmor radius at the magnetosphere boundary is much smaller than dimension of the
magnetosphere. In Case 1, the skin depth of the solar wind is expected to be 0.323 7, as shown in Tablel. In F ig.2a,
the magnetic field lines do not seem to penetrate into the solar wind plasma, resulting in a distinct magnetosphere
boundary around the magnetic dipole. An ion acoustic shock wave and a shock layer are formed ahead of the

magnetosphere, as shown in Fig. 3a.
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Fig 2: Distributions of sample particles and magnetic field lines on x — z plane for a) R, = 0.100, b) 0.316, ¢)

1.00, d} 3.16, and ¢) 10.0.

In contrast to this, as Ry increases or the ratio of & to 7. increases, the magnetic field lines become less deflected

toward downstream and penetrate into the solar wind plasma to a greater extent, resulting in a less distinct

magnetosphere boundary, as seen in Figs, 2b to 2e. When Ry > 1, the plasma flows are no more deflected at » = 7. but

at 7 = 7, by the particulate Lorentzian interaction (see Figs. 2¢ to fig 2e). In such a situation, no clear bow shock wave

is formed upstream of the magnetic dipole, as seen in Fig. 3b.
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Fig 3: lon number density distribution computed for a) Case 1 (R, = 0.1 00) and b) Case 5 ( R;=10.0).
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Fig 4: Variation of drag coefficients based on 7. and 7, along with R,.

Drag force generated on the magnetic dipole, Fn, was computed from a change in the total kinetic momentum of
inflowing and outflowing sample particles by taking an ensemble average after the flow and the magnetic field

converged to a quasi-steady state. The drag coefficient, Cp, was computed using the drag force obtained above by

Ip

:W (11)

Cp

where p is the mass density of the solar wind and § is the referential cross section. Two referential cross sections,

Se = n7¢ and Sz = 77£ based on the magneto-hydrodynamic and the particulate interaction respectively, were used,
The results are plotted against R, in Fig.4.

The drag coefficient based on 7, is estimated to be 3.6+0.7 and independent of R, when the magneto-
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hydrodynamic interaction is dominant, or R, < 1. However, the drag coefficient decreases along with an increase in
Ry as the particulate Lorentzian interaction becomes superior to the magnet-hydrodynamic interaction, or Ry = 1.
Contrary to this, the drag coefficient based on 7, is estimated to be 3.4 = 0.7 regardless of Ry when the particulate
Lorentzian interaction is dominant (R, > 1), and decreases with R, when the magnet-hydrodynamic interaction is
dominant (R, < 1). That is, the representative cross section of the dipole magnetic sail switches from S, to S at Re=1.
For above reasons, the non-dimensional parameter R is considered to be a measure of particulate effects on magneto-
hydrodynamic interaction between the solar wind and the magnetic field generated by a magnetic dipole.

An approximate formula of the drag coefficient is given below for the purpose of quick estimation. The drag

coefficient'based on 7. is given as a function of R by

(3.6exp(—0.28R7) for Ry <1

Cp=1 34 0.22 (12)
—Eexp<~§%—> for Ry, > 1
In interaction between the solar sail and the magnetic dipole, Ry is related to 7 by
Rr =1.02 x 10°/7. (13)

As illustrated in Fig.4, good agreement is obtained between the drag coefficients calculated by Eq.(12) and obtained
by the hybrid PIC computation.
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The drag coefficient based on 7. is plotted against 7. in Fig.5, using Eqgs. (12} and ( rag coefficient is
found to decrease to 0.5 at 7.=15 km, and to 0.1 at .= 3 km approximately. Since the relation between 7. and 71 is
based on the magnetic field generated by a magnetic dipole, in which the magnetic flux density decreases in
proportion to 73, Eq. (12) may fail when other type of the magnetic field, such as the two dimensional induction coil

and the inflated magnetoplasma sail, is used.
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Fig 5: Variation of drag coefficienis based on 7. along with 7..
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Ceonclusion

Numerical simulations of electromagnetic interaction between the solar wind and the magnetic dipole were made
by using the hybrid PIC method for flows in which the finite Larmor-radius effect becomes significant. The drag
coefficients of the magnetic dipole with respect to the solar wind were obtained in a wide range of magnetic sail
dimension. The results show that electromagnetic interaction can be divided into two types according to the ratio of
ion Larmor radius to the characteristic length of the initial magnetic field, R, : the magneto-hydrodynamic interaction
for R < 1 and the particulate Lorentzian interaction for R, > 1.

The drag coefficient based on 7. is found to decrease as the finite Larmorradius effect becomes significant, while
that based on 7, is independent of R, for R, > 1. This suggests that the representative interaction radius of the
magnetic dipole is given by 7 for Rz < 1 and by r, for Rz > 1. An approximate formula describing the drag coefficient
in a wide range of 7; is developed from the drag forces obtained by the PIC analysis. Using this formula, the drag

coefficient is estimated to decrease to 0.5 at 7. = 15 km, and to 0.1 at 7. = 3 km approximately.
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Estimation of Magnetic Sail Thrust and Options for Performance
Improvement

Daisuke Akita* and Kojiro SUZUKT**

Abstract : In the present study, a small magnetic sail consisting of a 4m-diameter coil, which seems
to be reasonable size as a test vehicle realizable within the present technology level, is considered.
Interaction of the solar wind with the magnetic sail is numerically simulated by the full particle
(PIC) method. Fundamental features of the flow field and the induced electromagnetic field around
the small magnetic sail are clarified. Force acting upon the magnetic sail, which is estimated by
considering the Lorentz force generated by the induced electromagnetic field and the momentum
change of the solar wind around the magnetic sail, is in the order of 10°mN. Additionally, optional
concepts of sailing propulsion, which use applied electric field or artificial charged particles, are
also considered. The new concepts may improve the acceleration performance and/or payload

capacity of the sailing propulsions.

Keywords : Magnetic Sail, Plasma Flow, PIC Method
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Design and Initial Operation of an Experimental Simulator of
Magnetic Sail

Tkkoh Funaxki*, Hidenori Komvia™®*, Yukio Summizu*, Yoshinori NAKAYAMA®** |

Kyoichirc Toxr**** | Hiroshi YAMAKAWA™ and Suetsugu SHINCHARA®

Abstract : In order to simulate the interaction between the solar wind and the artificially deployed
magnetic field produced around a magnetic sail spacecraft, a laboratory simulator was designed
and constructed inside the space chamber (2 m in diameter) at ISAS. As a solar wind simulator, a
high-power magnetoplasmadynamic arcjet is operated in a quasisteady mode of ~ 0.8 ms duration.
It can generate a simulated solar wind that is a high-speed (above 20 km/s ), high-density ( 107
108 mfs) hydrogen plasma plume of ~ 40 c¢m in diameter. A small coil 2 cm in diameter), which
is to simulate a magnetic sail spacecraft and can obtain 1.9T magnetic field strength at its center,
was immersed inside the simulated solar wind. Using these devices, the formation of a magnetic
cavity (~8 cm in radius) was observed around the coil. In order to successful simulate the plasma
flow around the coil {simulated magnetic sail spacecraft) in the laboratory, the reflection of the

plasma flowing toward the coil at the boundary of the magnetic cavity should be clearly observed.

Keywords : Magnetic Sail, M2P2, Laboratory Simulation, Magnetoplasmadynamic Arcjet

1. Introduction

A magnetic sail (MagSail) is a unique interplanetary propulsion system. To propel a spacecraft in the direction
leaving the Sun, 2 MagSail produces a large-scale magnetic field to block the hypersonic solar wind plasma flow[1].
When the MagSail is in operation, as shown in Fig.1, charged particles approaching the current loop (coil) are
decelerated/deflected according to the B-field they experience, forming a magnetosphere (or a magnetic cavity)
around the coil current. The solar wind plasma flow and the magnetic field are separated by the magnetopause, at
which ions entering the magnetic field are reflected except near the polar cusp region where the ions can enter deep
into the magnetic cavity. Due to the presence of the magnetosphere, the solar wind flow is blocked, creating a drag
force, which is transferred to the coil current through electromagnetic processes{2]. Thus the spacecraft is
accelerated in the direction of the solar wind.

The force on the current loop depends on the area that blocks that solar wind. By increasing the size of the
magnetosphere, the blocking area can be larger, providing a larger thrust. Therefore, the force exerted on the coil of

the MagSail can be formulated as,

* ISAS/JAXA
University of Tsukuba
National Defense Academy
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F=C, %puwa 1

where Cy is thrust coefficient, 1/2pu2 is the dynamic pressure of the solar wind, and S is the area of the
magnetosphere, defined by, S = L2 ; where L is the characteristic length of the magnetosphere derived afterwards in
Eq.(4). In Eq.(D), p is the density of the solar wind, us, the velocity of the solar wind. From Eq.(1), correlation
between L and F is derived. The original MagSail by Zubrin required a spacecraft design with a large hoop coil of 100
km in radius to form 1000-km-radius blocking area (which corresponds to 10-N-class thrust) [1]; however, the
dimension of the coil is too large to realize. In order to circumvent this problem, we have attempted to design a a
smaller MagSail and examined its thrust characteristics. In Fig. 2, both Cs and F values are derived and estimated
from numerical studies in Ref.[3], which incorporated the effect of ion gyration in the magnetic field. A reference case
(Cs= 3.6, which is derived from the MHD simulation) are also plotted for comparison because the MHD limit is
expected to determine the upper limit of thrust production. It is noted that the thrust of 0.25 N is obtained for =30
km. This is a very large thrust in comparison with usual electric thrusters. Notice that the engine used for
HAYARUSA provides only 0.02 N for a 500-kg asteroid explorel4]. If such Magsail propulsion can be used for a 1+
class deep space explorer, that will drastically reduce the mission trip time to reach the outer planets and will gain
payload weight because Magsail provides large thrust but requires no fuel{5]. To evaluate the technical feasibility of
small Magsail, thrust characterization is very important.

In order to experimentally demonstrate the magnetic sail, we developed an experimental simulator of the
magnetic sail that operates in a space chamber. In this paper, after describing the experimental simulator of the

i b2 I ri < 3 1+ +ad
MagSalil, some preliminary experimental resulfs are presented.
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Fig 1: Schematic of Magnetic sall. Fig 2: Thrust estimation of small MagS8ail.

2. Scaling Parameters of MagSail

Because the density of the solar wind plasma flow around a Magsail is very small, the particles in plasma are

collision-less and their movement separates the plasma region outside the magnetic cavity and the region inside the
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magnetic cavity. Simplified picture of this boundary is depicted in Fig.3. When a magnetic dipole M is located at the

center, there is a balance between the total internal (magnetic) and external (plasma) pressures at the boundary:

(Zanp)2 @

nm; U, =
I ‘St
2 Ho

where # is the plasma number density, m; ion mass, use velocity of the solar wind, 2B, the magnetic flux density at

the boundary, po the permeability in vacuum. The magnetic flux density By of the dipole at position r is expressed as,

B,, = oM ®)
A

hence the detachment distance of the boundary from the dipole center, I, is derived as follows.

1/6

%2

J N \ @
8 nm;ug,

This boundary is usually called a magnetopause, on which the two charged particles, ions and electrons, impinge.
The external space is considered as magnetic field-free. Because of their heavier mass, the ions tend to penetrate
more deeply into the magnetic field than elecirons. This sets up a charge separation, thus the outward pointing
polarization field restrains the ions. Before they can be deflected by the magnetic field, they are returned by this
polarization field. The electrons, however, experience the Lorentz force and gain energy in the polarization field. The
transverse velocity component of the electrons accounts essentially for the electric current in the interface, which in
case of the magnetopause is usually referred to as Chapman-Ferraro current. In the artificial case of equal external

veloci f the incident ions and electrons, the combined penetration depth, &, is of the order of the geometric

%]
<
F

<

mean of the electron and ion gyroradii. If one uses Eq.(2) and replaces #/Byp by the geometric mean gyro-radius at
e

the magnetopause, one finds a thickness of the order of the plasma skin depth J as
d=c/w, ®

where c is the light velocity, w, the plasma frequency. § is referred to as the thickness of the magnetopause in this
paper. From Eq.(5), & in the solar wind plasma depends only on the plasma density, hence it is calculated as & ~1
km. Thus, to reflect almost all the ions impinging on the magnetopause, 8 /L<<1 is required. Otherwise, ions enter
far into the magnetic cavity, leading to small C,. Therefore, & /L<<</ is the first condition necessary for MagSail.

'The second condition is related to the ion gyration radius at the magnetopause;

m;u

7= 6)
= e2Bmp

In order for the plasma to behave like a fluid, 7,;/L<<1 is required. To simulate a small MagSail, since r;; =71
km, a range of 0.1 <#y/L < 1 is targeted for 0.2 —1 N class thrust as is depicted in Fig.2. These conditions are
summarized in Table 1 with two conditions requiring a super sonic plasma flow as well as a collisionless plasma flow

(i.e., magnetic Reynolds number, B,, >>1). The design parameters for our laboratory simulation is also listed in
Table 1.
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Fig 3: A schematic illusiration of the trajectories of charged particles at the magnetopause; ions and slecirons incident
normally on a plane boundary layer when the polarization electric field due to charge separation is present.

Table 1: Scaling parameters of a plasma flow around MagSail.

. Design target of MagSail in our
MagSail in space )
laboratory experiment

Size of magnetic cavity (stand-off distance), L 10-50 km <01lm
Ratio of ion Larmor radius to L, 7,;/L 1t0 10 1to 10
Ratio of thickness of magnetopause to L, 5/L <0.1 <0.3
Magnetic Reynolds number, Rm > 10° 3-15
Mach number 8 1-5

3. Experimental Apparatus and Preliminary Results

QOur newly developed simulator consists of a high-power magnetoplasmadynamic (MPD) solar wind simulator
and a coil simulating MagSail's coil, both of which are operated in a pulse mode. In our preliminary experiment
(Fig.4), a coil of 20 mm in diameter was located in the downstream of the MPD arcjet to produce up to 1.9 T magnetic

field strength at the center of the coil. Into this magnetic field, a plasma jet from the MPD arcjet was introduced to

observe possible interactions.
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Fig 5: Sequences of Event.

3.1. Solar Wind and MagSail Simulator

An MPD arcjet was selected and fabricated for the solar wind simulator. The MPD arcjet consists of eight anode
electrode rods that are azimuthally equally spaced, a short cathode rod, an annular floating body and insulators. Eight
anode electrode rods are made of Molybdenum, 8 mm in diameter and 70 mm in length. A short rod shape cathode is
made of thoriated tungsten, 20 mm in diameter and 16 mm in length. These electrodes are able to operate from a low
current discharge range to erosive high current discharge range. The discharge chamber of the MPD arcjet is 88 mm
in outer diameter, 50 mm in inner diameter and 100 mm in length. The discharge chamber is attached on the space
chamber inner wall as shown in Fig. 4.

A fast-acting valve (FAV) allowed us to feed gaseous propellants featuring a rectangular waveform signal. When
the FAV is opened, the gas in the reservoir flows through choked orifices of 1.2 mm in diameter. The mass flow rate

of hydrogen gas was controlled by adjusting the reservoir pressure, obtaining a gas pulse of about 8 ms duration in
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the MPD arcjet. After the gas pulse reaches its quasi-steady state, the ignitron of a pulse-forming network (PFN) is

triggered. The sequence of operation 1s summarized in Fig.5. After the gas feed and the magnetic field by the coil

(MagSail) reaches a steady state, the firing of the MPD is initiated. The PFN for the MPD arcjet supplies the

Table 2: Parameters of plasma stream and magnetic field strength in laboratory experiment.

Plasma stream form hydrogen MPD solar wind simulator

velocity 10-60 km/s
plasma density 10710Y /m®
electron temperature 5000 - 20,000 K
radius of plasma stream at the coil position 0.2m
plasma duration 0.7 ms

Coil current simulating MagSalil in operation

radius of coil 20 mm
B-field at the center of coil 0-1.97T
duration of exciting current 0.9 ms

discharge current up to 20 kA with a 0.7 ms flattopped waveform in a quasi-steady mode. The PFN for the coil
supplies rather small current (below 3 kA), and 20-turn-coil is required to produce 1.9 T magnetic field strength at the
center of the 2-cm-diameter coil. Operational parameters of these devices are summarized in Table 2, in which the
robes and the time of flight velocity evaluation. From the data in Table 2, it is

quired from Langmuir p 1d the tim ight velocit, aluation.

easily confirmed that the scaling parameters in Table 1 is mostly satisfied.

3.2, Plasma Flow arcund the Coil

Figure 6 a) and b) show photos of simultaneous operation of both the solar wind simulator (MPD arcjet) and the
MagSail simulator. In Fig. 6, the plasma jet from the MPD arcjet diverges to 40-cm-diameter plasma jet at the coil
position, which can be confirmed from this picture as well as from Langmuir probe measurements. In a close-up view
near the coil in Fig. 6b, the region around the coil is dark except in the region very close to the coil. Although the
boundary between this dark region and the simulated solar wind is not clear enough, the dashed fine in Fig.6b may
correspond to the boundary, where the plasma flow cannot enter but being reflected. The radius of the magnetic
cavity observed was consistent with £ defined in Eq.(4), which was about 8 cm in this case, hence it is expected that
the plasma flow around a MagSail spacecraft was successfully scaled down and was demonstrated in our new

experimental simulator.
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Fig 6: Operation of MagSail in space chamber; a) operation of down-scaled Magsail (right smalll coil) in hydrogen plasma
jet from MPD solar wind simulator (left) , b) close-up view of a plasma flow around the Coil; MPD is operated at a
discharge current of 20 kA and a mass flow rate of 0.5 9/s; also, the coil produces 1.9-T magnetic field strength at
the coil center. The magnetic dipole axis is normal to the plasma flow.

4. Summary

An experimental simulator of a plasma flow around MagSail was designed and fabricated. A high-density plasma
jet above 107m? is supplied by a hydrogen MPD arcjet, from which a high-speed plasma jet 20-60 km/s is ejected. In
case a 20-mm-radius coil with 1.9 T magnetic field strength at the center of the coil was inserted into the plasma
plume, a magnetic cavity was observed in front of the coil, which indicates the plasma flow around the properly scaled

MagSail was simulated.

The most difficult task in our laboratory simulation is to achieve a collision-less plasma flow. In our simulator, R,
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is still too small to simulate a real situation correctly (see Table 1 and 2). This is primarily due to the fact that the
collisional effect of charged particles in our simulated solar wind is quite large. Two possible ways to readily reduce
the collision frequency are: 1) to increase the velocity and/or 2)to reduce the density of the jet from the MPD arcjet.
The latter method seems easier because the plasma density can be controlled just by adjusting the position of the coil
from the MPD arcjet as the density drops at a position away from the MPD arcjet. After tuning the simulator by these
methods, a detailed probe measurement of the plasma flow will be conducted to evaluate a momentum change of the

simulated solar wind, which is equivalent to the force on the coil of the MagSail.
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Orbital Dynamics of Magnetoplasma Sail

Hiroshi Yamagawa™®

Abstract : The orbital dynamics of magnetoplasma sail (MPS) is investigated focusing on the
required acceleration for escape from the solar system. One of the main features of the MPS
prepulsion system is that the thrust in confined to anti-sun direction. This motivates the study of
the orbital motion under an outward continuous radial acceleration as a function of the distance
from the central body. Two representative cases in terms of the MPS power system are analyzed,;
one is the constant radial acceleration case, and the other assumes the radial acceleration inversely
proportional to the square of the radial distance. The former corresponds to constant power case
such as radicisotope thermoelectric generator (RT'G) system, while the latter corresponds to the

case assuming solar paddle for the MPS power system.

Key words | magnetoplasma sail, radial thrust.
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the main features of the MPS propulsion system is that the thrust is confined to anti-sun direction. This
motivates the study of the orbital motion under an outward continuous radial acceleration as a function of the distance
from the central body. This classical problem was investigated by several researchers in the past (Ref. 1-11). An
analytical solution is available when the radial acceleration is applied to a spacecraft under the influence of the gravity
field of the central body. Tsien' and Battin? showed that there exists a critical value for the constant radial acceleration
above which the spacecraft will achieve escape conditions. When the acceleration is below the critical value, the
spacecraft attains a maximum distance along an outbound trajectory. If the radial acceleration is maintained beyond
the maximum distance, the spacecraft spirals back to the initial radius along an inbound trajectory. Boltz® treated the
radial acceleration case where the acceleration is inversely proportional to the square of the distance from the central
body using the equation of motion described by the velocity and flight path angle. Prussing and Coverstone-Carroll*
provided a nonlinear radial spring interpretation for the constant radial acceleration problem with an energy well
approach. Akella® focused on the property of the constant radial acceleration case and shows that while the time
intervals for the outbound and inbound trajectories are identical, the trajectories themselves are very different from
one another. Broucke and Akella® described the general types of solutions of the constant continuous outward radial

acceleration. They used numerical integrations and concepts such as the theory of periodic orbits and Poincare's

*ISAS/JAXA
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charachteristic exponents.

Yamakawa' investigated the orbital motion under a continuous outward radial acceleration as a function of the
distance from the central body analytically. The attainable maximum radial distance was given as a function of the
radial acceleration, and numerical experiments were carried out showing some periodic orbits under radial
acceleration. Formulating the interplanetary trajectories under radial thrust as an optimal control problem,
Yamakawa® treated the escape from the solar system considering the maximization of the terminal orbital energy,
while conserving the orbital angular momentum. The achievable hyperbolic excess velocity was studied in terms of
the available maximum radial acceleration and the transfer angle.

Because an MPS spacecraft obtains momentum from the solar wind, a guidance law is indispensable for the
planetary explorer under the variable solar wind circumstance. This requires a detailed solar wind prediction model
and the simultaneous use of chemical propulsion for guidance maneuver. In Ref. 9, a guidance scheme was proposed
for orbital motion under continuous outward radial acceleration that is inversely proportional to the square of the
radial distance from the Sun. The maximum attainable radial distance of the outbound trajectory was investigated, and
a guidance scheme for achieving this target maximum distance was established under radial acceleration
disturbances. The scheme not only provides a control law for continuous radial acceleration, but also yields the
amount and timing of impulsive maneuvers required to satisfy the guidance requirement at the terminal point.

Ref. 10 analyzed the characteristics of trajectories of low thrust propulsion systems whose thrust direction is
restricted. Low thrust propulsion mission performance was represented by three parameters; initial thrust/mass ratio,
thrust angle and specific impulse. It was assumed that electrical power provided to the propulsion system is inversely
proportional to the square of heliocentric distance, and the spacecraft mass decreases as the fuel is expended.
Hyperbolic excess velocity with respect to the Earth was assumed 0 km?/s? at the Earth departure. Thi
to the marginal escape from the Earth's magnetosphere followed by the activation of the magneto-plasma sail engine.
Tt was showa that the MPS is suitable for missions to Pluto and beyond if the MPS realizes high acceleration (.e., 1.5
mN/kg) even if the thrust direction is restricted to outward radial direction.

In Refs. 11 and 12, a preliminary spacecraft design was conducted based on the Jupiter flyby mission as an
example. The spacecraft weighs 1,000 kg at launch and the fuel mass (Xe) is 430 kg. The thrust/power rafio was
assumed as 1N / 4kW. The electric power for plasma supply is generated from the solar cell paddle, which generates
8.0 kW at 1.0 AU. The high gain antenna is pointed toward the earth for communication, and the solar cell paddle is
mounted on a single-axis gimbal and is pointed to the Sun to get enough electric power. The plasma is supplied from
two plasma sources. By changing the attitude of spacecraft with respect to the Sun, the direction of generated thrust
(steering angle) is controlled.

In this paper, a spacecraft trajectory under the continuous outward radial acceleration as a function of the power
of the radial distance from the central body is investigated focusing on the required acceleration to escape from the
solar system. Two cases for the MPS power system are assumed: one assumes constant radial acceleration, while the
other assumes radial acceleration inversely proportional to the square of the radial distance. The former corresponds
to constant power case such as radioisotope thermoelectric generator (RTG) system, while the latter corresponds to

the case assuming solar paddle for the MPS power system. Part of the results of the paper was presented in Ref. 13.
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2. Bquations of Motion

The problem considered is the motion of the spacecraft under the influence of the thrust of the épacecraft and the
gravitational attraction of the central body, namely, the sun The acceleration due to the thrust of the spacecraft is
confined to the outward radial direction. Therefore, the trajectory remains in a plane and described by the two degree-
of-freedom equations of motion. Let position of the spacecraft at any time instant ¢ be given by the polar coordinates
oand 0, where pis the distance from the center of attraction and 6 the angular position. Then the nondimensional

equations of motion for the spacecraft in polar coordinates are given by7

d’ AN 1
e g
dr dr 0 0
_ji(pz.i‘?ﬁ) 0 @
dr\' dr

where ¢is the nondimensional acceleration at the starting instant. All the variables are normalized by the radius of the
Earth's orbit, the corresponding circular velocity, and the magnitude of the gravitational attraction of the sun at the
Earth's radial distance. The period of the Earth's orbit is 27, and the reference time unit is 58.132 days. The reference
distance, velocity, and acceleration units are 1.49597870 x 10! m, 29,784 m/s, and 0.00593 m/sz, respectively.
Assuming that the spacecraft is initially placed at the circular orbit (i.e., Earth orbit), then the initial velocity

conditions are as follows:

d
(—ﬁ-} _0 @)
T ¢
(dOy
=i =1
\ar ), @
Equation (2), describing the conservation of angular momentum can then be integrated as follows
a6 1
0 _1 ®)
dr  p’
By substituting this equation into equation (1), the equation for p is
dp 1 1 1
LS ©
0" p° p° p
which can be rewritten as
2
1 d/{d 1 1 1
———(m) == -5+ (N
2 do\dr o p

The result of integrating the above equation in terms of » from po to g is
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wheren=+1.

o)

3. Escape Conditions

The conditions for the spacecraft to escape from the center of attraction are derived in this section. The square of

the hyperbolic excess velocity, €3, is obtained from the results of the previous section as follows:

b

C(dp\ [ d8\' 2 \
S=\ze) "\Pa) "o ©

Substituting equations (5) and (8) into the above equation, C3 becomes

oI
AP
3

2 ( 1 )
[ 1121 1
i pn_lh) i 10)

When the escape condition is satisfied and attains a parabolic state, Cs becomes zero and equation (10) becomes

28 - p(’,f('(l]l? ! (11)

where © space 18 the radial distance where the escape condition is satisfied and parabolic state is achieved. This
simple equation (11) relates the following three parameters: pgpac, 0, and e , where n indicates the power index of the
acceleration as a function of the radial distance, and e corresponds to the non-dimensional acceleration defined at the
initial instant. When n = 0(i.e., constant acceleration) and n = 2(i.e., inversely proportional to the square of the radial

distance), the following equations (12) and (13) are simply derived from equation (11}.

2e +1
Prscape = ; (n=0) 12
e 2e
2¢ )
o e 7 o=
Bascape e 1 ( ) (13)

Figurel describes the relation between nondimensional acceleration ¢ and p g based on equations (12) and
(13). When starting from the same nondimensional acceleration ¢, {e.g., ¢ =1), the spacecraft requires continuous
acceleration from Earth departure till Mars distance (0 gpae=1.5) in order to achieve escape for constant acceleration
case (i.e, n=0), while the escape distance becomes larger (i.e., puspaee=2) for the inverse square case (i.e., n=2) due
to the reduction of the acceleration. Figure 1 also illustrates the attainable maximum radial distance, ¢, for non-

escape trajectories as a function of nondimensional acceleration e . which are given by

1-+/1-8¢ 14)

= n=0)
pmax 4g 5 { J

= =7 15
Iomax 1"‘25, {n ) ( )
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derived in Ref. 7. Egs. (14) and (15) for non-escape cases are valid when 0< ¢<0.125 and 0< ¢ <0.5, respectively. This

condition yields that Eqs. (12} and (13) for escape cases are valid only when ¢ >>0.125 and ¢ <0.5 respectively.

nondimensional distance

(AN

i
0.2
nondimensional acceleration ¢

Fig 1: Relation between ¢ and pescape and pmax N =0 and n = 2},

g nnmolindine 2 omanlra
4, Conclugi ig Remarks

A spacecraft trajectory under the continuous outward radial acceleration as a function of the power of the radial
distance from the central body was investigated focusing on the required acceleration to escape from the solar
system. Two specific cases were assumed: one assumes constant radial acceleration (i.e., RTG power), while the other
assumes radial acceleration inversely proportional to the square of the radial distance (i.e., solar paddle power). Given
the acceleration tendency (i.e., constant or inverse square), the relation between the nondimensional radial

acceleration and the escape distance (i.e,, radial distance where parabolic state is achieved) was obtained analytically.
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Feasibility Study of Small Magnetic Sail Demonstration Satellite
Ikkoh FUNAKI® and Hiroshi YAMAKAWA®

Abstract ¢ A 150-kg-class engineering satellite for the demonstration of magnetic sail was studied.
When the satellite is inserted into an orbit whose perigee is out of the geomagnetic field, a 2-m-
diameter superconducting coil is initiated by a bafttery discharge, obtaining 3-T magnetic field at
the surface of the superconducting coil. The coil will be cooled by liquid helium cryostat, hence the
coil operation is valid only while the liquid helium is kept, maybe a week or so; during this
duration, the magnetic sail is expected to produce 1 N thrust. Although the thrust level is very
small, it will be measured by a precise orbit determination so as to demonstrate the world's first

thrust production of the magnetic sail in space.

Keywords : Magnetic sail, demonstration, piggyback, superconducting coil
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(at the coil surface)

Current 500 A
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Coil inductance 4H

Power while starting-up 2kW

Battery requirement 200 Wh

LHe Capacity 301

Cryostat Size ; $0.2.X 6.2m

Weight 30kg
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Table.2 HEHBEYD (HEH).

Solid motor 26 kg (24kg fuel+2kg inert)
Magnetic sail propulsion system: (Coil, LHE, MCU, E‘:/EPCU) 37 kg
Reaction control system: (attitude) 10kg
RCS Fuel: (Hydrazine) 5kg
Power 15 ke
AOCS: (AOCU, RW) 12kg
Communication 8kg
DHU :(DR, TCIU) 5kg
Structure 17 kg
Thermal control: (HCE) 5kg
Cable 6 kg
Solar wind monitor 2kg
Margin 2kg
Total 150kg
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