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A Compact Helicon Source Plasma Acceleration by RF Antennae

Kyoichiro TOKI***¢, Shunjiro SHINOHARA*?, Takao TANIKAWA*3, Tohru HADA*2, Ikkoh FUNAK *#,
Yoshikazu TANAKA*!, Kenji YOKOI** and Kostiantyn P. SHAMRA|*>

Abstract

One of the promising candidates for long life electric propulsions in the future is an electrodeless thruster
without using any discharge electrodes. The electrodeless plasma acceleration was investigated from the view-
point of electromagnetic acceleration being different from VASIMR magnetic nozzle expansion. A proposal
of continuous electromagnetic acceleration “Lissajous” was attempted. A few preliminary experiments for

plasma production and acceleration were performed as the proof-of-concept.

Keywords: Compact Helicon Source, RF Plasma Production, Electrodeless Acceleration
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2. NJAVRKRT I AT
21 ANUIAVRICEBTITAVER
AN I PIFAEY) FAREOBERGE TERDPDH D2 LEGDRA v AT -k SN b, RENT 2SI+ T L,
CCP (Capacitively Coupled Plasma) TJi’K, ICP (Inductively Coupled Plasma) ~D#47, & HIZIIFMBREGOEIIMIZ & - T
NN AVE-FNEZI Y TT505, TOW, BT I AREED LA ZEN, 108 em® OEEE L EZERKT 52 L b HET
Hh. TIRATOEBFEBIIFEHAY, FUF7REICL > THPILAD, RETIEAY 22 —LH (Lower Hybrid),
TG (Trivelpiece-Gould) A G- L7-ETH 2 & § 230G TH 5.

22 KAV IAVETIXAVIE

AN AVWT TR, FOXAAZALFEHZESTBE, WBENED I CETRE TSI A< ERT 283 LTHEL
DO5h5L, B, &, FEHL (£) OL)KHICHFRRKROERE 738 cmep D77 A< i % JAXA FH BFHERF A5
DAR=AT T A< ERFEMEZFN L CTERIE TV L. B 5T, AHETIEML () OL)1Z, N arefts
EE25cmep DT T AEENGUIEBEETH-> TV 5,

EEY A A & L CIRBE T CRITAES LS HH2S Ar2HWTWwA, M2 (F) A arTitillshiz 79 X~
WEY Y T ERRY. ArOiimlE 05mg/s, ¥ 7V FIVELT 7 TR 27.12 MHz,  #VER#EYS 800 Gauss FINNIKE, £
300 W (IEBKRF /87 —) = (GEATIE/ST —) - (R ST =) TI0Pem® D7 7 AV EEZER L TWE. CORELT
YTFHEAETOETH L. 45#%I1F, 6T —CTRUHELERT L5028 ULEND LD, EBNT X5 —0%
W2 72% 7%, Shamrai 2L 27 ¥ 7 FEBMEIA Y I 2L = a YN EZ V7277 X< Loading f Y ¥ — 4% > 2D
ST EF LD D ETO L 22 00 W2 () 2RI, M2 () OFEREFICHIET S 77X~

M1 EE738cm DAN) AV TT A< () EHEZE25cm O/IAN) A VP75 X< (5)

1.0E+14 0 -9 2. 8 % 50
N .
Helicon Mode Jump 0 N
® 1.0E+13 |- -
% 8
5 5
2 g
% 1.0E+12 | 6
[
(=1 =
@ ‘@
§ &4
©
= 1.0E+11 o
£
&
- 27.12MHz a2
1.0E+10 .
10 100 10l ok - - ;
Net Absorbed Power, W 0 200 400 600 800

Magnetic Field (G)
2 AN TEMENZEEY v 7 () & Ar 77 X< Loading D FIF#NT (£)
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Loading / ~ ¥ — % > ZOFRIHIXT, HE#MAEVINEEG OMEE, HEMAERSND T I AIRETH L. 77 AXHEDNE
{, 779 X< Loading f Y E—F Y ADNKEVIZEFNRREL RENT =075 AP EN L DT, T OEBRSEMTIEAH
ERRE 800 Gauss FIINA Y TLOB em® 2SEH EN D L FMENT WA,

3. EEETCOT XY EHMERIE

31 BRMEOHFE

T5 X e M N LT, BAE, BRI, BRI 2 b A,

DB o b b DT L A A G Y b 0 C B A 0D /// jy/
7B

HEIE (BRI L 2 WEEOWBHTIE) CTHo. BRI, N1 5
WY — FREET ROV F — LSO 2 70k AN T E R KT AT Y ha Y
—BETH L7720, 2L D7 VF—HEEEL, TAVF-2T7 1NV F—fbsh
A, BEINEIE, BAAMICIEEDY N o —BETHHDY, BIEIZIEMHD (Magneto
Hydro Dynamics) 7% A RBROEA L HIILE T 2720 A0 ICHREREY 5),
D720 L 2B e E S . BADEN T L1213, BRI ORI G IRET B
D75 THUERU,xBICLHE)) (M3) ThAIPRORLELEAR ) ES. P43 AIREIIC & 5 ERINE
PR ITN B DA RIECRE LR BRI LD L. T2, 7T AT OH
TP DTS v F 2 2 EES BHOLEND 5.

b b 5 F, A CEBINE A RN 5

(1) B B ASTE AT 53 BE L S ARAE L 7o

—  PHIEARE, HEEO ML, FER R E, EMEMIE %2 v o CHEIE R Lo kR

IARE, HEmELY LTS5 ND

2) AMBRICLZMETH Y, SEELLEL LV — BESEOEBINT T AR A
(3) AL, BTEOKELHAACTHLLEI R — HTH A ThE
)
|

(4) BERT 7 AIEOT TRAFRILPHRETE 2 —~ KEDRESHEAL A/ )V ZAEGEL) T,
WETFONL, 2F), RENCIZIEE LMESETH 5.

3.2 J|EBEOT 5 XAYEHMES &

AT ) —EOMEM 77 X< BRMESTAN2IE, MEORREIZ L Zfehng (K4 (7)), 79V AfR LA
(B4 (£)) 2mz, HERSERINE, 77 X< EEFHMENE, 57V 0 A v —Mhn#E, 0% 5. 2 2 Tl
(B4 “Lissajous” BIFE) 12DV THEAMICHE L, MISHHMEGTIAT 5108 w5 1

YIRS, BEAEIIE R L B OHE L 72IIMBEINEEY L OMIZE T2 jxBO—L Y IZL > TiTbilb.
M4 Tix, CONOIAE ZHEENMEE 25 HEERED : FIAB LTI AR L2 HHNAE r FIANIZE 5720, il

Electromagnet Acceleration Coil

-

5 q;wveiwr.m-r‘
SIS TN~

Glass Tube

Tl
S,
X4 [EERERIC L ZEGERE () SRR A VERICL 5790 A4 0 R LADLE (4)

Vy= Vo coswt

«

Propellant

Parallel Antenna

e 4N

#
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FHe LT, @R L7z, BREEROMESZHAMEETTFH) oD, THE—FOMEEMMPD (Magneto-Plasma-Dynamic)
ATAFEEZEZLND.

3.3 “Lissajous” &

“Lissajous (V)4 —32 2)” I#TlE, CRT (Cathode Ray Tube) DRIAIMKIC & % FET-HME T 0 2 KB & [IARIC, fLAH
D90° B 5 MHW 0 DRFELXEBRTT I AL MENHET L2 L 2E 25 (K5 (7). 77 ANEBRSE L L
T, NI VR TITARAERFAOBBAIANDIEET 252 Z0F FMHHT L (M5 (). 77 XA~ &tk %3
By ATk - [ 22 % 8 L 72 Langevin SN Z W CTHIT§ 4.

dv .
mv—=eEX-mvvx+evsz (1)

dt

dv,
m <L =e¢E, -mvuv, - ev B, (2)

13.56 MHz
Propellant 100 ~ 300 W Vy =V coswt
& Q Matching (VOZIOOV)
===V, =V, sinwt

Glass Tube

[] J__4€ EMOOW
90°
L %y

Accel. Antenna 13.56 MHz

Matching] 100 ~ 300 W
7 x ® -

M5 “Lissajous” NEDKER (/) & EEFEFROEIMNTTH (4)

Magnetic Coll

y

/M

0

RF Antenna

SCT, t (WM, m AT FRETEE, o BRAEE, v EHEEEE, B AUININREEY, v A4 F03E
TORE, E, . BEBROKEE, wy=eB/m, x,y,z . M5 () CBIDEERTH L. 20RO —HfFET
HH A 7w bosEEE, BEE SR exp(—vt) THET LD T, FHHOAEEETHL .

eEy 1 . (

Uy = sin\wt +¢> (3)
m (wo - w)Z +2

vy = eko ! coslot + ¢> (4)

m (w - w)z +2

tang = Lo @ (5)
v
V =Vela + Vinela (6)
eE o
R = (7)
m w\/ (a)o - a)>2 +v2

ZORER, BEEEWEy GEEFEZE v, & IFBIEHZE v, OHIT, A+ 2O TIIEMCIRE L v, 2 &) AL
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THVIRDY, A4 SETSZENETND WAV ICE, EBREZZTCHET 5 (BT —~—EH). ZoOEEEL R
RS —~—F5F) 45, ZhIE, BR2@UMEY) o% A 70 ba @5 Tidnd, $72, MERRSA 4 PET
FEBEAE ST TOLRTO 2V, 2 ORKEIE, FIINER VRS & THETATIAYDExB K 7 MEEDS, EIN
BRVOEEST A7 012 E Y ICOEET A2 ETEEITWS, 230, MEEROMEER o @S I15EUE, 4413
EHEEAKIBECEBRTEY BT —~—FRRIMN), BTIEMRTEL (BT —~—FFR=lcm 4+ — ¥ —)
RAEZEY 295, ZoW, BAMETERZTVEALDT, F—VIEEOFEIIZE > TT I A NHEN 5.

3.4 “Lissajous” IRICHITZERDEETFA

Shamrai DS L7 fFNTE T NVAE, —RIEDT T A AT TIHIMOBEIMENTEBY, 4+ - BTHESME T T A
BECHDY —ABEELOOTFORELZLDT, ZIIWCRFZEHIMLTHIA, V=&, NV TITAIDA Y E=F R
REMET L L TEBMEOREY FHIL TS (M6).M M7 CIREEROMELY (a) 77 AVES, (b) FIINERRE
Wk, (o) WHERTIED, () 77 XA~%E, (o) HIMEESMS, () MEBKEF v v 7R, KOWTHELTWS. f#
HMOPBEHIE L\ 25 om D 7 7 X<l LORBEIILE, = 0.1 V/em BEIGEE 2V (7 (), HED
HN LM emP Y077 XA~ (M7 (d) %, #5100 Gauss DYFREESGEIN (7 (e)) T, E,=$V/em Dl EIZET 5 2
ETREN, ERE 10 ~ 1000 V/iem AIfFC X 5. FHATHMEL L 572/8F 2 ¥ —fild, 7IAXIEES [ 4cm, FINE
T > 1 MHz, HHERTIES) | 2mTorr, 77 AYHE | 102 em?®, FIINES S ¢ 100 Gauss, JEMKD 7T X~ &
DFx v 7 05em &L, WMHEORKENA 100V, EFIRE : 4ev, A4 VIR 01ev, HEE/ HLT T AEE
01, ¥I7AERNE+T—RAE  05ecm & LT3,

3.5 “Lissajous” MEDHEEMERE
— &I, BRIEEOHET) FIZ, BEiEm, PEEEEw &3l

8)

F=rmu

EFREN, MBEIZES 57857 — P, NBEETOPREEL E uy, HEHERRZ n & LT

P =(%th2_ %n’ﬂtoz)/n (9)
LFRsSNAL, F2, IEEZTARTOEEM, FHEE R FErolE7TI X< 3,

(10)

m=M,; rTu(Jrroz)

F M iuzlzr? (11)

Electrode

EO
< Is(t) — nx)
QUZ 0 L2
-L/2-d x-position

M6 BRZEOMMETIV () LA4+y - BFEESMM 70774V (4)
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1
£ 0.1 )
o 0.8 s
3 \ } Eoos} /
3000 | < 0.8 /
|
S 04 \ @ 0.04 ,
% 0.2 k i J
=0 ___ﬂ_f/ 0.02
u A i M [] n =
-2 -1 0 1 2 0 10 20 30 40
% (Cm) f (MHz)
(a) BEER vs. 7T AVEE (b) ZEBSR vs. FUINE R TR 5
01 15
™~
go08f £125
= 006} \“»xm ; 1K
= ~ 075} |
Bl i \
e T 2|\
W 0.02} 0.25 s
“-\-\-\_\_\_\_‘_\—_
0 - - - ! 0
1] 10 20 30 40 a0 0 5 10 15 20
Pressure gnTorn Plasma Density (10" cm™)
(¢) BEEF vs. PR FTETT (d) BEBR vs. 79 ATEKE
25 1
e 2} /'f £ 08 "\
2 2
=15} // ] 208
q 1F =4 il 0.4 \
= - 2
o «—’/ o \
ur o5t i Wo.2 N
ot e
] " i i i 0 i i i i
0 100 200 300 400 500 0 0.2 0.4 0.6 0.8 1
Magnetic Field (G) Gap Width (cm)
(e) 1RFEBEFL vs. ENINRES R X (f) REBI vs. IR F v v 7
M7 ZEBROKESIIRIZTHA LRSS () 77 A<ES, (b) FUNERENEE, () FMWRTIEN,

(d) 77 X<%pE, () FUMESRS, (f) MEEARE Y v 7 &

u =

_
Mirz_irroz

& B, I ORI parabolic % E 546 & ARE L T,

FERE BRI 38 2 25, 2 AR IETHEIE Uy, TAIETT Fop 13, 042 S BREETEL,

Fmax =0.42'l(/))n0><6E0><JT7'02Z0)
3m

(13)
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Uomax = 0.42-12—/36—1(@0 (14)
3m Z—ﬂ M,‘

LERIND, UL, HDS (BETERUT — < —FER) /(MAEERNFAEr) = 04270 ) TWAZHZ 5 2 L IRERT .
B, X (13), (14) ISHTL B mix, |Br|=By/m &) IERIC B 2HEOBBOMREEZ LTNTTH 5,

X (13), (14) (X #UE, “Lissajous” MRS & B RFEHET) Fo (&, INBEESIZIRE 77 X854 85— 72 B 1T,
WEFEI DR w2y, 7T AR BIE ny, RBEBRENIHIT A, 72, mAIEHEED 2T u,, 213, IEHEEE 2,
BERERE B, B M IIKIET 5.

ZCT, BEBRE /ST AY - LTEEMREEEZCAL CTAhL. HEMAERNT Ar, IISEMEH 1,

w
fea (15)

E LT, z=01m, M;=40x (167 x10%)kg, By=0.1Tesla, ny=10"ecm®*=10"m?>, m=5, =10, r,=125x10%m, ¥
72, IEEET OBERIRIE uyp=0m/s, fEREn=10%2ETH L, £1DL) LAEEEETHNZE5.

F1 REEBHREZNTAY—IZL72ED 25cm ¢ “Lissajous” NIED i KHET) & i KPERHE O F HME

Ey 10 V/em 100 V/em 1000 V/ecm
Umax 5.1km/s 16.3km/s 51.7 km/s
.&m=€jl 0.30 MHz 3.0 MHz 30 MHz
Finax 0.043 mN 0.43mN 4.3 mN
P 023 W 72 W 230 W

4. “Lissajous” MEDFHEER

4.1 FERES
FEEREBEOMBE A X 8 I/RT. AT AFEBEET = v
NN—ZHEE L, O—% ) =Ry 7 EMEER Y 72 v,
NI AENEEEICT L., T ATERICIEERT A
VBLOH FVET 7% Hw5h. 13,56 MHz O ks RF-Amp. Signal Generator
BRI T7FLNT AL —FICLVEIESYE, RET 7T L PR SLIInL;iﬁusion
WIET 5. 20k, Ba&H% M.B) 2T FLVEIT » _

TFANELNDL, BEHREIT T v E=F Ak Ageelecation anientna
BEMA D E—F Ry F /8500 bnc  SADDLEANTE
H5H. KT600 WD T =AM TH 5. |
FIIRRT= L 912, BMEET I A<D ER SN2 TR T, s
2K MO MG 7 >~ 7 F 121 ~ 15 MHz O & & /87 izﬁmwhw- T CHAREE
—ZHNT 5. FOB, 77 varvarl—% (2 i
Ty Y ANVEONA Y 75 —f) TRESE, 7I9X< L
R ERIRRICT 7B L UHE G4 2 03 4. “Lissajous” RFfmp. Funckon Ceaerson
MBEETENERBRZ 2HAVE2, 1HIC2ERAK X8 FEERILE R
300WAHITESL. Ar 7 I A Dk, BFimE, 1

F BTy NT O =TI X o TRHlY 5 .Y

Rotary Pump

=/ Mach P

42 TFHEEBROER
PUFIZ “Lissajous” MIEFEO FERER 2 /RT. ~ o7 0 —71%, MEBKT > 7 F D55 6.5 cm FigllikiEd L
7o, FEERBEEIL, Ar ¥ AME05mg/s, TOMOEZEE 010Pa, 7T AYAEMEEE 2712 MHz, 1EBEAR ST — 600 W,
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Ch2
sin{ at+g)
A ke IO TN 1O
Chl
T sin(et) —_— = —
40 490 4180 $=270
BeEA TBHEHSMEA BMER SHINER

K9 2 MOIEMN T > 7 F A5 ) BT ER

B 9% 10 MHz, 1IEBEDE ST — 400 W CThH 5. T 7z, Ik co
EI Az 5 B 13 8l )7 1112 800 Gauss, #2512 300 Gauss, 77 A<
JEIZ 10 emP R ETH B, KEERTIE, 2HONEBR 7 > 7 FIZFHn
TLEEBRETOMMEZTTENRTA—5 L LTWwA, F—7 5[ L
OB ER L g, 2HoMEEIR T >~ 7 2MESH BESE, HAR
BRI ZEAT0° B X OV 180° DA ICIEAM & 22 1), 90° B L N 270°
DEFEFENEN TR, S RCARY, ARY Eie 25 (F9).
M0 7 I A<im#z s e, COMMAEIIBNTOIMEIS EAL
TBY, FHTHI0 %77 XAvidis B L (Ko s
DT T A=), Lal, 9IIxthn L7z, BRESMIIIHIE L 72 0 %
L7720 T AHEDPRNS R WEDRS, RERTIR T4 2 EREN 2 1E
MBS T I AIZE L Do 72D HEWZ A, MEEZHEL TV D LFELL
BT, CONOBEBTREXLSL L (K1),
12), & A EDMAMETIERZ IO T NI LA LT

3000
2500
2000
1500
1000

Plasma Velocity [m/s]

500
0

@*‘A\/A%/\L+#/\'

MWW

L e without acceleration
ave
0 90 180 270 360

Phase Difference [ ° ]

K10 77 X~ vs. Id s 7 >~ 7 4L
7= (deg.)

EOMMAEIIBW T M TR L Twi v, —F, BT HEIR (X
CDENSIE ST —DO—EIE 7T A< S b 7z & e

END. BHEAWGIERAPATHTHoERE LTIE, ROZODOHENFEZLNL. —DI3f 22, ZoH TN <

T DR TH 5.

FAEHZZOBS D 51, REBRIEAEOBLD AR —NVNT 2 =% w/v (0 | TIEMAERE, v

CRHET20EPH 5 (X (7) 22MH). AEBREEICEWT
HHDEFEZ TV,

CEFOWmEHWE) ZIEL

3, AR VERPELZ EEZOLNLEL 2R T
L2L, ZOBICEELR/INT A= TH AN FHEIL, BETF = N—TRIEENE,ORIR L.

= _. 17x1010
) ME 1.5x1010} .
2 5 13x1010 MRYAN PR
5 ® 1.1x1010
o, E """"""""" -"l".'".'". """ i
g A 9.0x109 |
[+ * 00
E E 7.0x10°9 |
90°
....... i : wm  5.0x10% L .
Jf-:g 1 r :u;ettmut Skrekmiun e Y without acceleration
= ' —ave
0 ' ' . 1.0x10%
0 00 180 270 360 0 00 180 370 360

Phase Difference [° ]

11 ?E%ﬁﬂfﬁ vs. MBI 7 > 7 F A0 AH 2=
deg.

Phase Difference [° ]

(deg.)

12 77 A HEEE vs. NEMBR 7 > 7 F A%
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BT AENHDOBEZEENELETF 2 N — NI DENZ L ET5ICHEYH2 DT, KPMERTIE, HEOEZE;EHTE
LholzBbEZONL., EBETOF Ly /N—HZEE (01PafifE) TRIELTAL L, BT - 14 V2= 0.1 MHz f£)
THALH, BT - B TEHZ2E= 100 MHz > IHEEEE IOMHz £ 2> TL E 9.

—7J5, “Lissajous” NIEDEERIZ BT 5 IERNLE ST —13400W TH Y, 77 AVITHEE 5.2 512157587 — % E1n
LTwa, TN BHLLT, K10 ~HI2OEEHEPSL2L LI, 79 X7 T 2= ZITIERTH TR E I3t
LTwWhw, ZoHEPLL, Try7rrolNSNEEEN T30 7 7 AR ENTES T, Whbw b Vacuum Load-
ing b o TWVAHDBRBEEINL., 5HIET I A ENICEBAIWRINENS L) ZHOBEEEEHCLLEN D
2 2]

%

5. #&

MEEM (SRR TA2EELD LV TIRERMOMEY) 77 AVER+HEMT T A<hHE, OMPD AT A% %HIEL T
WAL AN, FEICEBEINEE O EREE & LT 2 MoXHanE s 7 > 7 & Fivi7z “Lissajous” N O G047l %
1ol ZORER, UTOIZ EHHBL /2.

(1) “Lissajous” MDD EZE/NT 2§ — L, IEWIKT > 7505677 A ~NRET HERBEE TH 5.

(2) BEBIEE, BAEOFERSEMN GHRBME, 77 AYEE, IEEKT > 77 EE) 225HE% LT, 10V/em

REFIRFINS.
AN X BHS TR OGRS, BEMNIFIZ, CORBERBEE L 77 ABE LGS 5, LS
1,13, BEERE, L NEBEHE 2, 0 ZNEIEHRICHBIT 5, (BTHUT —~ —PER) / (HHELENFE )
WZHBIL, ZOMEA042: 00 THKEE & 5, FE295h>Tnb,
—75, TFEEETIE, (ERIE ST —) = GEFTHE/NT —) — (K37 —) & LT400 W 2K A L7225, Ar ik
KLy & DFEZENNRT, RIEZTHHBEMEIEL TV AR W AL 7.

(3) 400 W DI/ ST =3 AT, 77 A<tk 1.7 km/s— 23 km/s &\ ) £ & LTI T bz, —FT, Th
WS, BTRE, 79 AREEOENIZLL, HA/NT =D { 7S Vacuum Loading & %2 5722 L ARIE SN D,
G#lE, LTI XIS NG EGHERET 5.

(4) F7z, MAEEPEE LT L, FAEEZTFL2HICLD, EUA—V/XF7 25 —) = (MEAREE o)/ (E22 R
v) 2%, T 1ILLEICR S X I RIERS v,

2 £ X ™
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Numerical Analysis for Photoelectron Emission
in the Magnetospheric Plasma

Takanobu MURANAKA*!, Hiroko O. UEDA*>*3 Hideyuki USUI***3 and Iku SHINOHARA*? *3

Abstract

A three-dimensional electrostatic full Particle-In-Cell code has been developed to analyze spacecraft-plas-
ma interactions quantitatively. We adopted the code to evaluate the correlation between the floating potential
of a spacecraft and the photoelectron current in the magnetospheric plasma environment by comparing the
computation results and the observation ones by the GEOTAIL spacecraft. The numerical model of the veloc-
ity distribution function of the photoelectron described as double Maxwellian was proposed to consider the
correlation and the space charge effect of the photoelectron that affects to the current collection onto a space-

craft was also discussed.

Keywords: Photoelectron current, spacecraft potential, magnetospheric plasma, 3 D full Particle-In-Cell
Code

. 3 U & (&

FHBREREMN 70— 712 X 2 FHEMEMRHI 2B & AT 2012iE, 7'u— 7EMOIEMEEN & %2 5 FHREN
#IELSFHiT 2 HSBEART R TH A, FEHEELICE, FHERBROER T 7 AXRFHEA 3 5 &R
FPEET DI ERMONTVED, FHREIINS OB T LHAEAL, FHEBICRATSIEROBM=IZL T
FHEMIREEINL., E2AT, BERABEICBWTIE, WR7IXEEDN 0/ ccELIFFICHETH L0,
FHBHBH L DL SN BT R D LN L EIRKS E 5. FHBIIMATA2ERA 4 Y ITIITEALRSL 4 —
FTHY, FHEERMIE, LETLFHBRICRATAIERBETONT Y AL > TRE SN S [Nakagawa et al., 2000,
Ishisaka, 2000]. $£- T, ZOLHEH AT R T I AYEBEEIIBVWTIE, BHELETDO 75y 7 AMEIZINA T, FOIAIL
F—o0hi, HoHVIE, HESM LML HEY, FHBEMCOEHMHE (Al 25T 2 ETLEATRTHL. —J, B
WERIC L 2B TEMATE, TRETEAEBETEZRINL CGGHIT 2FHIEIATETH L. T2, sHllT 2B T IEFEHE
WHATAHHDIZBEON, FHELOMET A2 HETFOLDEFNTL2ELATETH 5.

* 1 JEDI/JAXA
* 2 ISAS/JAXA
* 3 JST/CREST
* 4 Kobe University
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AWFFETE, AP INETICHB L CEZ3 RN THEI— F4#EMA LT, #ESMICHETL2RHLETOE
FMELEAT, VI a2 b—v 3 2K 5 TGEOTAIL il 7 — % X VAT S 7z, FHEEEL L BT ER OB
DWTHGEE R T - 72, F72, FTHEELICHETT 2 BT OB EICOWT ORI E21T- 72,

2. A—FOBE

BA%SE L 72515 2 — NI 3 K€ full-Particle-In-Cell (PIC) [Birdsall and Langdon, 1985] & E TN IZEDOVWTWE, I X
R A EBETENENE T L LTR, & B RER (D) 2BICHCIETi@EEZ kDL, 22T, x,v,q,m,t 3%
neh, Ky-ofiE, #E, B, 8, BHT ), E,BEZNEN, HELBLUOHELTH L. j I3 FOMEEZ
#9.

! (1)

fEmE, K7V R (2) 2 ET, BT R LOEMEMIIL > TRESNS.
—50V2¢ =p (2

ZIT, g pldENEN, HEOHFESE, B, BWHELTRT.

AHAZEMNE 3 RITCHFIRE ST TH Y, BLOFREMHEIEERTEMEZ 0L LTWE, RAIRADTREMEE, JH8
B 5 Maxwell ES M CTERSINIERT I AV ERASE TS, T/, FHEEIEOENMIE Capacity Matrix %
[Hockney and Eastwood, 1988] (2L W RDT WD, I XA~OEEN L BT LV 7 IV ATV MIe b LHIZENEFNR
THEHT 5.

O — NESEEI R 2 EN S 572012, Z2HEIIE LT MPLIEFHALASiE S LT 5.

3. BRERRICH ! 2FHEEM AT FEROERN

3.1. GEOTAIL 8El7— 2 & 2BITiER

GEOTAIL MG EOME L, TOEKESSIIEENEN, 22mBLP16m Th S, HAEEIX 0, 7 —F 1 ~
7 ENTWA. GEOTAIL IZA ¥ VHET, FMZ033Hz, AY VIR ETICH LTTEL %5 X912, KN
WCHEAIL T2, fREPETBHENIIICRE S ZOFEL, RETHEH ST — & BUSHIHIE, BUN 08— KR
(199249 A5 1994410 H) TdH VY, GEOTAIL I3 A O & V) b 55 757 O Rk A8 a2 B AR 4 B 5 2 i 12 e 7.
OO ORKMEIZF210Re TH L. WHET I AYOBELRER, 77 A<ilillzEE (LEP-EA) IZX WG sh
72 3R T HESAFIZLVESNE, 22T, TIAREMEBOIALF—L V JIZEBTITOVTE0eV 205 38 keV
T 5 [Mukaieral.,1994].

112 Nakagawa %12 X A, GEOTAIL (2 & % 77 A~#E, WEOBIHT— 4 26 RKO72, FHEEMIIHT 2 EETE
WAED 75 7 %7x3 [Nakagawa et al., 2000]. Fiik L7286, EBEOFHITIIHEB T O AR Z BIRAYICEHIT 5 2 L3RR
Thblw, FHEBMNIERTHLEE, 3) XrobROOLNL, FHBICHAT L EROTREFER L, FHEH,
S EN B EROGETERIELVWE LT, FHRONETEREZIEL TS,

8kT, eV
1,(V,)=en,A oy exp (kTe ) (3)

72721, Ie, Vs, e, ne,me, k, Te \IZNEN, WRETEIL, FHERM, B5FE, B1%E, €142, Fvy~rEl,
ETIRETHY, AITHEOKEFE T, GEOTAIL O#4, MEMAORKERKE L C187m? %M L7z, FTHH DI
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BRAELET AL, BWREAFT VERIMPEOLOZFOBELEHR L TCD, 72, 7I9AXTORBERIETNTH S LK
ELTWD, 17T 790 3RDREYFHRIE, FEEFT IV F =575 BEEAS 3 2D Maxwell A B OMHIEEEGTHE
SRR ENBHERLTWAL, Bl T— 5 O L), BETEREIEILROMIZFKE S [Nakagawa er al., 2000].

J (V[ uA Im*] =53exp (1‘8) +2lexp (;‘8) +4exp (;;) (4)

4) XXy, ZoTLh 3o0EEIZ16,3.0,89eV ERkDEN TV

Iph [A]

0 10 20 © 30
POTENTIAL DIFFERENCE[V]

X1 GEOTAIL IZ X %77 A~EE, MEFHNA ST RKO & N7 EHSLE TR & T8
PEEAL ([Nakagawa et al., 2000] @ Fig. 5. ##{#fi POTENTIAL DIFFERENCE (Z4H4). A&7
—FTENATAERICLE > THIEIEN2EMN T — Tk 0% L FHEEMO M %
POTENTIAL DIFFERENCE & LC7 0y b LTWA, Fa—7t yFEEMIZDREL
7T XA EAL L 1T1TE L/, POTENTIAL DIFFERENCE 2% 70 — 7+ » & E
BDOT T AT LFHBEMZRTIDE L TEZLIFENTEL., T— AL
199349 H 14 H2*5 1993 4E 12 H 30 H o, 12 8@ 4rbihi. 72, 7o v k
L7-BiEIX 12 OFIETH 5.

32. MEREB77AVEREICEUIRAEFHRE I 2L—-23>
C DIFFTAERAICIED VT, KIFFETIEOLET O MEE 51 B & D Maxwell 54 O#IEAE G TET VLT 2H L L,
ikt & LT 200 Maxwell 54 OFIERE G A L7z, CONREBTHHETVEMHAL T, FHEEME BT BIROMHHE
Y Ialb—variZihke, BUNT— & 108D TR L IEBMET L2, DI, 2 OXEFU £ 7V % Double
Maxwell BT E TN EMHT L4 E L, FARICHEE DM % 1 D0 Maxwell 041 TH- 2 7268 T £ 7V % Single
Maxwell LEFET NV EMHRT AHEE T 5.

TIRARNT A =5 BLUHEEF DT IORT. FR7 Domain: 64x64x64
5 X ld, BAED - 7P E L, B0 /ce, MU Object 443 pm:
100eV OBEFL 70 MY b, KETEREHRT T v 2 HBF
A 50 uA/m?E L, REE15 eV OLET 45 uA/m? &, HHE o] i .-.-_4>
5.0 eV ORET5 uA/m2 ORITrEH L. WHO70, JHbH o T
B ARSI A<D K 7 FHEE 0 k L7, il L
MM OB & B 2 1R H TR dx = 0.5 m DS IRAE 2 | AR | |
ToAS T CRRBL S 5 I 5K BER CRISEZEM XFY*Z = 64¥64%64, i)
GEOTAIL #f 2 € 7V 13 X¥Y*Z = 4*4*3 & FCEF L7z, 0 y X il
R AEXEE L, < QEDSRAFERMSER L R gy gk ROBBK. Y BRI X 71T,
TV YR ROBNEE RIS, SRS R CERLO0 & L7, FHEE VY 22025 Y = 33 (LR, bE
FHME TN, Z OEEMO AT AT 2 R T & B 0 TR PXEA D i S 1. GHEERAO

SR B, SRS BT A9 =012 L T—
BZEir)bol L, ZOEBMIIFEHET FIVER L0 KK HRE 5.
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THOBEEME, Capacity Matrix |2 & o TRO O N/GFEFRICL o C, YNFEREMHF IS L T—EMIGIR SIS, KRy
a2l —YarTlR, AEEATOBRMOAZEIEILTYIalb—Ya VEBNOEN 2GS 5720, KT HFHEE
PXERO T O =T Y HEBHOT 7 AEMP0THL2YE, BT L —HTHLEXLHNTED. /2,
ELNEFHRBETIVTIE, HRE2LOHRE L7y 7 Az IS, Hibims S #E Lz bE g cHaEs
AT A 2 5AR & 72 TARICE T 2 i 94, [Muranaka ez al., 2008]

B 3IZimE 15eV £ 5.0eVDONEF TN LENIIOWT, BEEDZEM 0 & fF8 R H 0.04, 041, 1.65 ms DJFITIRT . W
TNOSEBHTD, BUBEICHL T2 +XHEETE, LETEEFEC o TV 2ENGH» L. T2, LET O
OFEFIE, WEE 15 eV G IC2W T, I UDIHBmE A ICIRIE 2 Fib 22, RIEZEMERICIERL T DS, 91
WA O LA > T O TS FTEH I 1212 > THiZN L TIT K R A . RIS, IREES.0 eV G ICDWTI,
U O AR 2 R D 25O L, Z0%, FEHERLISTEIIONE T2 257251 LS.

Fl412t=025t=165ms £ TIIHESNAFHBEN ELETERMEOMEEL/RT. 2077 71E, FHEEMOEHEE
PHOLNLBRTORHZFEBEEZRL TWAE, — &2, WEREZIZEW Y — AT S N 5560 ERINEL, Orbital
Motion Limited (OML) HFHIZ & o TRATHYIZ RS SN b, FHEHEERMSIEE 2 5550, SCET M %% L7 OML #
R DETR SN B EROIUERRIILUF O THE SN S [Hastings and Garrett, 1996] .

(V)= o, L €, IRT,) = o exp oV, KT, )= g exp eV, KT, )0 +eV, /KT, (5)

7272 L,

Joei = en, ;| KT, /Zme,i (6)

ZEC, o To T i EZERN, EBRTETAEE, 1 4 2 iREE, KETRE, FREEN OV ORIZHH Sh 2 BETER
BETHS. 1, (6) ROWET, ei RENEN, BF, 142 &R, OML M &l 2 BT HR 2R G L
72 (5) RADHEEFLERO BB T BIRIIE 4+ FT. BT O E 70 D Maxwell 515 DFIGE & % 141
FHYEE, (5) KON =SB THREST 6T 2 EREHIEOM & L CRADRICILETE 2.

o, (V)= j o exp eV, /KT
k=1

Phy

ML+eV, /KT, ) (7)

22T, nldMHEEFEETIVLT A Maxwell I O TH Y, A Tldn=212H4T 5.

477 7HTIE, My Ialb—2ar#dEReR0L, £ (7)) XKroROONLBETERMEEZRL TS, X4
(F2) 2, RELLZ2DODREFRE15eV E50eVENFNIHTLLDERL, M4 (F) CHiZEEzEbLELLDER
. M4 () BT, BETIRE1S5eVOY Ial—v 3 VEEFRIZOWT, FHEEEMATI0V L) KOEETIEs > &8
RoNzH, COFRMTEBEXRTEAT v 7 CIERBRESIEAOB TER L TB ), BERMEORMEE RS LIk T
Ia2alb—TaryORRHEICESOWTWAIHERLTWS, F72, MBS CEHEKEMTIV2AL8VEMNTIE, YI2b—
va VAERDOML BEfEL Fllo TWa 25, M4 (F) TERMICH 2 &, FEHEEM IS 5, IEWRLDLET-EiiE
i, YIab =33 VEERLE OML #Him0 HE PN DR OM TRV—HEZRLTWDE L0505,

EZAHT, OML GG IZIIMER T- O EMI RO EIIEE SN TR, K3ITRLEETREED 7 715,
FHAE DI B T2 L, BUREEE T, e 7T ABED 10/E25 100 EREDBTEEL - TBY, F7-
BT DA O FE SR ICIERE TS — A R LE2HENR D HETEX S, SIS L BB T 02N
MR OREL LT, FHEEM A FEHBIE CERL, TRETB LA+ Y OFHE~NOERIUER * 2S¢
LU S B, F72, MIBENZNETHE S, AFASOEMEMNOEELZI), FHEL S OIEMCETELEIC
WERZRIZTHEIZZIONL, AV 32l —3a IIBWTIORELZHELPICT A0, WMkOFEARB L UEE
FHEob LI, BB 2 L TEMENIE 2TV, BETOLRMEMIROGEOFEZRALZ. ZoLE, 99
FRBALIX X 3 CROMIFR 1.65 ms 125 5N/ 232V ZEEEME LTHA L. K5I soMHEKREE, BE T
HEEG XA LR THRELZZDDEZRT. ZOMPHHL DRI, WEHEOEMBEMETFEARIIZIZEASTENRLS
N, FHEHEEEEMIST 2R FOEMBEMARIIERTEL LS 2L, EoT, FHEOBRIEIRFESLED
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FBEERE FBE LY, FNF1004,041,165ms THY, TDE XOFHBEMNIE,
NnZFN, 80,166,232V T 5.

60

FPHTIX, OMLHIZ L 2 BEY) THATHLLER DI LNTES.

Kz, MR LZBET =5 2 555 N FHEEMN & E T-EiR L OMBAZRIET 272010, FHEEMICTT 2
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s ?imu:a:?on (kaejge\é)) o simulation (kT1/e+kT2/e=1.5eV+5.0eV)
. -:;ngr;;tlicc):;Il((C’Mle_aﬂ(‘T/ee—‘l 5eV) —theoretical (OML) (kT1/e+kT2/e=1.5eV+5.0eV)
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BHREEL, B () TSI 2 D OB IH 4 2 R g 151
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Challenge to High Power lon Heating for the Advanced Plasma Thrusters
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T L) R E S OBRMEAER O KRBT EMAE A MR IC & o TUADRSEHEE O —
O2CHDH., B v aiaxin L) 2 EEm A 4 IBATEE LT, SRR L #ER ) Ave Hwi-E
LI AD %25, 40, KEHEGERA IR L2 KEDET HIEL, K10kW LV O A 4 VnEsEER &
WA AN E AT 572, KEB LAY 7 L 20201, FINS BN ES 2 fIH$ 5 2 & TR A 4~ 5
DEFTANF—FZAL S D EPERMITRENT, KEDESEEZ W24 4 2 g & nEirseon
KL, KEMUIHE> THEUABEA R EICOWTHET 5.

Keywords: #5HEHER, 1 4 > n#k, @5/ AV, VASIMR, HITOP

. & U & [

IAEDO N TR O/NUME, SREILIFIE L, A0 — FEEHESLT 2 L0 TE 2 ERMEERIER S nFEMH I s,
TTINENIDCT =2V xy bRA—IVATAY Lo 22RO B VB S HEERATERE [ # 2 IS hcna b,
—F, FHEEROE NV e L TERAMEEBPFH S NGO 720 Z 10413 EFi2 5T, RPETH/AKAE
[ITTOKAWA | OB L LT20034E14TH BTSN [IRRRE] I4B04 T v Ty Y U ER S BN S h w2,
Leth A B KBTS 728 N O BRIBAFI MBS AREAL T 5 1o, [LFHEERICIEIBHED 2S5 <, K& efu— Kb
PHERCTE L RKBOBLIHEROFEIHETOOLEZONDL., A4 TV UYRF—IVATAY, MPD AT A ¥ 7 EH
HERHEARL 2D D 20, BN EZLTOICKENEEL LB, B0 Iy v g Vg2 CTHEGERZEIES &
5 7o DICITEBMOEFEZ SRR EREITL V.

WA, B DL ITIA A YIE AT ) A DGEO O NAEFEERICK I L T b, COWEMRA + o msFge LT
NASA @ Dr. FR. Chang Diaz & 2% L 72 JbifE ) W] 2B A HEHERE VASIMR  (VAriable Specific Impulse Magneto-plasma Rocket)
IV YORBENFEOLNTWLE, Zox Y rTir, NI VEERVTT I AVEREITY, BEEEHVZA T
YHArmbu B X > TN L 725, €O TR L RHEHR /) AVIZE > TL ORI AV F -2
TS D, COFEICINT, TIAREERTLENEMATL2ENZHE S5 LT, —EOME FTHEL S
577 AT OFE LAY ZASELIENTEL., T bbb ENZHBICHE T2 2L TE, Iv s
ORG24 e T2 ¥ VEIENSEBRE L 72 5.

COVATLEFERTHIEEEEICE LTI XAMOER LM, TR ANVICE DT 7 Ao & i
B A 2T LI ERDENT WA, 44 ASPL (Advanced Space Propulsion Lab.) TRI3SFEERASE 4G S L7z

* 1 Tohoku University
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VASIMR BT % 55, AN 3 VRIS 2 @BE T T A ERSCE T AR T BED 720124507 A F v g
25, BEEIICTMN - Tz, ZOMICHEIL kSO HITOP (HIgh density TOhoku Plasma) #%& (23T, MPDT
(Magneto-Plasma-Dynamic Thruster) % 77 XA <& L TIT o 72fE 77 A< OWEBIINEL & 57 A 0VIZ X D INEshF O
FeDSHEA, JEFMEE IS L7297, BIfE T3, ChangDiaz 5D 27 )V — 713 NASA # A¥ >+ 7 LT Ad Astra % 7.5 LIT,
VX (VASIMR eXperiment) ff%t & L CRE L, KEALZiRIA LM% L ED TS, TILKFIZTH W TDH HITOP & T
DA A INEEI %2 10kW LXbp 5 50 kW LU L3 L, KBTI #EOTWAEH. AR TIE, HITOP i I2
BT D INFE TONZFEOMEE LRI KEILE BIE L CHEM L 725 Bk A 4 MBERSERICOWTHET 5. B21HT
I3 FEEREE HITOP DBEE L N W A H A Z W TiT o724 F v A4 70 ba U iguEi s, A THEL 79 AT
V¥ =% TIARMOPHR S ANV A BB S 2L THEH MO T AN F -~ U7 EBRICBE L TRR%. 228
TRIEER & LC X D BERELAKENT A& HV7ZBEOMEE) RS, HAeEH O T AN F—lZEZEEN) 7 LT T X< & K
L7ZRERIZOWT, E23HTIERENMLEZBIRL, FMENZHEMEELBEOERERIZOVTIRRS,

2. HITOPEB TOERERA 4+ oM EBTR/ XIVICK D 1+ 2 IEREE

2.1. EBES

AEFFECTH /- HITOP25iE % [ 112”7, & 34m, HEZ0Sm OMMEIREZERELHIC, 79 A<iis LTMPDT % [l
WTA T Ty N L RBIEOEE T T A<t 2% L Twv 5 B9 11 o KBISLE RS 3 A L & Vv Tl 4 ORI %
T A LN TH S,

MPDT Fifif) 06 m D& ZAHIZA & Y INBHOEEEZEST 5274 bANUAVT U7+ 2% ELTWE, ZOT Y7 F
FAEDIZ180° AL o 2R E L CwEY, NYANET v FFE2HwAZ EIZED, TVTFFRED2EORERRD,
THHAINCA F v H A 7a bay e ECER Y IZEET 5 HME— Fm=-10%zsE L {jphRcx a0,
72, TOT YT FICRTEERERYSETAEREERE LT, A Ny BEREZHNTEREZT-72. A N —%F
BIBPRIEIER D BEZE S L B L TRV EIE (990 %) THEBEEE AR RETH 5. AWFZE TIlIEhE E¥E %k 20 kHz
~ 500 kHz, AJJ 37 —1% 60 kW LU OFEFHCERZ 47> 72,

K I EEE AT o 2GR D RS, e sz + o34 70 bu L FoRIGE% FiFs 720, MPDT OB L O
T v T EETOREIRE (By) 57T b —iOBGE (By) ~EAEA ICHEGTRE & 550 /iR e — T L o T
W5, EHIZFDOTHE T, MASNTHELAIANVTF -2 HEET AN TN EEW S 2 720 ORISR/ X IVE
BEITTWA,

HITOP 2 & 121X E R RIFEOI1Z 2, BTRE - BEFHNOZO0E 70— 7, fElER~ vy N7a— 7, iahiEil
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MAOR T — T EEETU—-T%2I1Z 00, 14 ViRENETNHED AV -0, 77 AER/I AL —5HIH
ORI A N EDHBEEIN, LD T T AT A—F REFHIILTWn5,

22. A F 2 MEEFR/ XIVIRDEERIER

MPDT 12 & o THERENIZZANY T LTI XATHICxT L, N ANT v 7T %AW CREERE %L 72B o #
EHIT 572012, T 7F T ldm OMEICHE LZKEEI AV EHCT T I AR ALVT - W, OZfbxfllE L
7o, WRINZERE K2 10RT. ZOMIRT 912, SEEmREPIC2MICE T ALV F—w, 25 E5 L, MPDA IZ &
DR S N8R T T AR OEEWEMBAIEZ > TWbE I L hbhs 0,

COLE, 7T b—EoOmMRE (By) IR EEOW, OWEINE (AW, /W) OZALER3ICRT. EnEE
WO ZAL S BICHMEN R R E B A ME (KPP CRBTER) 2Ll TBY, kAL %22 Ikl 2 s A
Fo¥Arzu b Y REENT (w/og=1) Zii/cTEmeE (KRB TEMRTIR) L) HRRHOEEERETH- 2. 20
IR A Z 2 2BIC D FARICHENTB Y, TIXAVMICERNT S Ny 77 —sifopBLEz 55,

CDE)BEBEWEIEMCE LA F A4 70 ba ERTIE, A4 2 & hPET ZRT L OMBEIIRUGIC & > TR
ERWEEZTL. FXUNARRDLPLON) T LAT A TREL, HEECTNAERZIT-72825, WHEAAEDN
10" Torr DBFIZIZINERIC £ 2 W, OIEMERIE A L7z, S EOFEETIEF 1 ms O MPDA E){EIH L) 3 ms O & B 7 1] 5E
AR E AT, 01g/s DN T LHAEEBA L., ZOOBERICIET AN TR E CREE T, hET AL
DTSR £ BB DD T WEBRDRE L 7 o 7.

Time (ms)

M2 SBIEERE (a) MPDT REEIL L, (b) KEEMERES W, Pee= 15kW,
frer=0.24 MHz, n,=5.0 X 10" m?3, B, =0.1 T, and B, =53 mT. (=% ik [6])

oo >1 oo <1
Cl Cl

o)/mci=1 at Diamag.
6 80kHz 164kHz 237kHz

l ~ 80kHz
- | ; O 164kHz
= 41 ‘s | W 237kHz
~, | ! W | l.
| .-
2 2| 0
0 IS
0 0.02 0.04 006 0.08 0.1

B, (T)

K3 REEMESw, oEinelt (AW, /W) DESHKGE. By =
01T (&3 [6])
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B4 A4 R (T, T,) OEEEEDIRE. () Z=233m RV (b) 3.13m. fys =
0.24 MHz, n; = 1.0 X 10" m®, B, =57.5 mT, and By = 17.2 mT.

75 b —EB (INEER) TFEE (Z=233m) &, FEEEES ANV TFRE (2=313m) IIHEI AL F Ot RE L
T, WHMETEE SO A T VIR E AT HIAOA & VRE 25 L7z, B4 ISR E T 2 240 S 2 7286 O 4RA7
HER/RT. MR TR (Z=233m) T, MK > THINL 728z AV ¥ — (B35 ICHEE 2 T AV F—5isr) 2508 < 3
ML TCWBD0brb.

—HT, R/ XAVTEiRES (Z=313m) Ti&, @KL EESTRIOREIIMEAL TR L D LT 25— CHEZ AL
F— (BIFICPATRIANVFE—D) PHEIMLTEY, B/ AMIZE > THRI AL F =D OHEHET A L F—~NE LM E
NTHLODbh5L. ZOLE, BEHFNORERDIIHAANERE u —EDORMETTHSINLMEEIZIZT—H L7z, BT
LEEEN L E L&, HIMEND LHEEDICIEIFHERICHEEZ ALV D LA LTEBY, COFEIZL-T
N 2SS 2 LD KD 2 Ehvbp s 78,

DLk _7= X912, MPDT IZ X W AER SN/-EH - BEE T 7 AV mICEEEMAERIT-728 25, BRE— T
WRALICBWTA G 470 vy HBIMEAIKR Y, 77 AXMOBRIANT—=2EINT 5. S5, TOHITRL
Fld, LR ANVEBIZBVTHEE D AV F—~NE BB EINTVDL Z EFHRT LN TE T,

23. SHEHED =D OHEZIDIRET

HEERIS I 25 2 7B, HEROMBEREO N AIIER 2 2 ETHILIENERY, <A u— FEOM EAHRETS
L, 5N T LT ITARBIOKETIAXATIIBIT A4 F A 70 g VBl & AFy—AF VHERES Y,
HELL DL EOERE B, D77 AEEMENEZRLEZKTH 5.

ICRF A A &Y L AT 720124, fu>vi LWV I FBEZTZ SR TER SR Wz, W UHEIRE CHRET 5 L kE
DI DEEEALC L o THOHEFTHD I LWghb. I TEHETAL LTKRELMA L, ICRFMZS X RS XV
HMOEEBZITV, N7 L% WA L O, BEdzir- 72001,

KET T A HAPICER BRI 2R L, 7IAYEBI AT W, % Z=233m OMED T AV THlE L7z
R2K6IIRT. EBREHEEMPD 7T —2 Y =y FOWMEER L =25 kA, MEMED 7T ATEE =16 X 104em®Th
b, WX T v 7 FAE ORISR By = 1000 G, ST A WAL E ORBSEE By, = 275 G THE.E — F R 2 T2 L
TW5h, JE¥E 500 kHz D& EHkEE % 0.1l ms FFHEST A 2 & TW, AWK ELBEINLTWA I e nb. 2, TV5F
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NOFENETOBEINIE > TW, DML TBY, KFETT XD ICRF IED THOILTW5E Z & SR TE 72,

TEZ=233mIlBVTKET T AV LTT I ATERMT AT — W, O F RS By AFEx e L 7-f5 8T
HbH. ~N)TLAOREREBICY A 70 O Y BRSEETW, O — 27 3FENR, ICREMEARI > Tnwb I LR aEh
720 N LOREE LTI > TV B S, Bfxr LIF 5 100E- TL ) EEsEG Tt V¥ — EADE
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F v (2=233m) T, #°60eV FTLA LRI HELN TN,
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575 ATDBEEELEET WA, 405kHz, 500 kHz, 900 kHz @ 338 V) Tk#E) % ke L 724558, SORFEBICBVTH
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_10?
«§ A H
Qo - o ‘ O He
@ 10° 9% .y
;4 [ Oqﬁ% ¥
- A,

\_‘102' O.‘ ‘
2 %
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M9 AFETIXAXBLUANYTLTTIAZIZBT S (AW, /W), |B|? OB

x1 HHEDORMEDLY

He H
far (kHz) 238 900
B (G) 1000-575-69 1000-525-112
Prr (KW) 19 6.9
Ti (eV) 93 51
Uy (km/s) 73 112
F (mN) 22 14
Isp (S) 7400 11400

TR DRI A 70 ba ARG hWEEZLNA.

KETITAREN) T LT T A TONMBERFEOREMAT 2 LB L 2R EZKIIRT. MoM#IEw, o LA
(AW, IW,) %R SN O T AN F— («|B|?) THIEILLMETHZ. OBHIZEEBIXT ¥ 7 F Fif0.2m Off
BEICEWBR 7T =7 THE LD OT, WEailt b ($REFHOBGRES 2 L-b0TH D, O, BTt
Z A CICd 5 7208 FEEEIEANY) 7 475 X< T3 024 MHz, KFET T A< Tl 041 MHz 2 272 7 2 7 F 2 S bk
ENWPEOZ AN F—CTHENT LI LT, MAMEL BT LIl ERL. CORDPLKRETTADF AN Y
LT FTAREN SECEKE T THEL CMAAFTONLT VWL I LD 5. THIEMS TSN ERE —35T 5.

ICRF JINZRIC X DI L 72KE 7 I ARMOBRLT AV F— 2 BHIHR /) ANV e Bl SE5 2 LICE Vot F—
NEBPRESE LT ETRET T AVHOBEH T AN F =AML 72, ZOFEHE» S R OFME I, AET69KkW
123 LC 1400 B & W) il 2 7572, SHEAY) 7 L OBAOHEAEI 19 kW IZA 2 IEHE) 7400 0 £ ) b Ewilis 2o C
Wh, RERCTHEONIFRERLIICE LD TRT.

2.4. KEHICRF hnzk

VASIMR I CI3A NFHEENOIGHZHIRL, ar v h2o P ry—5BH720) AMW OEEERHFAEDEZFHT 5
LEREELLTWS, FZTICREMEANOHEABNZRERLY DR L, KENSEGTOMBSFEOMET 217572, Lk
OFEBFTIHEHEA L LTAY YL ETVTW5,

FHET > 7 F ORI AR ERE LTINTTHHLTELS N — s RIBFEZEE L, 50kWREE T TOEN
EBATLZENWREE o7z, TNEFIMHLKE TOICREFMEOELE HIEL, EEZT-72. K10 ICfERDOEHR
(Single Stage) & &b & 7> 72% i (Dual Stage) ZNZNTD, Z=233m OMEOKEEI AV TEHIL/Zz 7 I A<
FREIANE — W, O ANENREEZ RS, LRSI, REERL =18kA, WEMBEICBIT LT 7 AFE =10 X
10" m™®, REIGECALIEEIEE 7 >~ 7 FA0E T By = 1000 G, e & O ISR ML By =575 G DAY — T TH 5.

EINTETI 25 20 kW LL A2 70 B L4542 12 W 25l 2 AT S 7z, SHUIBAE DO L > TT I A=iHE D1
FUREDNR R L, A4 —FENRELRY, FTIARREEFABREL > TT I AT OHNEANEHIL LTS
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Laboratory Experiment on Plasma Collection by Bare Tape Tether
for Sounding-Rocket S-520-25

Makoto SUMINO*?, Koji TANAKA*?, Yoshiki YAMAGIWA*, Susumu SASAKI*?,
Manabu SHIMOYAMA*?, Takumi ABE*?, Atsushi KANBE*3, Masaru WAKATUKI*3,
Hironori SAHARA*! and Hironori HUJII**

Abstract

The primary objectives of the sounding rocket experiment, S-520-25, are to deploy an electro-conductive
bare tape tether in space and to study the electron current-collection by the tape tether when biased positively.
Before the space experiment, we have carried out laboratory experiments on the plasma collection by the tape
tether in a large space science chamber at ISAS/JAXA. This paper presents the major results on the current-
voltage characteristics of the tape tether in the plasma environment which simulates the ionospheric plasma It
was found that the tether current approached to the prediction by the Orbit Motion Limit (OML) theory as the
tether voltage was increased up to 500 V. In the high voltage region more than 200 V, we often observed the

discharge at the surface of the tether that damaged the tether material.

Keywords: Space Experiment, Plasma Collection, Space Tether

1. Introduction
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SHETHL. BRIEEDS T I X<BEOMWETRTIY, 77TV -—0EIIZLoTHHWEN L0, B biE,
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T =Tl T —ANOBEMIMEZENENC T 78 VHEEO T — TV VT =TI 7TV IFEBHII T — T2 8E
PIEAERTHE P I A P CHEAETL. MET0 -7, MBETO0—-TIEAR=ZAF A LTV AF ¥ U N—=ND T 5 AT HE
WETHODOLDTHL., TU—TBLOTF—LZNOOWYHTEEOZREZKG, 7TIIRT.
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4. & =

LHURT 7 =TT =% A7 7T AT WEEREZIT - 78R, BAVEE, H50vId7T 7 AEEIKIT &AL
R4 720 OPEEERRAIKRE L 2D Loz, 2T OML B OMEE > TH ) BlamiE & i L 7268, 79—
I B BEENE VI EHEBMEICHETE L TEDL 20D o7z, E6ICTF ¥ U N—TO T I AT WEERTIEH 5 —E
DEIEZBZ A LNEBRPEWMT 2 BMAMHALIBET L 2 LR EINTZ. ZOBREITF v o N—NDIEN & T T
ARBEIMIELTBY, EHPIVERVESERELZVWI ED S o7, DF ) THITH L TOF v v N—EEBEA
OB|BETH ) EBEOBINT 7 v PEEBFETREAE LAV ENFNTFHENL, ZLTCERAMBRICL > THlERI ST
P ITHR WA E L 22 128 ) 7 — DI ABEOBEIF 2O LA o7z, 7 —DERIC L o TRET LT
B AT EERRE R S ZRE R W2 L b h o 72,

5 5% 0B E

LD T T ATIWEER TR T I AREENERPEZBEL TARETH 72, Lo THBEF YV N—NT—EDT T
A BEERROEREM AL T ALEND L. 27— OWMAEIC OV TIIMED £ SHRERE FT T LER
Hb., SHICKRERTHAFED LY EWT T A BEENE R EER SEBER 7T A5 EEE W TERYITH F

ERDTENE Mo W RS E A T LB D 2.
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Lunar Plasma Observation by Kaguya — Results from MAP-PACE —

Yoshifumi SAITO*!, Shoichiro YOKOTA*!, Takaaki TANAKA*!, Kazushi ASAMURA*,
Masaki N. NISHINO*!, Tadateru YAMAMOTO*?, Hideo TSUNAKAWA™*®, Hidetoshi SHIBUYA**,
Hisayoshi SHIMIZU**, Futoshi TAKAHASHI*3, Masaki MATSUSHIMA*? and KAGUYA MAP team

£ =

[0 R A H MAP-PACE 25 2 100 km O F B 188 T f OV F — A 4 > O S Fedlill % fisg L T L
F1LEIRAE Lz, 77 A~ BHIIEE MAP-PACE (X [H %] ICEERE N 4 oBEIZ%ED ) HLO—DT
HY, AFET 7 A<O@M %479 . MAP-PACE (&, B TBIlZFESA-S1, S2, 14 Y#HllIZEIMA & TEA ©
ATH O —THRENTVE., &L — 3R AORT 2> THBY, 2B0BTBHEGE 26504
T BRI AN F BT AT Y O3RTEAMAEBEFTUNT LN TEL. A+ Y BIZRO) BA
E S ANCHE 252 IMA IZE RO TH D, & 100 km O HEHLETI N E TEE S N2 HO M) -
7oA & v OGBS % 4T o 72. MAP-PACE-IEA, IMA OENZ X > THID THSE Mk o7 AEBIZBIT S
ML ANF— A4 F O3 MIE, KEEEENIZT 5 & XD 4 FEHEOFEMI 25K TE 5 1) AERETK
Bl AHEL SN2 KGR 7 E b v 2) AEBEEEICE o TR SN KGR A A > 3) AE TR/ #FEL s n
7oA T Y KRBEFOBRZIZL > Ty 77y 78N, IEshzbo4) Al AHEEED A KR E R
ETHAF v KEERO RS SN BRI THIO TZE ORI S 72205, 70— N B [F A 13 5 I
CREDFHE R RRITITEBRICHFLET AT HEATH ) ZNEOKRERICE L E Y 77 v TS &0 T
FAREDEEICB O TEATELVWEELR 70 A THA, AR/ AMEEOHRAEREET L2440
B EELZREDDEDTHL., CNODAFCOEETO 77 A VERALE, Cf, OT% Nat/Mg™,
KY/ArM 3 EDBENA T UG ENTEY, A4 U HER SNz A E & OBFRE L5 THmMICD
WTODRERIELNLbDEEZBND.
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. 3 U & (&

A B OF &A1 1960 4EAAA 5 1970 AT THERIf R, AR RICERE SN2 77 A BIAZEE 2 L) I
\ZIF9EDS 72 &7z [Lyon er al., 1967; Colburn et al., 1967; Anderson er al., 1972; Howe et al., 1974; Neugebauer et al., 1972; Clay et
al., 1972; Hills et al., 1972]. L2 L2062 D% A 2HN/-EHEOR LR, BHIOA A—Y 72 WL LTBY, AEL
TIATIZET A LWTF = REHMICh7z o THELONTW Ao 72, 1990 B FICKEOFHE LV F — T O ARY ¥
PREE 100 km LN CORS L, KAV F BT OHI 27V A BRI 2 )V F =BT O3 IOV TEH L WiER
MG E N TS [Liner al., 1998; Halekas e al., 2005]. ¥#I23E4E, A RMOWEAIGRO NEHO A GBI HE 52 5 &
LTV F—THARY Y OBTTF—¥ ZHV - ARAWRICET 2BITAYTH T 5 [Halekas e al., 2007, 2008, 2009].
COX)IZHABBOERZ AN F—EF 5OV TEINEPEA TS DD, H & 100 km OFMPLETINE TIZA
v DEESWDAT DI BNEEE <, MAP-PACE (ZIEFRCHlIO THEBEA v O0fix\loshic Lzt E2 5. KX T
13, MAP-PACE ® 14E[12H 724 AJHE 100 km BE T 2RI ANV F— A F OB L > THL e o 7- HFBA
F VAN ONWTHET 5.

2. BIRXINX—T5XVEBZEE MAP-PACE

7T A< EHlZEE MAP-PACE (MAgnetic field and Plasma experiment — Plasma energy Angle and CompositionExperiment) &
[ CR] ICHEBREINZ V4 OBIIKED ) bO—2TH ), AL T 7 X~ OB %475 . MAP-PACE 1, &1-BIll%
ESA (Electron Spectrum Analyzer) -S 1, S2, A 7 »#lllZ: IMA (Ton Mass Analyzer) & IEA (IonEnergy Analyzer) O 4 fifH
Dt v —THRENTW5 [Saito er al., 2008 a].

BTENEE ESA-S 1, S 21 E AGIHRE M LAy 1 BM (FET 7L 78—, TET7 L7 ¥ —) &%, BllEEN
o bu A FNVEORHEREE WO TEFOLANF =M 2479 . ESA-S1, S2 OB, WY MHIHEE VAV
T 250 (BRINEE O gkt Rl & 7 U) 205 45 BEE W72 7 % debi, HEF A7 | B % F VT £ 45 B O #iF %
HN=LTWA. [ESFRE ) OB L e T, 16720 FERMOBIIHEE 2 EB L Tnd. 250EFBUHIZ ESA-
S1EESAS2iE [ %] R0 +z1H (AMEZ R TA3MofE ) &z (AHE TR 3 v) 1I22h
FREBESNTBY, NS 2H80L =205 I LT, BFO3IRTLHHBEBOFN LT LKL, B AT
ROIEBIZIZOV 25 4KV OFEAEMEN, MV VHOFHEBICIZINEFYPLTOV 25+ 3kV OREAF]
mEns., BEAGAFHETIERELEY T ZETO) H, MaAg S VEIORFEBRICENS N2 8T L NI IE L7z
FNVF = DOETOHDRAER T 8 ) T ERLTORMETH L MCP (¥4 70 F v XAV TL—1) IZAS, 20WF
BICE NI L RGBSR T 7 — F TR SN 5. EFORB SN E» S, BEESHEE D ) OBEF O AG I
THET A EHNTE S, M1IZESA OREEREEM %, K 1IZESA-S1, ESA-S2 DMEREZ R .

10cm

| bRAEILE
REAEE

. MCP :
| RIEFIEIRIAGT/ —

1 ESA-S1, ESA-S2 OffEita
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#1 ESA-S1, ESA-S2 DkfE

<ESA-S1>

Energy range
Energy resolution
Energy sweep step
Field of view
FOV swccep range
Angular resolution

g-factor (5°><22.5°)

Time resolution
Analyzer type
Avecrage radius
Gap

Eccentricity

6 eV- 9 keV

15% (FWHM)

32

2m str.

45°+45°(Pol)

5°(Pol)x8°(Az) (FWHM)

5.3 x 10 cm’ str keV/keV
(efficiency is not included)

ls

Toroidal analyzer

30 mm

5 mm

5 mm

< ESA-S2 >

Energy range
Energy resolution
Energy sweep Step
Field of view

FOV sweep range
Angular resolution

g-factor (5°><22.5°)

Time resolution
Analyzer type
Average radius
Gap
Eccentricity

9eV-16keV

10% (FWHM)

32

27 str.

45°+45°(Pol)

5°(Pol)x8°(Az) (FWHM)

1.2 x 10" cm” str keV/keV
(efficiency is not included)

ls

Toroidal analyzer

30 mm

3 mm

5 mm

37

IMA (X ESA & RIFEOMEE % £F - 72 T AV ¥ — 43418 &, LEF (Linear Electric Field) TOF (Time Of Flight) A 7 ¥ E &4
HIERCHERL S35 [Yokota er al., 2005]. TEA (X IMA O T A )V F—HER & M U T AV F =W TH L. IMA L [2%]
RO +Z1HS, BAE-ZIHICER SN TS, A ER (BT 7L 78—, TET70L 2% —) 120V Hy
54 kV OFEDHIINE N, FRMOBAEMICIZINERPA L TOV 2 H-4kV OFIELSEIMS G, BB AT | i
EEMORHEBOMICH 5 —xfOBMIL, BEHERBTH ) IMA, [EA OFE 2 EBLRMIZ1/100 T THESELHD
T&b, KGgRAFT > DT7I9 7Rk, BREFEAT DT Ty 7 AOMEIIKE SRR D720, LD MCP % ffll <4
FUTRB R 2 FHA L, FREICAE 2 JREA 4 2 2 T0 2 BETRHIIT & 2 L) IS OREREEREHHT 5. 1EA
OERBURIAEMZ 8 Y T 724 4 1k, MCP &L ZOEHRICEIN LROCHEYUET 7 — FCHRILEN 5. 14 2 O
WENMEPS, MEEHEE L) OA 4 DA FRERET ST ENTE S, — ) IMA OIRBEUR A EAM % 58 1) k17
7oA A 1F, K15 kV i £ 40T LEF TOF B =T i A9 5. FEFIC# (05 ug/cm?) 1 —K > 7 & 4 WA LEF
TOF & HEEOA D ICW Y fFIF s nTBY), Ihefan/iz A d y2NEEd 2BIC2KRET (A7 —MET) %K
W4 b, A% — METZ, BESMENBOELCIES R, BE5IE8O T HICEL N7 MCP & 207 H% 0 1 K- A
EPERT 7 — FCTRIBEENE., A7 — PETPHRIBESNAE»SRESHRMEDLYOALF O A HMEEET S I &
HCTEDL, HIZINHDAY — MNEFIE, MCP EHiAT / — FORICEI Nz A v v 2 EMmze @B T 2R 5 — MaEF
BHEWT S, A=K T ANV e@E LA 4 OFREIEEMN E L, RN AL L THEESTBICANT 2. TIN50
PR TIEEPUAT / — FopRiZErnszT7 / — Pt eh, Z2oHIESHA My TEFE LTERENS. 71—
Ry T A ANEBBLIZ—EHOA+ 1L, EAF L LTHEESIICAST A, I A 4+ 2%, AFMEDS O
BEWZIBI L TR E L 2 A80EEY (LEF) 12X o TGS, BRI FEICEE L Z I T2 RET2AKTS. Ih
50 2KEFE, MESNT|IUET / — FOPRICEINLZT /= FTALy 7EHFLELTHIEENE., 25— M5
EAL Y TREEOMOMRAZEZFNT LI LT, AT OEBEROLIENTE L. FRICHFA T X I2L o TEES L
TPAN Y TREEHVD L, =Ry 7 x A NVEAF INEBT LI ET ST ANVF—HEOKTNRES X, MK
MALOBE > Z I TICAF OB EERETLENTEDLZD, F M) YL, BT LGBEDENA F ¥ DOEEHHZ1T
T ENTIEEL D, 21T IEA & IMA DIEGEMESR %, K 2IZIEA & IMA OPEREZRT .

3. RERDEF, 14 ORI

X312 ESA-S1, S2, IEA, IMA OBLIHEF 2774, ESA-S1, IMAIZFIZCHE ZIMWTH Y, ESA-S2, IEA IXTHIZKHA
HHZAWTWA, MAIIEHEREEICBTA2EFEAF OB ZRT. M4(a) 1ZX40b) RLET—% 2 S
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EBTFILIE——

l
EBTFTLY 8- }z _ TErILs-
1% 9 e W% BENETE
= e T TxILE—
— THTILYS— j\é prisd
\
7 N fg DERERE
10cm
—— BEEETE
ERHIFL
=t e E\
e RE—FFUE | Ry T — N | RTEE
1 KRR S — K VK Rby TR/~ LR e
AT, B A
BULIRILF—D1F>
2 1BA OREEREER & Mg
#2 1EA & IMA OMERE
<IEA > <IMA>
Energy range 7eV/g-29keV/q Energy range 7eV/q-28 keV/q
Encrgy resolution 5% (FWHM) Energy resolution 5% (FWHM)
Energy sweep step 32 Energy sweep step 32
Ficld of view 27 str. Mass range 1-60
FOV sweep range 45°+45°(Pol) Mass resolution m/Am ~15
Angular resolution 5°(Pol)x5°(Az) (FWHM) Field of view 2m str.
g-factor (5°%22.5) 1070~ 1074 cm? str keV/keV (variable) | FOV sweep range 45 =45 (Pol)

Time resolution
Analyzer type
Average radius

Gap

(efficiency is not included)
Is
Spherical analyzer
55 mm

4 mm

Angular resolution

g-factor (5 x22.5)

Time resolution
Analyzer type
Average radius

Gap

5°(Pol)x 10 (Az) (FWHM)

10_6 ~ 10_4 cm2 str keV/keV (variable)
(efficiency is not included)

ls

Spherical analyzer

55 mm

4 mm

L7-H® A Of7i& % GSE (Geocentric Solar Ecliptic) FEEART/RL72H D TH Y, HBREEEE G OFE K 2 60E b i<
RLTHE. ZOH, ABLUZORY ZEANT 2 [HCR) (ZMIREABE OO KGRI LI bbb, K4
(b) IZE-tRENEENS S OT, HlIER, MaalE LA VF— B THY, I —~<v IS TEL, AF>DF
7y MEZRT. BEIORIEZ0RAD 24852 TH Y, 4BEOT -5 2R L723DOTHL. M) 1, H2BEHT
HOBRY % 1ET 5. IEAOT—5 215 L, H21MEICRAF DT Ty 7 APBHI SN TV 5SS, TNAVKFEE A
T THDLH. KEEA AL LTIE750eV/qifEDkFZEAFY (H ; 70 bY) &, 15keV/qFHED 2Mlid~Y 7 4 4
v (He™ ; TUVT 7RT) BEHE TV,

KGEA & BB EINDE, BFO7T7 v 27 AbEL >THY), KEBEFVEH SN TOULEN DL L. K
AF D7y 7 ANIEFIZHL LM 2BMEICRONDLA, ZET oA 7 EEN S A ORI & BSOS o F8
WCThb., HIZLo TRBEISERSNL 720, ZOHEBOTI ATEEIZEFIEL B oT0D, [hER] YA
ICABBERATEERICIMATHHMNAF D7 Ty 7 AFM SN TS, IMAIZEIZATHMEZ AWTWE7AY, HI3IRT
I [ <CR] 5y = A ZICABEMEERZICE, KEREBHT52H7 D25, BAOT—5 %2 X {RAL 29keV/q
DEDEZALZNUTOEZAICERPSH L LIRS, 2L, 29keV/q LT TILIEA DIEEE ) 1/50 12 S &
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TWb70, 29keV/IqQU ETHRIHTELA T ORAL T T v 7 AL 29keV/IqQU T T TELA X v ORAL T T v 7 R
WERLEDLIOTHLD, THITLILILoTEWT T v 7 ZAOKMEA 7T~ 28T 2 HH T LI LA TE S,

IEA

IMA

¥ 4

FOV of PACE sensors

3 PACE t v % — O

KAGUYA MAP-PACE 20080227 000000 - 240000

MOON POSITION GSE X-Y
(a) 80
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X (Re) o |DUSK //?\ DAWN
-20 /
40 bt I
-60
-80

80 60 40 20 0 -20 -40 -60 -80
Y (Re)

TOTAL COUNT/sample
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. 0
52 01 0.
9=
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W 0.0
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E _g 1 1
ﬁ; 05
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- AATES b M et B el 5 Bl 0 S ST B Rl VR SL R LT -
 / o R / Y / \/ e \/ N N/
T T T T ‘Ll T T L T . T T ey . 1
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4. BEVBEI XNV —A1F D9

41. BABEBEIZILX—A1FOHE

[0 %] #EHMAP-PACE D 25D 1 % & 4 —1EA, IMA & RERIEE 100 km TR T AV F— A F > D 3 KI05 40
RHOPICTH LI, MO TALT VY OEEGH T o7, T ANF—AF & LTIRBEA 4+ > ofbic, KR
H T CELEL S 7o, KBRS A FREE ST 12 X o TREF S N zmisr, A TR/ HEL S 7z A 4+ 2 2SKBEEF
BT S Nz, 2 L CHER ARGEED A 4+ v o@ilshsz. UTIZEhEZho A+ o 5AHIcon ks
ZEIZT 5.

42, BEICH T2 KBEA F > OBEL

IEA 25 KFR 2 Bl L T 2 [, IMA 12D KEE L DTS, AARPSRET 2 A 4 258l S 7z [Saito
et al., 2008 b]. K5IZTEA & IMA D E-tIX, 2R WEOAEE, AKE L KBATEALZ/RT. Ml 28BETHY,
[ %] PREREZ LELZRICES 27— Th b,

IEA 5K EZFHI L T3 —HF TIMA ICKBERO ANV F—L D D LAV F—2MK<, 7T v 7 AI2LTO01 %»
S51%REDAFNDPOIRKT EA4F UHFHIIENTWEZ bbb, IMAREESIEHRTH L7720, ZN60H )N
PORRTE2A TV OEETOT 7 ANVERRIZEZAK[ENRTO N ThHILENbI o7, —HTKRGEOEE 7T
T ANVERRIZEZ S, FHGOT7E P OMIZ2FEHICE WAL YL LTT V7 7RTPEEN TV, ARy
SRKETHAF VIIKRBEL Y ST ANF=HEL 7T v 7 AL KBEICHRTENIENZ L0 5, KEEATH EmIC
FRLTHELSNIR G TH L EEZOND. b ED ERBRICEENTWT VT 7 HT2SHEA 4 Y IZHEEN VO
X, A U HWEEREIEET LD A & ALROEIM S L E 2 5N L, BHiESHEE IMA NES T TOF /5D A & —
MEFTHAERT 5720, EFIHECI—KRY 71+ A VIA T 2Bl S8 575, 70 8y 2SE#Ed 2Bk & L
TH=RY T A ANVER TS DDA TIEAFT Y ICR B0, BAT VI %5008 HLH. —Ji, TIVT 7hTH58
BT LBRICIFFRE PR T L LThA— R T4 A VER T, A4 UPWEERR EERT LABEo7uAal3Ine ik
BLBRRDH, TTAIEA T VTHo I2hT-OBEMHPZLT L MO TS [Souda er al., 1995]. KA F > OELHEL
1, EmORR, ROEAEEOEWEAEE TR EENISGEZ 2B TH L EEZO5NLD, ZOEREW GBS HED
TRRINESZA.

KAGUYA MAP-PACE 20080227 120000 - 140000

TOTAL COUNT/sample
w 10000
g 5 i
<£§' Solar Wind Alpha Particle lHeH)
Ww=o 1 IR i 1
— WY ey, -
L1085 - 0.5
= P 1
]
w
g 500
g
=53
= %é
z 0. 1

EE o 180
&2 ___f““*“*-R“H;““___—F;?*#—fffﬂpf_
nN< 0
B T T T T T T T T T T T
@ —
g 180 —— - "ﬁ-—__q_i_‘_ +90
= b == \ e s . e = Latitude
(=2 _ o
S -180 "—m___‘___‘__ﬁ B .a0
et T T T T T T T T T T T
uT 12.00 12:10 12:20 12:30 12:40 12:50 13:00 13:10 13:20 13:30 1340 13:50 1400
Lat 18.3 11.8 419 719 47.2 16.4 14.6 45.7 76.7 72k 42,1 11.9
Lon 142.5 1423 142.0 1414 -36.8 378 -38.1 2383 38.5 <393 14922 141.6 141.4

K5 HEIZBIF 5 KEEA + > OFEL %773 IEA LUV IMA O E-t [X]
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43. AREBIERICLIKEGES T ORE

South Pole Aitken £33 H I (X5 WA HE OFFET 5 2 EBMHNT WD, [ =] 27 South Pole Aitken |22 % il %
FTHBICH AP ORET S, KBEE BRI AVT—2Fo7A 4 U PBHISN. oDt DTy 7 A
X, KR 10 %% M2 A2METHY, HOEPIHE TR THELS N /A F v EidR 2> Twd, Kelzahs
DA F ¥ DB SN2 D ESA-S 1, ESA-S2, IEA, IMA @ E-t X, [ 2> <%0 F5#m% B2 MAP-LMAG [Shimizu er
al., 2008] 12 & » CTEIN S NEIGME, BXO [ C%] OBE, A#E, ARELZRT. HOHTH- 28507204
T THDLN, INODAF V2Bl SN, BHOBE LML o TWnhE I ElbRrb.

IMA THUEI SNZZINSDA 4 Vid, AICHFET 2MAREICL o TRGESRF SN DTHE EERXOLNL.
CORE, AFVITAMEHELLVADIANF 2L 2 bW, Fo20HIE, ARAOMVERETIE, Ky
A F DB EICEHET L0 I ENTELENV) ZEZERLTWAS, INHDA F V2 S L7280 ESA-S 1,
ESA-S2DE-t{%RA L, BTOMAIKE THWLHEIDR2L., —), BADT—% %[5 LD LUKBERIEES LT
LIEDNDHIDL. ORI, HEICAST 5 REEE, 100 km &8 TR ERBAREOREZZIT TV HELRL
TwWhb., KR E ARRARETOMEEHOFEMIC OV TEBEBIT AT DN TVWDE EZATHY, SHBOMPEIHES
nas.

14. RE/BEA T OXBRAESZICL2EY I TS

B 7 128K 5 2 JH B OB O EA & IMA DB, @HOKE S EHE, BLO [2CR] O EEHRERT

IMADT =% %15 L, KEGEADHECHELS NSO ERT AV E—FHE2 S, [HO%R] HEOKE IS LT
NWE=—DEALLTVEENTANVF DA F UM ENTWD., M7IRLZETIE, #igd 2 280 cEE—T %)L
F—ORRIPWIN o TnD I bbb, BT -2 %205 L, #id 2 2HECTHEGOFMPZELLTw5. Hifk
FH T, KBEAIIE— VvXB (VKR OV 7 8, BIXKBERTORY) CHRELZBEV/HAAT L. KTITRL
2BIOBA, AOFETIEZOEBIIENETHY, ROFEITIEZOEESIAEXIZR > TWARENbho72. Ih
LA T VDOREIANF R TAH, KGR 7O DA NF DR 6ETHLENbNo72. T2, IMAD
BaE7a7 7 A NVIHEE— FTEA SN TV O T =7 2l ThizEZH, TRNOEDALF 370 b ThLEDH

KAGUYA MAP-PACE 20080504 123000 - 143000

TOTAL COUNT/gample
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Theoretical Modeling of Next Generation Electrodeless Plasma
Thrusters Driven By External Electromagnetic Field

T. HADA*!, S, SHINOHARA*!, K. TOKI*?, T. TANIKAWA*® and I. FUNAKI**

Abstract

Electric thrusters, characterized with high specific impulse, are suited to long duration operations such as
planetary missions. On the other hand, the performance of many of the conventional electric thrusters is
severely limited by electrode wastage. In order to overcome this difficulty, some novel methods of electrode-
less discharge and electromagnetic acceleration have been proposed by making use of a compact helicon plas-
ma source. With this application in mind, we here discuss some basic elements on the behaviour of a colli-
sional, cylindrical plasma, when it is driven by an external time-varying electromagnetic field. By introducing
a linear response function, we argue that the external field can resonantly drive the plasma to large amplitude
oscillations, which may be utilized for the next generation thrusters.

Keywords: electrodeless plasma thruster, compact helicon source
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Development of a Low Aspect Ratio, Helicon Plasma Source
using a Flat Spiral Antenna

Taisei MOTOMURA™, Kenji TANAKA™, Katsuhiko MURAKAMI™,
Shunjiro SHINOHARA™, Takao TANIKAWA™ and lkkoh FUNAKI™

Abstract

A low aspect ratio, high-density helicon plasma has been produced using a flat spiral antenna in the Large Helicon Plas-
ma Device (LHPD) at Institute of Space and Astronautical Science / Japan Aerospace Exploration Agency (ISAS / JAXA).
The experimental method employed and some examples of the experimental results are presented. We describe in detail the
behavior of the electron density as a function of the radio frequency (rf) input power. In particular, we focus on the behav-
ior of the threshold power, which strongly depends on the magnetic field strength near the antenna, for the discharge mode
transition from Inductively Coupled Plasma (ICP) to Helicon Wave Plasma (HWP). The spatial profiles of the rf wave
structures for ICP and HWP are also presented in detail.

Keywords: Helicon wave plasma, High-density plasma, Low aspect ratio plasma, Flat spiral antenna, Inductively cou-
pled plasma.

1. Introduction

A plasma produced by using a helicon wave, helicon plasma 1, is widely used in various applications, such as in basic science fields
including space plasmas, the development of magnetoplasma rockets and a plasma processing. Using a helicon plasma for plasma pro-
duction has some advantages of an easy operation and a wide range of operational parameters. In order to fulfill a need for a large volume
plasma with a large diameter, a very large volume (up to 2.1 m?), high-density helicon plasma with a large diameter (73.8 cm) has been
produced using the Large Helicon Plasma Device (LHPD) at Institute of Space and Astronautical Science / Japan Aerospace Exploration
Agency (ISAS / JAXA) 15101,

In some of the applications mentioned above, e.g., magnetoplasma rockets and a plasma processing, it is desirable to reduce the axial
length of the plasma keeping a large diameter, or equivalently, to reduce the aspect ratio A, defined as the ratio between the device diame-
ter and the device axial length. Note that this definition of A is different from that based on the plasma diameter and the axial length: we
have employed the former definition for convenience. Using the LHPD at ISAS / JAXA, we have attempted to effectively shorten the plas-
ma column length from 486 cm to as short as 5.5 cm by installing a termination plate inside the chamber [Fig. 1 (a)], reducing A from 6.6
(axial length 486 cm / inner diameter 73.8 cm) to as small as 0.075 (5.5 cm / 73.8 cm). Note that the smallest A attained in the previous
experiment other than ours is so far 0.5 ", which is much larger than our value (A = 0.075). The experimental results presented in this
paper are taken for 0.4 < A < 6.6. The data for the smaller A are presented in Ref. %,

In this paper, after describing the experimental device and techniques, we present the experimental results of our low aspect ratio (A >

0.5), high-density helicon plasma. We focus on describing the behaviors of the electron density as a function of the input rf power, the

* 1 Interdisciplinary Graduate School of Engineering Sciences, Kyusyu University
* 2 Research Institute of Science and Technology, Tokai University
* 3 ISAS/JAXA
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dependence of the threshold power from Inductively Coupled Plasma (ICP) to Helicon Wave Plasma (HWP) on the magnetic field

strength near the antenna, and the spatial profiles of the excited rf wave structures for both of ICP and HWP.

2. Experimental Setup

In this section, we describe the experimental apparatus and the measuring techniques for a low aspect ratio, high-density helicon plas-
ma. In the LHPD at ISAS / JAXA as shown in Fig. 1(a) 1!, the dimensions of the vacuum chamber are 73.8 cm and 75 ¢cm in inner diam-
eter and in outer diameter, respectively, and 486 cm in axial length. The number of access ports for various probes is 14 on the side walls
of the chamber. There are 8 more access ports on the end flanges at both ends. A rotary pump and a turbo molecular pump are connected
in series near the antenna region. The base vacuum pressure is < 5 x 10 Torr. The axial magnetic field is produced by the 14 main coils
and a separate coil which is located at the axial position of z = 0 cm. The values of the main coil current, /,,, and the separate coil current,
I, are typically 50 A and 20 A, respectively. This combination of coil currents produces a uniform axial field of 140 G between z = 150
and 300 cm and a non-uniform axial field with a peak value of ~ 50 G in the plasma generation region. We note that it is possible to change
the magnetic field configuration near the antenna, B, (r), by changing I, as shown in Fig. 1(b). For the rest of the paper, the main coil

current [, is fixed at 50 A unless stated otherwise.

Termination Plate

(c) Vacuum chamber Termination plate
| A | A
i n ; . AR
z=0cm 14 Magnetic Field Coils - 436 crn JJ Quartz .
A " ."-‘ “‘l .
(b) " = : W U __ 1 _ _ _ ! Frontview
e e I=100 A Axial magnetic i (. g Langmuir { I /
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S0 ! + =l 4 ' 0000000
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Fig.1 (a) Schematic drawing of the LHPD. (b) Axial magnetic field configurations for various values of
the separate coil current I, at a radial position of x = 0 cm. (¢) Schematic drawing of the experi-
mental setup near the flat spiral antenna.

A 4-turn flat spiral antenna '® of 43 cm in diameter is connected to the rf power supply (maximum power of 5 kW at 7 MHz excitation
frequency ) through a matching circuit. The antenna is placed outside the vacuum chamber in atmosphere through a quartz window. The rf
radiation pattern can be varied by changing the number of spiral turns used for the rf radiation by every 0.5 turns 1°'. Note that the antenna
excites waves with the m = 0 azimuthal mode.

A termination plate, which is movable between z; = 5.5 and 125 ¢cm by using a dc servomotor, is placed in the vacuum chamber, and is
electrically floating, where z;; is the axial position of the termination plate. This plate is made of a 0.5-mm thickness stainless steel punch-
ing plate. The diameter of each small hole is 1.5 mm, and the center-to-center separation of neighboring holes is 3 mm [see Fig. 1(c)]. A
geometrical transparency of the plate is ~ 35 %. The working gas is argon (Ar) with a fill pressure p,, of 0.75 ~ 15 mTorr. The gas is fed
into the chamber using a needle valve at z ~ 300 cm. The electron temperature 7', is typically 3 eV.

Four Langmuir probes are used to measure the spatial profiles of the ion saturation current. Two magnetic probes are used to measure

the axial component of the excited rf magnetic field l§l.
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Two cylindrical Langmuir probes [Fig. 2(a)] and two magnetic probes [Fig. 2(c)] are inserted into the plasma from the end flange
(antenna side ). Their probe shafts are bent into an L-shape [see Fig. 1(a)] so that by rotating the probe shafts the probes can radially scan
the plasma [the scannable horizontal (or radial) range is x, = -35 ~ 35 cm]. They are also axially movable (axial position z,=0.5~80 cm).

One-sided plane probes with 3-mm and 5-mm diameter [Fig. 2(b)] are installed at z, = 45 cm and 336 cm, respectively.

(a) Coaxial cable

N
e Ry Insulation pipe
Stainless steel pipe (2 mmo.d.)
(10 mm o.d.) \

®) -

Tungsten rod
(0.8 mm o.d. and 3 mm?)

Stainless steel pipe 1 Insulation tube
(6 mm o.d.)
To Plasma

Tantalum plate
(c) (3 mm and 5 mm o.d. ) \\

= Insulation pipe
W, (@mmod)

Q

One turn loop
(10 mm x 8 mm : oval shape)

Stainless steel pipe
(10 mm o.d.)

Fig. 2 Schematic drawings of (a) cylindrical and (b) plane Langmuir probes, and
(c¢) a magnetic probe, respectively.

In order to study the spatial profiles of EL, the rf antenna current / A 1s used as a reference signal: the relative amplitude and phase of l?}L
with respect to I » are measured. For the measurement of the antenna current, we use a current probe (Pearson 6600) in the matching box,
which utilizes a split tank circuit. The forward and reflected rf powers, P;,, and P,, respectively, are monitored using a directional cou-
pler. The rf input power P, to the plasma is defined as Py, - P,. The ratio of the reflected rf power to the forward rf power, P, / Py, is
typically much less than 0.2.

For a cylindrical plasma of uniform density immersed in a uniform dc magnetic field, the axial component of the rf magnetic field, EZ,

associated with the m = 0 helicon wave can be expressed by **!

B, = Ak, ;Jy(k r)sin(kz - wr), (1)

where k|| is the parallel wavenumber, J, (k 1 r) is the Bessel function of the first kind, and & 1j is the j th perpendicular (or radial)
wavenumber. The perpendicular and parallel wavenumbers depend on the strength of the background magnetic field, the electron density
and the excitation frequency. In calculating the axial profile of lNBL, various damping effects ¥, such as electron-neutral particle collisions,

electron-ion collisions and the Landau damping, are taken into account.

3. Experimental Results

3.1 Behavior of the electron density as a function of the input rf power for full-length plasma cases
Figure 3 shows the electron density n, of a plasma with 486 cm axial length, i.e., the case without the termination plate, as a function of

the input rf power P, for three different values of the separate coil current /,(= 0, 20 and 60 A) at p,, = 0.75 mTorr. Here, a Langmuir

probe was placed at x, = 7.5 cm and z, = 31.5 cm. In the case of I, = 60 A, the vertical bar at P,,, ~ 1.5 kW indicates the threshold power,
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P, at which the discharge mode transition from a low density discharge (ICP) mode to a high density (HWP) one occurs.

From Fig. 3, it can be seen that the density jump at Py, is quite clear for the I, = 60 A case, while the density change from ICP to HWP
for the I, < 20 A cases is rather gradual. With the increase in the rf power, the electron density increases almost continuously without a
clear density jump for the cases of I, < 20 A. This feature can open up a useful operating regime for our plasma source.

In the high density discharge region, n, slightly increases with increasing I, i.e., the increase in the magnetic field strength near the

antenna B, [see Fig. 1(b)]. The behavior of the threshold power P, as a function of 7, will be described in Sec. 3.3.

3 § T
100 5 ' E
F L ls=0A ]
o 1,=20A e
mf; ol | 4 L=60a] a0 )
) | [ ] = 1
= O
= .O o AA
\../u ] A
= 1+ L e A 1 .
- m O A A
A 2=
P, @I =60A -—-—|
0.1 L M | . P T A s |
0.01 0.1 1 5

P, (kW)

Fig. 3 Electron density n, as a function of the input rf power P, with 486 cm (full

axial length) for three different values of I, (= 0, 20 and 60 A) at p,, =
0.75 mTorr. The Langmuir probe was placed at x,=7.5 cm and z,=31.5 cm.

3.2 Comparison between the plasma behaviors inside and outside the plasma generation region

Figure 4 compares the rf input power P;,, dependences of the electron density n, outside the plasma generation region with those inside
the plasma generation region, the region between the quartz window and the termination plate. Here, the aspect ratio of the plasma gener-
ation region, A, is ~ 1.1, 1i.e., the position of the termination plate z; is 81 cm. In Fig. 4, the data for two different values of I, (= 20 A and
60 A) are shown with p,, = 0.75 mTorr. Two Langmuir probes were placed at two different axial positions, z, = 45 cm (inside the plasma
generation region) and 336 cm (outside the plasma generation region), on the axis. We expect that the plasma in the plasma generation
region leaks into the downstream side of the vacuum chamber through the small holes of the termination plate. As a result, , at z, = 336 cm
is much lower than that of the antenna side at z, = 45 cm. In the downstream region, i.e., outside the plasma generation region, the rf noise
is considered to be low, so that the plasma in this region can be useful for future space plasma simulation experiments, e.g., experiments
to simulate nonlinear plasma waves observed in various space plasmas. While the density jump occurs at P;,, = 1 ~ 2kW in the plasma
generation region (see the data for the case of 7,=45 cm), the density jump is almost non-existent for the data at z, =336 cm, whose inter-
pretation is left for our future work.

When the helicon wave is excited in the high density discharge mode, the electron density is expected to be nearly proportional to the
axial wavenumber of the helicon wave according to the dispersion relation "/, The dispersion relation of the helicon wave with a uniform

spatial density profile and magnetic field ** is given by

2(12 2 (wa)pe
kij(kjj+ kD) = | -2

2 )2 <2>

where o, @, and c are the electron plasma angular frequency, the electron cyclotron angular frequency and the speed of light, respec-

pe?
tively. According to eq. (2), the axial wavenumber k) is expected to increase as n, is increased with fixed k. In Sec. 3.5, this tendency is

discussed by using the results with A ~ 0.5.
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Fig. 4 The rf input power P;,, dependence of the electron density 7, outside and

inside the plasma generation region with z; = 81 cm and p,, = 0.75 mTorr
for ;=20 A and 60 A.

3.3 Behavior of the threshold power P, as a function of the separate coil current I

In this subsection, we will explain how the threshold power Py, from the ICP to HWP modes behaves as a function of the separate coil
current /,. In the cases of three different axial lengths, P, increases with the increase in /, i.e., the increase in the magnetic field strength
near the antenna, B, (see Fig.5). In spite of the non-uniform magnetic field configuration [see Fig. 1(b)], the above observed behavior
is very similar to the one observed in the previous work with the uniform magnetic field **!. Here, the density jump at P,, can be under-
stood by the power balance between the power absorbed by plasma, which can be derived from the plasma loading, and the power lost out
of plasma ™. When I, is fixed, P, is slightly dependent on z. As z is decreased, n, in the high density region decreases, indicating the

decrease in n, / P,,, with shortening the plasma length.

inp
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1 T
® z =8lcm
z,=345cm
@
= ¢ u
~ =
=
B g @ .
Typical
error %
0 1 1
20 40 60 80

I (A)

Fig.5 Threshold power Py, as a function of the separate coil current I, with z; =

345,81 and 486 cm.

3.4 Comparison between the rf field structures in the high and low density regions

In this subsection, we will show that the high density plasma with the external magnetic field is an HWP and the low density plasma
without the external magnetic field is an ICP by measuring rf field structures. In order to measure the rf field structures, we measure the
excited rf magnetic field gz. Figure 6 shows the amplitude ratio of the excited rf magnetic field to the rf antenna current, |1§Z| /1T Al,and
the phase difference A¢ between B,and 1, for plasmas with z; = 486 cm at p,, = 0.75 mTorr. In the figure, the red circles are the data points

for a high density HWP (Pinp ~ 2.5 kW with I, = 60 A) and the square symbols indicate the data obtained for a low density ICP (Pi,,p ~

0.5 kW without magnetic field). The HWP measurements were performed in the high density region in Fig. 3 with /;= 60 A. For the radi-
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al profile measurements of |B,| / |7, | and Ag [Figs. 6(a) and (c)], the magnetic probe location z, was 21.5 cm for the HWP case and
5 cm for the ICP case.

First, we discuss the axial profiles of the rf wave structure in the low density region from Figs. 6(b) and 6(d). From Fig. 6(b), the e-
folding length of 18,1 / 11, along the axial direction, L, is estimated to be ~ 2.8 cm in the low density region. The axial skin depth J,
including the collision effect %', although v/ has a small value of ~ 0.2 (v: total electron collision frequency, w: excitation angular fre-
quency of 7 MHz), can be expressed as d, = (¢ / w,.) f(v), where ¢, @, and f(v) are the speed of light, the electron plasma angular fre-
quency and a function of the total electron collision frequency, respectively. In our case, the difference between the decay lengths with and
without the collision term is small, i.e., f(v) ~ 1.05. The axial skin depth in the ICP case is calculated to be ~ 3 cm, which is in agreement
with the observed decay length of L~ 2.8 cm. In Fig. 6(d), the phase difference in the low density mode only slightly changes in the axial
direction for z = 15 cm. The theoretical result of the axial wavelength, which includes a collision effect ' is sufficiently long, i.e., the
theoretical result of the axial phase change for the ICP case is negligible for z < 15 cm. Thus, the experimental results of the axial struc-
ture of the measured rf wave in the low density mode are consistent with the axial wave structure of an ICP, which is theoretically pre-
dicted by including the collisional effect.

Next, we discuss the radial profiles of the rf wave structure in the low density region from Figs. 6(a) and 6(c). From Fig. 6(a), the
radial profile of the normalized amplitude, |1§Z | /|1 | »in the low density region is much smaller than the one in the high density region.
The large phase inversion (the polarity changes at x ~ = 15 cm) of the low density discharge mode in Fig. 6(c) is very similar to the ana-
lytical estimate of the rf magnetic field radiated by the flat spiral antenna in vacuum. Therefore, the experimental results of the radial pro-
files of the rf wave structure in the low density region is not really associated with the plasma. We conclude that the both radial and axial
profiles of the observed rf waves in the low density region are in good agreement with the wave structure of an ICP.

In the high density region, the radial profile of the normalized amplitude | I;’Z| Vi Al is clearly different from that in the ICP. From Fig.
6(a), the maximum value of |B,| / [T, in the high density region is about four times larger than that in the ICP. In Fig. 6(b), the decay
length along the axial direction in the high density region is considerably longer than that of the ICP case. In Fig. 6(c), the radial profile
of A¢ has the propagating wave like structure, which must satisfy the fixed boundary conditions at the radial boundaries of the plasmas.

The phase in the high density region changes with the axial position [Fig. 6(d)], and the axial wavenumber is in agreement with the dis-
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Fig. 6 Comparison between the rf field structures for an ICP (Pmp ~ 0.5 kW without magnetic

field) and an HWP (P;, ~ 2.5 kW with I, = 60 A ). The radial and axial profiles of the nor-
malized rf amplitude, |B,| / 17,1, are shown in_(a) and (b), respectively. The radial and
axial profiles of the phase difference between B, and I, A¢g, are shown in (c) and (d),
respectively. Empty squares and filled circles indicate the data points for the ICP and the

HWP, respectively.
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persion relation of the helicon wave "% In Fig. 6(d), the measured wavenumber of HWP is ~ 0.3 cm™, while the wavenumber predicted
by Eq. (2) is ~ 0.6 cm™. We believe that this difference mainly arises due to the fact that both electron density and dc magnetic field are
non-uniform.

From the measurements, we have found that the radial profiles of our helicon waves can be expressed by a combination of at least two
Bessel functions: J; (k,; ) with j = 1 and 2 "), Also the axial wavenumbers measured are derived from the dispersion relation with the
smallest two radial wavenumbers. Additional experimental results of higher order radial profiles (j = 2) with a low aspect ratio (A ~1.1),

high density plasma are described in Ref. 9.

3.5 Wave structures of HWP: a low aspect-ratio case

Figures 7(a) and 7(b) compare the axial waveforms of the HWP in one rf period for two different values of the input rf power. The
axial wave forms can be expressed by |B,| / 11,1 sin (Ap —wt) [see Eq. (1)]. Note that ( |B,] / 11,1 ) and A¢ are the functions of the
position and each curve in Fig. 7 corresponds to a waveform at a different 7. Also note that the 1§Z must be a node at the metal termination
plate (z = z;) and an anti-node at the quartz glass window (z = 0) since the axial component of the rf conduction current, j,, and the rf

electric field, E,, must be zero at an insulator. Because of these boundary conditions, the following condition must be satisfied:

(3)

where L is the plasma column length, A, is the axial wavelength, and 7 is the axial mode number. The axial mode numbers determined from
Figs. 7(a) and 7(b) are 3/4 and 5/4, respectively. Apparently, the higher rf input power is (or the higher electron density is ), the shorter
wavelength becomes. This behavior is consistent with that of the helicon dispersion relation, Eq. (2).
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Fig.7 Axial waveform, B,/ |I,|, for the rf input power (a) Pi,, ~ 1 kW and
(b) P, ~ 2kW with zz =345 cm (or A~0.5),1,=20 A and p,, =
0.75 mTorr.

3.6 Comparison between the measured wave property and the helicon dispersion relation

In Fig. 8, we compare the measured axial wavenumber of the HWP with the theoretical one using Eq. (2) ¥, The black square, red cir-
cle and blue triangle indicate the measured axial wavenumbers determined from Figs. 6, 7(a) and 7(b), respectively.

For the measurements shown in Figs. 7 (a) and 7(b), the magnetic field configuration in the plasma generation region is nearly uniform
with ~ 50 G [see Fig. 1(b)], while the magnetic field strength is axially non-uniform for the HWP measurement in Fig. 6. In our experi-
ments, the effective plasma radius, a, is approximately 20 ~ 25 cm. The experimental results of Figs.7(a) and (b) agree well with the dis-
persion relation, Eq. (2), with a ~ 20 cm. However, in order to recover the parallel wavenumber observed in Fig. 6 using Eq. (2), it is nec-
essary to use a < 20 cm, which is too small compared with the experimentally observed plasma radius of ~ 20 cm. We infer from these

results that the effects of the non-uniform magnetic field and the radial density profile play important roles in determining the real-world

dispersion relation.
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Fig. 8 Comparison between the measured wave properties and the helicon disper-
sion relation, Eq. (2). The solid and dashed curves show the dispersion rela-
tion of the helicon wave determined from Eq. (2) ** with the effective plas-
ma radius of 20 cm and 30 cm, respectively. The black square, red circle and
blue triangle indicate the wave properties determined from the experiments.

4. Conclusions

We have described the characteristics of large-diameter (73.8 cm), high-density helicon plasmas with various aspect ratios (A = 0.47 ~
6.6, corresponding to the axial length of 34.5 ~ 486 cm) produced using a flat spiral antenna. Typical electron density in the plasma gen-
eration region is > 102 cm™ in the helicon discharge regardless of the plasma length. The threshold power for the density jump, P,,, tends
to increase as the magnetic field strength near the antenna (z ~ 0 cm) is increased. This tendency persists even if the plasma column length
is varied. In the cases of the higher /, (= 60 A) and the longer axial length, P, can be defined more clearly than in the cases of the lower
I, (< 20 A). When I, < 20 A with the full axial length of 486 cm, it is possible to smoothly vary the plasma density from 10 cm™ to >
10" cm™ by simply changing P,,,. This characteristic may open up a new application for our helicon device. In the case of 81 cm axial
length, the plasma density outside the plasma generation region changes little even after the occurrence of the density jump inside the plas-
ma generation region.

In the cases of full axial length, we have clearly observed the propagation of the helicon wave along the axial direction in the high den-
sity discharge mode, i.e., the HWP discharge, whereas the evanescent wave structure along the axis is found in the low density discharge
mode without the background dc magnetic field, i.e., the ICP discharge. The measurements of the wave structures of the HWP with A ~
0.5,1.e., the case of axial length with 34.5 cm, show that the discrete axial wavenumber increases with the increase in the electron density.

This trend is in agreement with the dispersion relation for an HWP with a uniform density profile and a uniform dc magnetic field '/,
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Landau Damping and RF Current Drive
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Abstract

The current drive due to the rf travelling wave has been available to sustain the plasma current of tokamaks
aiming the stational operation. Simple derivation of Landau damping and radio-frequency current drive is
described on the standpoint of particle acceleration and deceleration by the rf potential, whereas the current
drive is usually described by the quasi-linear theory. This picture is available to understand the physical picture
of Landau damping and the current drive. This report starts from the original explanation of Landau damping
and then describes the picture of the Landau damping due to the potential as well as the application to the cur-
rent drive. Finally the new formation of the current drive theory is tried to given.

Keywords: Landau damping, radio-frequency current drive, particle trapping, physical picture
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Characteristics of an lon Beam in a Magnetically Expanding
Plasma using Permanent Magnets

Kazunori TAKAHASHI™ and Tamiya FUJIIWARA™

Abstract

Generation of a supersonic ion beam is observed in a low-pressure solenoid-free plasma expanded by permanent mag-
net arrays. By employing double concentric arrays of permanent magnets, a constant field area of about 100 G in a source
tube, and a diverging magnetic field near the exit of the plasma source can be generated, where the source consists of a
6.5-cm-diameter glass tube and a double-turn rf loop antenna. The 13.56 MHz rf power is maintained at 250 W and the
operating argon gas pressure can be changed from about 0.3 — 2.5 mTorr. lon energy distribution function is measured by
a combination of a retarding field energy analyzer and a pulsed probe technique. As a result, it is found that the beam ener-
gy can be increased up to about 40 eV with a decrease in the operating gas pressure.

Keywords: Magnetically expanding plasma, Double layer, lon beam, Permanent magnets, Electric propulsion device

1. Introduction

Plasma expansions have attracted a great deal of attention because it self-consistently forms nonlinear plasma-potential structures caus-
ing electrostatic particle acceleration and deceleration. The process has been investigated in laboratory plasmas in connection with space
plasmas ' and electric propulsion devices ?!. Since the formation of the current-free double layer (DL) and the subsequent ion accelera-
tion in a magnetically expanding plasma were reported > #, much attention is recently focused on this kind of research in the electric
propulsion community because it would lead to the new type of electric thruster, named the helicon double layer thruster *" without any
electrode for plasma productions and ion accelerations. In general, this kind of thruster requires the electromagnets for the production of
the expanding magnetic-field configuration, which consume much electricity, and make the system large and costly. From the viewpoint
of the practical use to the electric thruster, it is important to reduce the consumed electricity and the weight. In order to reduce the power
consumption and weight in the system, authors have suggested the new type of the magnetically expanding plasma using only permanent
magnets for the generation of the ion beam, which has briefly reported in the previous papers "-#. In this experiment, the rapid potential
drop with about 3-4 cm thickness is generated near the exit of the plasma source. It is very important to know the detailed characteristics
of the ion beams generated by the DL, especially effects of the external parameters such as the gas pressure, magnetic-field configuration,
rf power, and so on, for practical use to the thruster.

In the present paper, we report the ion beam behavior in the solenoid-free expanding argon plasmas using only permanent magnets,
when the operating gas pressure is changed. The ion energy distribution functions are measured by a retarding field energy analyzer
(RFEA), where the I-V curve of the analyzer is differentiated through the active analogue circuit. As a result of the accurate measure-

ments, it is found the ion beam energy can be increased up to about 40 eV with a decrease in the operating argon gas pressure.

* 1 Department of Electrical and Electronic Engineering, Iwate University
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2. Experimental setup

2.1. Magnet configuration

The magnetic fields produced by the permanent magnets are strongly nonuniform with reverse-fields, i.e., cusps. According to the pre-
vious experiments performed by Shamrai er al. !, the cusp fields prevent the plasma diffusion, the DL formation, and the ion beam gen-
eration in the plasmas. Thus, it is required that the magnetic-field configuration has a constant-field area around the plasma production
region, and the diverging-field area without any cusp fields. In order to provide the above-mentioned constant-field and diverging-field
areas, double concentric arrays of the permanent magnets as shown in Fig. 1 (a) are set around the plasmas source, where each arrays con-
sists of eight Neodymium Iron Boron (NdFeB) magnets (10 cm in length, 1.5 cm in width, and 0.5 ¢cm in thickness ). All of the magnets
have inward magnetization in the radial direction, i.e., in the direction of thickness. The top and bottom of Fig. 1(b) shows the images of
the magnetic-field lines produced by the single and double concentric arrays of the permanent magnets. As shown in the top of Fig. 1(b),
the single array of the magnets can produce the diverging magnetic fields, while the cusp fields exist at the axial center of the magnet bars.
Between the cusp and the diverging fields, there is no constant field area for the case of the single magnet arrays. On the other hand, the
double magnet arrays can create both the constant field area and the diverging fields without the cusp at the radial center. By employing
this double magnet arrays around the source tube, the expanding magnetic-field configuration can be created near the source exit. The

observed and calculated magnetic field strengths are described in the next section.

(a) (b)

] diverging fields

] diverging fields

o/

Fig.l (a) Configuration of the permanent magnets. (b) Images of the magnetic-field lines created by the
single magnet array (top) and the double magnet arrays (bottom).

2.2. Machine configuration

A schematic diagram of the experimental setup is shown in Fig. 2(a) and has already reported by authors "', Briefly, a cylindrical glass
tube of 20 cm in length and 6.5 cm in inner diameter (source tube) is attached contiguously to a 26-cm-diameter and 30-cm-long ground-
ed stainless steel vacuum chamber (diffusion chamber). The chamber is evacuated to a base pressure of 2 x 10 Torr by a 700 1s™! diffu-
sion/rotary pumping system, and the argon gas is introduced from the source side through a mass flow controller. The argon gas pressure
in the vacuum chamber can be maintained in the range of 0.1 — 3 mTorr. An argon plasma is excited by a 7.5-cm-diameter two-turn loop
antenna located at z = -9 cm and powered from an rf generator of frequency 13.56 MHz and power 250 W, where z = 0 is defined as the
exit of the glass source tube. Surrounding the source tube and the rf antenna, the double concentric arrays of the permanent magnets
described in the previous section are arranged for generation of the expanding magnetic-field configuration as shown in Fig. 2(a). The
calculated and experimentally measured axial component of the local magnetic-field strengths are presented in Fig. 2(b) as solid line and
closed circles, respectively, where the data are from Ref. ). The calculated field strength is fairly in agreement with the experimentally
measured one. It is found that there is no cusp, i.e., null point of B,, near the plasma production area (z =—-9 cm) and diverging field area,

although the cusp is formed in the upstream side (z ~—16 cm) of the source. The insulator plate is inserted in front of the upstream flange
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Fig. 2 (a) Schematic diagram of experimental setup. (b) Axial profile of the calculated (solid line) and experi-
mentally observed (closed circle) axial component B, of the magnetic-field strength produced by the dou-
ble concentric permanent magnets arrays.
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Fig.3 (a) Schematic diagram of the retarding field energy analyzer (RFEA ). (b) Measurement circuit of the ion
energy distribution function (IEDF: —dZ, / dV,). (c) Circuit diagram of the differentiator.

for making the condition of the “current free”, which means the net current in the axial direction of the system is equal to zero. Under these
conditions, we have already reported that the rapid potential drop of the DL is spontaneously generated near the source exit (z~-2—1 cm)

and the ion beam accelerated by the DL structure is detected in the diffusion chamber downstream of the DL !,

2.3. Ion diagnosis

The ion energy distribution functions (IEDFs) in the axial direction are measured by a retarding field energy analyzer (RFEA) locat-
ed at z =3 cm downstream of the DL. The schematic diagram of the RFEA is shown in Fig. 3(a), which consists of an electron reflector
mesh biased at —60 V, an ion collector electrode, and a 3-mm-diameter entrance orifice, where the IEDF is obtained as the first derivative
curve of the I, — V, characteristic, where /. and V are the current and voltages of the collector electrode. When the collector bias voltage
is set at 100 V, it is confirmed that the collector current is almost zero. Hence, we can deduce the effects of the secondary electrons are
very little. Estimation of the derivative curve from the I — V curve is difficult because of the digital noise. When the voltage V. is linearly
swept (dV,/dr = constant) and 1, is in a steady state, dI./d is proportional to the first derivative of I, — V, curve. Therefore, the IEDF can
be directly obtained by measurement of the first derivative of I, — ¢ characteristic when V. is swept linearly. Figure 3(b) shows the mea-

surement circuit of the IEDF, which is called “pulsed probe technique” '°

1. Outside the plasma the current signal is passed through a resis-
tor and then is connected to a bipolar power voltage source that is swept for 25 msec from + 120 V to —20 V. The voltage signal from the
resistor is fed through an isolation amplifier to an active analog circuit in Fig. 3(c). The voltage gain G, (= v, / v;,) of the active analog

circuit in Fig. 3(c) can be derived as
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where T is defined as T = R,C, = R,C,, for simplification. In this experiment, the circuit parameters are set as R; = 1 kQ, C; = 200 nF, R, =
100 kR, and C, = 2 nF, respectively. For low (wT << 1) and high (T >>1) frequency conditions, the gain can be simplified as G, =
—jwC1R, (differentiator), and G, = -1/ (jw)C,R; (integrator), respectively. Hence, the active circuit acts both as differentiators for the
current signal during slow voltage sweep and as rejecting filters for plasma instabilities and electric noises above 1 kHz ', Finally, the
differentiated signal are digitized by a digital storage oscilloscope (Tektronix TDS 2024 B), and passed into a LABVIEW program for

converted into an ASCII data file and display on a computer.

3. Experimental results

Figure 4(a) shows the collector bias voltage (dotted line ), the normalized ion current signal of the RFEA (dotted-dashed line ), and the
normalized first derivative (solid line) of the ion current as a function of time for the gas pressure P, = 0.35 mTorr, where the RFEA is
set at z =3 cm downstream of the DL and the data are the average over many shots. It is found that the first derivative characteristic can
precisely be obtained by the above-mentioned pulsed probe technique.

From the results in Fig. 4(a) we can obtain the IEDF as shown in Fig. 4(b). The IEDF in Fig. 4(b) clearly shows the two peaks around
the collector bias voltages of V. ~ 30 V and 65 V, where the low-energy side peak shows the bulk ions and the V, yielding this peak shows
the local plasma potential ¢, indicated as arrow in Fig. 4(b). Here, the IEDF appears to be broadened due to the effects of the radiofre-
quency electric field ¥, but we can estimate the ion beam energy. In order to analyze the observed IEDF, three Gaussian deconvolutions
are plotted together with the observed IEDF as the dotted, dashed, and dotted-dashed lines in Fig. 4(b). The highest-energy component
around V, ~ 65 V shows the accelerated group of ions, i.e., the ion beam. We define V, yielding the high-energy peak as a beam potential
Pream- Note that the “beam potential” is different from the “beam energy”. According to the principle of the RFEA measurements, zero
energy corresponding to the local plasma potential ¢,. Therefore, the “ion beam energy* €., can be estimated as €yeum = Ppeam — Py the
energy of the ion beam observed in Fig. 4(b) is identified as &, ~ 35 eV. As reported in previous works 7/, the beam energy is in good

agreement with the potential drop ¢p,; of the DL near the source exit. Therefore, the ions created in the upstream rf plasma source are
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Fig. 4 (a) Collector bias voltage (dotted line ), ion current of the RFEA (dotted-dashed line ), and the first deriv-
ative (solid line) of the ion current as a function of time for P,, = 0.35 mTorr, where the RFEA is set at 7 =
3 cm downstream of the DL. (b) Normalized ion energy distribution function (IEDF) obtained from Fig.
4(a) together with three Gaussian deconvolutions (dotted, dashed, and dotted-dashed lines ).
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Fig.5 (a) Ion energy distribution functions (IEDFs) normalized by the maximum of the IEDF at each gas pres-
sure, as a function of the operating argon gas pressure P,, at z = 3 cm. (b) The local plasma potential ®,
(closed squares ), the beam potential ¢, (open squares), and the ion beam energy &, (open circles)
obtained from the IEDFs shown in Fig. 5(a) as a function of the gas pressure P,,.

accelerated by the DL potential drop. Here, we need to mention another peak in the Gaussian deconvolutions around V, ~ 50 V. Although
the detail is unclear now, we expect that the peak around V, ~ 50 V is due to elastic collisions with neutral particles.

The ion beam velocity v,.,,, can be derived as

}2&9
vbeam = ﬁ’ <2)

where M; is the mass of the argon ion. Under the present operating conditions, the beam velocity of ions with &, ~ 35 eV can be esti-
mated as vy, ~ 13 km/sec. The electron temperature obtained from the rf uncompensated Langmuir probe is T, ~ 8 eV. The ion sound
speed is C; ~ 4.4 km/sec for the electron temperature T, ~ 8 eV. Therefore, the much number M of the ion beam is estimated as M ~ 3 and
is found to be supersonic.

Figure 5(a) shows the normalized IEDFs as a function of the gas pressure P,,, observed at z = 3 cm, where the IEDFs are obtained at
discrete gas pressure and normalized by the maximum for each gas pressure. As shown in Fig. 5(a), the energetic or beam ions are detect-
ed below the pressure of about 2 mTorr. The local plasma potential ¢, the beam potential ¢, ,,, and the ion beam energy &,,,, are obtained
from the IEDFs shown in Fig. 5(a), and plotted in Fig. 5(b) as closed squares, open squares, and open circles, respectively. It is found that
the ion beam energy &, is strongly depending on the operating gas pressure and decreases with an increase in the gas pressure P,,. In
addition, the ion beam disappears at around 2 mTorr. Around the pressure of 2 mTorr, the mean free path of the electron — neutral colli-
sions are very close to the machine length, although the detailed physics are unclear under the present stage. The observed behavior of the
ion beam in this experiment resembles the theoretically predicted and experimentally observed ones in the magnetically expanding plas-
mas using electromagnets !"**), But, this experiment shows the first result on the generation of the supersonic ion beam in the magneti-
cally expanding “solenoid-free” plasma using only permanent magnets, which would yield the high efficiency of the total system of the

ion engine by eliminating the electromagnets and its power supply.
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4. Conclusion

The characteristics of the ion beam generated by the double layer (DL ) in the magnetically expanding plasma using permanent mag-
nets are experimentally investigated by the retarding field energy analyzer (RFEA ) located at the downstream side of the DL. The ion
energy distribution functions (IEDFs) are measured by the retarding field energy analyzer, where the first derivative of the I-V curve is
precisely obtained by the pulsed probe technique using analog differentiator. The observed IEDFs evidences the generation of the ion
beam due to the spontaneous formation of the DL near the source exit. The beam energy can be increased up to about 40 eV with a decrease
in the operating argon gas pressure. The typical much number M of the ion beam is estimated from the RFEA measurements and the Lang-

muir probe measurements as M ~ 3 and the beam is found to be supersonic.
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High Potential of YCOPEX Device for 2-Dimensional Complex
Plasma Experiments

Yoshifumi SAITOU*!, Yoshiharu NAKAMURA*? and Osamu ISHIHARA*?

Abstract

A brand-new experimental device, which is named YCOPEX (Yokohama Complex Plasma Experiments )
suitable for two-dimensional wide area complex plasma experiments, designed by Nakamura and Ishihara.
(Rev. Sci. Instrum., 79, (2008) 033504 ), is introduced. To show its high potential for complex plasma exper-
iments with/without dusty-plasma flows, several qualitative experiments are presented such as void formation

around a biased obstacle, three states of dusty plasmas around the obstacle, and a possibility to excite a dusty-
plasma turbulence.

Keywords: Complex plasma, Dusty-plasma flow, YCOPEX device, Complex plasma experiment
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L, ZORYIIBI2EEECETOBIMIZL bAoA B2 EERE S & OISR IC B 2 Rk T O EERS
TEOROEK L L ANR—R - I AIIBI 2 ZMOBGIBO 20 B 2wz, 7ot - 79 A28 K
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W /N CIT b D 2 L 23%\v. ZD L9 B, 2008 FFEIZHFF 512 X - TIRZFE S 1172 YCOPEX (Yokohama Complex
Plasma Experiments) & &1 & 7268 2013, B IC KRB 7 2 RGBT 79 X~ 2 B ICERTE 5.
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(i) Bk 7 T X< BN 7B E YR D ISR S M5 void & Bk D IKTE S 3117~ 3.1.26i
(ii) BRBEEEY OB Z LR 72 & & OWKLF DHEE) R 3.1.3 i
(iii) BRI IZ RN & G- R 7B OBRBEEY 5] V) T OBk Ok S 328

* 1 Utsunomiya University
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