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Spatial Profiles of Ion Saturation Currents and Plasma Potential in a Double
Stage End Hall Thruster
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Abstract

A double-stage end Hall thruster has been newly developed. The thruster consists of two sections of a plasma
production section with radio frequency (RF) power and an acceleration section where the plasma is electrostatically
accelerated. In this study, spatial profiles of ion saturation currents and plasma potential was investigated by a
Langmuir probe. This measurement has clarified that a high density Argon plasma of about 10" c¢m™ is produced
using a MOSFET-based RF power supply in the production stage. Besides, a potential drop of about 40 V was
observed between an anode and a filament cathode, which implies that plasma is electrostatically accelerated. The
thrust linearly increases with the augmentation of the applied DC voltage. The attained thrust is about 9 mN, which is
three times larger than that of no applied voltage. On the other hand, plasma production is almost constant even if
applied DC voltage is varied. Hence, the thruster performance can be controlled by regulating the RF power and the

applied DC voltage.

g #

)]
Ly A A BAREFEE (mA/mm?)
I, THEER (A)
F #£77 (mN)
myy  EEITE (Aeq)
Ppc  EVEET] (kW)
Ppe RF T (kW)
Viee JMEEE (V)
V, 77 RSB (V)
AV, Bt - EEREECOBEMET (V)
Z W AALE (cm)

1. X C & Ic

Jo

2011 FEOEBEFH AT — v 3 ek LA, B NFHISE
DEFIZZ2 Y, FHERROEEN RS NEO B E RS
LEMT, HRKE~OFEAXREFHEE FHE I T
5. HEMOBEBEC, KEOYMEEZHET 272012,
PER DAL FHEER O R D W ITHHESN P REL, M1 —F
K& <HD Z &N FREZRBSHEERE ORI AN D &
TW5. BEMASN TV ERAEER DS <1, £ 100
W+ 3 mN $RD/INET) - INMETI DB DB, fFROK
BT, 10 kW LLETEEL, SAEHE HHN #O

KET) - RSO DRROBNTWS., BT OE
SHEER OB & L, BRI RO MPD 27 24 Y,
B RO Hall 27 A% D3 on s, 2 b o
B, R E < RN 2 AEB S Z LR D28,
7T R DAL &K % BAR ECRIRFCIT O 728, HHES]
D R HEER T 2R, HEROFmICRENH 5.
LM EfERT BTodic, 7T X~k &% B~
24T 9 2 BOIE T RO BLRHEERE DB b D 5T 5.
1 Bl LT, 7T A~AEE~NY 2 VEETITY, IE
EAF A7 ba B L DA A U MEEIGH LT
R - BN S T O HeHE Sy A e b VASIMR®
(VAriable Specific Impulse Magneto-plasma Rocket)®: ¥ B %&
DD HALTND N, A A MBI KB CTHEME et g )
MBI L WO MERDEH S, £OMo 2 BAnE Ao
HEMERE 121X, Michigan K% Shabshelowitz © 2317 > 72
Helicon Hall 25 Z % 904, R KD Harada 43T -7~
AU 3 U ERENNEAEERE HEST®, UM K50 Kuwano 5 73
ot~ A 7 aiffil Hall 27 24 D0 X 5 & AR E &
FHEENNE & MG o T 2 BOa A & s s A e 3
HY, FNENHET) - oM EARERL TV D,
Fl > 2 Bns P R NN HEER T, 5 kW LR O/
NETEEL TWD R, KIFFETIE, fkoREHNI v
g % RARA, 5 kW LLEDORE/H THET 28O 2 B

This document is provided by JAXA.



SN BN HE R O BRI 2 1 TV B ARHEHERE T,
BIRENJE 25 100 ~ 400 kHz, E#%H 71 15 kW O MOSFET A
U= ZBIREFM U@ 7T A= AR & A
End Hall A A >R Y ORERS 2 4 % BB s 2 i
7z 2 BN End Hall 25 2% L 72> TWn5. 4,
TR a7 7 ua—T A HETRE TV, ARAHEEE O
TR 21T > 72D T, KL TIEE OFERIZ DN T
AT

2. REREE

X 1124 B - SVERR L 7= 2 BehdA) End Hall 2 5 2 4
ORISR, AHEEIT, REEZ 2 a DCE®Z Ve
VD2 T arnbid REREY Vg ik, B 40 mm,
£ & 150 mm O Pyrex O (2 9 BTl —F T v T A%
EfHF BN TEY, MOSFET A >/ 3— % B 6Bt
s, 7T FTETTCEBE T 7 AP AERIND.
MOSFET A > /N— % &b OHAEEL, EIRO 1 &
ICHAAENTWD a T U OFREBEBLEICL - THEA
RETHY, KEBRTO RF BHIL 28 kW #{a LT3,
AR ENT2T T A<, #EERH AL oMo ) X%
WREFOBHIRE 7 ¢ T A NN GR5 DC Y v a
THBIMEEZZT 5. DC £ v a U TOMEBILE Vi X
300 V. ECHUNTFTRE T 2. HEEM ORERIEIIEIL, BlEE
@ SUS430, SmCo Féf7 & Alnico A O 2 Fi¥E D K AREA T
R L TWD., ZHIC LY, BBAERD T2 OEIRSAE
LR, HEEKROBE LR R ELR AR E 2D, 2D
WEAURIEE THAET DG IREL I, HEERPNE O F L BT
HhEEITREE 3 mT, B b CRITMBEETREE 15 mT & 725 T
Wo. ~NY A EOSHBEREBET S &, 3 mT QiR
DFEIC LV A~Y a ol & 7T X~ AR OhEN |
BYIRFCE 5. BT TIE, J, X B, OEMACElTmIC
MDA T B, M T, GRS AT RERIZEY, <
TRT 4 w7 =T 4 v TR ORHRTEY, AR L
72T R L BB~ D Ay Z Y T R C X, B
FRIEFED S LS WIfFCX 5.

AHEEM T, B 400 mm, £ X 600 mm O AT L AKL
BT ¢ R ZR) T b TV, BEF v 3 —(%
n—X Y =R T =Ryt R T NERLPERRTE
ZEPER S D, FEZEEE, T 50 ecm OICEY T 6
M- BEEELZEHCHIE S, BIEEZEEIT 6X10° Torr T
———] Magnetic field strength |B| mT |—————

25 0

e

T
18 -15 -10 5 0 Z[em]

B1 2B IEA End Hall 2 7 R & 48ER& ]

b5, FEERTIL, BIETAIZ Ar WV, HEE 5 Aeq
(72scem), EDREOF % L /3—[£771%, 2.1 X107 Torr TH 5.
N, 707327 —TICL DT T AT NRT A—H
DOFHHE, AT A NE =4y M EDHEDBEZIT- .
Ty a7 =70, #E#EEODEZRLE LT, Pl
ilh b 2 HEER PN D-17 cm 2> 5 H TR 20 em F CHRESI L
THELTWA., AF A M —4y M, B 300 mm O
A BB Y, HO T 8 em OALEIZERIE L, /N
PEFtOMITEEE TR D Z & THAREZIT- 72,

3. WRLEE

RF 721 T <, BB~ DC HMEES @GS
b 7T A< AN TTRE A2 72, FIN RF O BB R &
D D 572012, RF B O A BIZOW T O R A 17 -
7o B 242, EEMRES Aeq DEMT T, INEELE 300 V
FOIN U 7Kg D A A o B dE e B O Wih 75 17 73 A &2 7~ 9. DC
EOBAITN, 7 a—7 BHEEHTEL ISE LiAT &,
Ta—T OEBTHENMEZ 5L 8D, HIERE S
23-10 cm 51272 > TV 5. RF HEBEOHEIC L DA RS
bl % &, RF B E A 7= J778, DCIBOHDOLHA LY
HHE 1 HTEWAERBEZTEL, ZOMOEBETBEIL 3X
10° em® THh%. F£72, REKEOHATIERF 7 o7 T HE
TC, DC B D AU 5 T, R DOApkEE R L
Tz Zhnd, DC REBOFAIILG-FEMmE 0 7 —
I BN EIZT T A AR A S TV, RF B2 EE
THI LT, FFHRY RF HENEILT T A~ DEREH
IR o EEBIOND. — T, HEHERINE TIT,
RF MEOHMIZ L 2EREDOEITD A, 1FFHELVWE
Ehole, ZORKEE LT, 747 A2 MEEMS i &
NEAETLAAVPEEGLT, EHENET T A=
RS, BRI A ORENED LIz ERETH
ZHN5. AT, ARAWHEEREO O 40 mm &
Wiz, REMEBECRRICT T A~EAERLZELTYH, £
DOREDPBE~HELE L TVB E VI HELEZ BN D, o
T, 77 A ORREMHEI L, HEEE» S PN S 201
BatkSw5 & BARHEREOMREZ W L5700
AT CH Y, D7 DIZAERT B F ORCHER B A Bk
R EDUWENLETHD.

| myy =5Aeq p =21mTorr V=300V |

10" e with RF
N N‘ m without RF
|
g -
£ 10” 1
g s
210 Il||.
.RF antenna Anode
1072

-20 -15 -10 -5 0 5 10 15 20
Z [cm]

X2 DC+RF/#% 7 & DCIEE D A A faFnE T Ol 7 1853 Af

This document is provided by JAXA.



B31%, RFMFEDOH MBI X 2 HEERE N C DM B DL
fbxfFmic 7 e —7 25 L TN ZbDTH D, Z
KXV, REEEBEOHMEIC L ST, BKE FIXGBTFEDZ =
-6 cmDEGPBIEEY, T4 T AL MNEBOHBHZ =5 cm
D0 cmD X TEHZ ~»TEY, ZOXMTT I X~
BIEEZIT CVDZENTRTED. T, HEERNTO
BALIE, REMEOHEIZL LT mESE L. 'T%DEHL@WFH

BALDOEA D % HEENEL D 7" 7 X~ OBEALE, BB
MUTIEEEIC L VRESNATNDEEE L HND.

WIZ, HAERBIZIBWCEALRE F A3 E 2 B fi oz =
-6 cmt CBEN NS VIRD DT 4 7 AV MED B
BHZ =75 cmD2E THLEMBAOZEZNMKREBELEICKT LT 1
v hL7ZbDOTH L. RFELZEE LEA, MEEEN
200 VARG OKELEORTHEE N4 L, M T, REAEN
EEEINLFD, BABETADCHEOLDOFE LY K910
VEEREZWZ E050 0, REENR D HLED TN T T X
< OMEHENRENVEEZEZLND. ZTROLDOFRRKE LT,
DCHEDGZAY, T— 2V METT 7 A~ DAEREIT D 129,
BT EE TOD L — ZEED, REMEBELEES L-EA L
TEET DL, TNICHE-> TTF T X~ ficifih 2 Bt
BHLEMLTCWDIERENEZDND. EBIC, HERIZE
RRIZFEAVA T T B FE R 2 1 L 72 FT, RFMFE% &
BT 5L TDCHEDHE LV bEIRMED20 %R L
TWAZ LR SN (XM5). REELXEE TS5 LT,
W@F‘aﬁﬁ“ﬁfﬁ)ﬁ< 720, JREBEBRNBOT D E VSRR

L, BAREEEA MG CE D EWNH T E AR L TWAD. MPD
1725’?3H311X7157@429L T RETT T A~ %
AR UIET 2 B BB DR T A X ORE, JhETOEMm
DAy B Y v TR e 8\ X A EMABFEIC L B HEiE
OFEMBMED1>TH D, RHEEKO X 92, Epkem
WA OTRET 2 FiEI, %ﬁ@ﬁfﬁ@ﬁ”@%@%@%é 2B
T HHMREIZ ST D1 0L LTHSTH DL LEZZ LI
2.

B, HETE OB RICHOWN TR S, M6k L OET7IE

TNENDCHED DA L RFNEZ BE LI25E0H
11 EAREO R REONHETEIZ L HE{bE R LIZHDT

1 myy; =5 Aeq p =2.1 mTorr Vm=30{)\/~

100 ‘
RF antenna A‘r;: ® Wlth RF
80 m without RF
— (X )
> 60 ° u#..-..
Ny %
40 -
-
ML
20 Egt
-20 -15 -10 -5 0 5 10 15 20

Z [cm]
[X|3 DC+RF/#% & & DCHXE D 22 [ &AL O fil 5 171 53 4R

50 T T y T T T

My = 5 Aeq
p=2.1mTorr o
40} Pg ~28kW ]
Poc < 30kW | *
> 30 s T
- i [
4 20_ .
10F .
® ® with RF
| without RF
% 50 100 150 200 250 300 350

Viee [V]

X4 DC+RF/#%7E & DCHt B D BNOLE T ONREBEMKTT
12 ; . . . ; .
mdot =5 Aeq
p=2.1 mTorr
10 pop~ 28 kW CR
Ppc=30kW °
8 - .
<
N []3 - E
ar * 1
[ J
[ ]
2r 3
° e with RF
. . ™ Wlthout RF
CB 50 100 150 200 250 300 350
Vace [V]
X5 DC+RF#%7E & DCIi% T 0 i FEFE I O MH B AR AT

H 5. DCIHBEDOHOEA, MEEE EF ISt AERE & HE
F13 4k J%jJDLTb‘< & D FR RN O RS B I F
m: NI LT, REMELSEER L-HEIE, EREITm
HE %Nhéﬁf%ﬁb%ﬁ“ ETHY, HENTZTNE
b BHRERNE D=, INEEBE 300 VEFOHE L, Nk
BEZEHMLUZ2WEEDOMEETEF LTV, 202 &h
5, AHEER T, AREOB NSRBI A DO EEE T
b, IEBTEEZPFESDLZ LT, D - D EHIECTX
B IHE) AT HEERE & U CRIRATRE T h D IR S LTz,
% T, REMEZ BE LIZROHEINIDCHED ADOHE X
D H20 %EEE EH LTz,

INLORELY, HOKITHRLE X ST, ARHEHERE
THERENZT T A~ IIDCEHEKIC L DHEH 2321
HWEINTWHEEXDZLNTE, £/, REMELZEE L

This document is provided by JAXA.



9 T T T T T T 2.5
8t °
7t 2
o o E
E 5 P — s <\ﬂ
g < - ° k=)
—_— 4k —
R @ 11 G
s Mgor = 5 Aeq
ol p=2.1mTorr 05
JOF Ppe<3.0kW
® Z=-7 cm (for I,y)
% 50 100 150 200 250 300 350
acc [V]
X7 DCHEEDHES) & A A L BaFn e it O Mk B AR AT
9 . . . . . . 15
@
8-
® o © o ° 5 ° NE
6 {10 g
— — =
Z 50 o <
E T e— @ E
— 4k —
o8 = Z
3t Mgy = 5 Aeq 5
B O p=2.1mTorr
2-
—F Ppp~ 2.8 kW
1l Ppe<25kW
o] Z=-15 cm (for )
% 50 100 150 200 250 300 35
Vacc [V]

X7 DC+RFAEDHE ST & A A L FFNE TR O IE B E K AT

WEDFTNT 7 X~ DIMEDEBRNEEZOND. 57T

BB G AT INHEEED 9 b EDRED T RV F—705A F

COMMBEIZFH S ATV D & Fl D 72 8 |2 Retarding

Potential Energy Analyzer|Z &% A A = 3/ —4570 Bk
DFNZEATO FETH D,

4. ®R

AIEHT21Z 5 kW LLEO KRB CEIET 5 2 ERinigr
End Hall 27 2 ¥ ZAERk L, ARKESCENL 70, RE D
HEEDF B & OHEREZ R~ RROMSE, RF KE
EEETHZLT, TR DERIS, DCEY > a v
LREEZ var~LBEIL, ERENDCHEDHLDGE

E0H1HE3X10% em® o Ar 77 X B n. —
¢, HEERT O TO TS A BEEY RF WEESDH
WETREREITR L, RFETERINZEEBEET T X

~ DL DHEEMIMNCEE S D Z &7 <, BEA~EI LT
WD ZEBRRBRENT. o T, AREE O RS B
WEEEZMZ, 77 A~ Ok BT 5 &5, AHeiE
MOMRER N LSBT 0DAFTHL EELZDND. £
7o, 77 RAYENMOEMAM AT 25, iR b ki
ﬁf B TRALN, @Eﬁfﬁ?ivﬁﬁ%mﬁ%

ZFTWEEBxLNS. £, INEEIEIC L 5 EMEO
7T A BN DELPT NI T A, mkﬁimﬁm:mu
BALZENEK LTz, BLZEIE RF WENH D HHD
FMKEL, RF JABEEZEE L7520 DC IKBEDOHDEFE
L LSRN RENZ EBRBENT. HEERIEL
7ol A, HEINIIMEBIEOHEANIE U THRIEIZEM L T
k@Rfm@éﬁﬁﬁé_thcmﬁmﬁw%éib%
20 %DOHEDHIMA R 47z, F 7=, DC+RF LED
IR E AT LR W—07C, #7) ijJDLaa L_“L;
CTHML, HR3EOBMMA RSN, 2D &w% %N
HEMERR VX, A E 2 R4 5 2 & TILEICHED) & i)
AP TE DM R RIHE R E L CERFTRE TH D 2
LR ENT.

HE
ARFFEE, AASATRBL R 7E B 485 E (16]J03045)
DEB G TIThi-.

2EXW

1) H. Nabuchi, et. al.,“Thrust Enhanced by a Magnetic Laval
Nozzle in an Applied-Field Magneto-Plasma-Dynamic
Thruster”, Plasma and Fusion Research:Regular Articles 11
(2016) 2406033

2) D. M. Goebel, et. al., “Fundamentals of Electric Propulsion:
Ton and Hall Thrusters ” (Wiley, New Jersey, 2008) 1% ed.,
Chap 7-9.,

3) C.S. Olsen, et. al.,” Investigation of Plasma Detachment
From a Magnetic Nozzle in the Plume of the VX-200
Magnetoplasma Thruster”, IEEE Trans. Plasma Sci. 43, 1
(2015), pp.252 - 268

4) Y. Hoshino, et. al., “Development of a 15-kW Class RF
Plasma Source for VASIMR Type Space Propulsion with
Magnetic Nozzle”, Plasma and Fusion Research: Regular
Articles 10(2015), 3406052.

5) A. Shabshelowitz, et.al., “Performance of a Helicon Hall
Thruster Operating with Xenon Argon and Nitrogen”, J.
Prop. Power, 30, 3(2014), pp. 664 — 671.

6) S. Harada, et. al., “Electrostatic acceleration of helicon
plasma using a cusped magnetic field”, Appl. Phys. Lett.
105(2014), 194101

7) H. kuwano, et. al., , “Measurement of Plasma Beam Energy
Ejected from Microwave Discharge Hall Thruster,” IEPC
paper, IEPC-2005-124, 2005.

8) N. Oudini, et. al., “Numerical study of the characteristics of
the ion and fast atom beams in an end-Hall ion source”,
J.Appl.Phys. 112 (2012) 083301.

9) L G. Mikellides, et. al., “Magnetic shielding of walls from
the unmagnetized ion beam in a Hall thruster”, Appl. Phys.
Lett., 102(2013), 023509.

This document is provided by JAXA.





