ISSN 1349-113X
JAXA-SP-06-019

FHEMZRAREREERRIEN

JAXA Special Publication

1A 2METY v FTHAREE AL ERFIRJIIEDI
(JAXA lon Engine Development Initiatives)” —JL (D
MRERERT—7 > 3y T2006FEEHRESE

2007 3 A

FHEMZMFRRFEER

Japan Aerospace Exploration Agency

This document is provided by JAXA.



1. JIEDI 72 ¥ =7 F OB

A& YIEZ ) v R AGEE F B AEEHT JIEDI (JAXA Ion Engine Development Initiatives) > — v DR 2B 5

.................................................................... ':F' 1/35
2. A Xy OMANEHE  — EEREAT -
7)) v NIBFERHm R E AT O BLIR
............................................ KN FE - B SR Jel Bl o013
ZILEMmA F R Y v KLy b EOBHRSAHE
.................................................................... 5)” $% ceeeee20
A F 7Y v K OHEFERIRN E
........................................................ ﬁﬁ#%mﬁ'ﬂqj ﬂj """28
3. AF VUV IV VDA - I 2V —3 3 YHATOBK -
AFVAGAY—F )y FYIalb—Ya iCPETALE 2—
.................................................................... Eﬁ ﬁﬁﬁ ......35
AFXx o007y FEEFIZ— FORE
.................................................................... p‘:ﬁ IE% ......47
AF Y7y FEEICHET 5 3 RITHAT
............................................ Y R B BRI B Sk
-2 SRR 54
AF VT ) v RIZBIFE A8y ) ¥ ZITIZANT T
............................................ ﬁj‘—t fﬁi@ﬂﬂ @iﬁﬁu;ﬁe ﬁﬂ\
TN U | 59
MUSCAT HiiC & 5 ¥— & A F v WERHT
............................................ JVH B - R 24 JE g
4 IRiE - e 64
4. JIEDI ¥V — VOPE L 5B DD 5
JIEDI ¥ — VEASE Lo E & 2007 4B oGS
............................................ ﬂ/n\j( #$¢lﬁ IE%;:PL]_I ’E:J/ﬂi‘
werr W e 75

This document is provided by JAXA.



This document is provided by JAXA.



X L oI

R RS PREETRO< A 7 0RER ECR A F 2 ¥ 2 41012 X 2B HifTIE. BRI L 2 EFiHE
FEEWIFH LV ZY Y Bz, &< 85 (ETS-VID (FFIEHEICH L, BERKES» Y 7~ v BAF 2y
TV OENIETI L. ETS-VI - COMETS % #TC 10 FROEWZEK L7z, M ETlE, KMOFHI v ¥ a v 2BA,
35ecm ¥V Y - 420 - pl0 Hisp S EBHESNIPERLENTVE, TTETAF 0TV, EHILBHTOBER
HEAEBM AT ICHEL L. ABOER L MO TF-ORRIZKESTEKRKT L THA ),

AF YTV DU FEHEMOMB L 2 2720101F, IORHEMBEEZLEL L TVWE, STNETOTIAL MET
VEISE TR, W AGESE D 72D |2 FE R TEOT R R O FF dr il 2 i L T 7o IFAMED ) E & BORAG dy D 12 bk
W, 2O L) RIHBARE L2RETATIE, BREELFHBOEBDD IR ERATETH S, EREEE LW
AT EAN 238 A, Far Pl E I ARELR [HEHEE] Ho [h] CEBTE20RErH 2, 14>
TV OBAERATIC T B EIRPIE R T, S E TIPSR S EERL T & 2 FRIS. 90 SEARWEHICHEEKET
S S NI & VHERTY — Vi, BN MRR Y 07— FTHY., ul0AF I 07y FRFICHE L 'EB
L7z SOLIBRRMERFTZ, ATV 07200HH LWIFAGERE JIEDI (JAXA Ion Engine Development
Initiatives) RN EFWOHEAZHED 2V ZRIE, A F ¥ - F T 514 7 ABFETT N & FEEERBHRFIC X D RIE
L7:t%. BUEMATIC & ) BBRES RS RME 2 3o RRE#OF iz ERT 2bDTH L, TOEERE
FTH B AT HBAEIENT JIEDI ¥V — V%, RS A7 28O L - 3HE1% (JEDD kY% —ofpEod
& HNO#®RE - IREOFRMERHEL, IRMEEZHIET. AAFRNICX Y, #RAFEF OS24+ 00V U Hl
ZEPNCHBE L, EEH - EEHEANOBEMR (foothold in space) ZHEMRT A LN TELTH Ao

b9 1OBOBETRABL & 9o [JEDI Y —VEFE] &) BEIE, #FHMPERZ NI LTUTO L) %
i E 2T, HADERZ /R 720K % [FR] £ 2 b,

JAXA FHPMOBRCEFHIEESTHNOHEEZEZ TWED, FORELEE2FENE2L>TRES
DY ?

BRI - Yy —  ZEHMPEE - LT1IOD VAT LAZAETELDN?

JEDI > % —  BUEAHTHM OZH 525 FH ST NORERMZETTE LD ?

ISAS : ENHDHAF— L HBWICERL, HICHETAERZFEESIE, VAT IMELETFSa—

FURA Vg (VATFLATLY) 2FEBTEXLN?
V—IVBIREHY D VAT ABBEANEREBRR L, FAOHEERIETE L0 ?

INS1OTHRETIUL JEDI Y — VIR LEWTH S 5o ZEBMEKRIIETFN—T 3 r25dEHL, M
WMALTARTOY 27 MU LIEE2MRT 5. FHIZEESNOERICREOEMTH Y, BhiEeT 2 /25—
FEBTLTIET W b, SRR ARTHBMOPIIH - TFEEE - BEME - A YV idFodh#T
HY. [NEDI Y —VHE] 7uy s PARSEEREHRILLRONEFAFICRETLIENEVWE, B2
MRELTWA, COBFENEFILTLIEN, A+ YV VHMICGHEEONHGETLH 5,

2006 4E 7 B 7T HWREAREICBIAF vy 7 74582 RO, HEEIEY L EbE - BRRE - PMitsd - &
£ FE2EMBL. 7—2 a3y 720741 H 19 HISAS I TR L7720 AEIX, 06 4EFED [JIEDI YV — V] %D
BREZRETLLDTH S,

2007 4 2 H
JAXA FHFHAIIFEARTE B ¥
AR —3
BB

This document is provided by JAXA.



This document is provided by JAXA.



1. JIEDI 7u ¥ =27 b D%

This document is provided by JAXA.



This document is provided by JAXA.



AF VINHEZ ) v R A G E N BAHfENT JIEDI
(JAXA Ton Engine Development Initiatives) 7 — )V DOWFFEB 5

g 3y

Research and Development of JIEDI (JAXA Ion Engine Development Initiatives)
Tool for Numerical Evaluation of Ion Engine Grid Lifetime.
By

Hitoshi KUNINAKA *

Abstract: The ion engines onboard ETS-VIII and Hayabusa explorer open the era of electric propulsion.
Especially the microwave discharge ion engines 10 achieved 26,000-hour space operation and succeeded
to rendezvous with an asteroid. These technologies will be expand to the Deep Space Transportation System
and various kinds of satellites. In order to realize such a vast expansion of the ion engines in space the
numerical analysis on life time of the electro-static grid system, that is JIEDI (JAXA Ion Engine
Development Initiatives) tool, has a top priority to develop. This paper reports the development scheme,

proposed schedule and application scenario.

Key words: Ion Engine, Grid Lifetime, Hayabusa, 10, Deep Space, Transportation System
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Trend of Measurement Technologies on Ion-Engine-Grid Erosion
By

Yasushi OHKAWA™*, Yukio HAYAKAWA*, and Shoji KITAMURA *

Abstract: Experimental support is necessary to develop a grid-life simulation tool with moderate
effectiveness and reliability. Roles of the experiments are to obtain important physical properties, which are
required in the simulation code as input parameters, and to verify the accuracy of the simulation model. In
this report, trend of measurement technologies on sputtering phenomena, which are especially important to

calculate the progress of grid erosion, is illustrated.

Key words: Ion engine, lon optics, Sputtering, Grid life, JIEDI
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WA EF G KREAD 2 REBRTH LD, ChEZOTIAF VIV 07y FEFEIICEN T 254612
WL ORREXRDH Y, 1) 7V v FEEICESOKRE WEAF T AV TOEBRE RS LR Vz20, ZOHET
DETFTNVOFBEEIMNS, 2) 7Yy FHEE L THREER SND H— KV h — R U EEMHFEOZHE A — KV FEHTR
THETFTANRV, REDEBFFOLNE. TROOMBICHIET 2720121, A4 v v Yy 7Yy FEFEFEH
2, BEDOKNTTORINNy 7 v FE T 5 LEN D 5.

K3 ANV BULTHEERET /NI —4

ZYy FMEE LT, BYVTTFY, F¥ 2, h—Roh—KR o BEEMW, BBEI—KU i
L. FALF ¥ Y EOBBEMITOWTOEE b LE.

IR T FIZFEL ) A4 FBITXE I VEF.
WHEOAF YTy VEIETERBTREMEIE, 20 ~ 1500 eV FEEE. S EE2 BE

Hetlir gkl

0 I
A=A F 2B S HITE T R L F L.
il TATIHEAIE 3 MO 7 — 5 A5 LV, TR A O3 6 O
At
(SR,
R 70 FHHOEHARE,
wombe | )7 FIRORIRE. W01 = ORRNTIEA S 5 O

F72, 7V v FEGEIREORBEZED 570121, BIZZY vy PO mERDLZTTERL, Ay y ) »
FIZEoTHMENZZ ) v PR T2 EDHIMIZIRATITE EZIINETH20 LV FAEHZ L ZET 2 LHE
BdHsd (K1), TORNNy KT ORMTTIA %2 BT 572012, 1R85 AL ARMBHI2) DAy
% 3 “Differential sputtering yield” &\ fEAHV SN (X2), HALIZIL [atoms/ion/steradian] EH I N b, 2D
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Differential sputtering yield 1% 3 KICHY % 5345 & 0.

EHI, ZOFMNERRICE L T, HNEE (Stcking coefficient), $7&bbH, 7V v FRIEIZEE LA /8y ¥
KFARENTZT OMERTHNET 25, L) PESLEL %2 5.

COX)REENDS, 1990 FER0 S KEZFLIIAF YTy YD)y FIFEHHIF L L2 A8y 51 ¥ 78
BHGORAVESINDL XI5 TE. IFTIE, ThoOMENEEZRBANL, BEBENFY —VE2R%T 5 LT
WHE 75 B RN % 2 DR E L7z,

Differential sputtering yield
(atomsfion/steradian}

wE Aty 2 :

2 WFAHASLIVZ/N Y SWERHA & Differential sputtering yield

3.2. WREEBN

A8y FRPWEEBROFEZ, KAIRTIIICKREL 2HICHHETEL. —HIET I A HICREIE L 22l 22
FHIBEDONA 7 ABEZREMLCEA F Y %2522 5 KT, b9 —HIxFEEIC 4ﬁ/t—b%mﬁfﬁﬂ (ZHE gt
TLHETHL., ChHDH) b, FIATEIAFAOHMEDREVHELR 720, TEOERTIIBRBEDAF -4
%%ﬂ®%%ﬁ1mt&oTWé T2, COBBAOHRFTYH, VTNVIALLTANy FREFJETLHEGLE) Th
WA LT AIENTE, E5I1L, TOANRy FHRMEFERICL-THHHEINE., Thbod b, RS
BIOFTHRDZ L HCHNTY 2 0%, KRB TH/NFE (QeM) ZHHL TRy ¥ 2WET S X TH 5.
UFiE, AIAA REZHFOICRAEAL72ZA8y ) Y 7BERLCOBNANTH L. £ IIBLTER DI LIE, EBR
FMORYUEIIKREREBLZLSoTVLHTHY, BRIEDB L OERAT ARG 08 (WHEMES 7 —K R0
B, BROVEVPECE ARy FRIVNS LR, BEDEFENE X8y FRPEL R E003H %) [41%,
Y— A58, E— AR VF5AM, S+ CEAGICHL T REErILELOIR Y MRS, F728X
Tk, RO ETFVEDA Y 5 ¥ FETN EEFRHRL ORBIL RSN TWS

x4 ANy IEJERBROSE

BN T ALK T 77 A< hiZiEE, 4>

PAT AN | e < 2. A AT 7 D

A FVEEFHLTAF v E— 2 2B KRICEE T 5.
AEH DR E A e

AEIRE) TN RAE (QCM)
VT NVE A LHE Wawinas

44 v — A A

MG p il 5 FAARZAL
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3.2.1. 07 KLk B9

AF LT VENFDOA Ny FRFEICEH L TR NN RTEEZ L T2 0%, John Williams 5 & Hu.l &35 3
O FINEKREDZV—TTH 5. F¥IZ, A8y FWEOR I (Differential sputtering yield) % sEHIIZHIE L 70k
FEHIE[5-710°% £, SCHR [7] T, BT AHHIS D ED 72 3 KILEMTO A8y ¥ WERMEmZ#E L Tnb. FEE
R E LTIE, A28y SWH BB DS M cos NI MEDL RV EPBROENTEY, £+ Y E—2%EHA
WLZ%E (B=0), ANy YWEORMPIRKE 225 (a) 1, 45 ~60° FEZLLTWD (MAEIEIN2 %
Z). FEBRTOAF v AFAFEHIIBLZ0~60", 14 ¥ AGFT 2V F#HiPAIE 150 ~ 1500 eV TH 5. ¥/ ¥
AFYHE)VTTVRN =KD — KR EEMFEIREF L, A%y ¥ EOWWEIZIZ QCM ZfEH L T 5.

F723CHK [8] T, BEEZEAM B OB EEAUIZ L 5 A8y & AR L —FIRIN56IC X % Differential sputtering yield
WEzRATBY, K9] T, SHENAF vy VUV EHELLESAR T RVEHETO 28y ) ¥ 7%
TRL TS, A28y &) » ZHEE LGB R L 2 \vas, STk [10] TIE 7Y v MR & B M i 1 (B 3
B EBAEREZRE LTV 5.

322. T4y UHEHER (K> I0M) 1113

BVTTFY, FEY, =R h—RVEEM, BEEI R/ SOZMMEIIHLTFE ) v I F Y E—2 %2l
HHLTA Sy 320U ML CTn 5, 28y F380E, BB OERZEA,SEINLTEBY, A4 ¥ A4HMAHH
BB LZE0~70, A4 F v AGZ AV FHPHIL 200 ~ 1400 eV TH H. EFLCHATIY, BTHEMBESEICI LT VR
BT ORMBEHEIVRINTEY, SERAME LD — KRB ETA F V BEHHOEKFIREDO LR 5
LTS, 7, A—KUYRMBHTA Ny FRIIRERENNI LN L, BIOT =K VR EO LM % SR
BICLTHANy FRITERECEELRN EPRESN TV S,

—7, 3CHK [13] TlE, QCM D A 4 — 7|2 X % Differential sputtering yield DHl@#ER b HEINTEB Y, g,
AIAA S LR RIAF v v DV EO A RAE L2 Tld, A28y YRR A OWEICE R Lzk b b
Xk TH 5 (2000 4F).

3.23. AU T HIZFTIFAK& NASA JPLI

AF TV AFAH0~80°, 44 AGT ANV F 150 ~ 1000 eV OHPAT, QCM IZL % A8y FHflEEZ LT, B
BWEMERE) TTF VOB EL I — KV DPEETOANR Y ¥ VRO ENTERLTEY, Y 77/ IChX
H—=RY DI BAFADEENRKRENZ EIRENTVS, JKOAFIT A VFHFAICBNT, TV TF YDAy ¥
HRPRKELBANA LIS T, TOANy FHKIL =0 DEZDH16ETHLDOICHL, 7 —KYOPFETI,
A%y FREPIRRKERDAEALIZT0° T, f=0" DLEDHASHED A )Ny L 2D, F2FCETIE, Kk
SOWBIZ L 50— AN AEADOGAHIZOVTEER LTV A,

3.24. N—Y Z7IFK& NASA GRC 151

a0 5 PV KRER KA Y IOM EI138 7% 5 T2 HOTA2Sy YWHOBE HINEZIELTB Y, #HiEEHETH
BEY 7T VORAICEBOT NV IHOWE VANICEEL, 4 Y E—ABERICINSD T IV IFORE T 2
3% Z & T, Differential sputtering yield Z 8 L T\Wa. A4 Y AFMIL0° BwET, 14+ AF= 2 IV FHIFIZ 60 ~
100eV & 2% DK, KA NVFFIHTOA Ny FFEWET— 5 3P wi-d, HELFEBRERESZ 5.

3.2.5. NASA GRC!'

2%y FWEOFNERICET B EBREROMETH D, Ay 7 ) Y 72X )V E N — R D5, MDIZFE
FELZMHIZIE 100 25 €T, 2206 S 6IERMTIHARIIOVTHERTWS., BIZIE, A8y YYHETH L H —
RYDBA YTy IMOEKEIANAET HHER (Sticking coefficient) 13 0.72 & LT3, AHEIEEHHADA F ¥ —
L=y MBS DAS Y FYWEOREICOWTHRE L2bOTH Y, 7)) v FEEICEENN T 254 (Fz
=RV RMANDH — R O EE) 1 3RELDS M.

4. 7V v FTRAMEHEY —IL & BRI

79y FIRAMERHE Y — VORBICBEREROZREHE LT, BEHIORLZEHIZ, D FHEANHEE LToLHE
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WY QRS 2) BT E 7V OZ M-, 3) FAEMN RO R LR, © 3 Hsd 5.

R THRA LI A8y )V 7ERICET 2RI h S0 b0 1) I2&FTh, R1LIORLASHHEMEIZoOWw
T, FARRICZONEPEEE 25, Y —VERBET 572015 OFERE §TMBEICHERT 2 2 &I
THb7z0, LBROZLHD L) BEHRELSHONDEF— 7 ZEIL, V- VRBEDNZNS A2 5 IRE
WKFHIENFETEETHS ). LEL, IRTOLEGYHELZBFAOERER»OHDL I LIETERVZD, N
JGRMBEOERICE VUG L 2T NE RSB\, GEORLAZASy 5 ¥ FREEZ RIS &, AFMARE 4
BWCTOAy R, 7))y NMEREBRICHL L 2B AR &2 725. 72720, ThS OEBRORES
BESICHBTES, TP -5 ORIFICE L T, BEMITERENOKRELZZEE L, BEOKVLDIZONT
EHSHETVEEHCTEINMET 2L W) HIRb EEL 455,

ARG THA LB LIRICRENEHERERLE, 28y ¥ RDIEHDE (FFEMET TOMEREDO®EN) 30 7%
DREWV., ZO0, BHEBHTOANEE L TOREEOTNIZEZELSLETH Y, FIZIEA/ Sy yROREME
R EEZNENEflio THOGFHEEZITV, ZOMENS, MEESN2HEGHIALZ WKL 250 ENLELEZ BN
5.

L) HIRWA,S, EBROREO2) BIU3) & UTORLA [EHEMEN OS] OEBZEEE2 2D Hyd
DEEZBND. K (18] D& 9 Y —AMIMICEIT 2 BEEEL, A8y FHROREWMBEMf-7-7 ) v FiEEE
IMAEFEERZ: &, fRHTE TV OR MM ZMGEET & 2 EBRAERERT 22 LT, 7Y v FidAMWHl Y — LV oF %
FIF TR F IR S %,

5. 8HUIC

BAEATIC L 5270 v FIFAMERHl Y — V2B b D LT 57201218, EBRIZIZ2FF— PR RTHSL. £
T, RIEOAIMEL % B R4 BYPEIEZ EBRIC X VUGS 2 LEPH Y, AEE TR L7z A 8y 70 ¥ 7RI L
OHRTHRDERLZYEMEDOOEDTH L. A8y &) Y 7RI LTI, A VFHBTDO ANy ¥ 52 28
v YWEBUR IR &, 7)) v FISAMRHE Y — VICH A 2 ER RO L s ShTB Y, ThozARICHAT
HBIENRYTHL. ARTHHHICHLTIE, MADTRICE VERI23MT 2T, 72 2RELR2TE
o\, ANy 7)Y FREEUADO EREEICOWTHEETH ), FICETRO T 7 AWz I iERT %
CEVHEETHD. 72, EBRoOKRFEL TR, BHET VB IO ROZYUELTMT LI EIEETH D,
FEEEENTE OB L ) a— FogREeER, 7Y v FIFANTEY —VOEEEZ GO T LERDH 5.
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ZALEMRA F YR v FLy b OB AHE

BN % B

Current Distribution on a Two-Grid-Ion-Extraction-System Gridlet
By

Yukio HAYAKAWA *

Abstract: This paper provides measurements which may be used to test numerical models of ion extraction
using two multiple-hole grids. A grid set, in which an isolated gridlet was embedded in an accelerator grid,
was built to measure ion-impingement current distribution. The gridlet comprised both a barrel and
downstream electrodes, electrically isolated from each other and the rest of the accelerator grid. The obtained
measurements of ion-impingement currents on the electrodes can be directly compared with numerical
predictions and they suggest an idea of possible ion flow. The results are shown as functions of screen and

discharge voltages, and a hypothesis was proposed to explain a phenomenon on ion extraction.

Key words: Ion Engine, lon Thruster, lon Extraction System, lon Accere lation System, Multiple-hok,

Electrode, Grid, Beamlet, Numerical Simulation, Experiment, Comparison, verification

1. (FUBIC

AF VY ATAY T—RITHCONZZILEME V724 F VI oW TIE, By I 2 —32 3 VITX 509808
INFTREHEBSINTEA (1], FEBOWEREN LRI VBERFERIHEONDL LI IR TUTE A5, M
ENDHIEE TN OBGEED 72D IEEBRE OB R TH 2. FFICEMOBIICOWTHITL L9 LT 25412
&, WARIICIEREIR E OO LE L 2 255, RN INETR D 3B TIREV. Tk 51, 2o
HOBAMEE NI A 4V WOERNT (EIGENT, BARHEEZ &) LB - HRET O >0 &, miFE ot
BRES TR E o TRLBEFICWMVMOOPHELEEZONLZ PO THD. TH)TEMY B TEIBEZFOIT—F
47720 LD ES S LMUICHTIED I — FRRBICEPTEL L, BEBEOI—FHEZTLICLCLHIEDRELT
FEVIHIHRAET T T — FOFHED WEETH L 2 EBHEHICTFHTES.

ReDHEARMAR SRITCBMHEY I 2L -2 a3 v T, HEREZINZ 27012444 + VIl EBROh o —HoOILE &
AARFEBOA MR L L, FBIIAMSERSEEL T2 (UL, SOICEEREZIES T 72O HROT %% FIH L
720, HHVIFHEREZDATEHEFEIRZ T 5 72O N AR 2B Y M) LCEFERERE L) §
LEbds.). EBRTINE ZIZAELRRELEY) BT 7ILEBEMFEH L. POl Y 12 6 MofLE A
BIpZickh, ROLEZILEBORIVEIT 2 RIREDOILE ZIZASRIRBICE2 NS, W, b LRIVELE
GO THIE, L) RERE ORBEIZYR b DL 2D, REBIINEERD 0L E &SNS
[HBM (gridlet) | [CHATHAF VEBREZMWETSHI0THY, FHHEERLORKIBD TH D, T2 A THEH

* TAT/JAXA
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AFVAFAZZHHLTVBEDT, EHHOT S X2V T ORISR ES HERTE 5. STk (2] 3R A
ATHHTIA T VAT A RBENOT 7 A BMOUEREEZRL TS, 77 AIEBMIEIGHBEL2SI1ZITOV
(fii& 29), 2F 0 [A7 Y — BN+ REEE] & LTRY., BEFREICOW TR 3] OFRELD X TR A +
VAGAY DNBENOWNERHRNSZEI LD, L2l DA T AT EINY 7RO TERRED S D—REFDE
BHR <, Maxwell 045 £ ZZ VA2 VDTEE LT HDIIEYLTHV. K [3] TOMBBRESP R ) EVI E L,
BERERSIRBEL SN TV EWnI e (Y vy FEBETHEETMT X5) 2R TV, KREBRIEOE FIE O
ETL4eVRTHoLEHETLONRBEEZOND, 75 AEEZFEHMIIIA F Y BMER»SFHETE
%73, Langmuir 7 H — 7 OXRMBEASIEMITIIRKE S 20O T, EMICIIRE SRV, EBEZAHT20EEHDTE
—A Ly MEREED L) BEEEREFHRTRD 2N HERZENTH S ).

2. XBFE

2.1, EREE

211. 25 2%

BO1TICHEBICMER L7 7 fUnAEmOFME R, fLE, EBRE, HEE, TIEOWME LEBEDORAI Ay oZho
#ofre Lz (1), MEBBOPR.OILEZ &S [HREM] EMETE LREIICHYS T2 THFEEM (Barel) ] & TR
MY 2 [TiflEm] CTHRE S, IR ONEEHOMOES 25 EAMICHE SN TWS BREIZEE
T3y 7 REEAELE). SNONHKATLZEBEZUNET 27200 BMRSNEBBNZEHBEL TW5EH, Hbflz s
THE—AL Y MNEBEEENET A, NEERO THRMNEMRICILDOZ2 W72 FH#ERHRO ¥ — 2 55 HEge & R
L, EBWTHMICZOE—AL Yy F22ZIF5E—ALy by =7y b2ET S, 44 VHBEBUA OIS 14
em A ATEHMAF VAFGAY 2L TUYE L THEH L Tw b, ERBEESIENNy ZUVO8EIMT, UL DD Th
SVWHEBBRCOBELZWRRICL TS, &, XK [4] & IMEBEBOEARD R R > TS,

A EfE TinBIEE
IEEHEH

INE BB EA

11. 4 .

10,6
56
9.2

LRB ThE
M1 MEEEEN

k1 BELTE
A7) — BB 10 mm
s A AR LR 8 mm
LA R 11 mm
A7) — VBRI 1.5 mm
o 38 A A AR 3.0 mm
Pk ) L 3.25 mm

This document is provided by JAXA.



22

2.1.2. HEZR

WEZRZH 2 1IRT. MEEBBICHOATIN2ZOOFEBIIZNZNDMM %8 L CTNEBEBICERIN TV A,
Y—25nigstt—2Ly b=y MIDMM Z2EB L CHEBINTWES.

2.2. KEFIR

B LSt 2 £ 2 1R, MBI AZ ) —VBEMEMBEREZ T A -5 L L, BEMNEZ BT 55
UFTiikolk. 20k, E—LBHEZZASEL-0ICHEBRZZISELES, REBELZ ~EIXT 5720
W OMETIIRERRSFIAEY (1 ALE)
DT, b— ¥ @EITEHHFELIMNIIAETH 5, ZOFEBRTIIRNTO01 A FTHoZDOTREE Lz, PRI
DWTHEBRT, #NEEXTELZTTIA7-0ICMELZEE L) T, b—FICHE L. AT Xe 2fEHL
7o MERBICHWAEIZA70 -3 PE—F3HRKKE 10 SCCM Db DT, HERIRKKED 2% THS. WK%

12, HEMEFRI O TR & RN OB & e — & B T iR L7z,

ERL72A 2 ) — Y EEEREEEOMAGDEERKIITIRT.

BEE i L

BEXER

4\\ o

[&

/!
1

o |7 fe

2 BEER

x2 EEEFRHE

)
ML Va
R — ST
R % — ST
Bt s

FRIE I S

Xe

- 200V

05A
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38 = 13 mAeq.
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3. XEBR#ER

MEBOEETI IICTRTOT— ¥ 2T 2 DIFIUIT AR VOT, FHII OV TR 5] B Sz,

C— At e E—2a Ly by =5y PEMGEHLZIEORKE, hOflz@b Y —2aLy PEHIE, 7HTXTO
GEDIZIZL T THAHIEDHERTE[B]. THTLY, DBEOERTIIE—-2EHN1 7L L TE=AL Y b
BHERD TS,

K31 xFEEM (MEES+ THRAESR) ICHATLIA L VEREE—AL Y NEROREZRLZDOTHS. EO
AR D FEARMIC P IEB NI KL BT, W2 LA T 2B REE L TVwE. ZOBEMRERICOVTE, Btz K
THAF VOFREPEMEIIZE DAL DOTH L LRET S E, MBUKTFLRERZO»H) FLHHATE S, H
L, BAETLEMREEA TV OREIBBLZPERTEEL -2y NEROBICIHIL, ZoOWE R THE
ZIZIFE—A Ly PERIKS Vgl (REWICH— L) BIRTIE R ) 20T, BRKIEA F CoREREY
—A Ly MERIEH TS, Lo LAITE—2KA F BB MAOIRIZ L ) EBICHERLLZDOTHY), AD
FREFEC=2 Ly bORDPRKEL o 272D ICEBRBICHRELZLDTH 5.
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COB/BRILOWRZRLIZLDOPHA L5 THAD. M3 TRAKERERZ 285X 4 & 5 TlEEhERL LA
DERTFTRY)OMBE 2o TWAZ EDH L., ZOBBIITHL (4] TEICH S22 o TWiz28, FEXCHKCIE TiflE
RETNIHESTHETH > 72D L, REBRTITEAETH L H0E LS.
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0.06

0.05 & 1000V
= 1100V
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A+ VBEMEFTITE2DIZ, K325 505 IHIENCERLETRHAT 520032 O5ETO—RNLIRETD 55,
CCTIFFICBER RS R L OB E LE L T572010, MEBRZOLNOL TS, M4 L5 E2MEBE LN
6L7TH5.

PLEDMIZ A 2 ) — 2 BALAT 1000 V THREERED 30 V OSAICEHN SR 2o 2 X 8 (2R, Mo —if
BAHKIZEE D B> T2 %%, BRZSMEMEALTCLTOHHEDLD > 720 T, WE LoRMEE 3E 2124w,
AZ ) — BEMAT100 V OEEI S HWROMBAIR SN2 L 13H 20, MOMEBEEETIE 72 HFo5Nin
-7z,

FER O FEMNETIE 5.3 X 101 Pa T, MEAMEEOEIIIH 3 X 10° Pa TH o7z, Winh b EHEFLZEE 0 FR il
T Xe \ZXF AMIEIZ T2 o TV W,
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Erosion Characteristics of Ion Grid System
By

Miyuki Usur* and Hitoshi KUNINAKA**

Abstract: In the developtment of Ion Engine System, life prediction method by numerical calculation is
suggested. To compare the numerical prediction with the experimental data, we measured the decel grid after
an endurance test for 20,000 hours. The center hole of this grid has symmetrical property, and in the down-

stream side, grid holes have hexagonal geometry.

Key words: Development of Ion Engine System, Life Prediction Method,Endurance Test
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A Review on lon Thruster Grid Simulations
By
Mengu CHO*

Abstract: A Literature review has been carried out about computational simulation of ion thruster grid
region. The computational region consists of upstream discharge plasma, ion beam going through the ion
optics grid system and downstream neutralized plasma. Various plasma species exist such as beam ions,
charge exchange ions, discharge chamber electrons, neutralizer electrons and others. Literature of the past 8
years has been studied intensively. Their methodologies, computational geometries, particle modeling,
downstream modeling, Poisson solver and discharge plasma modeling have been compared. Based on the
literature review, the strategy toward building the future grid simulation tool has been discussed with

suggestions of future works.

Key words: Ion thruster, Grid erosion, Plasma simulation, Particle-in-Cell, Flux-Tube, Charge exchange
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Table 1 : Modeling Methods of Main Beam lons

Ref. Authors Affiliation Time dependent?
1 Peng et al U. Tennessee Yes
2 Hayakawa NAL No
3 Muravleve et al KRC No
4 Okawa et al TMIT Yes
5 Tartz, et al IOM No
6 Nakano et al U. Tokyo No
7 Crofton et al U. Michigan Yes
8 Brophy et al JPL No
9 Wang et al VPI Yes

10 Nakayama et al NDA No
11 Farnell et al CSU No
12 Malone et al GRC No
13 Kafafy et al VPI No
14 W. Emhoff et al U. Michigan Yes
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Table 2 : Computational Grid Systems

Ref. Authors Affiliation Computational grid system
1 | Pengetal U. Tennessee | 2D 1.14 mm X 3.868 mm 12 X 47 cells
2 | Hayakawa NAL 3D All of 1-hole, periodic BC
3 | Muravleve et al | KRC 2D rectangular
4 | Okawa et al TMIT 2D 1.25 mm X 5mm 60 X 250 cells, Constant Az, variable Ar
5 | Tartz, et al IOM 2D?
6 | Nakano et al U. Tokyo 2DA = 0.5*debye and 3D
7 | Crofton et al U. Michigan | 2D regular A = 20~40um
8 | Brophy et al JPL 2D regular
9 | Wangetal VPI 3D rectangular A x = debye = 37 um, 30 X 30 X 400
10 | Nakayamaet al | NDA 3D cylindrical 15 degrees of circular aperture r 29* 6 10* z 230
11 | Farnell et al CSU 3D rectangular uniform Ax = Ay = Az 30 % 50 X 300
12 | Malone et al GRC 3D Combined with commericial mesh generator for a finite-element solver
3D Combination of rectangular meshes for particle pushes and tetra hedra meshes for field
13 | Kafafy et al VPI
solver
14 | W. Emhoff etal | U. Michigan | 2D uniform rectangular
'+ ' Dirichlet
Ep—— I S
| | |
| | |
| |
I I
I I |
I | | I I S - J
I ! | I
I -t -5 -I=-- Fig. 2 Simulation domain with two quarter-size apertures.
I I I
L [ | I | |
L
Fig. 1 Cross section of a simulation domain with multiple apertures. From Wang et al, JPP 2003

Fig.1 Example of Three-dimensional Computational Domain (Ref.9)

Figure 5. Simulation domain of a whole subscale gridlet with seven apertures.

Fig.2 Example of Three-dimensional Computational Domain Containing a Full Grid Aperture (Ref.13)
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EIDFo>Tn5D, BRREA + ¥ DEFIZDOWTIE, Volumetric Production & PIC-MCC(Monte Carlo Collision){Z K 3]
Sha. HiHE, SEERTFICBIT2E—A A F VBRE, THRRAEE, 14 i, RNz ez ToxR

dn#X(X) = nbnnvio-cex(vi) (2)

o T, FHRFMTORMEMBD-) OARREREZFHHTLZ20D0THS. HHIE, E—2 4+ Y OBEZ B> TS
BETEYTANVT Y I 2ab—va YIWEREANTEBETE — A4 4 ERET A L OWZEOH W% H % L TEME
THTOBMZHRA F L OEEREZFET LD TH 5. PIC-MCC K T-OBEG % & 5 BB TET O LI
WK LTWwER, 7Yy FYIalb—32arDd)IXHEMOEHEA F ¥ ORENPIIEEITHi > T b &) 2EHEITIX
Volumetric Production Td I EHEIZRWwWEEbN S, HL PIC-MCC 29 b 9 —2oF|m e LT, Mz
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Table 3: Poisson Solvers

Ref. Authors Affiliation Poisson solver
1 Peng et al U. Tennessee unknown
2 | Hayakawa NAL Finite-element
3 | Muravleve et al KRC SOR
4 Okawa et al TMIT Gauss elimination with sparse-matrix refinements
5 Tartz, et al IOM unknown
6 Nakano et al U. Tokyo Finite-element
7 Crofton et al U. Michigan ADI
8 Brophy et al JPL Unknown
9 Wang et al VPI DADI
10 Nakayama et al NDA SOR
11 Farnell et al CSU Gauss-Seidel+SOR
12 | Malone et al GRC Finite-element
13 Kafafy et al VPI Finite-element
14 W. Emhoff et al U. Michigan unknown
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Table 4: CEX Production and Neutral Particle Modeling

Ref. Authors Affiliation CEX production neutral particle modeling
1 | Pengetal U. Tennessee PIC-MCC Constant
2 | Hayakawa NAL No NA
3 | Muravleve et al KRC Yes BGK model (elastic collisions included)
4 | Okawa et al TMIT No NA
5 | Tartz, et al IOM Volumetric production from jb, Ny, Oex free molecular flow
6 | Nakano et al U. Tokyo Volumetric production from jp, Ny, Ocx DSMC
7 | Crofton et al U. Michigan PIC-MCC DSMC
8 | Brophy et al JPL Monte Carlo? unknown
Volumetric production from ju, Ny, Ocx
9 | Wang et al VPI
500K Maxwellian Free molecular flow
10 | Nakayama et al NDA Volumetric production from jb, Ny, Oex Free molecular flow
11 | Farnell et al CSU Volumetric production from jp, Nn, Ocx Free molecular flow
12 | Malone et al GRC Not yet NA
13 | Kafafy et al VPI No NA
14 | W. Emhoff et al U. Michigan PIC-MCC DSMC

Pk 212D T

TIE, RAZELETORY P 2R3 23,

H H 47t & DSMC (Direct Simulation Monte Carlo)
KNS5, EE6EWARENE, ZRELZFHFEBOPTENLS LWVOHBEIEEX 20 TR E 575,

hik 7 2 @

BREEZ 108 me M TR 9), Xe-Xe DFZEMIHfE%E 108 m? #2F Gk 7) &3hiE, FHHHBTREIm THo T,
FAH mm BEOZ Y v FEE PR T REOHEIIREEHTE .
24. FTRETI
KE5ICELMD AT AY —TMDETINVHEEZRT. BTEEIIOVTDH, FREDDDOPBLUTORNVY < V54T
ELTWA
_ e(p—o..)
Ne = Neo €XP K;T',_.;OO] (3)

CIT, BhLERELROBNTHY, THREROMEH VL0 E V., FTREREMHIIOVWTE, Bz tor
L T Dirichlet IO R L2 WAL T2 0 (K 1,2,6,13) RE R A L0 & L7z Neumann BOBIR G285 L
TWbL0 (X9 b, LRI & 111 3) TiEAR L, TBRoBMAIEMESTEMZ B2 TRE)D exp O
DIERC o THARBRTESL XHIZ, UTOX)ICETFHEELREL TV 5.
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Ne = Noo €XP Tow W
. [ e(d—de. )} 6>
kTeoo
X (3) BEBITEL () FWMBHITEL, BRI Tew LB neo IS HOBTEZ SNBTRIEZ S BV, BT

2oL, HAIZRT I A~ OB TFE % TCICHRD TV L B35\,
THERDOA F VEEOFHEEZM ) LI FldH 5.
THBOETFTIMEIZOWTOMEED—2 L LT, EZFTTRERZELZDEVHIMELED L. LH6 DI HIZ

Kerslake DE TNV EZRHT 5 EPIIRL TV 208 H 5%, ThUIMI EN SR 72 5 A D > TFIREROME L

BEIZOVWTIE, FOhLEEZWRELTBL H,

This document is provided by JAXA.



41

FOLNTVRV, FREREZECICNY TEL L, BWRHRA 4 2 ORFERINSLSRDLOT, 7)) v FidE%
BN A 2 &% 5. k1L O X 91, FHRFEBOIMITHEBR SN BAZHRA + X S FEEL T, 2055 %itH
TN THEIL SN BRZHRA 4 ORBEMET 2L V) HELHL. LEALAEDSS, TRERZECICNY §&
DS ) —OORMERE LT, TRBOBEBRPERID BRI ZoTLE, BEWKHA 4 RLUiE - OPEIC
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THBOEF MO S ) —ODMEE LT, TH7TIASOEBMOKELZLICE L0 E VI HEESH L. X (3)
DRV ki i) Ry, BALOMEE ST ZOFILTRRENE & 2 HE2Hib%RITE, Poisson HHEXAFEHL
TLE). X @) OX) YRR TH 575, ThHEMAEDPEFREIZHXTNSWHPHIIZINE 5 TV B REZZT
Thb. THRIATKBEEBMIEIES o T EbNEDT, THEROEBMELIEL T2 LT, FHEIBKT
B L3l 5505 HOMENEETL. K3IZHE LI, WEETIAE MGy, A7V =271 v FET ¢y,
TIRNT) v RE daee 1, KK, HEMERBENZEELLTCEIZON2IDOTHL. — i FRBIREN dpc 1&
TIARBATH Y, INDHEEMEREN LELRLRIEE R, LA TV — 2L OEMIZHHIGET %2 O
EHEELOI, HEMEREN LIV DEOEBNEZDL > TVLLEEZLONEYTH L. Lo TTHBEREN opc &
HACE T L T20TIE AL, TV—2TORKEMEZFR/-EL2O0E T L. ZORIER FREAOHITS 7V
— LB KENEZ L DE AT TIT HLENDH 5.

Table 5: Modeling Methods of Downstream Plasma

Ref. Authors Affiliation Downstream modeling
1 Peng et al U. Tennessee ¢ =0 at the downstream boundary. ne = noexp (e /kTe), ne=10"m?
ne = noexp (ed/kTe). no = average ion density at the boundary
2 | Hayakawa NAL
¢ =0 at the downstream boundary
3 | Muravleve et al KRC yes?
4 | Okawa et al TMIT no
5 Tartz, et al IOM Unknown
ne = neexp (ep/kTe). n, = average ion density at the boundary
6 | Nakano et al U. Tokyo
¢ =0 at the downstream boundary
7 | Crofton et al U. Michigan ne=noexp (egh/kTe). no=a given value inferred from CEX density(2 ~ 6 X10'° m)
8 | Brophy et al JPL ne = noexp (e/kTe).
9 | Wanget al VPI Yes. f can be + or - compared to the reference potential
10 | Nakayama et al NDA No
11 Farnell et al CSU Yes. f can be + or - compared to the reference potential
12 | Malone et al GRC unknown
ne = neexp (e/kT.). no=average ion density in the down stream
13 | Kafafy et al VPI
¢ = 0 at the downstream boundary
14 | W. Emhoff et al U. Michigan yes
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Fig.3 Potentials to be Defined in lon Thruster Grid Simulations

2.5. WEEFE

K6 KB F R RLOMAD 72DIZH A T VAT A = RE LT T AR/INT A— 5% ERY. WET
DERT — ¥ DL EFHE SN TV 5 NSTAR & NEXT 2R & L72bOhS v, FtEFROMIE L LTk, wilo
Bl —2aAft oo (M4), 7Yy FIUEER (M5), 7)) v FEEEDE (K6) LwozERNR/ T xA—%
B h o7z, NSTAR TaffliZe 7Y v FIEFE Sy — U A%EHII S T kIiZ, R 7 @ X 9 IZHTHE Pits & Grooves & Wbl
57y FIRFED/N Y — v 2 EBRERKRT L2 LMD TWS GCHk6, 9). T2LW9 TIEZ Y v FIREOHES
A b BRI T 2 AN e ShTw 5.

Table 6: Simulated lon Thrusters

G| Te | No | Teoo
Ref. Authors Affiliation Ion thruster Grid
(V) | V) |m?)| (V)
1 | Pengetal U. Tennessee | 30cm 2| 28| 1.5|5x10% 1.5
2 | Hayakawa NAL Experimental argon 2| 45 5 (9x10'%| 3
3 | Muravleve et al KRC 10cm Kaufmann type 2
4 | Okawa et al TMIT 30cm Cusp ion thruster 2 4.5 [3x10"7
5 | Tartz, et al IOM ISQ 40 RF 3
6 | Nakano et al U. Tokyo MUSES-C and NSTAR 2and 3
7 | Crofton et al U. Michigan | T5 3| 40 5 3
8 | Brophy et al JPL NSTAR 2
9 | Wang et al VPI NSTAR 2| 26 5 (2x107| 1.5
10 | Nakayama et al NDA Experimental thruster with 19 holes 2 and multiple grids
11 | Farnell et al CSU SUNSTAR (Scaled up NSTAR) 2
12 | Malone et al GRC NEXT
13 | Kafafy et al VPI NEXT 2| 20 5 |1x10Y] 1.5
14 | W.Emhoffetal | U.Michigan | NEXT 2| 24
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Fig. 14 Divergence angle data

Fig.4 Validation of the Simulation Results by Comparison with the Experimental Results Regarding the

Beam lon Profile (Ref.2)

0,25 S S
0,2 & Exper : A
o Theor ; i
§u.15 . A
Q .
E 0.1 \ 4 - g
JE 3 i
- Y P -
0,05 q’a b_e-e/:#ﬂﬂa .
1]
500 750 1000 1250 1500
Total voltage, ¥V
Fig. 6 Accelerator-to-beam current ratio versus
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Fig.5 Validation of the Simulation Results by Comparison with the Experimental Results Regarding the

Accelerator Grid Current (Ref.3)
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Fm}le 2: Ratio of accel grid current to beam

current.
Vacuum Chamber Space Operation
Total ! Isotropic CEX Total Isotropic CEX
Exp. | 120 % — - —
Cale. | 0.994 % 0.53 % 0.324 % —

Table 3: Accel grid mass loss.

Vacuum Chamber Space-Operation
Total | Downstream | Total | Downstream
Exp. | 448 g - — —
Cale. | b4l g 249¢g 245 g 533 g

Fig.6 Validation of the Simulation Results by Comparison with the Experimental Results Regarding the
Grid Erosion Rate (Ref.6)

Fig. 10 Comparisonof simulation results with experimental data. Grid-erosion pattern on accel grid downstream surface: left, photograph of erosion

and deposition pattern after 8200 h of eperation; middle, smulation results for the same operating conditions; and right, direct comparison of the
erosion pattern.

Fig.7 Validation of the Simulation Results by Comparison with the Experimental Results Regarding the
Grid Erosion Pattern (Ref.9)
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This document is provided by JAXA.



45
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BoRFHET VT XL ERHAT 20 EHRRWICLTH, 2—WS ¥ ¥ —7 2 — ARRIER TSm0 IE b §
BIENEFE L. BHEN—Y 3 YIIonTIE, BHEHOY -7y M2 EZICRET AN IES RO 5N TV
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LENTVLE, HINTWS27) Yy ROMMEIZ X > TERSADWHIRE? S KE (- TL 2R D 5.
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OEETT ) Yy FIRRZEH T2 0E0 IOV THRETA2LEND 5. @ﬁx@4i/%¢@ﬂ¥ IoWnTiE
DSMC TEIRE L T2 H823H 54, oMoz ([ 4+ YRR A 4 v EEFO 7 —a AZes) IZowTEI v F
YRFETHDLRTWBEETTHDH. TRHICOVTHRIORIAD S, &%, WIS mF&JﬁZ—F%Wot
ELTY, GHEBTEDN LY ST X = PREWREZEAT L. 7Yy FYIalb—YayilBwdid, 7
)y FEEM DAy & BYPGHHEAMERE LG T IREENTA—F THILLEFTZ AV, MINTA=FIIOVWTIISHER
WEOERT— 5 ZER L T LENlH L LEDbNS.

References

[1] Xiaohang Peng, Dennis Keefer, Wilhelmus M. Ruyten, “Plasma Particle Simulation of Electrostatic Ion Thrusters”, Journal
of Propulsion, Vol.8, No.2, March-April, pp.361-366, 1992.

[2] Yukio Hayakawa, “Three-Dimensional Numerical Model of Ton Optics System”, Journal of Propulsion, Vol.8, No.1,
pp.110-117, 1992.

[3] V.A. Muravleve and A.A. Shagyda, “Numerical Modeling of Extraction Systems in Ion Thrusters”, IEPC-99-162, 1999.

[4] Y.Okawa and H. Takegahara, “Particle Simulation on Ion Beam Extraction Phenomena in an Ion Thruster”, IEPC-99-146,
1999.

[5] M. Tartz, E. Hatrmann, R. Deltschew, H. Neumann, “Validation of a Grid-Erosion Simulation by Short-time Erosion
Measurement”, IEPC-99-147, 1999.

[6] M. Nakano and Y. Arakawa, “Ton Thruster Lifetime Estimation and Modeling using Computer Simulation”, IEPC-99-145,
1999.

[ 7] Iain D. Boyd and Mark W. Crofton, “Grid Erosion Analysis of the T5 ion Thruster,” AIAA 2001-3781, 2001.

[8] John R. Brophy, Ira Katz, James E. Polk, John R. Anderson, “Numerical Simulations of Ion Thruster Accelerator Grid
Erosion”, AIAA2002-4261, 2002.

[9] JosephWang, James Polk, John Brophy and Ira Katz , “Three-Dimensional Particle Simulations of Ion-Optics
Plasma Flow and Grid Erosion”, Journal of Propulsion and Power, Vol.19, No.6, Nov-Dec., pp.1192-119, 2003.

[10] Yoshinori Nakayama and Paul J. Wilbur, “Numerical Simulation of Ion Beam Optics for Multiple-Grid Systems”, Journal
of Propulsion and Power, Vol.19, No.4, July-August, pp.607-613, 2003.

[11] C.C. Farnell, J. D. Williams and P. J. Wilbur, “Numerical Simulation of Ion Thruster Optics”, NASA- CR-2003-212305,
2003.

[12] Shane P. Malone and George C. Soulas, “Computational Ion Optics Design Evaluations”, AIAA-2004-3786, 2004.

[13] R. Kafafy and J. Wang, Whole Subscale Ion Optics Simulation, “Direct Ion Impingement and Electron Backstreaming”,

This document is provided by JAXA.



46
ATAA-2005-4789, 2005,

[14] Jerold W. Emhoff and Iain D. Boyd , “Modeling of Total Thruster Performance for NASA’s Evolutionary Xenon Thruster
TIon Optics”, Journal of Propulsion and Power, Vol.22, No.4, July-August, pp.741-748, 2006.

This document is provided by JAXA.



47

Ay I ror) v FiREET— FO%R R

hoBOOE BT

Improvements in the grid erosion evaluation code for ion engines
By

Masakatsu NAKANO™

Abstract: Improvements have been made to the 3-D ion beam simulation code to enhance the accuracy of
the lifetime estimation of ion engine grid optics. The sputter erosion and coating due to the impacts of high-
energy ions and neutrals produced by the elastic scattering and charge-exchange reactions were taken into
account, and the change in grid surfaces was dynamically simulated. Comparative evaluation of this code

with experiments was performed, yielding results that are in good agreement with the experiment data.

Key words: Simulation, Lifetime, Grid erosion, Ion engine
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Three-Dimensional Simulation of Grid Erosion for an Ion Thruster
By

Takeshi MiyAasaksa®, Katuo AsATo*, Kouta OKADA™, and Yuuki SHIBATA *

Abstract: Lifetime of ion engines is limited by erosion of acceleration channel due to charge-exchange ions.
The charge-exchange process is influenced by neutral density distribution. For the purpose of investigating
effects of neutral conditions, three-dimensional particle simulations were performed. The results show that

neutral boundary conditions affect ion flux distributions on the acceleration grid surface.

Key words: Electric Propulsion, lon Thruster, Simulation, Grid Erosion
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Toward Sputtering Analysis for Ion Engine Accelerator Grid
By
Toru HYAKUTAKE *, Michio NISHIDA **,

Takahiro KENMOTSU *** and Tetsuya MURAMOTO ****

Abstract: The erosion of accelerator grids of an ion engine due to the sputtering of charge-exchange ions is
the primary failure mechanism to shorten the life of ion engines. In this report, the semi-empirical formulae
for such sputtering are introduced and some problems for the application of these formulae to the analysis of
the accelerator grid erosion are discussed. In future, grid erosion rates will be analyzed by using the ACAT

and MD simulation.

Key words: Ion Engine, Grid Erosion, Sputtering Yield

1. (FU&HIC

AF LT EBRLZEIPRSDREFERIC L 2P IMATORINE, FHI v ¥ a YI2BIT 524K
GAF VIV FHOTRENEER L. TNET, AT rI U0y )y FIRAZREICIE, FER T ER#%
OFGRFDATONTELD, WALOM ERPEREFGOBRIZEY, Zo k) RIARKRE Lz TR, K
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W)y RTIE, BRHUSICE S THELZCEX A F VICE B ANy 7Y U FBIRHMBRIY, 7Yy FEEEZ D 72
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2. ANy ) TRICET B5HEHRN

21 EEAHICETFRANYZUTE

A8y ¥ vy, EREEICHT eV U EDOEH T A NVF— %2 o724+ UARET 5 &, EHTIZBVWTIEL
EMULEZEOMEE (HEh 27— F) »RE, #HEL L OENRTPEAER 2 S B2 PICRlSh 2512 TH 5.
COAF VIS X BEARD RNy ) Y IRICH LT, EBRTF-5BLOTIa LT a bl T—-5%3
LT, EEOAGA A+ ¥ EEEORBKRE ORAEDLRITH L TKIZT S RKD X9 ZPREBSREINTW S [14].

) 0a 5 (B
Y(0) = 0.042 (Us ]{71+rkeg°~3Hl ( . J } 1)

T, O, s BENETIHEET D74 v T4 VIR F A= Thb. T, U IEHEFOEERHETFIVF—T,
W, AHEIAVFEF—DPHOONE, ERAFA T O A NVFE—, Eg3LEWHOIILEF—THY), ZOMLT
B EANy ZY IR SR, ZOMDISTXA—FIUTOL I IZEHREND.

0.56 1.5
a= 0.249(%J +0.0035[%] for M, <M,

1 1

-0.15
a= 0.088(%] +0.l65[%] for M,>M,

1 1
2T, MMz 3TNENAGIA & Y EEWEFOERTH D, F72, BIHIEEE S, &

Z,Z, M,

N
(212/3 +ZZZ/3)]/2 ]\41 +M2 n (3)

S, =84.78

Lheh, ZZT, Z1, 3 ENENRAGA F ¥ EEWEFORF RS TH L. T, BEBNRHIEE s ZUTo L)

W75,
3.441" In(g +2.718) "

" 1563567 +£(6.88267 ~1.708)

SIT, BMEIALFE— ¢
LM, 0.03255
M, +M, Z,Z,(2} +22°)

THod. RIZTIE
w

r=——

1+(M,/7) ©)
THZbN%E., 22T, WIRENETIKETLIHNOT7 4 v 54 V785 A —%THb. ke ld Lindhard DEFHYFHI-
ETHh,

(Ml + M2)3/2 z"z)
Mf/zM;/z (Zl3/z +222/3)3/4

k,=0.079

b, B, LEWVEOZANF— Ex LT, W SIEROL I ITERL TV S.

- _lt+5.9(m,/M,)] U, for M, <M,

6.7U ’ ®
E,=—>* for M\ >2M,
v
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2T, oy I IEEREELC BT A AV E—BTH T T,

(M, +M,)
Thb. K1iE, Lo FEREEOIEEZRLAZDDTHS. AGA + v XelH LT, ZRZFN, Mo &
CEBEMETFELESLAETHL. BIETI Mo N6, PRGN ERME LB LTwb. —F, BY
JBEFHSC OHr, HHIC Xe DAF TRV F—2MEWFEIRICB VT, ILF S oL, EBRE, S kX AR Tw
BIENGHE. o T, EREASEBAF I VM sy M3 A=K =K EEMPRH SN T2
2o, WNLIZLZERBALZZOTEHEATLEMET ) v FORSy ¥ ) ¥ 7RE#/NHli LT L E 9 g
HWhd 5.

22 ANy AU TOREKENE
A CIIEEASICNT 2285y 7 ) UV FRERLTELD, EBRICE, 4+ O ARG RETN»S5Th5
o T, A8 ¥ ) YRGBT S, 2F 0, ARHAPKREL LD ENATr— FRLDEAETHRET LD TAN
v &) Y 7ERIZMINT 505, AFAPELICKREL 55 ERMEIIH 2 BEHES 2 5T OB R X0 i 2288005 B
SNRMEEBE B LIS RD, RBICETRTOAFAF VIZIE LA LT AVF %2 BRI ET 25 2 &% g
SN, ANy ¥ Y U IREIAMIIEA TS, F2T, ERT— S EBNTHILICLDIUNSIZROA Ny ¥ V7
AR 3 2 PR IR E L T s [13].

%:ﬂ exp[-Z(t-1)], t=1/cosé (10)
ZITC, QRRMCEEREA»SDAFATHL. ZOPRBRIIZOORAST A =5 FESIIERT—SZHEL
ThdDOND, FEBIZIZ, T AF TV EBAFT L ETEANR Yy 2 )V IBEPERICR L > TWAE D, ThEh
GITEZGZTNE LS. AF 2T OM#ETY v FiE, A4 A Y IEXe ZRESNLDOT, 22Tl
e \AF VBB AN Y 7)) ¥ FROMBEREEICOWTHBT S, £F, FICEFT2EBRE LTAD LS A
PVIRENT NS,

1-¢
=fi|1+25— 11
ff_(+ gj a1

ZIT, fEY AV RO ERTTH B F7z,

Thb. RIZ, HEBERKICHATIETHSL ZICEH LTI,
L= fcosf,, for 6, =90"-286.0y"" (13)

EIREND., ZIZT, Oop i3 - BAF VICBI B Ay ) Y IRORKMEE G2 2 ME% ERT 5. 72, Kl
OEEFAITHIET 2R IERICE I ICEZHN5.

R(O) ]/2
— U 14
17 ( j (14)

CZT, URO)IZTENT7 7 AEHETOPEHETF v LV ThAH, H2i%, FRFN, Mo & C 2HEWHETF L L2BE
DANY Z) U TRE Xe A F VDOAFNAEOMREZEL TS, AFAPKEL ZBIZONTAINY 1) ¥ 7|31
ML, WKMo MR, BHUCTAINNY 7)) Y FRIIFPD LTS, FIENET2CORE, AFHZALVTE—0

This document is provided by JAXA.



62

v L S WA T, AL > TRy 1) v FREAMICHMLTEY, BENTRVEZRT LA,
F72, X 10) 1, LEWHELLIZBWTOAEMNTH 720, LEWVEUTOAFZANVE—% b 5724 F v 25510
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bHLPEAy F ) Y THPFRETVDEIENDL, BAFHZANVF—DFIRIZBNT, A8y 7)) ¥ 7RO fERLF
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3. 8HUIC
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Application of MUSCAT Technology for Trajectory Analysis of Ion Beam
By
Shinji HATTA™, Takanobu MURANAKA *, Satoshi HOSODA ™,

Jongho Kim* and Mengu CHO *

Abstract: Multi -Utility Spacecraft Charging Analysis Tool (MUSCAT) is a software under development by
Kyushu Institute of Technology (KIT) jointly with JAXA. Its numerical engine is a plasma simulator based
on particle method. It includes both Particle Tracking method (PT), which simulates flux of electric charge
into surface of spacecraft, and Particle In Cell method (PIC) which simulates distribution of space plasma. In
order to simulate erosion of on ion engine grid system, not only simulating spatial structure of electric
potential but also simulating the flux of various particles into grid system is necessary. Therefore, techniques
of MUSCAT are applicable for grid simulation by expanding simulation of charged particles to that of
particles including neutral particles. As the initial phase, we conducted trajectory analysis of ion beam for

mono-hole and the numerical result is reported.

Key words: MUSCAT, Charging Analysis, Particle In Cell, Particle Tracking

1. (FUBIC

TGRS B VIMETFOERICBENT, ML LTORIENCEHTALEIIIHTFYIaL—Yar il
WAHIENHRTH S, KT v Ial—va 04 XE2RMZ 5720100, BT 2R TREHRLSE %
BIEHE I A POWREFN TV, SRR ORERN 210 I X > TUSHBEHSIERL>oH 5. i, Ui
THERFE JAXA 233 THFE 2 H O T 2 L HFHER BT Y — v (MUSCAT) 3R F¥Iab—Ya Vgl
W B CTH 5. [1][2]

T 3 2 L— 3 YIZid Particle In Cell (PIC), Particle Tracking (PT), W< D90 ENRH L. WITNOHEIC
BWTH, 1) FEESRET2EMOBMELED T TOMEBERTFOEB O, 2) G2 oN7HEREM L 22/ b of
BHT OGO T TR SNLBMUEEDORHE, 0% Ld 20085 % &, MUSCAT TIIEMEEL KD 572
DI, TNAROENT T AXIIK LT PICEZH, TN BB TRV I AR 2WM) RO HEIIET ST A
HRRZMOTVE, S5, BMAHERMICHEATSI LI THERTOBMAZILT S, THIZTT A~
VIal—va yoBEsr b 3BERGEOELIME S kv, OB LR HBT 5013 RERB~OBEMIKEAZ
FMET A LENDH Y, MUSCAT TIZZDFEICPT Z VTV 5,

—H, AF IV DT ) Yy FYRATFAOEEY I 2L —Y a3 VIZBWTHBHRS & 2 5 2B O BMHEEOT
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BL, ZOBEBMNBEEDO T TOMEN T OEBOHIILHETH L. WE—DOUHOEFL LT, MENTBIOHHE
KT0r)y FRE~OHZEE, H2icX L, HIEICE > THERI SNIBROZILOFRIH L. S 51,
B HEZE D ZEICANLLEN D 5. [3][4]

Z 2T MUSCAT OFEMEF L 7)) v FEEMFNTICER SN HMER 2T Z DB L, RWIHBEERSH 5 Z &
BHLRTHE. AF YTV VNEOT I AIDTNA K (B10 um) 137Y v FOREE (0.1 mm ~ 1 mm OF
B X057z, MUSCAT THEAH L TWA PICENARTH L. 72, PICHEICL > TH R ON-ENEED
TCHENFOEBZERL, 7)Yy FYATALHETL2EI T BB T2 PTENARTHL. EoT,
MUSCAT (2 STV A HM 2 TR 2 &8 79 AICHRT A2 LI X 5T Y v FBAICEET 5 2 L A5
HTH5.

DLEOWEIZA T Z, MUSCAT OB EOHEL LT [HREZ Y V=7 HESICHIHTE 5 GUI D% 25
Fohs, 2o GUIRERET Y Y= 7 2MER L7z B8 7V & H B TR 05 BIFS B 3SH FIC2#§ 2 ik %
fiizTwad (1), BAEMNT B TIEBATE T @Y 2 BUEFFNTAE T OVER O 72 DI 0 ¥ = 71T X S M Ay 218
HDRKDONG. BHAE RN DB TR RIS T 52 LIFEF L &V, MUSCAT IZB W THSE L7 GUI
ERETVERHERED 72, BUWAZEZMA LI LICEY) 7))y FHEFMTICOFIHTETH S (X2). [5]

R Tl MUSCAT Hiffi 2 271 v FIEFEATIEN T 512H 72> TOHE 1B L LTA 4 ¥ ¥ — 2 OB % 5
ML, €OBHEHEELRT.

Frame (1 | 6 6l 21006 | s puoss

i | B0 ] | 2000

1 MUSCAT ® GUI DEE X2 MUSCAT @ GUI IC& > TR L = 3 #
gy Ky 25 LBESTERTFOE

2. BIETIECICHBIFEE

2.1 BIFETIVOBE

A0V TREILRD2EDHHVIEI3EDOT) v FhH A+ Y E—2 %5 & T, BEETIEA— -0V
¥a—8%b-5TLThH, TOEYATAOKMMNEHBUIFHERM L I A bomkir5WEETH L. 2 THHEE
TVIZE N WHBIGR L RMERE, KRGO HIZH - 720725 THEEEIRT 5.

2.2 YEEFI

ARG TP AL B S A2 BRI —WE AT, MR OEE) & ZREMHEOMEIENOAZHHT 5.
rpERL L, iR R ORI OV TR E S ITPFEBTREYN Y v FY AT AORER L) ok
728, AHEOKHHOEMN TIIMELL A3 AW TE206THA. [416]

22 EMBEOFHTEL LTEIA 4 >, EFOMZBH§ 5 PICEZHWTW A, FEEHREZ BE RS
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B7:DIIEEEDE LA 7Y v Pt 2 KEH T 2 RERETOETRE LT, EFRBICV2ETE2MSHED
RUIFNER SRS, BHIREREEFLREOAZMEL TL2RIICBTEIAF VO ATERELEZRDY 2 (/M E
BT ENWREE %Y, RSO I A2 KIRICHNIRS 2 2 TR TH 5. PIC THW SRR I3 AREE
WCHEET 2 EHRL R EICHMT A 2 LS, HBIMICHAT 2 LX) F->Tw5.
PICHE%#EATIHICEETLI2LEDODH L, WEOLOOMEIIRT Y v HEXOBETH L. ZHIIFARZ b
VEEHWTWD., ARZ MVEGE S TR 2 mE 7 — ) =& (FFT) 2 A L CREGRRICE X2 %
HETHY, HTOLZAREDFRETH S, BHLBEREMENOIGZEZ I v FHEFERATICBWTHIE
WIS BELETH 5. (7]

BN TOWEZ B L, EERNORERC ) v FY AT ANOE EOHB T 572012, PTHEZHAWA. 20
FHETEAF VICATHERLEEZH VD 2 L3 v, F72, KFOEHZERMICHEED, WKKIH L OFERE R
AR R & V)R TIHET 5.

23 BITMNRETI

HATHESED SN TWDE 3K v FYATAZTRET S, T2, BHHEBANOBNL2S Y — 2 0B
(128, #ICEE R HINCIZ32 7)) v FETHZ & E L.

RN R OZEM % ETMET ZIIEE— 208 EMICRE R FNOZNZNIC, &2 F TEMITafEmics
D 5P RRET BLEDND D, WNCEE 2 IOV TIE, AFETIRENNRE LT 2 20RMBIRE TV ZRA
2. 1D BROBEMIG V4 fLE 2OELETIVTH L. [31 I [I4AFLET V] EUTTREMPEAZ EIZIT 5.
ZOEFVIZT YN FTHY, FEEKETO1 7)Y FOFTEZTFNLE (540 um) OREICRL I EHNTEX 5.
b)) DIEHAE 1 2L MR ADELETVTHS. Ik [EILETIV] LIFAZ LT . COETFTLVTIE
[VAALET V] O ARGOHEBE GG, 170y FOTEEZTNAEDO 2 ~3fF& Lz, KIZE—A0HJHIZ>
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Technical Issues Associated with the Development of the

JIEDI Tool and Plan for 2007
By
kkoh FuNAk1*, Masakatsu NAKANO™*, Yoshinori NAKAYAMA ***,

and Yoshihiro KAJIMURA ****

Abstract: A two-year plan for the development of the first stage of the JIEDI tool (JAXA Ion Engine
Development Initiative 1, JIEDI-1) is proposed. In order to circumvent the heavy calculation cost associated
with the three-dimensional analysis of multiple holes, JIEDI-1 focuses on the analysis of only one pair of
grid holes. Aside from some new code developments and related research activities by the workshop
members, JAXA will support the grid erosion evaluation code, which was developed by Nakano, for the
purpose 1) to share a recipe how to produce a grid erosion code, 2) to evaluate the accuracy of the code, and
3) to check the effect of input parameters such as plasma characteristics, neutral particle density, and
sputtering/deposition yield. Related technical issues, which are summarized in this paper, are also discussed
in the next workshop in January 2008 to complete the development of the first generation of JIEDI tool

(JIEDI-1 tool) in 2009.

Key words: Ion Engine, Grid Erosion Analysis, 110, JIEDI tool, Plan for 2007
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5. 2007 F£EDOEEN A

JIEDI vV — VO BARW RZEEE (F—7 v ) ERBEEEIICOWTA A Y ATRAY - 232274 —HNTikm 3 5
LD, 2006 FEEDT =22 ay TOHNTH 72, HES—7T vy VeA Ty D 0aR, $4bb, ul0 TIEB
FZ80 D7) v LD 525, Iho&eTrsy—47 v b L TR - LM 2 01%, 7 X o/
EPOATRETH D, 20720, BBILOWHIPER L2 LTH, rZrEILOBITICE S THSH ).
2, ALY 1ALEFOZ Y v F (2L, EVHIZo 12008 wiz7) vy FTLRWL, HbHwiE, 2D
7y RS L7z 14Lic2onT, 2 ZEELTEBLTHRY) THhoE LTH, RIICEHALALLH
2Rk A RUED D B 2 L ASb o 7.

5.1. JIEDI YV —IJLRE EDEE

BARSFNT 2 — PSR O 513, BN 0% % (PIC 3% 7213 Flux Tube #:0 &5 5 2 BT 52, % L)
2, MBI OTO YT ARBICLERI XN, REDOLDOERTF—5 (HARE (7)) v FEROHEE) 7
— %) OFRRR, MET—% GRCASY ¥ SN TOFMERT—5) ORRELR EPRIES .

ARER (7)) v FIREORMEE) 7 — & L BN L o, 7V v FIEERNT 2 — FEHE0 72012 0E T
5. JIEDI Tl 410 OIEFEEE T — 7 RRBRAIHZ O 7)) v PR E OREZRE L Twa2%, RiE21T79) 7291213,
7y FOBFHEAIIRT — 7 oz, %270y FILERO TS5 X</85 2 =% « hERTHRETF— 5 &, RERT
HESOEBREZHETAULENDH L. CNODOKMT—5 % ul0 7V v FIZOWTJAXA 2SR TILTETH S
(A5, A4 YTy VIR DT I AT X =% « R FHET — 7 ONFHIFEEL <, WERELHFH I T
HHH. TNIZMZT, LBEOELD2EHLZ 0D, EBT -V DRXODXE2FE LIZIEILETH 5.

T DIXHOE DML, BT TOELSL. BMEMINICBII2E560%1%, 1) 77 A3 X =5 R MEY
BF—r DXL & R Y, A7—% - BEREBOELDEIZEZ00, &, 2) ARIBOKT (X v a2) OFFER
FEAT FARLT- OB B B S 2 BB Lo, O 2 MEICHH SN THAH ). HERDIO E — ABHTIZOW
T, BIZIE, JAXA #ifi D beamlet EER [2] & 7Y v FEREZIKT LI LT, I—FERIET A ENTE 5.

5.2. JIEDI-1 £ JIEDI-2 : 2 25 v 7D —ILBIH

JIEDI Tl&, BUEMHT 2 — FOMSE (3 —7 1 ¥ ZRBMENT TEOME) 0AhZ o3, BMFHEORBERIES, %
Br—s LOBAEEEAEDIICEZ T POEETH L. £ 1ICEMLZREZBEROICHEL, HIZ,
Hayabusa-2 %2 EEEDA F Y Ty TR I v v a e T 5729, 2 A7 v ST 72y — V% (JIEDI-1 &
JIEDI-2, [XI6) #32FT 5. JIEDI-11, K7V — 7B 5 HMARHERIEE, HERDEAZT ) v RN Y -V
(h¥pa—F) [3] 24 Lz ECORRERI L ZWATLCHED, 14L77) v B GERRBER S (CHRE L CIATAS AR
FETHEZR Y — IV ESEREE S, EWVILDTHL. FHFI— FIZonwTIE, £ (b)) v— & LToiz sz
MCHED 72 BT, BAEANTREE OBGET R, MBT — & ST EANG 2 2 B Ol D 5. A3y ¥ EDTEER
F=F (F=FR=R) OEHLIR, A%y 7)Y TOHFLVETFTIMUIIOWTE, BEEORWEEHHATH 5.
Zofls, Ay ¥y r7EMO*EL, REETSIATEFNVRAEEETVED) 7, a— FEHEO KRR LD
FLHbT, 200841 AiCT =22 ay 7R L T, JIEDI-1 OE&FEFHL 2L S L9, MIEMEL#EDTW
{FRETH 5.
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B 3

(44 2 m# 7 ) i A G I EAEMAT JIEDI (JAXA Ion Engine Development Initiatives) ¥ — )V DWFZERFE T — 7 &
av 7] Z3EL TS S JAXA Y AT 288, JAXA 168 - 81514 JEDD ®> % —, BXUY, -7 ¥
gy INTHEDOETOERNEHOBELELTT.
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(1] HEHSEHA - By, A+ 2mE 7 ) v FOBFEBIRNE, JAXA-SP-06-019, £ 4 Y ji#27) v Nt AGREH
BABMRHT JIEDL Y — )V OBFZEBIR T — 2 ¥ 3 v 7 2006 SEEHE S, pp.28-31.

(2] BII=EY, Z4EmA 4 VMR 7) v Ly b EOBRSANE, JAXA-SP-06-019, £ 4 Yji#z ) v Fii
PR I BAES#AT JIEDT Y — )V ORFZERSE T — 27 3 3 v 7 2006 4 EEHRE T, pp.20-27.

[3] HHIER, A4 2y vy FIEEFI T — FOWE, JAXA-SP-06-019, A 4 YHi# 7 ) v FIFAGRE
M EALSRHT JIEDI ¥ —VOWFZERZE T — 27 ¥ 3 v 7 2006 4EEREE, pp.47-53.
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