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NOMENCLATURE
Symbol

A area

B magnetic flux density

C gas conductance

Cp drag coefficient

G ionization cost

D diameter

F force, thrust

G gravitational constant (without subscript), gain (with subscript)
I current
Igp, specific impulse

Ji rotation mode, current density

K rate constant

Ky y rate constant of the reaction between x and y

L length
Ly latent hear of water

M mass

N number
Ny Avogadro number

Nyal maximum number of valve opening within the lifetime
P power, pressure
Prodified modified microwave power

Q squared momentum transfer

R gas constant (without subscript), radius (with subscript)
S insertion loss

T temperature

%4 volume, voltage

r flux

A difference / error
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Nomenclature

Qo

fs
f(x)
9o

Ya
YT

€o

difference of the number of a certain particle in x (reaction)

duty ratio

Bohr radius
elementary charge
safe factor
function of x

standard gravity

Boltzmann constant (without subscript), momentum (with subscript)

mass flow rate
mass of electron
number density
charge

ratio

time, thickness
velocity

averaged velocity

beam transparency of grid

thrust correction factor
energy

electric constant
efficiency

angle

Debye length

mean free path of j: ion
Mass density

cross section, variation
period of orbit
electrical potential
fitting parameters

averaged X
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AG
APS

BE

Born

CL

DC
DCB
DCPS
DI

GOS

ICE
IS
ISO
IT

MC
MF
MFCU
MR
NA
NE
NPS
0S

PAE
PF

Subscripts
accelerating grid
Accelerating grid Power Supply
Bohm (used as vg for Bohm velocity)
Binary Encounter
Born (used as og,r, for Born cross section)
calibration
Child-Langmuir (used as J¢;, for child-Langmuir limit for current density)
driver amplifier for microwave power supply
direct current
DC block
Direct Current Power Supply
divider
Earth
Generalized Oscillator Strength
hydrogen
current
ice, frozen
ion source
isolator
ion thruster
main amplifier for microwave power supply
monitoring circuit
microwave forward to the ion source
mass flow control unit
reflected microwave
natural abundance
neutralizer
Neutralizer Power Supply
oscillator
propulsion
power added efficiency

packing factor
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PWM measured by power meter
R Rydberg (used as € g for Rydberg energy)
R] resistojet thruster
SG screen grid
SG — AG between screen grid and accelerating grid
SPS Screen grid Power Supply
T thrust
TANK tank
TH thruster heater
U utilization (propellant utilization)
VAPS voltage from accelerating gird power supply
VC vaporization chamber
WAT water
abs absorbed
acc accumulator
act actual
air air
ant antenna
b beam
bias bias
bind binding of electron
cal calibration (variable)
ct charge transfer
cycle opening cycle
d discharge chamber
diss dissociation
div divergence
e electron
ec electron cyclotron
ek electron kinetic
em experiment-to-model
est estimated

ex excitation
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exh exhaust
exp experiment
fin final state of a collision
freq frequency
gen generation
h heater
i ion
ic ion cyclotron
ideal with ideal condition
ie internal energy
ik ion kinetic
in input
inside inside
ini initial state
is ion saturation
iso isotope
iz ionization
j ion (variable)
l particle (variable)
life lifetime
m neutral particle (variable)
mag magnet
max maximum
mc mass-to-charge
measured (directly) measured value
mfr mass flow rate
min minimum
mod model
multi multiply-charged ion
n neutral particle
nk neutral particle kinetic
op operation

open

opening of valve
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out

pg
prop

ref

sam
sat
sl
ST
spc
system
th
thr
theor
tot
tri

val

wl
wr
X,Y,Z

KK

1D
3D
ACPS
APS
BE
BP
caJ
CHT

output

plasma

pressurized gas

propellant

reflection

sheath

sample

satellite

sheath to the axis direction
sheath to the radial direction

(quadrupole mass) spectrometer

system (used as Vg gystem fOr “system” Bohm velocity)

thermal

thruster

theoretical

total

triple recombination

valve

wall of discharge chamber

circular plane surface of discharge chamber
curved surface of discharge chamber

X- y- Z- axis

index of reaction

Abbreviation
One-Dimentional
Three-Dimentional
ACcumulator Pressure Sensor
Accelerating grid Power Supply
Binary Encounter
Bi-Propellant thruster
Cold-Gas Jet thruster
Cylindrical Hall Thruster

Nomenclature
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CPU
DC
DCPS
ECR
EEDF
EMI
EMC
FEEP
FFPPT
FM
GaAs
GaN
GHS
GOS
GPPT
HT
1A
Icv
I/F
IT
LIF
LPPT
MEFC
MFCU
MP
MPS
MR
NA

NASA

NCV
NPS
OBC

Central Processing Unit

Direct Current

Direct Current Power Supply
Electron Cyclotron Resonance
Electron Energy Distribution Function
Electromagnetic Interference
ElectroMagnetic Compatibility
Field Emission Electric Propulsion
Fiber-Fed Pulsed Plasma Thrsuter
Flight Model

Gallium Arsenide

Gallium Nitride

Globally Harmonized System of Classification and Labelling of Chemicals
Generalized Oscillator Strength
Gas Pulsed Plasma Thrsuter

Hall Thruster

Ion source Accumulator

Ion thruster Control Valve
interface

Ion Thruster

Laser-Induced Fluorescence
Liquid Pulsed Plasma Thruster
Mass Flow Controller

Mass Flow Control Unit
Mono-Propellant thruster
Microwave Power Supply
Mechanical Regulator

Neutralizer Accumulator

National Aeronautics and Space Administration
T AU IZE TR

Neutralizer Control Valve
Neutralizer Power Supply

On-Board Computer



Nomenclature

The Office National d'Etudes et de Recherches Aérospatiales

ONERA
7 Z o AESLE SR
PAE Power Added Efficiency
PIC Particle-In-Cell
PPT Pulsed Plasma Thruster
PTFE polytetrafluoroethylene
QMS Quadrupole Mass Spectrometer
RCS Reaction Control System
RF Radio Frequency
RJ ResistoJet thtuster
RV Regulation Valve
SPS Screen grid Power Supply
SPT Stationary Plasma Thruster
STP Standard condition for temperature and pressure
TA Tank Attachment
TAL Thruster with Anode Layer
TC Thruster Controller
TH Thruster Head
THH Thruster Head Heater
TMP Turbomolecular pump
TRL Technology readiness levels
TV Thruster Valve
VAT Vacuum Arc Thruster
VC Vaporization Chamber
VCH Vaporization Chamber Heater

VCO Voltage Controlled Oscillator
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Figure 1-1 The number of launching CubeSat per year: prediction and record (Doncaster 2017,
DelPozzo 2019)
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Figure 1-2 (a) Historical and forecasted parcentage of the mission of nano-/micro- satellites
(Doncaster 2017), (b) Missions of launched CubeSats and CubeSats in develop at August 2016
(Poghosyan 2017)
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A=)V RHAY =y FATAZFIFHPEM TH 50 2 IEFEERmLS, Fa—7 V%
v FThH, O RVEHNSZEASNTVWAERTAZ THD. HiHIZ 2 aAE b &<,
FTTIZE L OFTH BB, $ul EFEIEIAH SH. b r FRF O CanX-2 (Rankin 2005, Sarda
2008) ,CanX-4 & CanX-5 (Bonin2015) <° TU Delft @ Delft-n3Xt (Guo2016) , Microspace 7
POPSAT-HIP1 (Manzoni2015) 72 EMBIE L CTEHET BN D, ERENHEESITS 7 v bhidh
(SFs) , K, 7NVI L TIRXTHEHN AL LTHERH I, 7CIC#n e LTlRkiEESnd
LAULIZIR > TEY, Fa—T7 %y MW ATRER Y A XL LTREN RO L LTI,
VACCO #hi2 X % MiPS ¥V — XX GOMSPACE 42 X % NanoProp & U — X732 Ei3dh 5. %
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NFHR236fa, 74 L AHEERIE LTRY, RRECEHBEI N T\ 5.
122  fbEEHEdE

ELFEHEE T, LRI L o THERIOIRE LY T 52 & THODZHHERTH S,
FIRFRIC R E RV X— %D LN TE 5720, MONENRHIFFTE 5. K& 1K
AFGAL 2 RARATG AL, BERE—Z—, " TV Fary MISET LI LENTED.
2L, " A7 Uy Faldy MIBRBERE O N+l s T 67, EAkIE-
TV, F72, [FETRTORAT AL T, RGP CTRICHBET DAREMENH 5720,
AT 2 ERPELS 2D, TOFERL—RLERD, HE, AN E BITHELICH M
M BT, 2020 EBUEE TOB/NUER~OEFEITATED a— NV FHAY 2y P AT A
ZNZHARD LD TR0,

1 AT A%, 1 FEEOHEEAN T Ut 2l > T A S i & J8 4 S, gk
LN 2G0T 5. —T7, 21N A T 2 Z 13RE L BLFI A58 L, 2 & IRAET 5
ZEI R TR ER Z L, #NERAEIED., WL — e KRR TIZe §
TV MEL DDA, EHELDBREICE L S EEL DR OWHEER~0 ) ) B Z R,
HAN %, ADN F & W o e HEERIAFE S LTV D, /MR T Ic bt S Tl b,
S HIZFMERfERIED D I B L KB A o 72 1 IRV A T R 2 (Lécossais 2018) <2,
TN LR L EE A 572 2 AT A (Wink 2018) 72 ENH 5. BRI 2 A T
A B D PM200 13T CILHRICHEE SN TITS BiF bz 2 L BR@mE ST 5. (B LIES)
DLV,

[E T — 2 — 1%, BROHEER A& KL THED 2155 5T, AMVRHEER L LTH
ONOBFBINFIET D (Thrasher 2015, Asakawa 2018) . Thrasher (35 & L C AP/HTPB,
AT FA XL UTHBBRANY U LE AT HEEEA 1R, ERICHE I EFs &
WP L. BicFa—7 4y MEEOBLWEEEEZ 7 V7T 570, WHABETT
372 <, BRI S ZHOLZEIEEDPNHAIAENIGEEE & oo T2, E72, Asakawa D]
ICBWTIE, Ae o mEas ) o LR L T HERE—7 =& REL, L—F—F KT
REBFEHAL T L — — %5 Z LIC L ReEERIT O L, REKEESE
LTS e S CWD. — T, E~OHBHITEA THRN., —EEKTLLIEED
R WERE— X — DR L HEJEIRN TN CW R E S ICE > T LE I F2a—T Vv |
RN R OEMNE— AV FOIRSIL, HESENZ L —RIZH TN 5.
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1.2.3  BBEYINLE

BENNE L, BRT R X—CTHEARIZ BN L, ZORDEN T L —%HEHITE X
% ERMMERE TH 5. BEILEDOPELEE 1T L F— (2L D 72 D NN T K O
HEERRE C, ERHEE D P CIIR I HE N MK L, HED DB WHEE T X THh 5. BEUINE
ROREH2HEERE LT, VOA M2y AT AZ DC 7—27 Vv hATAHN
D, FIEFILEEBEICL DT T AL o TREZIMEL, K/ Avd LS IxwE
I ANVERNTHENZERT 2AT ARSI TND., 2055, DC 7T—7 Y=y b
AT ALK, EDOFE B L-LvsE <, INEHEERS A~ DO EHERY 2208 IS ST 720,

LYOARN 2y AT AR, a— L RH AT =y D) ZVENTINEE 2% T -6 D
T, IO HEMABSHETH D, HAZIMET 2 Z & THRPYIZIE 200-300 FIREEE D ELHET)

ERTED. /MRS LEFa—7y MIERATRER A X TH W< 2004
WdH., o, KeHWZLY A M=y FHHFEESNTEY, AeroCubes-OSCD-7B & -7C
Ik BHE EIRERNEE STV D (Rowen2018) . /NUHEHEME L L CORSIZ=—/L KA
AV oy MaBEENGEZ TH DL LIZ, a— LV KT AT =y MRS EEWIHE ) 252
BTELHZLTHD. —FH, [UREZHEER & T 55812130030 SET ADOMBERFEAEL,
IR ZHEER) & T D85121%, KR BEAE S BREIC 72 5 2 L 3% 0. il 213, UK-DMC O
WE _EAFEEI DY (Gibbon2004) Ti, HEMEREAREE Y EAZRi- T2HIK & LT, kD
AKPEH L TCLESTEAREEDNRBEINTWD., £, i1t a— LV RTAY =y MZ
D E@mndg, oESHEERIZIE D LRV, B RV U EREFER TR ffibh
LHEERNL, #b 22O E b H B/ NV RE TIIEH S,

7T XL o TRIRZNIET B HEERT, B HICE AP (Radio Frequency (RF)) L <
L% 1305 (Electron Cyclotron Resonance (ECR)) JEMZ K> TF' I X~ &KL, 73—/
AN LIER S ANVTT T A EME L THNEZ/L DO TH D, WHEIXEN
VURKFHI L o TRELSZ LT 23881042 500 #0725 1000 FIRRE A BEE & L TEREFS
NTWDEDNRE, PNRHEREE L L TIE, LY A Yz v MCHRNTEWEHE S 2 EH]
LoD, OBESKHEEI LT RERMENZHE L7700, HEH LTI DOART 20 )
RTCHRDH L. £z, MG L LTI SIZEEMETITR L, 2 RF A7 A X DEEITME
LA VIR TRFEREZEFT L7200 LW fliFERe b DT 5 (Greig2015) . —iK
SR E LT, ML LEBRICE LSRR TR > TS ZERHESNTND Z &
WD, £z, ECR MEAAEHWL56, /INYEIZ X o TRICHOEB OREE 23 BT gk L O BR
A2 70 0 AEEh S EE LD s S 40T D (Packen2017) . HEREAI & L CIE@IET A DT v
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T, R UEHOWCAIEBBINS L, BES A IR RREELE 5.
1.24 BEINE

FEEMETY, HESHICL D7 —n v ) THEERI A RS 2 Z L lc k> THED 2155
X T, BEINRIZLE AR TEWILHE N 23T 2 Z &N TE 5. KEHE CReb b T

HESHED HTRT, A AV ATAZBIOR IV AT AXREYET 5. £z, Frio/ N
HERE DB N KA IR HEERE D K E L CE= L7 hu A7 L—RAF 2 X B L FEEP (Field
Emission Electric Propulsion DIEFR) 238 5.

AF AT AL, ERHEEE O CTH R IHE 23 E < (3000 #21E L) |, Deep Space 1,
Dawn, IS5 R ERFHEEA CORMABIOZ VEKHEEK TH 5 (Rayman 2000,
Rayman2006, Kuninaka 2007) . 77 X~ DA FIEIC L - T, EtKEEX, RF £ER, ECR
MBXD 3 DIZKBI SN, ENEIUT DN TERNFZITEHE e/ YA XD AT A X R
FREINTND. ERKERA 4 AT 2 X o/NUHEER L L CiE MiXI (Miniature Xenon
lon thruster) 23RFHY T, 20-100 W IZF W THEERDRIT 50 %IF & & RIAUHEE &L L~ TH &
F EBEAIRMERHRE STV D (Witz 2004, Dankongkakul 2017) . —J7, /NMRIZEI$ %
EHE LTHEEO D Y — R, BLOHFMgE LTHWDSRe—h Y — RO/NUER BT
HILTW % (Stephen 2019) . RF ENXD A A AT A& L LTI, FRIZHIETEBEDLR
FENRFRETHY, ¥t/ AGE BHERBBETE 53 v EEHWIZIENZ < Thh T
% (Grondein 2016, Tsay 2017, Holste 2018, Dietz 2019) . $¥/Z BUSEK #:® BIT-3 /%, =3 ¥
RuEeER LT L CRETAORMEL I LI B, g é LThr—0 Y — KT
72< RF EROTRZREEHT 5 LIz kv, (KERCTOERNICKS, 3 Tl2 2U OEY
2— /e LTT774 METL (FM) MFERK L TWAD (Tsay 2017) . b—Z LA /UL A}
37kNs 7 7 A LB TRK L TNADEY 2 —LE LT, bEWETEZHL TN,
INVRIEIZBE S DR & LTI, 3 v F & W D HEERI DO, 22tk o M AE Rz =03
L RNWe DA F R T A R EFH LSBT, 2R E B RKEWN QU T60 W LLE)
BRI ENRHD. UL, mEHE ) o/ MHEER & L i3z B %5 ECR JNEA, FEEP &
ANTHENRLEDTHD. ECRMAXA AL AT 22L& L LTL NFERES), NEXRSS 2)
TEM &7z n10 (Kuninaka 2007, Nishiyama 2016) & Hfngs & ~~— A & LU CTRI%E S 7/
A A AT A K (Nakayama 2007) 738 V), € D HEUKFETHYE S 72 MIPS (Miniature Ion
Propulsion System) 7% 50 kg #kf#7 2 2 # COFHFEIZHKEI L T\ 5 (Koizumi 2016, Koizumi
2018) . UL, #EEANIXE / U BHNLNTEY, 50 kg OFRIZHEF ATRE/R 4 X T
TH2bDODE B L/, Fa—T7 %y MEFITE L. ZORMBEEZRRT 272012
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BRINTZODKEHEER L5 A 42 AT A F (Nakagawa2019) THRiH LD TETH 5.

R NVATABZNE, AF AT AZZH_TEWHE B (50 mNAW 12E) & A4
AT AL LALLM (1000 #I1F L) OESHERT, | - KAEEDZ <
O JE rEE 2 TR &4 T D (Lev2019) . Stationary Plasma Thruster (SPT) % & Thruster
with Anode Layer (TAL) (Z KBS 5705, /NHEHEER & L COMZEIE, FI2200 W 2R 5
L Y® SPT BUITHAIZE Z bt T b, il 2 1%, Conversano H T K-> TR 7z
MaSMi 2 U — XX 300W & #—77 v MZBHFEPIHE D, 200 W LU EOFEEICBNT, Ar—
B Y —R& &b 2 21TV 50 %t < OHEHER R 2 3/ L TV % (Conversano 2019) . Z
DENERIIH 2 1E & © KA NASA-173Mv2 Hall thruster THA S 40TV % %05 (Hoffer 2006)
WZHEARTHERERZNVEDE WD, —FHT, 6705/ NMULBREE R WERIE, Aa—7
V= RO/PNUEREE LW ER R E LTHETOND. £, BHEEEMEVGEEIZS T
DIRBBLRN, PNUDR—/N AT ZAZZENTHE I TEY (Mazouffre 2019) , /Ml %
FHEZr—[K & 72> TV D, FrI/NRYRITHE A 2 TAF9E & L Tid Cylindrical Hall Thruster
(CHT) 23% % (Raitses 2010) . /ML Z[HTr—KTh 2 FLEZHEL T, MfERKE LTwn
LD EDRFEAITH D, 100 W RREE CTOMFEIAAIRECTH 2 Z LIdom Sa7zny, R0 & Hm
(R R IRE LR DB S L TR W HFENED H LTV D (Shi2018) .

TV FRATVL—RATRAZL, AT RIEE TN D HE M ORI T @B 2 D
FTHZETAA UM (A A8, 2vA R) Z5l&HkE, MET52 & THNZ255
HEHERE T 5. AIIZITERD E o= I v X L 20l Bigh 50 OfICEELE %
MITFHZ LT, BlEHLEZHEETSH. 2D v ¥ % Micro Electro Mechanical Systems
(MEMS) i k> TESD Z & T, @EE» /NIRRT L7 ha AT L—A T 22 HE
BLCTE2 L9120, Frlo/MVEHEERK & L THFFE ST % (Lozano 2005, Krejei 2017) . %
7o, BEREEREC AW HEER S L ToORED H Y, ESA OfFfE TH % LISA Pathfinder (2%
B SN %E2 B 5 (Hruby 2018) .

FEEP |%, A v YU L, BT A, LED T LR EDORKEEZHEER & L CHWAHEE
BT, mEEICL Y =y ZREIZRFTRICEAT 2 MV/m A —# —DEHIZL > T, @/
JR A 2R DG EHNTIET 5. 2 DOBB % Field Emission & W\, fd OBEHIZ/e -
TW5b. BRANOA A EFI & AR, FRI/NUHEER & U CBBEBSED STV 5 A
bV FrAT L —RATAZ L{HHEo TWD, fRFEMeH DIZ ENPULSION #:0 IFM
Nano Thruster 3% ¥, > A7 L8105 40 W FFIZ 350 uN OHET) 232 LTV 5 (Reinesser
2018) . HENFE LT 8.8 mNAW 1E & & — AR A A AT X7 LIERTHRWA, M
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7313 2000 725 6000 b & @ <, ANVUHEER L LTI bEWETHD LA D, TSI
U YA XDEV2—/L & LTORESKET LTEY, 2018 4FICITHuE EEEN#HE ST
W% (Krejei2019) . /M LIZIW T, NG OBRITINA T, oHEER & ~TO
L bEOEEREE LERTS 2 EBRDOENDERDH DD, VTR BEIED & = AR
BUTHE Sh T,

1.2.5 ERINE

BRI L, 77 XA~vhzfih b EBimad Hnica — L Y 2 Ko THERER] 2 9
HHEHEF R TH D, KO L L CiE, MAKR T 7 A~ 2AEMLIZ0b, BEEREGS
B OB Z AN TR 2 27 22 NE LRI TWD. —J7, IREHRFICERAS
TN T DT T A EEN TR o THEIEERDNE L TLE OMEN Y, NRKIZIEm
TN pu, ANEIREERE & U CIE, K& < Pulsed Plasma Thruster (PPT) & Vacuum Arc Thruster
(VAT) O ORI TnD., EB 6 b AREMI/NULDR RS Th D 2 & DFHET, /MY
HEMERE DM FEANII 2 5 2 <WFZEA 7o ST & 72, 2 2 CUE,PPT & VAT ICDWTHY ki 5.

PPT (3,2 M@ ELEZ 20T 5 2 & T, BEAHEEA] (3212 PTFE) O ECTHREL %
ASHE, MNCERICED B CHERE LEBRE O — L Y ) THN 252 HEER TH
%, A LU NE S T, N E L CORFEN L < 72 S TE = (Pottinger 2011,
Colletti 2015) . @EEEZ/ SV AITED 2D, RERA LT UV BUEITIR D A, BEF kKA
7 7 ADEIBPIEAD T2, Bl ) A ARRKE FHEM & DT WM 5 A, 0k
LAEENC K D EMCA 7 F A & OFFED, NUZROTHREL 228 Th D, £72, FERHE
HAIRIZHI 0 2N OHEN ZHT L9 T 20, BEEZEEOEEMGET D720, iKEs
T2 EOREEZ LD ENTET, BHTE 2HERRITIRY 23H D Z LA KRE 72
BThD., ZOMBEEMRT DR E LT, RAHEE A IR A 2 s L oot %
179 3T 5 Liquid Pulsed Plasma Thruster (LPPT) (Cerstin 2003, Koizumi 2003, Rezaeiha 2014)
X° Gas Pulsed Plasma Thruster (GPPT) (Ziemer 1999) (2% C, 7 7 A 73— _E® PTFE % i
ARG 5 2 & Tk i e HEMEA 45 2 W REIZ 9% FFPPT (Fiber-fed Pulsed Plasma
Thruster) 72 & (Woodruff2019) 2424 SV CTHFZEATT DIV TU 5. LPPT OURIAHEEA & L
T, o UBZKERDBFFE ST 223, 2000 FELAREIZ RICTAKRDN KRS TR Y, 724
B =R A N T LB E LTET BTV D (Rezaeiha2014) .GPPT & L CIET /L
TR Ft UL I N T E T2 (Ziemer 1999) 23, ITHIIRRAKHLIE T D22\ A A CHE
R & L CORAARE L 2R FihiiiAR &35 GPPT 72 & b ST % (Skalden
2017, Schénherr 2018) . LPPT, GPPT & & (% @ PPT (2t L CHHENITE L, B H=0 @
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A VA E Y b (HENTARY) MRS e 2D B 503, HESRhER & LIRS EofE
B Q0%ERE) #HLTWD L 0L H 5. FFPPT I, [FHHTL PPT (FF.CMCBEHER, J& I [
ZRLE) T, P OEHREND 7 7 A N—FHEEA S L THWS X A T D PPT ThDH. T
TICRFRH OB EB 2R L TR Y, BHEPEALTND LR 5. R, BIAED—R
YA TFAZNKST, A 7T A ZOEFEL S K UAFE A FE8L L T D 803 B Y
T2 (Woodruff2019) .

VAT (Vacuum Arc Thruster) 1%, MR E Lz HEEEO OIS 57 7 — R ESNEE
WCHDH0 Y — FOMICHELEZ L THED 25 5K TH 5. #EER9IZIE FFPPT <C[R]d
A1 PPT (Schonherr2018) &3iTWV H D3 U, 1990 AR DOAFSE T, “Pulsed Plasma Accelerator”
IREEMRRLTWE L DL H D (Lesnevsky 1999) . Z OFEFRIL PPT OJFELFIE TH KoM,
Fl—flInTnwiztlbhd., RERENE LT, #EA L LTTEICEBERIHV LN,
2010 FRDOMRFMRIFIEFI TH D nCAT TIETF ¥ o= v ViRl & L CTHWLRD
ZEMBW. L, BRAx REBTOMERRHY, 7o lh, v TX TN BT AT,
22 EOIGEED D 5 (Polk2005) . HEEDI=RITE < 72 < 10 %ITi 72 72 WRREE, HET)
H 1 uN OA—F—Th DN, EFIHEN L T2 b L EHNREEE NN/ NS N
DD, BRI HEERE E L COBEBIDIIFFE TS (Kolbeck 2019) .
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1.3 /NEIHEERE A~ DER

12 §iCRTE-X o, B/IRfEE « 2o —7 %y MIEEATRER YA X OHEERE DT
7%« FIRITIE TN TEBY, xR Z 4 TOHENRFEZ SN TNED., L LRns, K
(¥ 2 =Ty hA~DERE L L& &I, HETHERE LT T D 4 AR T 5.

M o 22 22k
HEMERIFE R R DI T
HEMERE 0O A

) & HE ) OFNEANEE L\ b

Hetitk s L CoRetiL, ¥2a—7 Vv Mo TR bEERMEDO > ThHD. Fa
— 7%y FOFFHEAO—2IZ, EHE, (K= A NTHRETLIZENH, "M U AT
v a VR LT W &, BB ADERERMRNZ L L Wo e DAY v MEAR
ML T2, #EEEROREMEZSKIC L CHRETHZ Lid= A hoBMEEREL, AV
v MRV RV, Fo, HERIZIZ ORSFERE CEHERMFHRE R DL 2 R —X
YRETHY, a R MRRER Y Y — AR RSIHERT D2 L2 5. BIE, EREFEHAT —
va b OMEICHEER A SR 250, SET ANE S0, NTH L TEENH D )
EYD, BEMERHDMNE IR E MR L, A FHICHT DRI NER AT HHE
WL, HEEICE L T 056, BRMEO Y 27 L2 5 DOIFHEERITH 5.

HEER DL EMEZ T 2720 DFEE LT, 22T RICHVWONRIETH D
GHS (Globally Harmonized System of Classification and Labelling of Chemicals) % & A9 %.GHS
PR O KR ORRICET G 27 A LIRS 41, 1992 FITHRIRE =T ¥
=V H 21 BV TED bV EBRANCALZ 5 O fE RO E O R ESC K RNE &
— T DHETH D, EEEEAIZ L - THERENED I 2020 4 3 ABITE, 2019 FEIZED H
T8 8 MR i T % (United Nations, 2019) . MBI AR falirt, fEFECxH 24 FME, B
BECHRI T DR EMEZBABNCEHME L TRV, Table 1-1 © X 2 IZHifbEnsg. Zofsx
&2 1.2 TIY BT HEERIZDWT, A~ — RO & FEli L7- & D % Table 1-2 (277
%2 < OHEHERIDBMINL O — REFFSTEY, L0V 7 E=T, E KTV, I U
F, WBIEAKFBEIZ O —REFFSTNDLZERDOND. B KT VU OEMEITRIZH
SHERNZHES 2 A REKRIZAR 720, B/NMURRE CIEE@EEH SRy, oy — R
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DI WHEERN T B E T ARB LA, 7 A PTFE, K, A4 ALK ENRH 5.

Table 1-1 List of classification of the hazards in GHS (United Nations 2019)

Physical hazard Explosives

Flammable gases

Aerosols

Oxidizing gases

Gases under pressure

Flammable liquids

Flammable solids

Self-reactive substances and mixtures

Pyrophoric liquids

Pyrophoric solids

Self-heating substances and mixtures

Substances and mixtures, which in contact with water, emit

flammable gases

Oxidizing liquids

Oxidizing solids

Organic peroxides

Corrosive to metals

Desensitized explosives

Health hazards Acute toxicity

Skin corrosion / irritation

Serious eye damage / eye irritation

Respiratory or skin sensitization

Germ cell mutagenicity

Carcinogenicity

Reproductive toxicity

Specific target organ toxicity single exposure

Specific target organ toxicity repeated exposure

Aspiration hazard
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Environmental hazards Hazardous to the aquatic environment

Hazardous to the ozone layer

Table 1-2 List of propellants and hazards by GHS

Propellant

Hazards

Propulsion

Ammonia

Flammable gases: danger

Gases under pressure: caution

Acute toxicity: caution

Skin corrosion: danger

Eye corrosion: danger

Specific target organ toxicity single exposure: danger

Specific target organ toxicity repeated exposure: danger

RJ, MP, BP

Argon

Gases under pressure: caution

CGJ,RJ

Butane

Flammable gases: danger
Gases under pressure: caution

Specific target organ toxicity single exposure: danger

CGJ,RJ

Cesium

Substances and mixtures, which in contact with water, emit
flammable gases: danger
Skin corrosion: danger

Eye corrosion: danger

FE

Dinitrogen

monoxide

Oxidizing gases: danger

Gases under pressure: caution

Reproductive toxicity; danger

Specific target organ toxicity single exposure: caution

Specific target organ toxicity repeated exposure: danger

BP

Hydrazine

Flammable liquids: caution
Acute toxicity: danger
Skin corrosion: danger
Eye corrosion: danger

Skin sensitization: caution

RJ, MP, BP
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Germ cell mutagenicity: danger

Carcinogenicity: danger

Reproductive toxicity: danger

Specific target organ toxicity single exposure: danger
Specific target organ toxicity repeated exposure: danger

Hazardous to the aquatic environment: caution

Hydrogen Oxidizing liquids: danger MP, BP
peroxide ¥ Acute toxicity: danger

Skin corrosion: danger

Eye corrosion: danger

Carcinogenicity: caution

Specific target organ toxicity single exposure: danger

Specific target organ toxicity repeated exposure: danger

Indium None FE

Iodine Corrosive to metal: caution IT, HT
Acute toxicity: danger
Skin corrosion: caution
Eye corrosion: caution
Skin sensitization: caution
Specific target organ toxicity single exposure: caution
Specific target organ toxicity repeated exposure: danger

Hazardous to the aquatic environment: caution

Tonic liquid ®  Acute toxicity: danger ES

Eye corrosion: danger

Nitrogen Gases under pressure: caution CGJ,RJ
PTFE None PPT
Propane Flammable gases: danger CGJ, RJ, BP

Gases under pressure: caution

Specific target organ toxicity single exposure: caution

R236fa 9 Gases under pressure: caution CGJ,RJ

Eye irritation: caution




46 1% i
1.3 /NMEHEEREA~ D ZIR

Water Corrosive to metal: caution RJ, IT

Xenon Gases under pressure: caution IT,HT

BP: Bi-Propellant thruster, CGJ: Cold-Gas Jet thruster, ES: Electrospray thruster, FE: FEEP,
HT: Hall Thruster, IT: Ion Thruster, RJ: Resistojet thruster, MP: Mono-Propellant thruster,
PPT: Pulsed Plasma Thruster

9 Depend on the consentration

® Almost all hazards could not be judged due to lack of data

9 1-ethyl-3-methylimidazolium tetrafluoroborate

91,1,1,3,3,3-hexafluoro-Propane

BT, HEERIBHEOK TIZONWT, F2—7 4% v MIZOEBENHIKORKE E0nb
HEHEAEHENE LK TFTT22 0805, 7Ty, BH, &/ R EORICEED A
RUTZ DOHIRPEE T, MEEELD EROLT F—F A IV APNESL > TLED
Z ZTHY BT HEERIC OWT, RE T HBROM, G DEROM, BERB LU S
% HEMERS 2 Table 1-3 127 L7z, 7 & 2 R236fa I HLERIUIRE ) THRALIRREZ RS Z L3 T
X D12/ NHEERE T 72 & WX B3, BEIEIL 0.6 glem?® FRJE L HHIRAVIKR D TH 5. [EIARHE
HEHITH D PTFE 22D F T2 PPT & VAT 22O\ T, RO HIFID  HEERIFEH
BNDRL DT LI, TTCICBRAEY Th D, BEL V) S TIEHBEND, BEiRO
FEMBT DRICHERR DD, IFMEELE VI R TIEA VYU AL A TRITIKREREL R,
POWRM S L IIXMA TG SN DT DBEH LA TH L. 727120, 4 T U LDOGE
TERHHEE TOME, I VRIIAELRDO R T 2L ETOMBNAES TIERL, FigAa
> L (FEEP) O S I3HERTIEICHIR AT 5.
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Table 1-3 Stored status, feeding status and density of various propellants. Stadus and density are

based on the standard conditions for temperature and pressure except for specifying ones.

Propellant Stored status Feeding status  Density Propulsion
Ammonia Liquid Gas 0.596 g/cm? RJ, MP, BP
(1.16 MPa at 30 C)
Argon Pressurized gas Gas 1.784 kg/m? (STP) CGJ,RJ
Butane Liquid Gas 0.6 g/cm? CGJ,RJ
(0.21 MPa at 21 C)
Cesium Liquid or solid liquid 1.93 g/cm? FEEP
Dinitrogen Pressurized gas, Liquid ~ Gas 0.913 g/cm’ BP
monoxide (52.4 MPa at 21.1 C)
Hydrazine Liquid Gas 1.013 g/cm? RJ, MP, BP
Hydrogen Liquid
Liquid 1.45 g/cm’ MP, BP
peroxide Gas
Indium Solid Liquid 7.31 g/lcm? FE
Iodine Solid Gas 4.93 g/cm’ IT, HT
Ionic liquid Liquid Liquid 1.28 g/cm? ES
Nitrogen Pressurized gas Gas 1.251 kg/m? (STP) CGJ,RJ
PTFE Solid Solid 2.13-2.2 g/em’ PPT
Propane Liquid Gas 0.493 g/cm’ CGJ, RJ, BP
(8.53 MPaat 21.1 C)
R236fa Liquid Gas 1.36 g/cm? CGJ,RJ
(0.27 MPa at 25 C)
Water Liquid Gas 1.00 g/cm? RJ, IT
5.89 kg/m? (STP)
Xenon Pressurized gas Gas 1.1 g/cm? IT,HT

(at 5.8 MPa, 17 “C)

BP: Bi-Propellant thruster, CGJ: Cold-Gas Jet thruster, ES: Electrospray thruster, FE: FEEP,

HT: Hall Thruster, IT: Ion Thruster, RJ: Resistojet thruster, MP: Mono-Propellant thruster,

PPT: Pulsed Plasma Thruster, STP: Standard conditions for Temperature and Pressure
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HEEERE O PR, R ICHZOA N CTEBICHEM T BRI, 2L LTRIC LR
WX DN ENRENZEDH L), LWVWHRICHATLIMETH S, #l2E, —&KicavHE
ERWHEEROL A, I URERESET ) 2T, TOREER - T2
572, VEEIRFEEREE I E LW EIRI 230305, F 72, PPT <° VAT [ZBRRFAYIC R EE R 23 L C
HlET 2 HEEH TH L DT, HIZEB: 2 A4 X (ElectroMagnetic Interference (EMI)) @[ %
R DLl D. £lo, A A AT AZX FEEP 72 CEi O B 2 v 5 HEdER I

HEBIENDLDOMELEBETRENLTHD. ZNHOMEE, KE#E THIUE, ML L
7o B\ 24 %, ElectroMagnetic Compatibility (EMC) #Zata TEICRB 2729 7 & TR L C
ETMETIEH P, HHTEL) Y —ARRONDFa2—T Vv MTBWTE, xRN
—BHELL 2o TWAHTD, HEEMAKRDL LIZETEY 22— E LT, MRBTETNDE D
EPIETH S.

RIZIS, mHHE) EEHENOWNITZE S ZE S 1 DOATAZTITH ZEIIAFRETHD.
COBREORLHES, BN ZRD DI H LD, KAEE CIIEERH DA T 24
& RCS AIDAZZAZ L) KO, BIOHER AR Z N Th D, Fa—7
v MZBWTR v a YOEEICKHET 272120, @) & @ Z2msid 5 X9
RHERE S X T 3RO B, BUROBIEBIE, @I AT XA & LG 2T 2 2 & j
DAYR—R N LTRHOZ ENRELRD.

INB 4ODDEREZE AT D 2T, HENRELS, RERI—=Z VA V2% T DHE
HEREICRI L THE 2 5. 2020 4 3 A BUEO/NIHEERE OB RN AR EZ D &, LFD 35D
HEMERE S, FrlcMEfEm & L <X ERRZREICB L CORRFEHN L L, @) o/l
HEEOR L Fw—0 L0 5 DHEMERTS L5 2 5. BUSEK fLOBET 23 UHFA 4L AT
A4 (Tsay2017) ,ENPULSION #1: #5532 IMF Nano Thruster (FEEP) (Schénherr 2019) ,
CU Aerospace -0 L4 % Fiber-Fed PPT (Woodruff2019) T& 5.3 DD E Y 2 — /L DIERE
IZOWT Table 14 (ZF & D72, IUFEA ALV ATAXE, T TICFMOBRERETKRTLTE
0, FEA 72 BB % 384 Technology Readiness Levels (TRL) 6t O TH D, Fa—7
By MIHEHATRRZR A ADOATAZ L LTUIR BRI M—F A LA EEBT 5
ZEMTEDL., T, BHLV-OUI 6 UDXa—T7Hy MIEHTLIIEEHOD 10 W &7
STND 9%, BEMIZHODH DI VFEELFESTEY, FEEGERFHPHE LN &2 EHY
PN &S TN B D &\ 2 . IMF Nano Thruster 1%, 9 CIZ#IE EEFEN KD -
THEH (TRL7) Fa—T7 v MIERHATRERESHEERLE LT =211 7L ADE T
HKOMERDENENZDHDTHD. HENENHLS =2 A VA EOMREIT S ¥
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FAF L ATAZIZEDN, BOBOOHE TIEIRERAY v N &R, BEESCH I
LU CIETEMICRIEN AL 2 2 AEEIEH 203, 50 L ZAHEF <AL LTHHW
RFTWNWATF AKX ThHhDH L% 5. Fiber-Fed PPT |, IMF Nano Thruster |ZiTVMWEREZ FEEL L T
W5 9 xIT, #HEERIDY PTFE & W) FEFICLRRER TN VW2 Z 2 TR BT,
H EERBRAHE T LTHY TRL & LTI S HHETH D, 7272 L, FEERITHAAATZERD EMI
OREIZBE L TIEET 2L ERH 5.

Table 1-4 Propulsion systems for CubeSat which are regarded as a benchmark of this study

(Tsay 2017, Schonherr 2019, Woodruff 2019)

BIT-3 iodine IMF Nano Thruster FFPPT
Power 80 W (max.) 40 W (Nominal) 48 W
consumption
Size 2U 1U 1U
(180 x 88 x 102 mm?) (100 x 100 x 82.5 mm?) (100 x 100 x 100 mm?)
Thrust 1.25 mN (max.) 350 uN (Nominal) 240 — 380 uN
Thrust-to-power 15.5 mN/kW (max.) 8.8 mN/kW 6.0 mN/kW
ratio
Total impulse 37kN's 9.0kN s 29-55kNs
Total impulse per 2.29 x 10’ N s/m? 1.09 x 107 N s/m? 2.9 x 10°

volume —5.5x 105N s/m?
Propellant / Safety  Iodine / High risk Indium / Low risk PTFE fiber / No risk
Acceptability Heat problem None EMI problem
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141 H#EH L L TOKROEMM: L BE

IOV o FICE S, BRHEERIO—2 L LTKRBIT oD, KiTLZEMED
I CHFIENTEBY, =& LTHETONZE&REREMEICONTY, BfEeE
IRl D & S K D EARABET D 2 &, AKICH L ClitE a0V ig 2 AT 5
ZLILE ST, RIRT D ENTE L. K TORFED AIRER 720, ESFRITED b,
F—=Z A LSV R FRITH D, RO E L CRIEIC B35 OIIK OB E X
OVEEMC L 5B, kit Th oA, Z oM L T CloHiil L7 ®hikEE EiF 5
L TRKOBHENFTRETH D Z &, ETMERK L BGEREEZ L TEY 2 — L DAL THDIL
FEPFHETEXHZENLIVA 2y bD IUEY 2—/LIZBWTOREN TV D (Yaginuma
2020) .

EHIEAKRERNDZEDAY v ME LTE, AAFHEE L OBMED S S RCHEFHIC
BT OEWIEHORTREMEN &1 HALD. BIfE, NASA,ESA,JAXA O /) CAESY — FU = A
DOREZNPFHE S ND 2 Y, BEFEAT - a v hORORAT v 7P~ ERHENR £ > T
W5, ANFHEEICBWTOKIZMNERIRRED TH L2, HEEERLE LTI 2 E S
PP LT RTHART 260 THY, FIFICHD Z L. 612, ERICEHBEFH
AT —va r~OKRMEEFROFR HIARITFE M S, BENR W ERERINTND
(Yaginuma 2020) .F7-, —ixB072 M ABEEMK ST REHEORL D, tALE LTORE
HEROONDIAEADI v a BT, KPHERTHLHZ DAY v MIFEFIZK
TV FRERAIICA b LIIIRFH~OEREZEZ 5 &, H TOFENMIEWE LT L& 2
ENDEKREFAT L ZENTE 00T, B THER 2B cE s L 2BIRL, K&k
FlRERD.

KEHEHER & T DHAITHERR 2 ST 2 b OIE, REWEBERL/NIWSTRETHS.
KIZKRE RN (244 MI/kg) 25 5, HEHIRIT R OHEER, Rl EEINER D B HEE D
FIAT2BIC R E 2REIC 22 5. BIZIXFIROKOEIL 412 )/gK TH Y, BEEIRAED
KEBIBELE 600 KDDL DITHYTHTRNX—%2HETDH I ERNbD. MoK, f#i
ZIET X ) — VB W TIRIEEAD 0393 Mi/kg, LWER 24 J/g K THDHZ L aBEz D &, It
BT DWEADEIENRKRE NS 2T, AL REIEDDLDIZKRERTZ RV —PNE
ThdIENDLND. EBEIMHICIBNT, JUEOREITHE B L O ICER T 5720,
BB OHES, HEADOEITEL 20 B HETH S,
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L4 AKAHERER) 2 5 HEERS

STREONS L, AR ERBOW T 2R oOMEETHD. LYVA Nz MR EE
BINEE O HEERS I T 2 551, BUEENEC LIC K o TR—IREICE T D )
RO LOMRND D, —F, 7T A~ R & T HHEERITKZ IS L2 SaTiE, F—
BT L72BEOBMENES 20, HENPMELS o T LED 2N TFHEIND. #HIZIX
X THHETIH 3000 0, HESJAS I mN DA F 2 AT 22 IZEBWT, &< A UHEEAIFH
N, FEHA RN, R, K EERCE L Ll &, #NITEEDOFEHIRIZK
B L, LEHET1IE 8000 BV &R 2, HEJIIE 0.37 mN & H NT U ZADENREER L 7o T L
F 9. £z, T EOBRIITIHMER T OIOA 4 OHKRDOS SITERS L, HEERIFHZ)
RNELSTRDZENTRTE, MIERHHEN D LS THENTZT R TR LRR L 20 2
R, TS KDOHEER & L TORPEIZOWTIE, FHCA F v AT AZ~OISHICES
YT, Fa—sLET IV EFEREE L CARZE TEE L S REHT 5.

1.42 KZHEER L 5/ RHEERIZEE T 25

KEeHWZELRHEEROM I NETICLZ /TN TE7. 9 TICEALEZLOL
GWT, LYRA Ny b, BROMERAT A% LPPT,RF & L < 1% ECR MN#EAE FHV 7= B0
IR 2 Z 24 3B L ORI TIY BT KA AT RAZ IR ENDD.

KUPRA R =y ML, TTICRAZ XIS, KGR SE, kKL LTHRET S 2 &
THEN 2D BEHER TH D, N TEROBEINOHMOL VA MYz y hRoa—/L R A
Vxy FATAZITHAD EHHESITEL,, AVORAmAEL A 16 & LT -kl
MINEAE LA, & (300K) THAHE)IE 100 £, A= — MR T 2000K £ THEL
YAl 258 BETERT S, —FT, HOkERE < LA ORER FISHE S EEFo
RIRESS, /NMEUBICPE D 7 A OBERIE T 72 E ORIE (Bruccoleri 2012) 734 V), #e— kIt
DOHGRFHRIC I U CEBEO M 1T < 225 (Nishii 2020) . EOIEOFEEE LTI, K
DR E RIEBAEARGET D 729D O BB O BERE DR+ 47 TRVERFHI BN T, KO BHREHRAR
ELTKRPHEHLTLE)FEPGIEEZINLIANDH L. TNEMRRT HTOIZKHK S
Bt D TR B L CHIFZEAM T T D (Silva2017, #)11 2019) . 72, HE/ L& & HEAGH
JETHGE S, BT Lo THRIES N D720, #)ITBE LT OB AET
REEZND. B ZIXENNOIEHNIBTIE 273 mNAW BRETH -7 (E)I 2019) .

KZ BRI LT HIZHERA L TEKT D HEER ) -4 S 41, Tethers Unlimited 112
Lo TRt SN T D (James 2015) . KaE—FEERD L, KEMBHEOREL K Z T 2
& TA VAT R E e T & T HEERE T, RS & L CIBEHERE T 2 %, AN
OERALZERTRAIN X —ZHWTHER THHO T, =X X —08E)X & L CixERH
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L4 K AHEER) & 2 HEtEh

EETHDLENWZD, LIER-T, AL RV —ITRT 24 LSS0, BRIE
EFIF L CTWA0T, I 300 PRRETH 5.

PPT OFi Tk ~72 L 512, LPPT @ 9 HLAKEZH W= b D23 %H Y, Scharlemann 36 X O
Koziumi |Z & = THFZE & 4172 (Scharlemann 2003, Koizumi 2005) . Scharlemann O#FZECld 30
J DETRLF—ITK LT, 8000 A2 2 M) 2508k L, &b & 2 ATIIHE 12
FIL 16 %2 F TRWTWD. F72, Koizumi 1%, 10] 7 7 AD K% V7= LPPT (22 Cil i
TEHh Tl 3500 &2 DHHES), E72A 7T A Z7e LCOETNICEII L, HiHET) 1550 7,
HEEZN R 6% 2 R L TV D. L LR 6, BHdH 720 OHESIIE 6.3 uNs/J LT O PPT XL
D HIEVMEIZ E EE o> TV 5,

KuEEFHHNCT 7 A<t U THEER & L THWDIFEIE, FIIDIZE KA A AT R
2 DFEBRAIAIGE (Nakagawa 2019) DIEMNIZ, EXB RV 7 ~ 2R L2 B ERA 4 7
~OE AN (Gurciullo 2017) <X°, /K ZF|H L7z ECR 27 2 % D36k (Moloney 2019) , 7K
R TCT T X~ L, B/ AVTIET 5 2 & 2% U BEFHE 213 H 5 (Petro 2017).
BV ERA A PRIV T, OEBNRAE & O3 Th T, 2R LKL THR
XL EDLLRWERMEPHRE I, L2, ERKEITEFELIZIRoTNS.
Moloney {2 &% ECR A7 A& %, Rl EICT 7 F 2B W RERSE T CHOECR 77 X
~ DERFE TR AT K DIRIZ K - THES) 245 2 HEERE C ONERA DB L 72 ECR
AT AH (Packen2017) ZX—AIMELNTHDTHD. 12720, Tk 07 VAT
NTHRIRE D TLE . ARFE 2 28-56 W OFFICHES) 0.1-0.2 mN, HeHE)1% 53-126 s 72
Ll o TS, Petro 12X DEMEFE TIIAMZE LY BT 5 72— LT VA2 HNT
KDFF A BERELRFHEL, £ IR AN EAMEOEEZETF L L LTMA THE
NEFHELTWD.

AIFFEDOMGTH DA T AT AL, X/ iRl L+ 5/ ECR 4 4 AT
ALNZONT, HEHERIZZEH T 5] CHE SN, FRSICH ECR 77 A~RE A5 Z
ET, BRIZE WA —h Y — REHEL, K TOEEZAFEIZ L TV, T CloA AU &
HFRgROEEN N AIRECTdh D Z & D3N H AL (Nakagawa 2016, Nakagawa 2019) , #i2 0 +3X
AT ARNARE Y RIZXDHETIOWEN FNi 4172 (Nakagawa 2018b) . HESH DWEIZ LY,
FNES 2 W, i 90 pgls, NIEEIE 1.4 kV OFRIEICBWNT, #H13 1411102 pN TH S
ZEDIREN, T ORERITKOMREECREBA I L o THRIRIZHE I DME T L T ienZ & &
ARLTWA, £7o, ZOROBREIL 7T mA 1ZETho7. PR#OFERIZHBNTE, 1.5 W
225 2 W OEENZEWT, Ffia R h3B L% 300 WA LR EBIANH D Z EPRS
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143  KEHER L T 5/ EIHEEKIZRBIT 588

142 IZBW TR TER L 91, KREHEER &3 2/ NIHEERICEI L, #h23m < b
NPRHEHURN L DA B P =y P AT RAZRERDRAT A2 L TE, 7TIZ FM 28
TED LD 7 & HHERI BN B 72 (B DS B RIS 72 o TV DL — 5T, BHED D3 <, R
oy DI C & DHEERRICBY LTI, EBRICHEIE A2 £ L7 H DILPPT, RF AT R4,
AFVATZAZDIFRIZEEEY, FHERO L-UZEE L2 O, PPT IZBI LT
X, F@IZBT 5 A3 LOESEIREZLO/NE, EMISRP K E 288 E 72D, RF 27 A
B, AF AT AL TUL, TOMROESINHE L > TWD. AT, RF AT A4
IEEENDREL 2T LESTEY, Fa—7 %y MIEBHAERY A XL bR
WHTREMER BV, —TF, KA T AT A ZIZHOWTIL, T TICxFa—7 % v M T TREZ
BHOFPEATIEE TEX 5 2 Lo TD (Nakagawa 2016, 2019) .

FRZAKRA A AT 2Z T D3R E L, EBCEE 21T o 7 EEL A D72 <, HE
HERE L TOMREEZ+2ICRHMET 22 BN L W BT HD. S HIT, Nakagawa
2018 33 L Y Nakagawa 2019 OFERM D, #HEtERh=I L OHEERIFIAI RN & 7 056
ICHRTHELLLD LI TRTES. 2000, FAFICIALOREE ESE5-0
DI REWMT DMEND S, £/, /N ECR A A AT AXCELTIE, $kv /&
AL LG EICBn T, ZEOMBAE RPEES LTV RVWRE L% <, ke L
SOFRLETRD D72 OITEET LV OMEE, B8 X OFERE O RD TV 5.
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1.5 AHF3ED BB

U EDOEZENS, KR T, KAF VAT AFDOF 2 —T7 %> b~ REME R X
OCHFERAMEZRTZEEZWIEOBRRIET 5. £7-, BRZERT A7-00/NERIZLLTFO X
INZEDD.

KA T AT AZNEDT T A ET VML T D L

KA T AT AL OPEREREZ BRI LTS 52 &

KA A AT 2 Z oM EICmT i 255 2 &

KAF VAT AZDY AT MENTIZ L D F 2 — 7 > b~ A rlaetkE s KO
Atz R4z &

Foa—7Yy b~ ATREMES LOFEHMEZ R T 720I12iE, KA A AT 2% OReE
EHOMNCTHHERSSH. £z, A TR LIS, HEEAREL TS Z b THEX
DT, YERem BT 72 EZEBR 21T 5 & FIRFIZ, FEoRAGZRMEREM BIZ g 72k A 2152
VENRS D, 2T, ETKAFTVATAZBIONXE ) VA F VAT ALZNEHOT 7 X
NETNVEMNLT HZ LI D, WEIRRE 2TV T < T 5. fii T, PERERRIE A FEER
P L NCT 2 Z & T, Fa—7 W v b~ aTRENE S L OV &2 7R3 72 8 O Y
AT, I, HEEMES AHAERHSIORENRNZ ERTPHEND DT, FKRHIHEEE
A B 72 328k & MERE M) R T mRE G2 7 DEL, ET7 /Wb EET 5.

IHOLEDETFTNAROERERE G LIS, Fa—T7 Vv b~ ferts L OF A%
BEtd 2. 201D, KEOMRTHLKRA T AT AZEFBIELT2DODT AT
LERTT D, TDH 2T KEHER L LA AL ATAX L LT RNz M EIFEF
OF a2 —T Wy MUEHATREREY 2 — VA2 REL, ERICENB LIOMEEO ALY &
TV, Fa—7%y MIEHAETH D Z L 2rd. £, AHEICOWT, IR LEEY
2= NER T =T L LM O Y 2 — )V EEERET L2, BIOET VI v
a VEMIT L ZOEBEERTZ LD 2 OO HFIEIC XL > THRFT 5.
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AR CE, KT T AT NAEB LT ) T T X~ T )VOBEE L FER, YRRt
KERI 72 BFSE & MERER IS 72 BRI 222, BLOF 2 — 7% > h~0i AT R
FOFHMEERT 2O OMFNL72 5.

FT, F2EIBWT, KT TABLNF |/ VT T X~D, A FUREMNBE LIS
02—/ ET IV EREE, BIXOHEEKE L TCOMRB IO 7 X<vNED /T A — 2 OHf
T % G L7z,

VT, 3 3 R LU 4 EITBWT, KA A AT AZ OREDO EBRITFHN, 3 KO
BEM BT 72 R ZE O NFIZ DWW Tk 72, BURIICIE, A A RO EE R AN T
b HES) LRI DR, AR THG LT D ECR A AV IRICFFR2/3 7 A—4 T
& D ANTE W L TRk T D50, NUTH DR P ZITA T AKX OPERRIZRFIZHR <
WD LB Z LN DEERBALIC T B R, KA OB ST 2B 2R B 72
DDA FFEOWE, O 4 DOFEERIZHONWTIRAR D, FERFIELH 3 BIC, ERFEREZE 4
EIZRL LT

BSETIIE 2ENOLEA4ETHLNIZIMAZ S LI, KA T AT AZOPERERER X
OWEREIA) BIZ W TR Uz, B 7 VDA THRENTE D2 i, B X OERNHH 50272
DPERBRFEICINZ T, EBRFERAET LV EHET L2 LICLY, EFTA4TELZ BT
RWBIREZ OGN L, 72, FRCBLHICBN SN FHELET ML > THHAT
SRR -

RBITE 6 B CIX, B L7 PERBRFED DIKA A AT 2 X OPERgEET /UL L, VAT
DT ZAT o 1. 12, TR R 2 X F~—2r & LT HEdERE & el U, AR RE LT
Flo, T LIV AT DB HWEZE Y a— VAR LI L SICE TR Iy va b L
T, HEFHAT—>a o ORHERALTHET VI v v a VEREL, TOMHT
BITH 2 ETHIR LT, bR ST, KA AL AT AZDF 2—F v ko~ i AlHE
HBLXOFEHEEZRT DL LT,
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2.1 KA F v AT AZDFEF L PEREF R

21 KA F VAT AZDOFRE L tEREfeE

ET, BT MO ENE K OLUEOPEREFNIC SR, ~ A 7 m I ERKA F o AT R
Z DJFIZOWTEET . A TH W~ A 7 m lEHERN A 4 2T 28 ORI %
Figure 2-1 (27”7, A A R, HFRZINS & & ECRIMEAZHWTT 7 A~ Z AL T\ 5.
AF L DONMEFIAZ V=27V RETZRALT Y v RO 2 D7V v Rick-> T rbh
%, WP ZIZA 7 V=27 U RIZ 1500V, 727 87U » RIZ-200V F2E OBEEIMN
INTBY, 227 V=70 vy FEFHOEREDENMN L DEHES T A ATME &
NWTHEN &2 D, FTe, 77BN Uy FERAICEHINT 2 Z &I2X Y, BFoifiitzfhine
WD HFIERE, AN TRAEND ZEICKVBROICE T AN T 520 TES. H
TN DN SNIZE L, A AV E—AEBREID BETFEZLIFEEIN TS, E—2%
A L7z BT, @RIREF O ERERAS LW D 2 & THE OB &2 T D ZEMEALIZ
TROEEIZ LT D, AT A X RIEOFFHIE L T, Koizumi 2009 35 X U Koizumi 2010 (2
FELUV.

Screen grid

Accelerating grid

Magnets -2,
\\ \\ \
- —— >
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~ \\\

Electron emission

Propellant S

Figure 2-1 Schematic of the microwave-discharge miniature ion thruster
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2.1 KA AV AT AZDOFH & PEREfg R

A AL AT RS OURECBI LT, BEAFAOENMEE(T). £, HEllE L TR E
ERMRETH LMD OR LD, ZOERNE, DA 42T 25 OB, HERITE
Tprop & FHIBERHIE T % VT

Fir = 1propVexh @-1)
LETILMTED, AEHER L LTRSS, LRd 2 COR RIS 2 H 0
MmELTERLTHZ LT,

Fir = Z 11 Vexh, 1 (2-2)

LERED. ORI D P RIREL, A A2 OPHPEREE Vo, & PHERLT
DFIIPERIEE Vogpn 225

mnvexh n + mlvexhl

= 2-3
Vexh = mn + ml ( )

LRDM, T T

mnvexhn « mivexhl (2'4)
ELT, HERL IS L A A BT 5. 2 OWRFEX, A 4RIk 2 EEHERGEE O
EHAHDTE 72D

Fr = Z M Vexh,, (2-5)
Thon. ZIT, A OfiRlE, ©—L&ER L,; AT
M1, ;
;=21 (2-6)
4j

LEIZENTED.
BT, HAAFT U FEOEHPEZEEIZONW RS, 7Y v RCIE SN E— A
DRLFOHE vy, ; 1%, A7 UV —VBE Vog VT

1
S Mjvs,; = q;Vse 2-7)
£,
2q;Vsq
vb,j = —](/[ (2-8)

J
ThD. 2L, AF BTN T 1 REMICIESNTHHSND Z L2 RELTEBY, E

BUZIZA A VRO EORETE— NI EDORBAZFFO. ZORBMAIZL DT
PIPFORE DR T 22, FEHANR nay,; TRESEDZLIZLY, #EIX
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2.1 KA F v AT AZ DR L PEEfE

M'Ib" Zq'VSG ZM'VSG
Fir = E Ndivj — , / —](,[ = E Ndiv,j ], Ly, (2-9)
7 QJ j ki q]

LELZLENTED. LR, A A VFZ L0 — L ERZAET D2 I3 L.
FIT, BAF LV E—LERICKTHERNET D720, B2TOA F U NHEER]D 1A 4>
UK THIULH,0") THoEEOHEN 2 RAEL LB BEEANT L. #HiHhoRLEZER L,

e M; Ib i 12M ro VSG
For = E o ’_ J _0J prop " >% 4 (2-10)
IT ‘ T’le,] Qj Mprop Ib e b

LT DT, MEECBET 2 RESEET S Z LN TE S, 22T, FRFICKHHENMET
DI %

= £ 2-11)
e qj Mprop
EEDDH I ET,
I; [2MoropVsc
Fir = aniv,jrlmc,jl_bj %Ib (2-12)
j

LELZENTED. RIT, BRFICKDBBANENRFLNE L& L, BEADEL
FREEIZBE T DR AMN. L Cilka T2 2 E N TE D, ZOREE Z 2 Tz (o fgiish =
Ndiss LLT

nmc,'lb,'
Nass = ) (2-13)
j
LR D WIS LT, M

2lwprop VSG I

Fir = NdivNdiss — b

(2-14)
EEIZENTE D, 2L, iR BE L2 WHEERIOSAL, ZfiaA 4 BT 2 5%0%

e Ib,'
%mfz-—4 (2-15)
— |9 Iy

Z T
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2.1 KA AV AT 2 X OJFH L VEREFRIE

2M
Fir = NdivNmulti %Ib (2-16)

EHEN 2 EL Z ER—RIATON TR Y, BN RIT M A A4 R % Ly TIoxt L
TLLE=RBLTHD EWVWR D, T/ OLERBANRIIBELZ 097, 2fi1 4>
NFIZ 096 FRETHDHZ EMbN->TRY, HNEHETHZ LN TE D, KOBGEIL,

Iy
YT = Z Ndiv ]77m<:1 o (2-17)

TEEINDHIRE yr %, dﬁ?&ﬁ/ﬁl Xk TEHEIL TRV, MEEE 1.4 kV T
0919 £0.072 TH 5 Z £ -> T 2D (Nakagawa 2018) . FRZEN K& AFHEEE T(K 23,
KRR CITHENIRE R 092 &35 Z LIS KVMERERRIM L7o. E72, BT /MBI, il
ZHE D DR A FBTFHATE 2720, BHAZEPRAFICTFORWEREL T 095 £T5
T T, HENEFME L. £, HHENITOWTIE,

FIT

(Mprop,is + Mprop,NE)I
TERIND. PGOMELBEET L L0¥H5H T LIZEE SNV,

BT, MEERHE O 72 DIV DRI Z WS OPEAT 5. £7°, 4 A RIS S 16
AR L U CHEERIFI SR & A A B 2 N 28 AT 5. HEMEAIFI R0

Myron]
prop'b
Nugs = ———— 2-19
U,IS €M prop NE ( )

EEESN, MALTHEEAO S b EDORENRE—LERE LTHASzhzR LT
. HgCBE LT RRICHEEARI A2 R 2 ER T 5 2 LN TE,
MpropINE (2—20)

Iy = (2-18)

L7 D FRIZHHET X, A A PR & RRngs O HEEAIF]H 2= 2 VT,

1 2MpropVsc

I, = . 2MpropVsa
P (Mproplb MpropINE) Ndivmulti - b
€nu,is e1Ny,NE
(2-21)
~ _ NuIsTuNE S 2eVsg
ot g b i |7
(uss +mune)g T Mprop

LRED.HL, BE—LERE PREERNIITE LW E L7c. HEEFIFIHERIZ, e
(X L TEEN R BER O DHEIETHL EWVWR D, £, A A ERI R ME, A FHIC
BNTT T AERUTANTZEN % Pgenis & LTCEE,
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Pgen,[S

¢ = (2-22)

ISG
CEBEIN, A7V —VEROIZVICHERARENZRE LTS, RWIE EAERKDORhR
MEWZ L ERL, BrICENDRRLGEEN, A F AT 22 L TOMREELHEET S0
WCHRRBETH D, TR L TOHRBRICT a2 A 25252 LN T,

P, gen, NE

¢ = (2:23)

INE
LEFRIND.
VAT A E LTOFMM 21T O BRICIE, &0 afEmREE S LT, #EE ) HoHEE )R
WD, HEEZDRIT,

_Fr (2-24)
Np =5 B
’ 2Mprop Prot
EEFRIND. HETIFhEEIT
L2
' ' 2 1 (Zl mlvexh,l)
o = Yy (X1 Vexni) _ 2 my (2-25)
’ mprop 2Ptoterhl v Ptot

V. BRICHEARIADRE 2RV X —PROBETHLEAD I LNTE D, £, #
ERh=RE % EHES ) BT e ) 2 i T

Fir _ 2np
Pror  9lsp

EELLZENTE D0, HEERRICHH, I B ORMEEZ > TnD Z &b
5. BLEORIZESOT, BIROETT LS K OHEREFIZ1T 5.

(2-26)
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22 BELLITHE

RETIX, A4 AT AXNTOREBREETNLT 572012, 0 RKoTET L (Wb
H7a—NVETIV) BEAT L. Sa—rLET VRIS, BT T ASICRLT, v
—ADONBNZI T 5 ERFCER OBBE 2, TRVFX =T R, R OERK & HRORF
EHNWTRODDLBDTHY, 77 AVIROREEZTHRLT-DIZEZ HWOND FIETHD
RF 77 X<J{X° ECR 7' 7 A=A HWH U TE Y (Lichtenberg 1994, Meyyappan 1995,
Wu1995) , i ZxtG & Lol s &5 (Lee 1995) . HEEMENTED 7T X~ OFf TR
ELTHESHWENTEY, ID U EOBIEFHRICHARS &, FHE 3 2 R MK < TRV iR

B HHEERR O K EDREFEEZTRET 20128 L T 5. KIZH L THIENATEETH D
72, KSEDO B TH D, KA F U AT AL ORI LTV 5.

AF VAT A ~OHEAGE LTI, &/ A F 0 AT AL~ AF DIEZHNT
?$4WVX?X&A®EEWﬁ%5.%ﬁ/y4ﬁyzﬁx&K%LTHBmmyKié
£ /1t (Brophy 1984) ™7, NASA @ NEXT thruster |23\ T, 7 B — SLEF L5
Vialb—valryRERELREV—HERETND ZEBRHEEIN TS (Goebel 2007) .
$io, AUVEAFT VAT AR 0 — VTV EEIG UTo B C IR 2 5 D To it 3 72
SNTEY, ¥/ OFTNVEDOHENEN SiL72 (Grondein 2016)

F7-, AFETHE D LIV DIRIEK T T X~ ~OHsE & LTiE, JEEFREOEE H
fy& L72ARgER] (Avtaeva2010) &, SEEINER OESHEE (Petro2017) DET /LEIE, 3D-
PIC 3% & O R (Nakamura 2019) 238 5. Avtaeva DIFFEIZEESN IR E L TR
R0, T A=W RILKFEOSE  (Scaponello 2017) ~DJSHAEBIELTEBY, EEH
BRGICHEZEN TS, BIMEEZEE LT, 126 ORILXNEBE L, 34 ORLFFEIZOU
THREMFEEAICEHR AT ) Z L CHEFRRZEAILNMIL LS & L, SHE LZERICE
WTUE, A A VITETICHLT 0l %IETHL I ERNbhoTEY, ORI
Nakamura OFfFE R & HEAENEIN TS, 72, H0" LSO IEA A2 & LTITH;0" & OHF
DERIFERL T THDH Z LN >TWD. Petro (Z/KT T A<IZONWT T a2 —N)LET )L
R 2 LT, EEAVINEM DO A T A X ~OEG A REME A R Lz, AL, FHEFTIE HO0' LA
NDA A ARKICE LTI ER L TR Y, BRAHMKIE D BB L T
DX, KT T A ~Dl, A2 AT AZ~OHMISHNLD DD, KA A AT
AR ~OHENER L, £, A4V BILOEMRHRIEEIEE LIZER KT 7 X~
BT 2 AT TR Bl e\, RIFFE T, 4 AU AT AZICHEIG A RERTE CEREA 4B
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FOBMASOE 2 RE LT ERE KT T A~ ET VR LR 2T Tz

I

23 EFNLVDOERAL

7T A< DIFAET BB =% Figure 2-2 D X HIZED S, £, UTERET 5.
R (TRCOA A v ki) OIREIZTRTEHELL.
L= ADE SIS T R ITK LT
REMNZHEZE L BRI 2 OEMZ R, BEmRE L FLIRD.
BERNICHTZE Lo 71, BEmICEI & L TIRAT 5.
B DT RIVX =~ 7 AT = VOARIZHED .

Ld
<—>
AN 11
Propellant 11
----- > ]
1
_ Dy |, lon beam
Microwave N
----- >

|
]

Screen grid Accelerating grid

Figure 2-2 Schematic of discharge chamber for the global model

ZOW, EFT AR ONRT A =2 L LT

<Kk (BT, B2COAA Y, BTOFRERIT) OBE

- IR

- ERLHREE (B A A AR L YRR HRE. 3T XTEHELVWE LTINS

- 7T A< FEN
DoV, ZBETHA A O%EN, , BETHHMERLTO%E N, L35 &, (N;+ N, +4)
EHOWRRGDBMETH 5. BERMPHREIEEG T 72012, BHOEY 50X (K(2-27),
A T LR DR & HRICET 5890 BVl ((K(Q2-44)F L 1UN2-45)) |, BT DfRfFR
(F(2-47) B OF 0 GV (F(2-48)) , HEFHEOSRMA (FH(2-50) =5 % 5. K(2-44)
&R (2-45) 1EZ(N; + Ny) ORI/ DT, BB SRR ENE2ZEA2 52N TETH
. LUF, ek~ 2.
FT, BIOHFVAWITELT
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Paps = Pie + Pix + Pex + Prk (2-27)
MRENLT 5. 22T, AA0H 1 EIZNHT RV X —~OK, 2 HMLHE 4 HIIZTh T
A F 2, B, PR FOEH T X LF—L LTOHREEZRT. 1 HONHZ F/LF—~
DI, BERL T OIEHMEB I L > THEL, HHMEHE k1T L > THAET LN =R LF
—~DEEOMTHY, HREIZLDBRTZRNLVF— ¢ HOHF I DEE ny ZHNT,

Pe= Pex= ) <1<Kvpex [1 m) (2-28)
K K l

ERTENTED. 22T,
3R G A AT 5.
- YRR O BUG LM B 2 BUSHTTR D NES T 1 /L F — Ofe DAk
Z IR D,

LTz icky, X225, HORRICHTHL—haryax b K, 20T

Pie = Z KynpneVpey (2-29)
K

LELLZENTEL. KScT AL —har 2o M, BFZ R AX—0BEKTHD
EEWTHAE o &, BTHEE v, OBEHRIAHED CTHEIND. BTN~ I AU = VAT
HZEEWETHI LT,

E o 2
— - Me )2 3 _Mele 2-30
K, =< 0,v, > =41 (ZﬂkTe) fo 0 (Ve) Ve exp< 2KT, >dve (2-30)
LETILNTED, FE2HOBEETHA T L OEB = R LX—T, TTOA AU FEDOHE

KREH TR LXF =DM THY, 77 XAwRT U vb ¢y, 20D LT,

Py = Z("sr,jvs,jAwrCijl’p + ng jVBAwIq;Pp + YaNistjVBAscd; Pp) 2-31)
J

LRIND. F 1 BITREE R ST M~OEK, B2 IR R = S STm~OE%k, 53 HITA
IV =270y ROR~NOEKTH S, & 2 CHEEOBISmEIL,

TTNggDsc?
Agg = % (2-32)
Awr = T[Dde (2-33)
wD4%> mNggDsg?
Aw] — d SGYSG (2_34)

2 4
Thd. Fiz, v 77V v FEAVICBIT 2 —ADPEKIZ X - TEBOHE K EFE I HE T
HZ L EETIRTHD. FHANIBIT LS — A TOBEL, A4 O HBITREY
I ANE
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1
Re\ 2
nery = 08, (4 + 1_1_) (235)
1
L 2
nen = 0.86m, <3 = A) (2-36)

ERENLDBDLT D, (Leel995) A 1FA A DOFEHAMIRARL, ZITlEA A —
HropoE - [ O 2273 SR & LT,

vth,j _ 1 8k’1}

Zm Kj—mnm Zm Kct,j—mnm T[Mj

A=

j (2-37)

LT AT —H R OERICET AL — b R E v N, A A ki~
FNF =B THDIN, 22 TITERFOEETELWVWE LTWA D, EHIZER 0
REOBSE 2%, Fio, R—LHEE vy ZZNZTHOA AT L TERS I,

kT,
VBj = V, (2-38)
Thd. HETHEFOEH R —|T
2e(¢pp — Ps) (2-39)
me

& L7, BERMmES I v PA OB ZFF> 3 R T OB AEER 2k 3 5 EE)
THRNX—%, v T AT VoA ET X TCOF M L THEST L2828 T

o0 [ee] oo 1
Pa=de [ [ [ vt @) (gmivi - e, - 99) dv,dvydv,
1
=3
LLTRODDZENTES. 220, BH O VKV BEEICHAT 2B T OEAMIL, BE
KT DA A OFEMEHLL,

(2-40)

e(¢p - ¢s)} th _ ZAeI;kT

Aens,ef,eexp {_ kT
e

eleAe = Z qj (s, jVAwr + 151, jVAw1) (2-41)
Jj
ThHoHTED
q .
Pek = 2kTe Z ;] (nsr,ijAwr + nsl,ijAwl) (2_42)
Jj

Thbh. BEmICHEELT PR O = L X —
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3
Pok = Ern(Tn —Ty) (2-43)

Thb.
BWNT, A A DAERREBEDOFD ENED,

Sl

= Ngp,jVBAwr + Ns1,jVB(Aw1 + Y6A4sc) (2-44)

+3 (80 5 5[ ]n)
l

K/

M RXTDAFTNTOWTHY LD, HL, k 1ZHDA T BRET LG, " 1T
YPEKRTORICERT. £, A BEDOOSICE > THRAERTEET 54 4 Oz F
I RIRRIS, MR DR E RO GV LD,

My in + Z (AKKKI/E, 1_[ nl> = My out Z (AK, K., W 1_[ nl> (2-45)
K l K/ l

DT _TOHFMERLFIZDOWTER Y SED. (B L, k 135 5 R ET DG, ©” 1355
HPERLF SR T D RIS ERT. A 1ZZDORINT K> THAEKRUELT 2 ek 08 %
F£9. T2, WHET AFMERFIIEEENORRIFOBELET 7L T ) vy ROa v Z
JRUAIOPIETHELT,

-1
NAGDAG 87'[an 1 3 LAG

= ) el | [

Mm,out =~ ¢ M, 4)Dac 6 Lag
342

7Dac

LELZENTED. 2770, a7 Z2A 1T Santeler ORUTHED H D E L7- (Santeler
1986) .
KLFORIFELY,

Myn, (2-46)

Z Mpin = Z M out + Z YeMjns) jveAsg (2-47)
m m Jj
NS AIRVASS
BATOFED ALY, BEmCHEKTIEFEA T 2REE LT,

1 _ e(pp — ¢s)
Zeve exp{ lliT > }AeZnsl.i
J (2-48)

= Z qi{nsr,jvpAwr + 151 jVe(Aw1 + Yeasc)}
j
DY o, 72720, B HERIIABOMEICEE SN TWABAZBEL TS, 72770

¥ — RIS D AL



HoE Su— LTI 69
24 BT IR 5K B L OE N5 M6

kT,
=—=° 2-49
$s =5 (2-49)

ThD.
KB, 7T A<D EFETHD Z LD

Z}j (2-50)
]

N AAVASY
24 BT NVICRBITIEFREFBLIOEEN S KG

241 ABIOFt) VUV FIFTRAvEFTLOLESM:

KE Xt ANHET DH5M4% Table 2-1 1”7 ®MHASEMEE LT, KERDOIIKE 7
Uy RUATAOFR, IBESMAEE L CEDORENLECHD. EroBKLkmiEE LT
IR 2 B e L CHRARmMIIMA ORmEE L, 4 323 LT U5 1EEOBRKEMEEZ ED
TW5., £z, O, A7 V=270 v FEAD TOV—ADIERIFEZEZ WD L L,
By 1T 1ICED BN TS,

Table 2-1 Fixed parameters in both water- and xenon-plasma models

Symbol Value

Diameter Dy 20 mm
Discharge chamber

Length Lq 2 mm

Diameter Dgc 0.8 mm

Length Lgg 0.2 mm
Screen grid

Number of holes Ngg 289

Factor Ya 1

Diameter Dag 0.4 mm
Accelerating grid

Length Lag 0.4 mm

Temperature Tw 295K
Wall

Loss area of electron A, 1.26 x 10 m?
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242 KIFFGAZEFAILEENDAKIEG

KT T AT VR TEET HE% Table 2-2 IR T. ZiUHDRISIE,
BOSADLEEIDIZAK G F (H0) Z&ie
BAREN0-20eV THHIHPFARBNT, L— a2 AZ 2 R 1.0 x 101 m/s Z#E 2
DR D

D2 ODEM AT T RIS A RATWS, ZORHIEE L=+~ TORJHIE Appendix A (2

FEmEInTN5D.

WL DODDOEIITRY 5 D UGN, ERITHFEDOT — & 2SN EiRE, FEBE A o372
WNEE A ERWTEDIZE R STV RN 2O DG % Table 2-3 (2773, Jih#ICEIL T
(T FEBRIE O 22 W EEHIE R (SR ST 2 Wrim BN 3 LT D, £z, BEECRhE 2 £k
DIRWRBERED 5 B, FERIEOBRIF 214 T S5 (No. 6 (23%%) 2o\ Tkt
PIRFERT 2NN TELT, BETLHZ ENEELLV.

Fiz, —EOWEHAIZ OV TR, FEOUMmfE 2 SOSHETRRE & L THWTW D, FEOt i
1, BOGIZ K> THRAE LR ORI E X T2 & EOWHEET, &0 EWIERI SR
DT DRLF R EEBZD &, WEIIINEERE & (382D, 7272 Lifile, ZORNITE
STRLNDZHNAVF—IL, BWEMLLEY TS AR FHEHTELRDHTENTET
B, BIZZOREORISKHEEZ D L0 %< ORISOBREZXVXF -5 2D &
MNTEDH., ZZTliE Table2-2 D No.13 735 15 DISITOWT, WAl 2 AV CTHEK
THRNFX—FHET D,

Table 2-2 Reactions in the water-plasma model

N  Reaction Reaction €, €V Rate constant ~ Ref.

0. type at 5 eV, m’/s

1 Ionization H,O+e — H,O' +2¢ 12.621 1.36 x 1071 1

2 HO+e — OH"+H+2e 18.112 4.00 x 10716 1
— Dissociative

3 H,O+e — O"+Hy+2e 18.116 3.64 x 1078 1
—— 1ionization

4 H,O+e — H+OH+ 2¢ 16.95 3.93 x 107 1

5 H,O +e — H,O" (13Bi)+e 7.0 1.47 x 1071 2-4

6  Electronic H.O +e — H,O" (1 'B))+¢ 7.4 7.07 x 1016 2,5,6

7  excitation H0 +e — H0" (1 'A)+e 9.1 4.99 x 1077 2,5,6

8 HO+e — HO" (13A)+e 9.3 8.66 x 107 2,3,7
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9 HO+e — H,0'Q2''A))+e 9.7 3.30 x 1016 2,5,6
10 HO +e — H,0"(2'B)+e 10.01 6.08 x 107 2,5,6
11 HO+e — H,0°(3'A))+e 10.16 4.10 x 1017 2,5,6
12 HO +e — H,O'(1 'Bo)+e 11.1 1.46 x 1017 2,5,6
13 HO+e — OH'(A)+H+e 9.15 4.55 x 10162 1
— Dissociative
14 HO+e — OH+H" (n=2) +¢ 15.30 838 x 10182 1
—— excitation
15 HO+e — OH+H" (n=3) +¢ 17.19 8.17 x 10182 1
Elastic 3meT,
16 HO+e — HO+e EYIN 2.57 x 10713 1,8
scattering H20
17 H,O (J=0) +e — HO(J=1)+¢ 4.269x103 2.80 x 1013 1
— Rotational
18 HO (J=0)+e — HO(J=2)+e 1.279x102 1.45x 104 1
—— excitation
19 HO (J=0)+e — HO(J=3)+te 2.553x102 3.37x 101 1
20 Vibrational H>O (000) + e — H>O(010) + e 4.534x10"1  2.42 x 1013 1
21 excitation H>0 (000) + e — HxO(100+001) + e 1.980x10" 4.96 x 10713 1
22 HO+e — OH(X)+H+e 5.10 3.32 x 1013 1
—— Dissociation
23 HO+e — O('S)+Hy+e 9.22 8.49 x 10718 1
Dissociative 9
24 charge H>O + H,O" — H30"+ OH - 1.7 x 1015
transfer
25 H,O + OH' — H,O"+ OH - 3.0 x 10°15b 9
— Charge
26 H,O+H" — H,O"+H - 3.0 x 10°15®b 9
—— transfer
27 H,O+0" — H,0"+0 - 2.33x 1015 9

Dtikawa 2005, 2 Chutjian 1975, ¥ Gill 1994, ¥ Matsui 2013, ¥ Kim 2001, ® Durante 1995, 7 Thorn

2007, ® Lichtenberg 1994, ¥ Avtaeva 2010

2 Emission cross-section was used as an excitation cross-section. It ignored the higher excited states.

® Charge-transfer cross-section does not depend on the electron temperature.
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Table 2-3 Reactions not included in the model due to the lack of data on the cross-sections

No. Reaction Type Reaction

1 Electronic excitation HO+e — H,0" (23A)+e
2 HO+e — H,0" (23A))+e
3 HO +e — H,0'(23B))+e
4 H:0+ e — H0" (33B)+ e
5 HO +e — H,0" (23A)+e
6 Dissociation H,0+e — OBP)+Hy+¢

ZCHW =& S OE 22 HifE & Figure 2-3 (2, & OWiHIFE % > THE R LT
FHE L7z L— b3 2% > N % Figure 2-4 [ 287 EISBIAL SOG & BROC 9T EBRfE & 5
BR-CRHRIC IS < HELHE (Itikawa 2005) (2 & 5. FhRZSUGIZOWTIE, KRR ER &t
FHIEEHDER TR EZR S, LUT, IS OBITEEICOWT, FRRd 5.
HFHIFFRERR I OW TR, AL BRI X 5 hE B fE (Born cross section) % 2
R Z2E 7 /L {EIE L 72 BE (Binary Encounter) Born cross section 35 & U8, & & (ZFEBRE TE
iE L 72 BEf-scaled Born cross section (2 & D UT{El3, FERE & RWN—FZFFHOZ LRI T
W%, (Kim2001, Thorn 2007, i)l 2012:p219) = Z CTILFEBREZ ME & L7, 2 (KHZ5E
TV TIEIE U2 W A L s K 2 hEElrimfgic k- T, Wrinfgz Ex Lz, Z Ok
THFE I

€e

ogg(€e) = mdBorn (€e) (2-51)

EEEIND. ZOF, €/(€e + €pind T €ox) TR F VX —HZF 1T 2 Wi FE 4l EIH T,
Ogorn(€e) PN PRI AR /L UL (plane wave Born) (2 K 222w fa Cdb 5. il AL it
PUIFFIcm VTR — (kV A —F—) OFEFICL 2EEE T —&THZ enmb
nTEL, X@E-5DIE, 205 BT RV F— T VET RV X —#IC R T 2 WrifE %
IEL7ZWH CTH 5. eping 1FRIMNEKETFOHRET RNV F—2R L TEY, KOLE 12.62
eV (Table 2-2 D No. 1 DA FAETFRAF—ITEHE L) ThHDH. €0 TFETRILXF—%FE
L, EUSIZE > TR D, (Table 222 HIZ/R L7ZIEY)

T AL N K D ESEMiE AL, AL 0 1ok LTSRS K S EB BT 2 R

Q = (kiniao)* + (kginao)? — 2(kiniao) (knao) cos 6 (2-52)

EHWTEREN,
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Amaen (@ FOO5(Q)ex
porn(ee) = 0% | d(n Q) (2-53)
Ee Qmin Ee
where O = 2o g Eex |y _Cex (2-54)
max  er 26, €e
and Qi = 258 1 = Eox _ |q _ Cex (2-55)
e e 26, €e

LD ag FAR—T R, eg XV 2a— FRUEHT, LHICEHTHDL DT, A (2-53)
TBEFZFILNF—DHOBKERD. Qnax & Qmin [ FTNENEELAD 0° OFFL 180°
DOFFIZHY L, RHELAICB T OISO Z L TWDH Z L ERIUTHD. FO905(Q) 1E—
At HRE) 7R (Generalized Oscillator Strength) T, & 2JR1X°53 1O = X /L F —I[REE)NE
BT oMERERBT HEA TR TH D, HRICEHHILETOEHEBRITO 2 FTHD Q
Bt L LTERIN, < OFERFESCERMEA RSN TS (B 21X Durate 1995) . Fiz, it
LIR% L LT,

(o]

_ 1 alxl 256
@) = (1+x)° £ (1 + x)t ( )

-1
where Y= Q (\/Et:nd + \/ebinde_ EeX) (2_57)
R R

NEMEZHRBTDIZENMBNTWD. a 1T 4T 4T /NTA—27T, ZhEBE
H 72 HERAE R OB E IS A D KO ICED D Z & THMAERS. 2 2T, —BILiRE) 17k
JEIZBE L C, Durante 5723~ L72fE (Table 2-4) % X(2-56)D 6 RDIHEETTT 4 v T 47
THZEIWZLVRDIE., 7 4 v T 4 7 OFI% Figure 2-5 123, LLEIZE D, X(2-53)DFH
SIHREE 720, Q251 K W BE = VX —I T D R FFAIER BT B b W i
HOWPRZRD D Z LN TE S, ZOREHIT Figure 2-3 1R L7Zi@Y Th 5.
SEEHESHIER B L CiE, B RRITEIG TE ARV, £, FEBRIE L BN E L
< fiRBfEd B % < i STV b, B2 1E Gorfinkiel D FFE A (Gorfinkiel 2002) 1Z5%f L T,
Thorn O SEERAEITI5H L2 20 43D 1, Matsui O FEEREIL 107D 1 F2ETH 5. (Matsui 2013)
Z 2T, 2L OCETH & LCTET HD Gill OFHREE (Gill 1994) %, Thorn O SEERE 5H
O Matsui D FEBRFER & A D L H1220eV ICBT HFEREHNT
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Oexn(€e)
Omod = P Otheor(€e) (2-58)
Utheor(ee) €e=20 eV

LA = Ul JEOFEMEICK L THWZWRRE TR B L £ 34 %2> Tnod. £,
FBRIZ LD WEPRE SN TWRWEIEBEBIC OV TIE, BELAVNEDLE LTINS
Table 2-3 @ No.1-5 (T BT 6 TWD 6 DR, BEI AL TWZRWEIEED 5 b, bk
F—2 11 eV % FELNREMRETH D, 727120, RIS FETFFBEBIL, LS|
BERICHANTIANZ RV F—TORERERNEHELZFED, ICH EHEETHL LD 2
LML L, NFREEREBR DO REITET MIIREREBELEZ RN EDEBEZ HILD.
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Cross Section, 102° /m?2

#1 Ionization H,O"

#2 Tonization OH"

#3 Ionization O"

#4 Tonization H"

#13 Emission OH (A-X)
#14 Emission H (2-1)
#15 Emission H (3-2)
#17 Rotation J = 0-1

10°

O
L

#18 Rotation J = 0-2

#19 Rotation J = 0-3

#20 Vibration (100+001)
#21 Vibration (010)

#22 Dissociation OH (X)
#23 Dissociation O ('S)
#16 Elastic

#5 Excitation (1°B,)

O
|
*

#6 Excitation (1'B,)
#7 Excitation (1'A,)
#8 Excitation (1°A,)) — ——
#9 Excitation (2'A,)
#10 Excitation 2'B,) —---
#11 Excitation (3'A,)
#12 Excitation (1'B,) ——--

10° ]
10' ]

10° |

10

N\

107

10"

Electron energy, eV

10' 10*

Figure 2-3 Cross sections included in the water-plasma model
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#1 Ionization H,0" —  #15 Emission H (3-2) _—
#2 Tonization OH" _—— #16 Elastic
#3 Ionization O* —-——  #17 Rotation J = 0-1
#4 Tonization H ———  #18 Rotation ] =0-2
#5 Excitation (1°B,) --—-  #19 Rotation ] = 0-3 -
#6 Excitation (1'B,) —--—  #20 Vibration (100+001) ——
#7 Excitation (1'A,) #21 Vibration (010) ——
#8 Excitation (1°A)) #22 Dissociation OH (X) —_
#9 Excitation (2'A)) #23 Dissociation O ('S) -———
#10 Excitation (2'B,) #24 Dissociative charge transger —--—
#11 Excitation (3'A)) #25 Charge transfer OH" —_—
#12 Excitation (1'B,) — - #26 Charge transfer H* —-——=
#13 Emission OH (A-X) ———  #27 Charge transfer O" — -
#14 Emission H (2-1) - -
10*
10° ¢
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[
E
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&
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o
<
~
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107
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Electron temperature, eV

Figure 2-4 Rate constants in the water-plasma model calculated from the cross-sections and the

electron temperature with assuming the Maxwell distribution function of the electrons
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Durante 1995 (O
Fitting curve

Generalized oscillator strength, a.u.
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Logarithm of squeared momentum transfer, a.u.

Figure 2-5 Example of fitting of Generalized Oscillator Strength (GOS) by equation (2-55) on
H,O0 + e — H,0"(1'B;) + e (No.12 in Table 2-2)
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Table 2-4 Rotationally averaged GOS (a.u.) as a function of the transferred impulse (a.u.) for a
number of electronic vertical transitions in HO all aterting from the ground state X'A;, which

quoted from Durante 1995 and reconstructed by author

transferred impulse 2 'A; 31A; 1B, 2 1B,

0.1 2.97 x 107! 1.19 x 10! 450 x 10" 1.13x 10!
0.2 2.93 x 10! 1.05 x 107! 4.08x 10" 1.04 x 107!
0.4 2.64 x 10! 6.48 x 1072 2.75x 100 7.56 x 102
0.6 2.02 x 107! 3.00 x 102 1.39 x 1071 4.49 x 102
0.8 1.27 x 107! 1.16 x 10 497 x102%  2.12x 1072
1.0 6.66 x 1072 4.51 x 103 1.01 x 102 7.64 x 103
1.2 3.10 x 1072 2.06 x 1073 1.89 x 103 2.01 x 103
1.4 1.42 x 102 1.10 x 1073 6.09 x 103 7.14x 10*
1.6 7.58 x 1073 3.57 x 10 1.20x 102 1.07 x 1073
1.8 5.19 x 1073 4.12 x 10* 1.56 x 102 1.73 x 1073
2.0 4.24 x 1073 2.75 x 10* 1.64x 102  2.19x 103
2.4 3.11 x 1073 1.41 x 10* 1.33x 102 231x103
3.0 1.70 x 1073 6.47 x 107 6.62x 103 1.56x103
4.0 5.06 x 104 1.92 x 10 1.49 x 103 5.41x10*
transferred impulse 3 'B; 1B, 1A 2 1A,

0.1 7.70 x 1073 4.01 x 102 217 %103 7.90 x 107
0.2 3.29 x 104 3.39 x 102 7.87x 103 273 x 10*
0.4 1.53 x 1073 1.92 x 1072 2.14x 102  9.84 x 104
0.6 2.84 x 1073 1.03 x 10 2.60 x 102 2.88x 1073
0.8 2.68 x 1073 7.38 x 1073 2.00 x 102 3.69 x 1073
1.0 1.78 x 1073 5.83 x 1073 1.12x 102 4.45x103
1.2 1.81 x 1073 4.20 x 103 523 %103 443 x1073
1.4 2.81 x 1073 2.81 x 103 3.15x103  3.97x 103
1.6 3.96 x 1073 1.90 x 1073 3.56 x 103 3.43x 1073
1.8 4.65 x 1073 1.42 x 1073 483 x10° 294 %103

2.0 475 x 1073 1.19 x 1073 596 x 102 2.53x 103
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24 3.80 x 1073 9.50x 10*  6.62x10% 1.88x 1073
3.0 1.90 x 103 6.08 x 10*  4.90x10% 1.13x 1073
4.0 4.20 x 10 1.91 x 10+ 1.86 x 103 3.99 x 10+

243 Xk UFFASETFMIESEND R

¥t/ T FTAET NP TEE LICMUG%E Table 2-5 12, FHEICH - E 22 iE 4
Figure 2-6 |2, = OWiHAEZ > CTEFREICK LTEE LI L — a2 % h % Figure
2-7 WY, ¥k OEEBIEAICE L I T R TCEREEHNTWS, Ft ok
Wi fEIL 12 ORISORBWIEEZ T\ 5. i =R X —3E R T L2 R 5720, &
FEZRAX =0 L%, 2 2Tl Filipovic 2378 L72 20 eV O FRFO 4 K& O Wr i £
(Filipovic 1988) % % & Zhd =L F—Z EHAAHT I LTE (X(2-59) Z bkl = /v
F—L L THWE:.

12
1
€ex = E 0x€x|ee=20ev (2-59)
Otot,ex

k=1

Table 2-5 Reactions in the xenon-plasma model

No. Reaction €k, eV Rate constant  Ref
at S eV, m/s

1 Xe+e — Xe'+2e 12.13 8.42 x 10713 1,2
Ionization

2 Xet+e — Xe™+ 3¢ 33.34 2.88 x 107" 1,2
Electronic

3 Xet+e — Xe'+e 9.686eV? 1.31x 10" 3
excitation

. . 3meTe
4 Elastic scattering Xe+e — Xe+e ST 2.57 x 10713 4,5
5 Charge transfer ~ Xe"+Xe — Xe'+Xe - 3.0 x 10716 6

D Muther 1987, 2 Rejoub 2002, ¥ Filipovic 1988, ¥ Lichtenberg 1994, 3 Hayashi 1983,
 Miller 2001

2 Estimated by the author from Filipovic 1988.

b Charge-transfer cross-section does not depend on the electron temperature but on the ion

temperature.
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Figure 2-6 Cross sections included in the xenon-plasma model
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#1 Ionization Xe* -
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#3 Excitation

#4 Momentum transfer
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Electron temperature, eV

Figure 2-7 Rate constants in the xenon-plasma model calculated from the cross-sections and the

electron temperature with assuming the Maxwell distribution function of the electrons
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2.5 BT NZBIT B RT R ZMEREFE 5 E

ETNPOLHEINDDIX, HDHUE, WINENEZBEWZROT 7 XA~Thh, AT AKX
ELTUIAZ Y =V EBRBILOZOMKERD D Z LD, FET NV EOH LA A DA
7 ) —ER, KOA Y7 U — BRI

Is) = 2 zsc J (2-60)
qjMmsg,j
Isc = ) 2-61
56 Z M; (2-61)
Pin Pabs Mj
CGi=7—= . i
ISG 7ﬂabs z]: qjmsG’j (2 62)
EELS ZERTE, HEEAFI AR
q] Mprop mSG]
Nu = Z M mprop (2-63)

EELZENTED.
BEWTHE N, KA A OFREAIEREHNT
Fir = aniv,jmb.jvb,j (2-64)
i
TRINDD, ZOFETNETET 7BV 7 U v FA~OEKREZFRL TV 2N, B—
LEREEHENET D281 TERY. T2 EAT Y v RaORAEREZERDE 0, %
EAANE
Ingj = (1—n1j)lsc, (2-65)
B Z LT, BE—AEifE
Ly; = mjlsc,j (2-66)
LELZENTE, RRYZHWDHZ LT, #iH%E

Mjls; 2M,Vgg
Fir = Z Ndiv,j M, ]q- / Vp,j = Z Ndiv,jM,j é Isg,j (2-67)
j J j J

LEIZLENBTES.
REOMREEOETIX, Z IR LEEEEEZHE DD Table 2-6 DX HITEDT-. A7
o OWILEE & B IERIXERRRF O 2 2B 1T, BHAZNRITI X/ o TORER R
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Table 2-6 Ratio and efficiencies on modeling of the thrust of the ion thruster

Symbol Value Reference
Absorption ratio Nabs 0.8 Based on experiment
Current Efficiency” i 0.95 Based on experiment
Efficiency of divergence” Ndiv 0.95 Based on experiment using xenon

* Efficiencies are regarded as the same value for all species.

26 Za—N )BT NLOHEREER

261 KFIFAXA<-ETNLVOHEREE

KT T A~ET NVOFFEMERE Figure 2-8 7» 5 Figure 2-10 & L CT/R 7. Figure 2-8 TILi
BA 45 pg/s IZEEL, ENEIRSTGAOKR T OBE, S L ONE FRE, 77 X~
WAL & (a) & LT, #HEERE L L COMERRZFIMET 2720 DA (b) & LT, ETF AVFDES
HEROEEIZHOWT()E LTRLT.

Figure 2-8 (a)lZ/R L=V, 15 W £ TORICHBWTIE, WINEH O EFITfE-> TRERIT
HIICHML W5, —F, BT HEIE—7 ZFFb, 8.5 WAHIT 1.8 x 107 /m® 23 KMl
Th 5. H0B L OH OEEIXEFHE LIFER URTEEO Y —7 ZF2503, H30' T X
VIEWENTE— 27 2B bR 2 10D LTV - TS, BERE—7 2106 00b 5
PN LEET TWD 0L, BHEEN EFEZKET WD 2L, BLOE FEE LS
(20D AR — 2l EOHINTER T 5. FHZ@EWENTIE, A 413 EIC OB XU OHY
THRRENTEB Y, oA 403 5% b7z 220, HHUCE LTI IcmE N R CEit &
MREISWKIZIZ 10 %% D 5.

BENE—7 2O L%, ET LV EICBWT, RAI—EBFEEICH L T2 OB N
LTHET DI L ARL TS, — 5T, AENIKLT 2 ROBEBTFEELFFOHAITIE,
7T A PAREEICRDFIRDFEDN O TS, £z, ZOREEMEIT T v — LE
T CTH BT 5 (Chabert 2001, Pojo 2009). fit> T, ABFZEOHFIZIVT b REEMED AR
PAE S, B — 27 LR DOENTHOWTIEL, BEWMICT 7 A< ZAfEf TE RV ATREMEDR
BEND.ZORIAEDT-DITIE, 7 v —rLET VA IEER CREIEEMICM 2 & (Blx
IX Avtaeva 2010 D L D I1Z179 2 &) MRD LS.
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ZOWMEICBWT, A A VAERT A N 300 WA IZEND EFZ2FT 15 W IZBW T
867 W/A L 72> TW% (Figure 2-8 (b)) . A A A= A b EFITEOHEERIF] A h=R1%
EFLTHD 50D, 10 %iZiZmnd, flziE3 WERHIIE 3.7 %L RV MElc s EE - TH D,
FEHEI DT @V AT 1000 s T < ThH D, ZOHHETNIL, K3FE L0 18 IZTEENITT
o LaEBEETDE, REETIHRVVESE WD, £, Zo#EHIchgIEEsh
TWRNWZ EICEE SNV, HEJNEHRKT 400 N 1FETH S, 7 r—VULET LD—D
DHBTH DIRBEDRED BFES 0 IZHOWTIEL, BEIREN BB LE 90 %l EThHhH &
DHERTE D, Xk VOBNA A U HRICHARD EBETFIRNWD, +ICEHIZZ AT
&%, F£7-,Nakagawa 5T K DHESANE & RIS TIL 98.8 % T, Z OfFHEENFITFA
ARENRXE L OFIT 096 BRETHLZ LEEZBET DL, AT L 1B D HEI1RK
0.919+0.72 LEEEPEREAL TV D.

WL S =B A ORI L TR, BT RV X =BT A 4 OEB T 2L X — 03 b K
L, DVWTEFOET =R LFX—& A bR F—NTE[E U,k CTRERE= R L X
— LR AL F—RNEDETI5% 205 20% L7eoTWD. K TIZRA Qb KGT
& D IREENE, [EHAENEIZE L CidthoB R LMl /hS<IEE A EREE 5 2
TV, BHEZENMEE TV EEB =R —~DERDHEIM L TZ DML D
TRIFX =N T 5. Z ORI Figure 2-8 IR ENDRT ¥ LD ERAENKELE
BLTWD, —HhET R X —~OEE TSNS < 725721 The <, Mt d 1
ERIEVWE o TE Y, ZoMMBERE, EFRED ERICK s TERKISOL—har
AH L MHPMDORIG LD b RS EEITHIC/32 5 Z LTINS (Figure 2-4 25 M) . fREER
ISR ED LHEIGITBB LT 5% 5 10%Th D, KL, BHEMOKT I AETVEZZD
BRIZIE, MREEROS, FRIC MR- 72 2 fREESUG  (Table 2-2,No.22 38 KL UM No.23 285%) %
BETOHMLENDDLZ ENDND.

Figure 2-9 TlZ, Figure 2-8 L [RBED 7T 7I12HOWT, BHEZEE L TitEE 2 SE7- b
?D & L TRLT. Figure 299 (a) 1%, EHZEE L THA A FOFEE, B O EUAFE
ARLTWDR, FFIZ H:O" ORI TdH 5. Table 2-2 IR IALTWD L 91T, H30" 1
PR & DOEMAHS G T LA LW, Z D7 O EN B30 YRRl 5 s E5A-
THL, BELIEIANEZ T 100 pg/s £ TOREKTIZIEIKRDOA 4o DBE LZE 42 %
H;0" L7 o TWD. DA A ARITERL D72 <, FrIC HY, OF TR TE L LU ZE T
9&<&ofwé.:@ﬁ%®%mm,ﬁiﬁm HEIEFIREDKTHRESEHRLT
BY, BAEEOE FRENSEWVEK T, AiROBEHE2 B8 & & LRBRICER T
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ﬁ%%ékﬁofwé.Wiﬁzm%m@&%JF@%E%TQTmO*HIA%T%é.

H;0" OB HEHEREME WHEEH 2 TEY, 30 ng/s UL THREENZRIT 95 %LL E, 30
pg/s LETIZ 98 %7e B Lo TnD. 7272, A4V AERMa A MIBELTIES50 pg/s K0 b
FREZMESLLIEGA TOUBESNRNZ LR SN TEY, KiERE2FT 2 & I3HEERg
ELTIBEKE RV, BHEEZX TV WO iEOHE ) ~D% 5 b IREMN T, e
INTHEFNWAD 325 (Figure 2-9 (b)) .

Kt BRFO = F N F—DOERITFE = KL X —, SR X —~DO SN %L D 2
EMFFEITH D, T ASRT T VOR T > TA A, B OEE) = R/ F—
ORI T 2Dk L, T 3L F—1L 60 pg/s T 10 %, 90 pg/s T 14 % & K72
BEND D, fREED 60 pg/s T 11 %, 90 ug/s T15%E 72> TN D, FIECRRED B TA 4
N MEDON D =R X —TFFTHICR>TEY, A A VAR T A PR TLRN—2D
K THDH EEZ BHILD. Figure 2-9 (c) TlRlF & A EHER T 7edo Iz Rl#RE K OMREhEhiEd
IZ R DHERIFIRIEEFFIE TRD B, BIED 35 %fRETHS.

Figure 2-10 Tl, BHRE, BEBVBEEREDT T X~ DTEHER T A —2 1 L OHEERKNE
REDFHMBFEIE %, B EMED 2 WL BRI~y 7L L TRLE=. (a) BAEE L (c) EIX

Vi, BAOMIFIZI N L TIEOFBBFRR G S Z LB bnd. 202 /37 A—2 HERVIE
DOHER L0, FrZENE S 8D &, EHZRENEE & 2 DMEOZEE, ERDO T2
RKEWZ ERDND. ORI, EFRED EFICX DR — AHEORMMAEEL TN
5. Flm, (b) BARE, (d) 7T AR T X, (6) A A BT A MR E, K
B THEIRICKE 2D, 20 OFEIBITHEER S L COESITIEE L TRy, £z,
BARE L 7T A RT v MITEEICERDEH 203, A A ERa A SR T T A~
AT ¥ X VOB L DBROEMOEEL R Z1T 5 2 ERbhd. HEERIFIHZE
IIHFIC KB FEIR TR, 10 %% 2 2 803720
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Figure 2-8 Results of the water-plasma model at the mass flow rate of 45 ng/s: (a) the densities
and currents of each particles, the electron temperature, and the plasma potential, (b)

performance as a thruster, and (c) proportion of power loss with the absorbed microwave power
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Figure 2-9 Results of the water-plasma model at the absorbed microwave power of 2 W: (a) the
densities and currents of each particles, the electron temperature, and the plasma potential, (b)

performance as a thruster, and (c) proportion of power loss with the mass flow rate
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Figure 2-10 Parameters in the water-plasma model: (a) electron density, (b) electron
temperature, (c) total current, (d) plasma potential (e) ion production cost, and (f) propellant

utilization efficiency
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262 FI)UTFTAETIVOHERKR

Xt/ 7T AT IVOHEER % Figure 2-11 7> 5 Figure 2-13 & L TRT. K77 X
~ET NV EITREDH IR | Figure 2-11 Tl E% 30 pg/s IZEE L, BHEZIRST25H5O
BRIT-OFBE, BB LOETRE, 79 X~BME@)E LT, #EERE L TOMEREA
TLHOOHEZEZDL)E LT, ETAVHOEBNBRIDOEIGIZONT ()& LTRLTZ. () 225D
ONDEINCHRE ) CBAICEFEEO Y — 7 285, 65W T 1.8 x 107 /m? 2N RIE T
b5, BT —E L CTHIMEMICH D23, FRZ XetOERIT 10 W LETIFEA LS ER LA
V. KOG E ERRRIC, B =2 %D T T A BNET )V ETLREMICHFIETE 2D DM
FHIMNETH D.

Figure 2-11 (b)IZ/R S 7o HEMERE & U CoMERRICEI LTI, HEEAFIHZIEN 1 12imn &
CHETEF LT ZENKEERTREHTH S, A A LA A MIxHE LT EA
LTCLESTWDN, FIZIEX2 W ORRZ, A A= X X 237 W/A THEESIFIH 2R
1T 306%TdH 5. ZHUSKH LT, 8W DFFICIE, 1 A ER = A b id 369 WA THI 1.55 %1
L EEDN, HEERIFIAZNEL 78.7 %& 2.6 FIZEETLERT L AREGHHEIIRE LizA 4
VATAZDOXE ) o COEBNTEE 1L.SW TITOI TV DA, X0 &EWE TOFEENC X
DR E L COMRE, 2R E2UET DT EIRB IS, Figure 2-11 (¢) (2B K540

L, EBFEREO LA TA T BLOETFOERH =R LF—~DOEENELIIHEHRD
ZEERLTVNS.

MEEES TGS, BEIZEF LTS BNERD EFNIEE 2 DIEHE <, 40-50 pg/s
IFETIRIFEITBIC 2> T % (Figure 2-12) . A A VAR A FOIK T HIEE Y, #HEdEA
ﬂ%@%@?ﬁo(“<@?ZWVGM60%muL®ﬁ%%ﬁV6M%ﬁﬁV.*ﬁ‘@

TIEFENTVARND, TRALF—HEONMITRE LTV, 20 pg/s T, ERET
RNF =D 18%, T RAF =N 17 %, 1 4 OEB TRV X =) 44%, B OEH) T
ANVF—N 21% L > TWTC, Bl X%, &t B, &7 OE# T 1L F —~DHEKNF
U, A A OFEEB TRV X—721F 2 5L 72> TWD. —J, 60 ng/s Ti, EHE- /L F—0
23 %, =R F =03 32 %, A A OEB TRV =78 30 %, A OEH) T RLF—N
15% L72>TWT, EET R —~DERNE 7257, FhE~DBE LA RE ML T
W5, BT AL X I DN R AT —DEE B TV D T, A A EKa A b
1T TFE L TVDA, 60 pg/s LLEDOJEE TIERIE = R L F—~DELNPRKE ML T
LEW, BEE- XL X —~DHE, A A ERa A FOWEILE BITIZEA LR,
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Figure 2-11 Results of the xenon-plasma model at the mass flow rate of 30 pg/s: (a) the densities
and currents of each particles, the electron temperature, and the plasma potential, (b)

performance as a thruster, and (c) proportion of power loss with the absorbed microwave power
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Figure 2-12 Results of the xenon-plasma model at the absorbed microwave power of 2 W: (a) the
densities and currents of each particles, the electron temperature, and the plasma potential, (b)

performance as a thruster, and (c) proportion of power loss with the mass flow rate
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Figure 2-13 Parameters in the xenon-plasma model: (a) electron density, (b) electron
temperature, (c) total current, (d) plasma potential, (e) ion production cost, and (f) propellant

utilization efficiency
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Figure 3-1 Schematic of the whole experimental setup
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H2eF 2o\, BHE1Om, RS 1.2m OHRFEIIRT, HOFHBRFEE OB L 78> T
% (Figure 3-2) . WEHIZ 8 A L F 7T VN3 DT D, EFIZI0A>F 7T VMN2D
T, BB X OEOHMOMEIZ 10 A F 7T IMONTEY, 770U b~vA 7 all
RLBIDEANEIT - 7. HEXCRIL 800 Lis (N2) DX —R4y17AR > (Turbomolecular pump
(TMP))  (EEf/ERrl TMP-803) & 1300 L/min v —4% U —iR > 7 (KiliE 225! GHP-
1300) THEpk S 4L, v —2 U =R AIMEI EHOR T L 2 =Ry FR T DRy 7R
T O NPT NS, PERRDOEERIXIT Figure 3-3 IR L7ZIEY ThHhH. HILEITE T =K
ZE5H L A=V N Y — Rl G 255 Th 5 Pleiffer 48 PKR-251 (2 & - TEHAI
ST, FEEBREFORETE IR L 1X103 Pa T, KIEEHEERIFOIEEIL 3 X102 Pa LA,
Ft ) AR RO EIT 5X103Pa i T Th o7z,

Figure 3-2 Vacuum chamber (left in the picture) and other experimental facilities (right in the

picture)
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W LV2 VG; Vacuum Gauge

VVacuum Chamber J {><} MV; Main Valve

FV: Fore Valve
LV1; Leak Valve 1

LV2; Leak Valve 2
MV % LV1 TMP; TurboMolecular Pump
RP; Rotary Pump
TMP M RPI—
FV

Figure 3-3 Schematic of vacuum system
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RY. AT AT AZOFFHE Koizumi 512 X 5 /TR EIESWTEBEINTEY
(Koizumi 2009, Koizumi 2010) , ¥t / > & H W AEENIFH TOEEN H 5 (Koizumi 2016,
Koizumi 2018) . 7'V v FiEF k& / VAIFIC&KI N7 Y v F&, K, &/ TH@EL
THWD. 77Uy ROV A X, 3 7e 8% Table3-1 ICE 205, 7V v ROKFHIBEEL T
Nakano 2018 72 SIZFE L. AFaSLTIEZ 09 bA A U iERIGR ET 5.

A F W, FRETEN T~ A 7 v, HER, EREEOMG L Z T THERT 5. <
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END. AFPRICHB SN D EREBILEIAZ V—VEBELET 7 RIVELEO 2T, A7
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IFAEEL 27 V=27 ) o R, 33— i, 7270 3ESICHMS LS (Figure 3-7) .
7 7 B VEEOEINIE TR, FUNFEDOFEMICOWTIE, EBRFIEOHE (3.33.1,
Figure 3-30) (TR L7-.

Table 3-1 Design of the screen grid and the accelerating grid

Diameter Thickness Number

Screen gird 0.8 mm 0.2 mm 289

Accelerating gird 0.4 mm 0.4 mm 289

Figure 3-4 Ion thruster: Ion source (left) and neutralizer (right)
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Figure 3-5 Schematic of the ion source and the neutralizer
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Figure 3-6 Topology of the magnetic field and the antenna with the ECR layer of the frequency



102 3 EBRIGE N O Tk
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Experiment changing wall potential The other experiments
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Part A: Yoke  Part B: Side wall and Yoke, magnets, side wall and
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Part A, Part B, and was

applied voltage individually

Figure 3-7 Condition of applied voltage of the ion source with changing wall potential and the

other experiments
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1
Connected to the logger :
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LMS-602D i Powermeter i JANRVAN i i : Discharge chamber
i [ [} i 1 S
H ! i ]
: P I
! —— sl
H Directional Coupler i gy -
. i i ! DC Block
Oscillator Isolator 1 Amplifier H >

* CGA302M502-4040R
conpotnents are connected

by co-axial cable

Outside of the vacuum chamber Inside of the vacuum chamber

(®)

Connected to trim circuit or SPS

.....

Connected to the logger

Powermeter | Z\ Z\ : Discharge chamber
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—
Directional Coupler

......

Amplifier
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|
I
|
|
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|
I
|
Figure 3-8 Schematic of microwave feeding system: (a) used in the other experiments except for
changing the wall potential by trim circuit and (b) used in the experiment changing the wall

potential by trim circuit
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Figure 3-9 Picture of microwave feeding system with the setup of the experiment with changing

the wall potential by the trim circuit

3.1.5 EREFRR

ERERE LT, A7 V=270 y NICERZMGT 5227 U — &R (Screen grid
Power Supply (SPS)) , 727 &7V v RICEREZMAGT 27 7 B /VER (Accelerating grid
Power Supply (APS)) , g EIR 4 469 5 s ER (Neutralizer Power Supply (NPS))
D 3 AWz, 2N EhOER, EEOH L P % Table 3-2 IZF L DT,

EIRDOEFF L OEEIT Figure 3-10 705 Figure 3-12 (- HIERIEE IC L - THIE S,
FLEREEE I A T) S 47z, Figure 3-10 (2779 K 912 SPS D&, BHEHIEIXER G M) &
L= AE 5% H\\c. —J5, Figure 3-11 3 L U Figure 3-12 (12779 K 9 (2, APS, NPS O
oit, FEERIE, EBEOH b EEHIE Sz,
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Table 3-2 DC voltage supplies used in the experiments

Voltage Current Model
Screen gird Power Supply (SPS) 0-150kV ~ 0-40.0mA  HJPR-1.5P40
(Matsusada Precision)
Accelerating gird Power Supply (APS)  0-650V 0—-100 mA PLE-650-0.1
(Matsusada Precision)
Neutralizer Power supply (NPS) 0-120V 0 — 600 mA PLE-120-0.6
(Matsusada Precision)
& Variable Resistor
15V
Screen Grid +5V_1 +5V.2 L WAL J *
p
L lvobiq | —vDD2+-2 LR RGIE
2 |\ : 7 2 7
- rVin i Yout+ >< B +Vs +Vout_SPS_Voltage
— 3 4 vin—- | [Zvout-1-8 310 6 .
HIPR-1.5P40 4 ; 5 4| <
RASPI0| e i Lanp2 Vs REF =
- ACPL790 AD620 J_
L -v_moni -2 A | -Vout_sPs_voltage
i = \V4 = -15V =
= s coMm GND GND
T | +Lmoni
-I_moni -8 & & Variable Resistor sy
+5V_1 +5V_2 L VNAL J
~ L lvopi | —vbD2A-2 LR RrRGIE
2 | : 17 2 7
Vin $ Yout+ >< - +Vs +Vout_SPS_Current
: 3 Lvin—- | P [Zvout-+-2 3 11 6 .
ITU Common 4 1enod | Lanpa -2 4 fvs  REF2
ACPL790 AD620
e i -Vout_SPS_Current
V com = 1V GND—

Figure 3-10 Monitoring circuit for voltage and current of Screen gird Power Supply (SPS)
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Accerelating grid
< Variable Resistor
¢ +15V
+5V_1 +5V_2 VAL
APS = R2
L1 {vpp1— | —vDD2A-2 Ll RG RG JS
2 |\ i 17 2 7
rVin j Yout - +Vs +Vout_APS_Voltage
R % R3 —3—Lvin-—- | [Zvout-+-L 311, 6
4 1onoid | LgNpaA-2 4 1Vs  REF|2
Ton thruster ACPL790 AD620
common 1 -Vout_APS_Voltage
V com =enp PV GND™—
Fa'n & Variable Resistor
+15V
+5V_1 +5V_2 VAL
L1 lvopi— | —vDD2+2 Ll RG RG JS
2 |\ ! |7 2 1N 7
Vin j Yout+ +Vs +Vout_APS_Current
3 Lvin- - [PAVout: 6 3114 6 .
4 : 5 4 5
GND1— ¢ L-GND2 Vs REF =
ACPL790 AD620
-Vout_APS_Current
V com =enp 1V GND—

Figure 3-11 Monitoring circuit for voltage and current of Accelerating gird Power Supply (APS)

Neutralizer
Variable Resistor
+15V
+5V_1 +5V_2 VAL
NPS= R2
! lvopi— | —~vpD2}-28 1R RGFE
2 1., : |7 2 7
vin j Yout - +Vs +Vout_NPS_Voltage
R1 % R3 3 { Vin- - [Zvout 6 3 + 6 .
4 | 5 4 5
o elVIoy2d N ) BN, ) Vs REF [
Ton thruster ACPL790 AD620
common £ 1 -Vout_NPS_Voltage
V com =enp 1V GND—
& as Variable Resistor
+15V
+5v 1 +5v.2 VAL
L lvobio ¢ —vDD2+-2 Ll RG RG JS
2 |, i |7 2 7
VIR | 3 fyout TN +Vout_NPS_Current
3_1vin—-| P Zvout-+-2 311, 6
4 5 15 4 | 5
GNp1d | L-GnD2 Vs REF =24
ACPL790 AD620
-Vout_NPS_Current
V com =enp BBV GND—

Figure 3-12 Monitoring circuit for voltage and current of Neutralizer Power Supply (NPS)
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3.1.6 HEERELER

HEMERI LA RIL, HEEAIDN T & ) C OBA L KOBAE TR D, £F, KOHERIIG R
DR % Figure 3-13 12, /MBIG-EL % Figure 3-14 (2777, /K OHEREAIBERS A1, Figure 3-13
WARTEHABTRTCEEF =V ASNICREINTEY, BRIEFEEZET = OHA N
®H LTS ET

HEFEIL, 7TX¥2 L —4DENEZ —EILHEROIZ EICks TIThR 5. Kidk B
B 7 ICIEIRORIEETHRE SN TR, ¥ 27 O BEIEZE OIREICB T 5 HFKEKED
KELR T SND L HIT72>TND., ZOREEIE, KOKIBTBENRENCE > THREN
TWAHZ EEBEWRL TS, X7 EEIZII SV T RONTEYD, D317 (Regulation
Valve (RV)) #BHMAT 22 LT, 7H a2 AL —HITKEREED Z LN TED. RV OREE
HENCHIET 2L, 7HF2 b —FOFENE—BIRHODZENTE, EAhBR—EILkizi
5L TRICHDMBE~DHRED —EIChRTZND. ERICEWVTIE, THFa2 b b —FDE
712 > % (ACcumulator Pressure Sensor (ACPS)) OEIZ FIROBIME A% T, BEE Tal-> 7z
BAIZ RV Z4REREZZ BT 5, Wb B8 N Ul AT - 72, Hl#EE LabVIEW (2 &
- CHEli S, BIPAE B O AH X National Instrument #15 N19205 234> T\ 5%, A7 v
TN EZ AL ST 5E OIE 128 k% Figure 3-15 (TR, B EREZRISST 57
DHOWIE, K OEERDFERIZ I 2225 E 3.2.3 HEERILRE R THBR T 2.

: gﬁ)enstsrglrleed : Discharge
. ! I chamber
Regulation Valve
g : e.g. 0.7 kPa | pressure
/I\FNW\L ’_® : e.g. 1 Pa
:
[ ) ) 1 E
° : :
[ ] |
[ ] |
( J
® ()
B NV

@-‘ Thruster Valve

@ Pressure Sensor
@ Temperature Sensor

Figure 3-13 Schematic of the water feeding system
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Pressure sensors

i Regulation Val

~ Connected to discharge chamber

U

=

= Regulation Valve

® Connected to
discharge chamber

Figure 3-14 Picture of water feeding system: (a) bird-eye’s view and (b) side view
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Figure 3-15 Example of controlling the pressure of the accumulator by the bang-bang control

system
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~A7n—ay hun—J B END. v A7 r—ar ba—F % Alicat tH8 T, I FTEE
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Xenon Tank
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source or neutralizer
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Mass flow controlling unit

Outside of vacuum chamber
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MFC ; Mass Flow Controller
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_
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»

Inside of vacuum chamber

Figure 3-16 Schematic of the xenon feeding system

Figure 3-17 Picture of mass flow controller for xenon
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3.1.7 BNEEHERERR

BN AT HERERRIL, BEaEMEE CTHWCERER Ch 5. BEmEMNEE TIX
Figure 3-7 IR L7 L 91, A AU AT AX B XRINTHEIL, KN IDNDELEE AT
V—VBENOAETERSETHD. LN, 2ORXRTZ YV —VFBENPOOESE MY L
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EMZTERATHREOMGITHILEZIFAL, ZOMnE T XV~ /VTF A —2 THIET
52 LT, BIRANEL TWD, BRI —ESRMN NICBIT 2 HAMED K & & 8724
PHE L, &0 FHMEZ B OHEE LT 5. Figure 3-18 (b)IZ /R 18 Nl s ==
R, EERAEETHZ LT, MY ABEABBIICET Lz, A4 v FIIHAZHE
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_____________ T )
\/\/\/\ ° AN Digital multimeter
N FLUKE 177
— W) N
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(b) Y Dry Cell
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*Each dry cell had
® the open circuit voltage ®
Cathode of around 6.0 V Anode

Figure 3-18 (a) SPS and the trim circuit and (b) detail of trim circuit for changing wall potential
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3.1.8 DOEMRTEESHTE

DU EEAGRRVET B3Rt (Quadrupole Mass Spectrometer (QMS)) 1, U BEMRIZ B R L O
ZRMUNCHINT A2 L2 L D, HDLEM DA A2 OANLEICEIE TX HEEEREE
L, BT 25EETH D, AEBRTHU - QMS 1 SRS £:00 RGA200 TH 5. E7pflkk%
Table 3-3 |2, RERFOIMBIX % Figure 3-19 /-3, B, QMS IL7 1 7 A~ Z& v THERL
TEAF AL, TOEREZWETH. ZZTET 7 AHOAF L ZEENET 720
2, 74 7 A2 MOTERE IS TICHIE 2 F20 U7z, JIE KB & RO EEL % —
WZLIeE EEERMIIZITI 2L TERSND

Table 3-3 Specification of Quadrupole Mass Spectrometer (QMS)

Specifications

Mass range 1 -200 amu

Detector type Faraday cup

Resolution Better than 0.5 amu @ 10% peak height
Sensitivity 1.5x10° A/Pa

Operating pressure range <13 x10?Pa
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Vacuum chamber

Figure 3-19 Picture of QMS connected to the vacuum chamber
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3.1.9 HIE¥ERE

FRIZAE D FEEIE, SR CTT RN TEEEFICES S, HIERE (Graphtech 15 GL820)
~EANEND. 2E L, BAMEEHOERERRDO R, WEIXT V2N~ TF XA —Z TIT
i, FEEkE PC ~OANE LIE/ — F~OEFEER ICL > Tt s, JlEREEORIE
AEEEIZ 200mHz & L< X 1Hz TH D (Figure 3-20) .

-y

1 sec/DIVSwem =

Figure 3-20 Picture of the logger: GL820
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3.2 BIER & UGREE

AREITIE, FHRIEZ I L TW D~ A 7 v, EER, HEEH ORI OV TEIE
Tk L REFM O ik~ 5. £z, WEMBRE RS EHIE U TIMNT 71k & GERE
oo ik

321 <A77 uvulR
32.1.1 ~A 7 aEREESE

~A 7 aEOBRANENL, NT—A—=F A F RS L IZF Moo 0 IR T
A OMEBNE L CEIES N, BIEFRFO~ A 7 il 2 OMERX % Figure 3-21 1277

ZOWRIET, ~A 7 ullZhb~vA 7 uilati L, "U—XA = THlESNDLES, T~
IO SN D EE BEAEBNTHINT DEE E KBNS 2 EED 2 FEH) 2l
EL, BIEZIT). v A 7 RN OOMIIENL0W » 5 7 W L F CEbfiaic 2k s
o, TEOHNOENE N —A—FBIOEETHETHZLICLD, RU—RXA—X
TOWMEHNIET TN OHNENONINE LD ENTES.

B NESNEROBRNBEINHIET DT T DLOMNEL VW &, NT—A =205
DHFTES) Poywm DT 72 B4R % Figure 3-22 (Z/n9. F O ITRLIER T 2 Wk Rk A /)
TRIETERIT A Z ETROTEY, HAKEICH LT,

2
Z(QMF,calVMF,xZ + Bmr.catmrx + SMF.cat — Ppwmx) (-1

W/ NETRD &9 78 avp can Bur,cat SMpear VT,

Purcat = fur.cat(Vur) = auecatVme” + Bup.caMe + M cal (3-2)
LEFRSND. TOBIEZERATE T, T THERRIERL TR, 22 TIEZOiRIEX
MOEDH N TN TEYLTHAEN LT D, Lieh> THAOENIZ

N¢

Pyr = fur(Vmp) = N Z aMFcalVMF + Pur,catVmr + (MFcal (3-3)

cal 1
LERIND. ZOKXGBI)EWENE L, EBRFFHIZAE SN 7T NbDOHTEELY
B ERD 5.
KB, AFPES LAXTREEONRD I Licax s ¥ 28T 5 2 & Th
IE L7 (Figure 3-21 (b)) . ABENDBT AT L TRES T D ERET D &,

Pur = fur(Vmp) (3-4)
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EETD. KEHEHN RO ES &, KEENHRIGT DT 7O EITE
Vmp,x PRI 72 B4R % Figure 3-23 (2773, Figure 3-23 HOITEIHEHRIE 2 Ui % fi N — 3
ETEE T 52 L TROTEDY,

2
Z (O(MR,canMR,x2 + BvRrcat VMR x + MR cal = /i MF,cal(VMF,x)) (3-5)

DEINETR D KD 78 o, Bur. S VT,

Purcal = furcat(VMR) = OurcatVMr” + Bur catVmr + MR cal (3-6)
EEFRIND. MBS LRI, TOBERXND O 2T X CEH L THABEN LT
D72, AEIE

N¢

1
Pyr = fur(VMRr) = N_c Z aMR,calVMRZ + PumRrcatVMR + (MR cal (3-7)

cal=1
LEFRIND., ZORGBNERIEXE L, KIFENCKHST 27 7T IEELY
KHES R D,
FRRIZBIT 2 BB LOFENL, 1 &Mcxt UCHE LZBEM T~ T2 o
WIEX IS L=0h, FEE L TRD TS, WERDOEEN, £ T5E, HD5MT
D~ A7 o NEIB IO ENTENER,

Nsam
- 1
Pyr = fur(Vmr) = N Z fMF(VMF,l) (3-8)
sam =1
Nsam
- 1
Pyr = fur(Vmr) = N Z fMR(VMR,l) (3-9)
sam

L.
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1
S S 1
: 1
] 1
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: : E | | sensor
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1
| Sttt bbb fufututiot fufuiutububiel 1 1
: 0 I I
)
LMS-602D E Powermeter | E E :
)
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)
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|
1
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*Calibration was conducted in atmospheric pressure
*Conpotnents were connected by co-axial cable

Figure 3-21 Microwave feeding system when conducting the calibration tests for (a) forward

power to the discharge chamber and (b) reflected power from the discharge chamber
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Figure 3-22 Forward power measured by power meter: N8481A and N1913A versus the output

voltage from the amplifier indicating the forward microwave power
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Figure 3-23 Reflected power calculated by using the output voltage indicating the forward
microwave power versus the output voltage from the amplifier indicating the reflected

microwave power
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3212 ~A 7 v REETME

B DB PE S BNE S DR, Figure 3-22 (7R ST TBL R S OB E S OIE S >
XEHWT,

1
OMFcal = |3 _ 1 E {f MF,cal (VMF,x) —P PWM,x}2 (3-10)
Nsam 1 x

LERTE D, IHITKIERZBEEIT> TODEA, ZOIELOX X IEZIT > 1285721
ERINDIDZ ZTIEHROIZD, TOEOEDRRBREN ST LDEZRIEIZL DTS DE
LERFRL,
OMFC = MaX{UMF,caz} (3-11)
LEFRTD.
B DRI S B DOREZENL, [AIFRIC Figure 3-23 (2R S BlbfR 2> & OJIE £
DIEHLHEEZHNWT,

1
OMFcal = |[v 7 § {fmrca(Vmrix) — fMF,cal(VMR,x)}Z + omEec? (3-12)
Nsam 1 X

LIEFRTED. KHEBENOFETIITRABNOBRIEXEZ T NTNL DT, ZOMELRHKE
EBEL TS, BABEBNORFERERIZ, X6 0XDRHROREDNSTLHLDERIEIZE SIS
DX LEEL,
OMR,C = MaX{UMR,caz} (3-13)

LEFRTD.

FRIZBIT 2BRAENB LI OB OMEDT, LR TER LICREICMAFER ETO
HOBRANENBIORHENDE LG LTS, LIER>T, RAEN L IXHED
DT ENEN

NSam
1 N
OMR = |37 7 Z {fmr(Vwr) — PMR}Z + oumrc? (-14)
Nsam 1 =1
NSam
1 N
OMF = |3 71 Z {fmr(Vmr1) — PMR}Z + omr c? (3-15)
Nsam 1 =

ERIND., ZZTOV T NE Negm 1 EERICB T 2HEROY TV ETHDL Z LI
HEE S,
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322 EREFRR
3221 HEIREFRREIE

FHURICA SN EIEL, EEOER, BEOEKRIE, A2V —r7 Yy K, 778V
7Yy R, FRmOROVICH I —BIA#EE L TRIET 22 LICRVRIEL. ¥ 3I—
Bz LoREETELE 22 (bS5 2 L2 L Y, Figure 3-10 7> 5 Figure 3-12 (277 L7z [A]
BIZE o T ENDEBIEL ¥ I —BIIOWEGIZ 02D BEEOERES. £/, ¥ I—
KoY Z, 7 V¥ N~ F A —%— (FLUKEL77) IZL->THEL, ZOEEHNS
Z LTk o TERME A R D, FERICER S &2 8 & BRiEOBERZ 57, 8&iE
KD BEIFE 5 O H BT 2 EBEE, EiRfEo R 72B86% %, APS %5l & L T Figure
3-24 3 X OF Figure 3-25 |ZR”d. dRlEHR T/ —RIEIZ L » TR b, Bl 21X APS &£
DLE

2
Z(“VAPSVVAPS,Mc,x + Byaps — VAPS,measured,x) (3-16)

DR 72D K978 ayaps, Byaps TR LT
Vaps = faps(Vmcvaps) = @vapsVumcyaps + Byaps (3-17)
L 72D, ERIEAR DR D F IO T X TOREIREFRFZDERIZONT, FETH L.
EBRIZBIT HEFEFROBLER X OBFIL, 1 &Mox LClE L2 BEEd Tz b
OB EXZMIC L0, EHL L TRO TS, MERDOEENg, ¢T5L, HDHSE
fCo APS BIEIT

Nsam

- 1
Vaps = faps(Vmcyaps) = N~ § fars(Vmcvaps,) (3-18)
sam =1

L%, WEMIIMO T N TOEFERRDOERICOWTREERIZKRD D Z LN TE 5.
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Calibration test O
Fitting curve
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Measured voltage of APS, V
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Output voltage from the monitoring curciut indicating APS voltage, V

-250

Figure 3-24 Measured voltage of APS versus the output voltage from the monitoring circuit

indicating APS voltage
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Figure 3-25 Measured current of APS versus the output voltage from the monitoring circuit

indicating APS current
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3222 HEFERRRZNM

BRIEICHE 9 3R ZE oc 1E, BIAIX APS OFEJEICEH L T

Nsam,C
1 2
OvAPSC = (v Z {fars(Vmcvapsx) — Vieasured,aps,x} (3-19)
Nsam,C 1 =1

WLV ERSND. ERICB I 2EBERROBIEL L OEROBEIT, LR TEHELE
PREIINZFER ETOBEOEBEBLOEROIEL DX E2EA TS, 7z, XGB-19)I2HES
<HRIEIZ X BRI SCCTHRY FiF 5 FEBROFMPATITZF L /NS EETE 5. LN
ST, EItEFROBER L OERORAE, #lx1X APS BEICLT,

Nsam

1 _ 2
OyAPS = |7y 1 § {fAPS(VMC,VAPS,l) - fAPS(VMC,VAPS)} + oyaps,c?
Nsam -1 =

(3-20)

Nsam

1

— 2
= N —1 Z {fAPS(VMC,VAPS,l) - fAPS(VMC,VAPS)}
sam =1

L7220, BREIH O EHMOEE, BITICH LT b RETH 5.
323  HEERIEHER
3.2.3.1  HEERELRS RBIE

KOHEERPEAGRIL, THF 2 L L —FDENPOIRELFHAEL TWDHTD, ZORGKEY
WETOMNEND S, 1/ o OHtEAIERICEAL T, BBl o~ A7 —a b
— T &EMHLTEY, 2 TIEHRIEZFE L TR, LT, KOHEERIMGE ROV T,
BEDITIEZ RS,

JEJ) L EOBREZBIET 5720, LLFOFIRICHE - THRIERBRZ Elii L7z, Z ORBR
(T FEBRBIARTCAT D, BIERBRE IR KKK E T 5 L &L THZhE L.

Cl-A. 7X a2 AL —XORELEN% 2kPall EOfEE L, TXTONLVT DD,

CI-B. TV ZBiiJ%.

C1-C. JE/73 0kPa Tl H % F THED.

C1-D. CI-A 5 CI-C % 5 [ali#g v i3

INHOFECLVELNTEZ 5 SOF =Xty ML, 7 hba KERKDGE SN
RIS TEBEOENKR T2 RLTEY, ZIhbEENCB T IMELZFHETH I ENTE
B, JENEAL By EVRR 1ty OBIRIE, APEEAKKTHY, REN-ETHD & X
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] My,oNpVacc -
o = g Pace (3-21)
2

LERED, ZZTHHERIFOREIL, THFa2 L —XDIRELELWVWE LTS, IHIZE
DWNNB TR TH D EE, MEEENOBRIIT F 2 AL —FDES) Pyee LHEEDE
71 Py ZHWT

My,0 = C(Pacc = Pa) = CPacc (3-22)
EELZENTED. C BT X2 b L—INLREBEETCOHAIALEIHZ L ATHD.
7P L, EEDOENT T a— VBT ML DFETEBELE 1 PaDA—X—ThHY, 1
kPa DA =X —THdHT7F 2L —FDENH L THoBEHETX L LTS, K(3-21)

BILOG2)LEY, BD—o2o0T7—%t v b cal \[ZBET 5 ET) ORI,
(3-23)

Pacc(t) = amfr,cal exp(ﬁmfr,calt - wmfr,cal) + {mfr,cal
j:%

& 2%—9)—: & 75){% ZD . amfr,call ﬁmfr,cal' (mfr,cal' wmfr,cal li%d\:%{i %—))ﬂ 4 \fﬁ%i LT: i[‘f
DIENEA &, FaEBIEI X 2l % Figure 3-26 (2787, Z OIT{ldlR &2 R0 5 5
ZET, MEARDD I ENTE,

) My,oNaV,
Mmy,o = — == .Bmfr,cal (Pycc — (mfr,cal) (3-24)
RTHZO
ERTIENTED. MEITET — X OREOVIMEZ W CEIE S,
1 5
Bmfr = g Z ﬁmfr,cal (3-25)
cal=1
5
1
Cmfr = g Z {mfr,cal (3-26)
cal=1
DT,
MNAV, (e —— _
nace ﬁmfr(Pacc - {mfr) (3-27)

1 =
H,0 RTyo

LB,
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Figure 3-26 Pressure decreasing in the calibration test of the water feeding system

30
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3232  HEHERIHLRG RARZ= I

KRG RICBEA L T, & AJEINTHT DIEICS: 9 RENE, 5 FIOBIERBRORIEDOITH DX
Xk -oTESEL,

Gmfr,C

n
1 My,oNpVacc (3-28)

—_— 2
= n—1 RTHZO Z{ﬁmfr,cal (Pacc - {mfr,cal) - ﬁmfr(Pacc - {mfr)}

cal

Ll n=5) THa L —FDOREDIXLOX, (KO RMED VICET AT IEE L
TW5, EFRICBIT 2EORZEL, LR TERLERECMAFER ETCOEDEDIX
LOXICEKTIMEDIXLDEEFZALTND., LTEN-T, ERICEBIT 2IKEDORAT,

Omfr,exp
= sz e B (e = Toe) — e B P = o) }2 o
Neam — 1 &5 | RTiryo RT,0
EHC,
Ot = Jamfr,expz + Ot (3-30)
L7

Xt ORERHERICONWTIE, v2A7a—ary ha—50hFZar FIZBWT, i
ARSI RIED 0.8 %& 7ILAr—LD 02 %D EEFRZINTWND. KX TOWER
FEIXZoEZHH L.

324 NESRREESHE
3241 A FUREEFERIE OB %

W EMAE &N A HVD 2 & T, BEEMLICHT 2EEREZHDL ZENTE .
ARImLTIE, ZORBBELZ T 1 T 47T 2HZET, AFPEROFHEA A > ORI
&G %, 77 ASENEDAF L DT T v 7 ADEEEVWI B TRHET . 2 2 T,
FTZ O TIEIZ DN TR RS,

T4 YT A4 TNFA T AEEERY, FIETDEBERONDA A FITHIST DD
AR OEREDLEICH LT, /N RIETT 4 v T 4 v 7T 5. RG22 KORIER
KT 49T 4 7 ORR%E Figure 3-27 127 T. 7 4 v T 4 Y ZITHWEBEEUE, &A1 A
HICRT 2 WU AR OERGDE L, FHlloF 7|y M & 1 KBEEERWT, 58
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BT 1y OB E LTUTOL I ICEED.
fspc (rmc)

i

SpC] {(rmc + wspc) rspc,j}z (3-31)

- (aspc,jrmc + .Bspc,j)-
’ spc1
SpC]

Xspe,j» Ospe,j» Aspe,j» Bspe,jp Wspe (TN _RIETRODOEN DM THD. hgpe DHTRXTD
AFCHECTIHEE LTEBY, tMOBRBIIA A LI L C7 4 v T 4 VIR BER RIS, =
DB A F L OFEEAE, ERR7 4 v T 4 v 7EBOBSED kIR EE25ND. H
ESNTA A FEOBNEE, 7T ASFENLDA AL DT T v 7 ATHELNWEEXT,

FH20+ Y FTea FH3O+ g+ = XH ot + Xopt: XH ot P Xo+ (3-32)
L7205, Bl %21 Figure 3-27 (b)DIE AT, FH o+ : oyt ¢ FH o+t i Ip+ =758:113:92:3.6 & 72
D.
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Figure 3-27 (a) Measured spectrum with the mass-to-charge ratio of the water plasma at a microwave

power of 2.0 W and mass flow rate of 40 pg/s and (b) Fitting functions of the spectrum
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3242 A FUREGFEERE OBEZENM

DO E AR B ATt A AW IIE I BV T, IE S L2 i 7 TR AE S G 03 EBE OAFAE
FIAZH LT, EORETN TV D EMGT LitEHMiiE 35, AGRCTHE, ¥t/ 00
A7 MVERE L, ZORNARDEIEEIE OBEMEZ, BEMORREEES L k425 =
& TEOBETG AT o 7.

Xt & AW RIE R R o IR 72513 Figure 3-28 (R SN2 B0 TH Y, 1 flidF
AT E LTELS DAY MAEBIITHZENRTED. TNUHDAXRY FVITT
RTHE /) VORERNARIZIESS AT M ThD. 207 4 v T 4 7 HREB3D)ITR
L7zt @ ERERIZE Z 72 dod, Figure 3-28 1CEBIT HIFAEHRIG & RIRTFIELL & O HfklE Table
34RLIZIEYD TH D, ZOWEE Neyp BT 9 & &, H D RNARIZ OV TEALIZ K 2 H
EMEOFEMEOFRAENT, QMS THIE S NAFIEEI G ORI L EORRFIELDOELE L -
T

Nexp
1 L
AriSO,QMS = N rSO,l T'lso NA (3'33)
exp =1 tot,l
ThHY, WEEHEROIEHSOXII
Nexp Nexp 2
1sox 1 risol
. , (3-34)
s0,QMS = Nexp 1 I"mt B Nexp o Lot
LERTHILNTES, ZITE, | HOWEICH LTI 5 58EEERLEZLOT,

F 7%y MDD EEMEOREB L NE L SX 2l IR L, & TORNAKORER
EPoRbBENLOEBELT,

Toms = Max{Arous.iso + Tous,iso } (3-35)
EEGMEDORELTDH. BB X /) v OFERFEB L OEFEIT3341ICLS L,
RO RERFER & & bR LT
MEDHERNELTEALNDZLELT, ¥/ VRAMMKOEEEICERT 577 X~
HCORKEEDENEZTHE L CHDZERNHIFOND. FICR— LHE & PiERi 0%
WOZALMIRE T, Tk Dt /) CRIMARDMAR, 77 A~ T TOMAL, WEShD 7
T I AL LTOMKD 3 HFX, TR ZENTERINDG., WTFNLHEEDOVEFIRICI
Bl 28R 2 DT, IABBILZ 1 %REOHENFIAEND.
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Figure 3-28 (a) Measured spectrum with the mass-to-charge ratio of the xenon plasma at a microwave

power of 1.5 W and mass flow rate of 30 pg/s and (b) Fitting functions of the spectrum
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Table 3-4 Natural abundance (Meija 2016) and measured relative abundance of xenon isotopes

Natural abundance Measured relative abundance

124X e 0.095(5)% 0.080%

126X e 0.089(3)% 0.087%

128X e 1.910(13)% 4.0%

129X e 26.401(138)% 25.8%

130X e 4.071(22)% 5.2%

B1Xe 21.232(51)% 21.9%

132X e 26.909(55)% 25.2%

134X e 10.436(35)% 9.7%

136Xe  8.857(72)% 7.9%
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3.3 EBhE

AREITIE, FEBROMRMEME, NS, BIXOERRIRIZSOW TR 5,
33.1 BABLIOWHEKEHE
33.1.1 BAROCHMEEREMEICET 5 ERSEME

e 72 L B e % Figure 3-29 (27777 3.1.2 TURLZIEY, BEZ8F = N TEE 1.0 m,
RS 12m OMEBRTH Y, KEBIIRFITMICA A2 AT A Xzt THRM Sz
TMP 34 F L AT ZAZRANTND F RO FHICRKEINTNWD., A A AT AL NLEE
HECORIFIBELE0.7TmIEET, HEFIIIXIEZHOIIGRE SN,

T, KEHWESGGO~ A 7 i, HEEX], BEHRERORASAN % Table 3-5 (2777
~A 7 aEORAES &R, fMEN TR EE S BAE T 1.4 W L EICD
WCTIEBEZ04W ZE I2WETIZOWTIEBLZ 02W 2 &, MEFBLZE3ugs 2 &
T — 2 WG LT, £, RIORLERMEORTT I X~% 20 BEMER CEX o728
[ZOWTIE, MERFRTATREIR L LTT —# 2B L TWVRV., o A RO EBRRE L, PngsiX
EEh SN, A AV ATAZD 0V LT —AEBRMICHER L TEREIT- 2. 2,
HBEF = AN EE—LBRNMATOLIREEERT 5. £72, 1/ ALHRFOER
FMh% Table3-6 [T, ~ A 7 Bl O AE ) L RIE, FHHN CHERAICA T 7z, K
ERERIZ, ANENTBLZ04W T8, MEEFBLZE3 ugls TEIT—X2RG L. &
7z, RIRLIEREOHRTT T X< % 20 BREIMERFCE 2o 7o T OV TIE, HERFAR ATRE
RELTT—ZZRGF L TV
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Figure 3-29 Geometrical configuration of the experiment for the dependence on the microwave

power input and the mass flow rate

Table 3-5 Conditions of the experiments for the dependence on the microwave power and the

mass flow rate for water propellant

Microwave power input

025-6.6 W

Microwave frequency

4.25 GHz

Mass flow rate of water

33.3+2.0-71.2+3.5 ugfs

Voltage of screen gird 1.5kV
Voltage of accelerating grid  -200 V
Vacuum chamber pressure <3X10?Pa
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Table 3-6 Conditions of the experiments of the dependence on the microwave power and the

mass flow rate for xenon propellant

Microwave power input 025-6.0W

Microwave frequency 4.25 GHz

Mass flow rate of xenon 19.2 £0.24 —44.8 £ 0.45 pg/s
Voltage of screen gird 1.5kV

Voltage of accelerating grid ~ -200 V

Vacuum chamber pressure <5X103Pa

33.1.2 BAKOREKRTMHICET 5 EBRFIE

K% W= EROFNEE PLFIZRT
Wi-1. 77 X~ DK
WI-1A. FlE W1-3A 2 Fi L72#%I2 1 IZR-> TE2GE, ZORTT 7 XA~ AR S
TOIUZELF O WI-1B 205 WI-1E £ TOFIEZEIET 5.
WI-1B. KGR DT F 2 b L —Z O ERET] % 3kPa lZi%E LT, fix Fit® TV (Thruster
Valve, Figure 3-13) %[ U %.
WI-1C. 7F 2 AL—Z DJETN 3 kPa Il o726, FRET DRMEO~ A 7 nikE ) O
AN&BET 5. (WO TZOFIRIKLGE, ~A 7 nl OB NRMETRAENIT 14 W
THD)
WI-1D. TV ZBJ T T A~ DEKDEKEHRT L. 77 X~ D&KL H R THR
D. BREWRLIZGE WI-IE ~E Dy, BAPHER TERWGE, v~ 7 nlE %K
ELTWI-IB2 S WI-IC £ TOFNAZE KT 5 E THEY KT
WI-1E. ~A 7 0 OBNEMEBEDHEIZED T, 77 ABEFIEHH L DEFFO.
W12, iEma o35
WI2A. HENTHEEL LEREICRDL LT F 2 b L —FOREENZRET 5.
BIEE I3 B E (Figure 3-26) [k~ CRvESN D, UL T H1H1F, 3.0 W LLFOfE
)5 CTlE 42 pgfs, 3.4 W LA EO/EE S TIX 54 ug/s TH D.
WI2B. A7 V=27 Uy RET7RAT Yy RICEBEEZHL, 4408 & HLZH
T 5.
W1-2C. ENBIBLE 3 ug/s TEIZ LR T2 L0 ICHEEENZ2bSE 5. HDHMED
ST 20 BLL EEFIRIEDHERF S LD £ 9 ICAT v TS B S8, ERIREEOHIFTIL,
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A7V —VERBBREUOREZET 22T 5. EFREIZBNTH NN UHIEIC X

LHIREDOEBENN B 5720, EERICIZAZ U — 2 &EiiE 0.5 mA F2EOIE TIREI L T\ 5.

ZOEEBTREEL L CGHiSN D720, Z 2 TOHWHIREEICKMm SRS,

W1-2D. 72 pg/s ZHE LIBEE e -2 5, BB X Z 3ugs ZEET25 X 5 1cBE

JENEEEED, AT v THICEESELDIE WI2C EREEETHDH. Z0BEE2 T Z

A PHEFFCE RS R D ETHIT D, 7T X~DHEKIFAZ U —BRAOmMA 7852

EBXOEHR THERT 5.

WI2E. A7 V=270 RBEXORT 7L T Y v RAOBEAMEK T T 5.

WI-2F. W1-1B 725 WI-1E OFIEIZHEY, 7T A~ DEEKEIT D

W1-2G. 7% = AL —% OMMEE %, WI2D IZB W T 7 A BNHERFCE o it i

LRDIEDITRET D,

WI2H A7 V=27 Uy RETZRAZ Yy RIZEEREZHIML, A A DO5 & HL%E

Bkad 5.

W1-2L 20 BOLL EAEDHERE S Nz h, £ D m% 77 A< HeRfalg e fEBh R & Il L,

ZOFENS, W12D OFNEIZRE 5. 20 BRI T 7 A~ BHA LTESGE, £ORBEIT

ZDOREY BREPMEEZE 7T X< DHERF A ATREZR BN A & Hlr L, W1-2T (2.

W1-2J. W1-1B 726 W1-1E OFEIZHE, 7T A~ DEEKEIT D .

WI1-2K. DK bIRNWT T AR RER T, A7 V=7 Uy RET 78V T Y v
BIEZFIML, A AL OB S LERIET S, TInbAEHTHEEL LR 3.0

W LT OEE) AT 42 pgfs, 3.4 W BLEO/EENR TIE 54 pg/s) ITEDHE T3 ug/s o6k

FAEEDH. ATy TICELSEDLDIXWI2C EFHETH 5.

W1-3. B %Hw51T 5

WI3A. ENEELTDH. ~A 7 nlOENSFMT, BAENT 14 W 2OIHED, Bk

LZ04WZLIZ66WETER, ZOHBI12WHLEBELZ02W ZELI202W FTH

LERHLZETHD. BHOERZATST-OH WI-IA LRV, #EChliEx /51725

WI1-3B. T XRTOENTHOWTOFGIHET %, IEEEL, ~ A 7 okl X OHEEA o4k

WEKTL, ERAKTTS

BT, k8 U EAWEEROFIEE VL FIZRT.
X1-1. 5 X~DHE K
X1-1A. FE X1-3A 2501 L72RRIZ 1 IR > CTEGA, ZORNTT 7 X< S h
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TWAUTLL T D X1-1B 75 X1-1E £ TOFIEEZAIET 5.

X1-1B. ¥ 27 u—ay ha—F ZEEDREICRET 5.

X1-1C. TV ZPA U T 2 43 fifso.

X1-1D. v A 7 vl % 1AW ICRE LT, A 7 0l ORAZRGT 5.

XI-1E. TV 2B} T7' 7 A DB KDBFEREMRT D, 77 XA~ O KIFAH THRT S
BHKEMER LT EILXI-IF ~ LT, BADPHERTERWGEE, v~/ 7 nE I EKE
< LTXI-IC 7D X1-1D £ TOFINEZE KT 5 E T v K5

XI1-1F. v~ 7 ajiz 1AW IZED T, 7T ANEFICHEHEL DEHFD
X1-2. &S DOFHI

X12A. A7 V=07V RETI7RVATY v RIZEELHML, A A 05 & H LA
5.

X1-2B. ¥ A 7 aDEZ 04W LI LR EED. HDHES T LI 20 BLLLEF KR
PHERFSNLD LI AT v THNCE LS, BRIREOHWNIL, A7 ) —ERNEE
DREETHZ LT H, ZOBEL T T A~PHERF SRR D ET, bLIX6.0W
WZEET D E TRV IRY. 77 XA~ S e < o 72356 X1-2C 12, 6.0 W IZEIZE L
7oA X1-2) (ZiEde.

X12C. A7 V=27V REBIOT 78T Y v RAOELEMNZERKTT 5.

X1-2D. X1-1C 75 X1-1F OFNEIZHEV, 7T A~ DHEKEIT D

X1-2E. 7T A~ PR CE R R o T EITRIET 5.

X12F 227 V=27V y N7 7N T Yy RIZEEZHML, 4305 & L2
T 5.

X1-2G. 20 FoLL ENEASHERE SN2 35E, £ DM %E 7 T X~ #ERe Al RE e VEEh £ & flr L,
ZOFEND, X12B OFNEICKS. 20 BRI T 7 A~ BHA LTESGE, TORBEIT
ZOREY bMEMENRZ 7T X~ SHERF AR FTREZ2 /S A & Il L, X1-2H (ST,
X1-2H. X1-1B 7» 5 X1-1F OFNEIZHE, 7T X~ DO HEKEAT S

X122l I AP TE L —FEGVENCRELT, A7 V=T Uy RET 7L
7 Uy RIZEEZEINL, A A o5 & L ERET 5.

X1-21.6.0W b L IZ7 7 A~ PR CE - —FRWENDLS 1AW E£T04W Z L ICHE
NEWWHLSEDL. EHIL12W N 02WT202W ETENEZHD TS AT v 7
(LS EDDIEXI2B LRAETHS.

X1-2K. 02 W25 1.4 W £T, 02 W T OENEZINEE5. A7 v T bSE 50
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X X1-2B L AR TH 5.

X13. iEafwol 1 5.
X1-3A. iEEZ AT T 5, MR 32.0ugs OIS EF 43 ug/s 474 T 44.8 ugls £ THIME
714,278 png/s OB LT 4.3 ngls ZAT 19.2 pg/s  THA, TD#% 21.4 ngls HE X
Z43ug/s A AT A2 Tug/ls ETHEIMSE L. MELXZZLIE LRI XI-IAIZRY, &)
AT 5.
X1-3B. T RTOENNCDOWTOREIHE T, Mgk, ~ A 7 i JOHER O
faEST L, ERAKTT5.

WI-1 BEOXI-1IZHOWT, BRITHERMRBZTHY, F—FFTHEARTIHAEE L
RN ANEI SN, £/, WI-IE B X OV XI-1E (2B 2 @HIREEOHINL, 77 L E
JER—EIZEHELS 2L, BLO 1 H0HORBICE > THT>TWb. 77 /VEREIZEIML
TWRW=DEFEOELIL0V TH D2, Figure 3-11 1279 X 512, BT HOEH
OBREENEINC SRR S TT T RO RNoTRY, BRONEA LV E—H R
EHILOA LV E—H AT T RO R o THDIRIBIZZR>TWND, ZOIRRETT Z
A<hBEKRTDHE, T7VAT7Y v RR—FEOT o —70 X 5 R0, BALICE(L
NoDH, EERMIZZOBMAER S Z LT TERVWR, ZZTEHEFRNE I hEHET 25—
ODEELE LTHNWTWS.

7o, ERIEFOFE L ERICBT 2MEMITLT L —B L. flxid~A 7 mj
BINIEBRBFOF/RMET 02 W F T SE72203, FERRICH O L ORGEDORER 0.25
W Y THoZZ ERbho TS, FEICOWT Y, BRI RIZE T 2 BEE O
R & EEORETEIITIHETOERNSH Y, KEANT 72 ng/s #i%EME L72ERTD
BIETEEIL, 712 £3.5 pg/s ThoTz. HROFIBO T, REMITHEDT, MEMEOHE
589 % . Table 3-5 38 & U Table 3-6 (2B W T H [FARRICHEM D 2 £FE LTV 5.

KIZBW TR, ¥/ BV TEBCOWT, HERIIE21T5 2L T, AT Y
VAEMRLTVD. FEROETIE, F—FKFICBIT2RIETXTE LN TELD T
KALINTWDLED, AT UV AFIZ T —A"—IZFENTWD. B, E A7 U TR,
T DEDOMDOEFIC L D08 E D LIC L= T — " —0FHIC+oIcilE D Z & %
R LT 5.
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332 RAEREEE
3321 FEEEEEICET S ERSMG

L) 723 BRI, 3.3.1 ERIEETH U, Figure 3-29 (/R L7280 TH D, AL T E
BRUICBWCTER L7o/RT A =21, MEBEEGS, v~ 7 alfEl, v~ /7 nlE/1Ths.
ZDIFENDIRT A—=BEEDT, KWzt & OFEBREM% Table 3-7 ICF LT, ik

OEIMEAFNED EBREIE & ORE 72 BITNMHEIEN 800 V THH Z L L @EDFRAEN
RRKRENZ L TH D, MEOBWBIIENK X o ofi R, KEN DA A Ak 2 b
DEWVEAEERORNTT T A~ BN LEL/ D Z L2 TDICEEE FIFTnD. 27

U — VBRILEEIKFEEZ FFoO T, &L OEIMRFHICET /R E A7 ) —
WA T 2 2 L3 TEP, A AV AERIX MR ETHET S Z LTS,

JEREHITBE LZ 02 GHz Z &I L, /R LSR8 WTIED 20 FhLL EfERFC =
T EEBN AR L LTV A, EBIATRES OB R TIIR LTS, MEEOE SLEHIC
B ED G REEED 720, BIEFEET 5T EICKEAMKE FEDA 4 RO E %17
STND.

Table 3-7 Conditions of the experiments of the dependence on the microwave frequency for

water propellant

Microwave frequency 3—-6 GHz

Microwave power input 1.0,1.5,2.0,2.5W

Height of discharge chamber 2.5, 3.0, 4.0, 5.0 mm

Mass flow rate of water 401£5.0 pg/s

Voltage of screen gird 0.8kV

Voltage of accelerating grid -100 V

Vacuum chamber pressure <5X10?2Pa

3322 RAEEEFEICETLERBRFIE

LAFICFEBROFIEZ =7

W2-1. 77 X~ DK
W2-1A. FAERF D A fia e JE 8 (lew)id 3.0 GHz) I[TRET 5.
W2-1B. Wl-1 DFNEIZHE, 7T A~ & kT 5.
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W2-2. &)k L OVE O
W2-2A. BAENZ 1LOWIZH DY, FEESRECINEL AT 5.
W2-2B. #AE % 1.0 W—1.5 W—2.0 W—=2.5 W—2.0 W=1.5 W—=1.0 W DJEICZE L &
L. 12120, BT L2200 WU ERSKEZ R 5. FRHETH D 2 L OHIWE, 3.3.1 &
[k THD.
W2-2C. I ZAF 135,
W2-2D. JE#H%E 0.2 GHz L5 &8, W2-1BACKE . AN 6.0 GHz Th > 7o ikf W2-3 |2
e,

W2-3. /& S DOFf 5]
W23A. BEF = o RN ERGHBL, A 4V iETF = \b D g
W2-3B. A AV RESRL, @S EEET L. AEIEIT 4 mm—3 mm—5 mm—3 mm—2.5
mm ONETHERE L7z, 2.5 mm £ THEMBKE T LTV, EBRAK T T 5.
W2-3C. A AU R%E BERZET = NI AR, HEERIG R, ~ 41 7 ol ia%, BiE
BWRZEH L-DD, BERZESEE2EMT L. TO%, W2-1 IZRD

BB 2 FHM, EFIREOHEIC OV T WI-1,X1-1 LR TH D, £z, LBy
DI RE L FRICB T HMEMILTLE LRI LICHREKT, HROEL LT
Table 3-7 TIXHEMHDO A Z R L TNDH. 1.OW, 1.5W, 2.0 W DFEBRIZ OV, EERSIZ21T
HTETEAT UV RAZMR L TS, fROETIE, R—FRMHICHET 58135 THEY
LENTELEDTERRLINTWNDEEED, ERXAT Y VRFZT—NRN—ZHGFENLTWND. 728,
E AT U R, BT DBEOMOGRIFIC L 508 E b LI Lic T —/\—D#iHIz |

DTN E D Z & 2R L TV D,

333 EEEEMNEE
3331 EEmENMNEFEICET I ERSMH

AT 72 G 1T, 3.3.1 LEABETH Y, Figure 3-29 (TR L7 Th 5. BEMENNE T

BT A EBRCTER LIZBAIL, 77 TEMEMABND 2 D Th D, TNENOERKE
ORI % Figure 3-30 [Z/R9. 9 —27 R OBeA, 77 ), IBERRAZ YV —2 71 v KD
3ERICHEILEFBRAT L mMEIEE L TEREED TWND.

ARFEER T ORBRGEAMIL Table 3-8 (TR L7l THD. A T AELELSNEIFILEE T L
LTWab., £7c, A7 V=227 Uy ROMMEEFEIT 1.0 kV ThH D7, R LT,
A7 Y —BROMEE BT 5 2 SIXTE R0, N 7 AEEIL Figure 3-18 2R L7



142

%3

T OFEBRAEE KOG
3.3 LB L

L OITHERINC AL S D, £, "M T AEEZFIML KRB TT 7 A~ R T&E 2
MO TZRITHOWTIE, MEFFARARER L LTT —Z 25 L TR0,

(a)

Part A: Yoke
and magnets

Part B: Side wall and
screen grid

N

Part C:

(b)

Part A: Yoke
and magnets

Part B: Side wall and
screen grid

--=--' Trim

Antenna

Magnet current

circuit

/ntenna current

—_—
Side wall current

Screen current

SPS: HIPR-1.5P-30

ITU common

P N

| -_— ]

i ! '\
L_l__

Trim | ‘

E circuit Part C:
E Antenna
=

(&)

]

<]

2 /A:ntenna current
>

—_—
Side wall current
Screen current

A I

| —t— !

! == | SPS: HJPR-1.5P-30

- |
]
ITU common

Figure 3-30 Connection of the trim circuit and the definition of currents in the experiment of changing

the wall potential in (a) the antenna bias experiment and (b) the magnet bias experiment.
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Table 3-8 Conditions of the experiments for the dependence on the bias voltage to the antenna

and the magnets for water propellant

Microwave power input 1.5W
Microwave frequency 4.25 GHz
Mass flow rate of water 30.3+£1.0 pg/s
Voltage of screen gird 1.0kV

Voltage of accelerating grid ~ -200 V

Bias voltage —623V-623V

Vacuum chamber pressure <2X10?Pa

3332 EmBMNERICETERTFIH

W3-1. 77 X~ DF XK
W3-1A. W1-1B 726 W1-1D L RO FIETT T A~ 235 KT 5
W3-1B. ~A 7 a AT 1% 1L.5WIZRD X IICRET D,
W3-2. AniE D FEfi
W32A. 776 LFBA IR E DA T AEBLEEZFINT 5.
W3-2B. M ZBHLAE L 20 FOLL LEFIREE CEIR AT 5. 77 AR C&Eeh o
7285603, W3-2C (I2tEte.
W3-2C. I AAF L3 5.
W3-2D. /A 7 AEEE 0V—62.3 V=0 V—-62.3 V=0V DJETZE(L ST W3-1AUTRS.
72720, W32B IZRB W T 7 X BHERF T X o 125121, £ ORI CHEBRGM 29T
V. (B2, 30 V THERE, 36 V THEFRF TR0 272581213, 30 VA~ LR, LIk
24V,18V &\ ) L9 ITiETe. )

HERICBET 2 FEE, ERIREOHIBICOWTIZI WI-1,X1-1 EFETH D, £72, EBREF
OHRE & FEBRICE T HMEMEIT L2 SIS AT, fEROFER L Table 3-8 T
TR EBDHZFR LI, AT ABEICHOWTL, BERIZTI>ZETERAT U 2%
R L. ROETHE, M—RHFICBT 2 EH ks T—RELTHRREZIN TS
7o, EAT U VARFT T —AN—IZHEENTND. 2B, E AT U VA, T DO
MO L 508 E L EIC LT —"—OHPICHIITINED Z & 2R LTV 5.
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334 A FUREHE
3341 FEBRE&MH

TR 7R BL 8 Stk % Figure 3-31 1277, RFERTIE, QMS ORFREMENHIBIBLZE 7 cm
DPFTINCA T AT AR ERE L. A4 AT A% L QMS OfiflE, AR T L+ 3
SHTND. FERRIIKE X' CEHEER S LTHWT, A AV FIC W T Thhve. F6
5% Table 3-9 B L (N Table 3-10 (CF L 5. MBI Spg/s T LB L& 27 ) —>
7Yy RBXOT 7847 Yy FIZIZEBELZHNET, A A O5EHLEZFEmL TR
V. ARSEERO BIE, EISKEHEEA]E L THW E 2 OWNEBILA I O T 52 &
ThHY, AF OB EHLEEMT D L1E, BA AL DA A B EHLEDESE
RIFFICHE L CLE D Z L2 DT LT e, HEEOMERED 228 2 1215613,
FIEHLEIT> T =L DA A AL E 2D H D0 L TWAD D, RFERTITFEM L 7
WHo L L.

1.0m

|

|

Ton source ‘[_iﬂ]_]i |
A

7 cm v ¢
A
1

2x10em 1 | QMS

I
v

Figure 3-31 Geometrical configuration of the experiment with QMS
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Table 3-9 Conditions of the experiment with QMS for water propellant

Microwave power input 1.0,2.0,3.0,4.0,5.0 W
Mass flow rate of water 25-70 pg/s
Voltage of screen gird ov

Voltage of accelerating grid 0V

Vacuum chamber pressure <1X10?Pa

Table 3-10 Conditions of the experiment with QMS for xenon propellant

Microwave power input 0.5,1.0,1.5,2.0,2.5W
Mass flow rate of water 20 - 45 pg/s
Voltage of screen gird ov

Voltage of accelerating grid 0V

Vacuum chamber pressure <1X10?2Pa

3342 EBRFIE

Kz W2 EBROFINEZ LLTIZRT.

W4-1. 7T X~ D75k
W4-1A. KGR DT F =2 b b —Z OFRGEIES) % 3kPa lZ5%E L T, i Fit® TV (Thruster
Valve, Figure 3-13) ZF L %.
W4-1B. 7F 2 AL—HF DJESIN 3 kPa (Z7e -T2 6, fRET DRIEO~ A 7 aiE ) O
AN%&BbaT 5.
W4-1C. TV ZBAT CTT T A~ DEFEKDEKEHRT H. 7T X~ O KiT HH THER
L. BREMERLIZGE Wa2 ~LiEle, FRPHERRTERWGEE, v 7 nllE 2K
X LT WAIA D WA2B ECTOFIAEE KT 5 E TR KT,

W42, EHE LR EORS
W4-2A. BHEE ) %, RET HDENNIR D X O ICESED.
W4-2B. % 1LOWIZERE L, EHIZRDDZfFD
W4-2C. QMS IZ X 2 HlE (BBERG) % 5 EHT
W4-2D. & 1.0W EF-SHS5.0W 2725 F T W4-2C 20 K7
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W4-2E. W4-2A 2R Y, BEET 1% 5 pg/s 77 EA-SE 5.
W4-2F. BREREAN 70 pg/s 725 X 5 RERMEET) TOWENRKE TH#, v1 7 mnEB IO
HEERIOMAR AR T L, EREAK T T 5.

VT, 2 U EHWZEROFIAE L IR,
X4-1. 77 A~ DK
X4-1A. ¥ A7 —a ha—F % 20 pgls ([CRET .
X4-1B. TV % PA L T 2 43 fiFFo.
X4-1C. v A 7 a & 17 1.5WIZHREL T, v 7 a0 AZHIET 5.
X4-1D. TV 2T CTT' 7 Av DEKDEKEMRT D, 7T A~ DEKITEHE CHEGRT 5.
BEREMEGR L2 IEX4-1E~ LTy, BADHEGECERWES, v 7 nliE 2 K&
< LT X4-IB M5 X4-1D ETOFINEEE KT D ETHRD KT
X4-2. EB LR EROFREI
X42A. v~ A7 B—ar hu—T OREREEZ EREITORBICHRET D.
X4-2B. ENH 0SWICREL, EFIZRDDEFFD
X4-2C. BIESRS (3.1.8 &) % 5[EITH
X4-2D. % 05W EFSH3.0W 2725 F T X4-2C 240 K.
X4-2E. X4-2A 2RV, REMEZ ZLSHED.
X4-2F. BREPLE 45 pg/s COEEBKE T, ~A 7 vkl LOHEER OB L& T L, EiR
AT T 5.

KB 2 ML, ERRIEOHIENI OV TIZI WI-1, X1-1 LR TH . 7, LS
DFREE FEBRICEB T AMEMITLT L H B LRI I HRET, RO TILHE
EDFHZR L TN D, @R CHEER A HWE L CTHIT 255121E, Wi-1 BL O X4-1 225 B
L, W4-2A 36 KON X4-2A (TF61F 258 E b & 2 i BAHLS OF &1 30E L CRBH L7z, 1§11
DWT 5 [\DOIRG &2 FEhi L TV D2, RzZE0H W, SEHEO FEIZOWTIE 3.2.4 Tih7z

B ThHD. FRMEOFERIT—ETOERINE ZAT U ¥ ZAORMERITER L TW72R0,
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4.1 BARCHEEFIEICE T 5 EZBRER

F9, EBRORRYITORER & LTI 2261 Z Figure 4-1 (277 ()23 K& V72 ER
Bil, YRt v EANTZERENIKHE L TWD. FAT 7N 20 L EH D X 9 I254:
EEASHETWDEN, REREWVWE LT, KEHWELAET X2 AV —2DIES1 2 AT
Y THNCESE T DHDIZRL, ¥/ U ERWZERTIIENE AT v 7IICE RIS
BALSE TS, ZMbDFER R D 2 LIXERGEOE TR LB TH Y, HiEH
RN L Z LICERT . 7% 2 b L—X OENIE, BIE K OR300 o e A G
RO TH UERUT L > THREICHIE L TV, WTFROEA b REE N2 LR
DIRPFEL, 77 AR T & 22 < 72 0 & KD BIEO FNEE B A 72 SRS 2
KIZDUNTIE 650 BRI M Of 800 FVRITRANEZ M L, Fk& / L DEE1E 600 #7225 1000 F 0
MIZ 3 [B1d 5 SORE ORI LAY T 5. KBTI ESCHEAENC L > TEL
L, BRCHEARIZE AV EZEL TORVIKOFITIIIRE NN Z L TEY, ThbbK
FEROEEEWT 5. REILLEORE 3 J O ClX, AT & T O 725 % PRI
BHEERELT, KNROBEMEZET HHEICHN TN D,

Figure 4-1 TiZ, (a)® 70 MHIZIZBWT, 77 B VEROBEE EHRZBAEL THD. 20
ki, A7 V=V BESRT 7 VEENBREIIIE T TS, b LIEA 2 ) —Eife
77 R NVERBBERIIC EH T2 E VWO BRBEALND ZENDH D, T OB A3
FMETFIEIAZ V=07V RT7 7807 )y R, b LIET 78V T Yy R A F A
FAZDAEHOREBGE THD. LLTFORER, BTIZH W CIIME Lz SU3B Y R
TWD., EOHEIXZ ZITR L7 7 70 BIR T, & 7 o0 TiE | FFfREOSE
BRICXHL T 1 ELMEZ LRI ENREL, KITOWTIE 20 SRREOERIZH LT 1 [[f
JED BN ST

27V —ERICRT 27 7 B VEROEIAIE, Figure 4-1 IR ENTHIOHE, K, ¥t
U DNTNOEE BB LT 5-10 % BETELTWS. 77 BLVERIE, 7V > R
ERTLHA 4 E—ABLOA A B — AR OEHA A2 & RPERL - D B R o T
ELTMREHA AN LD OB ETHDLEEZ LN, B, MEICL > TET S, BER
AT I I ZEUE R & DAV TH D08, KX TIEZ U v ROE#ELIC W TERR L
Wb DEL, LFATAZOMWREIZAZ ) — Bz kL L TEmshb. £72, 5-
10 % & WO EIZ—KIIRA AL AT AZDOERLFAEOX | ) A F L ATAZTHD
PROCYON [Z#4# X 4172 [-COUPS (Koizumi 2018) & LE_XTHEVMETH 5.
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KOEBRIZIBNTIL, BFEITRAKT6.44£0.01 W, 71.2 + 1.5 pg/s TARFD 19.1 £ 0.11 mA
FCTEHF L7z, BREOHERZITERERD 97 % IZBWTHEERZAEN 6 % LI E
ST WE SRS T2 RIE, HAHMEICBWT T T A DBHEFF T 72 < R 5B ORER
BT, FEMIIRIER T 5. EERMEOEERAOEAEIL 1.49 %, PRAEIE 0.738 % ThH -
7o, TREOEMEF AT T 2.8 % TdHh - 7=, Figure 42 1ZFA LT~ A 7 ailtE o+ 5
27—V BROMEFETREINR L2 O TH Y, Figure 4-3 (35 MEICHTDH A7 U —
VEROMEE~A 7 B IBNR L= DO TH D, Figure 4-2 & Figure 4-3 D7 1 v M
1% 1T THISLTWA, LYz RIORSNEEDE, 7oy hERTn5Z20L Y= R
2SS 5 TR TOVHER L OEEFZEEZ b L ICEPR TV,

BI~ORFMEIZOWT, BHO LRI - TEBRMIZ LA T 25, 20 EFRIIES
DEFREEHBIIETL, A F AKX MIERATS., £70, KREICET L ML RE
LCLOWAHEE 5.5W FHTICZ A3 /i 55, FRICRTE XIRE T, PRI 2 Btk
MR IR TS, ZOEMRIL, v~ 7 vOE— FELKIZH»DLHDTHD &
Exbhd. £z, BNE EAIETHL &, IMENNISWRNDIRIZ Y 7 XA~ 03 fERF T &
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Figure 4-1 Typical time development of the experiment with changing the microwave power
input and the mass flow rate: (a) experiment with water at the microwave power input of 1.72 +

0.09 W and (b) experiment with xenon at the mass flow rate of 32.0 + 0.3 g/s
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Figure 4-2 Dependence of screen current on the microwave power input using water in all range

of the mass flow rate, the legends indicate the mass flow rate of the points.
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Figure 4-3 Dependence of screen current on the mass flow rate using water as a propellant in all

range of the microwave power input, the legends indicate the microwave power input of the

points.
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Figure 4-4 Dependence of screen current on the microwave power input using xenon as a

propellant in all range of the mass flow rate, the legends indicate the mass flow rate of the points.
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Figure 4-5 Dependence of screen current on the mass flow rate using xenon as a propellant in all

range of the microwave power input, the legends indicate the microwave power input of the

points.
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Figure 4-7 Dependence of the screen current of the microwave on the microwave frequency with

the height of the discharge chamber of (a) 2.5 mm, (b) 3.0 mm, (c) 4.0 mm, and (d) 5.0 mm
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Figure 4-8 Dependence of the reflection ratio of the microwave on the microwave frequency with

the height of the discharge chamber of (a) 2.5 mm, (b) 3.0 mm, (c) 4.0 mm, and (d) 5.0 mm
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Figure 4-9 Dependence of the ion production cost for the microwave power input on the
microwave frequency with the height of the discharge chamber of (a) 2.5 mm, (b) 3.0 mm, (c) 4.0

mm, and (d) 5.0 mm.
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Figure 4-10 Dependence of the ion production cost for the absorbed microwave power on the
microwave frequency with the height of the discharge chamber of (a) 2.5 mm, (b) 3.0 mm, (c) 4.0

mm, and (d) 5.0 mm.
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Figure 4-11 Dependence on the microwave frequency with changing the height of the discharge
chamber at the microwave power input of 2.0 W: (a) Screen current, (b) Reflection ratio, (c) Ion
production cost calculated by the microwave input power, and (d) Ion production cost calculated

by the absorbed input power.
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Figure 4-12 Results of the experiment while changing the antenna bias voltage: (a) screen
current and current to the parts and (b) total power including the power of the trim circuit to

the antenna and the ion production cost with including the power of the trim circuit
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Figure 4-13 Results of the experiment while changing the magnet bias voltage: (a) Screen current
and current to the parts and (b) total power including the power of the trim circuit to the magnet

and the ion production cost with including the power of the trim circuit
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44 A AU EREIZET D ERER

441 A AU REAEICET B RETMRE R

PRAEZ MBI T D72 DIZE i LTz, ¥/ CORNMNMEOMEEOHIERRZ, RIS
NTWD Xt ) v ORNIKGFEL (Meija 2016) & th#k L7 (Figure 4-14) . “Measured
Abundance” X4 EIT o7z 20 SREOFHAFEROEEEEZ R L T D, =T — — | LFHIGE
ROIFHHOEZRLTVND. 3.2.4.2 WEBE &5 FF ORZEFHMI OBV TORLIEEL D
I, TR OBEME L BEBO FHEOEICIELSE 2R LALELLOD I b, —FKRE
WHDEARRAEIZK T HRELERT D, AAELPREWFENMAKIE EERICFHIT 52 &
WTETEY, FELEODVRVEMEIZE, =7 — "=t K& L, WEOEHESL T
5. AEICBWT EFEDOERITNE 9 LI RDIRAIT 34 Xe (IZBIT D 3.1%TH Y, LIF, A
FHREICBIT 2R EIL 31 % THD & L.
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Figure 4-14 Estimates of the natural abundance of isotope of xenon (Meija 2016)
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442 A FUREFEEEEGORIERE

FTRTOEEICBOTHIEICBW TR B Z VA F0E HO' TH Y, IRWT H;0F BED
OHY, ZNH 2LV L0072 < OF LW IO FERITA > T % (Figure 4-15, Figure 4-16 3
FK UM Figure 4-17) . {HL, 1.0 W (23T 5 K& FEECCOMEE TIL OHY & OF OFIG 21—
WHEAL TV, &7 1y bBRIE L ENCHELTEY, 14T D77 v 7 208G %F
LTV, @05)DET T 7NENZILSOW 25 1L.OW £TO~A 7 a & ANEHITxt
JELTWS., 72, AL 777N, A—&N, R—K&DOFHRMET, Ze—LET L L
VR INTZT T v 7 ZA%RT. =7 — /=TT 0.031 & LTHIEL TV 5.

—Fl L LT, 2W,40 pg/s DEIFIZEBW T, H0" : H;O : OH : O 1%,76.7%:11.2%:9.26 % :
281 % CTHDH. /a— VBT ML > CTTRENDHE, 683% : 127 % : 18.5% : 0.50 %
L AT, 1O H:OMZRA L T, RAZHPHN C—8d 5 —F, OHNZE L Tid—&| L Tw
220, EEBARE E LT, HO" OB EISH L THIMERMIZH Y, oA A 13 H
& 5. ZOMEMIE, HsONIH MR T & OBEMAHUZ L > THEK L, fthoA 4 TET &
HPERL - D22 L » CERICAEKRT 5 Z L ITERT 5.

Ja—rOLET L E ERERE TS &, O RITREERES L ey B LT
RS, FREICKT T AN, WAEAIZR L TH S, £, HICEANEL o TV &,
ETNEREBO—BEIL LN > TNE, 5.0 WIZBWTUIIZET R CTORBNMER DO Z
— R =N E > TV B,

OHHZBH L T, EF NV CTOFRMEMEMBOE /SRR +0£EE L 5L, &/ T 028 %, i
KTI13 %, FHT57 % £ /VTOFRMED EE> TV HONTE L TH, &ED 80 %
U LD S TET NV TORBEMHENEEE LRV, K T6.2 %, ‘FHTIE 1.9 % LEIDHRHER
Llgolz. OH E H:0TICE L TIE, ET VDR RES AL > TnHEWVWZ 5. —J, O
BV TITHINZ T R TORTET NV TOFEENPNEMEEZ TRV, FETE 23 %DEL R
ol 72, 0P OFT/VTOFEAE L JIEME DT, FHET 1.9 %/Zo7z. TXTORE
JT 56 %L EEISTHINT 2 ENTELZI L 2B XD L, WERIGISHT D% 7R7E
H4% LN &R0, Za— Ve T VIFEEE 2o TR
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(a) Microwave power input: 1.0 W
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Figure 4-15 Measured proportion of the flux of ions by QMS and the estimates from the global
model at the input microwave power of (a) 1.0 W and (b) 2.0 W
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(a) Microwave power input: 3.0 W
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Figure 4-16 Measured proportion of the flux of ions by QMS and the estimates from the global
model at the input microwave power of (¢) 3.0 W and (d) 4.0 W
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Figure 4-17 Measured proportion of the flux of ions by QMS and the estimates from the global

model at the input microwave power of 5.0 W
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45 B AZEOKRYE

ARETITE) R OFLRARAFNE, AR E, BEmENEE, A A FHED 4 SO ERRKS
RIZOWTHBA, fERE LTRONTZHAZLTICE LD 5.

KEELOFt /) OB R RESORFEEZI SN Lz, BT L bENTHT D
RIEPED TN E L, KIFHRAKT19.1£0.11 mA, ¥/ 10X 11.3+0.01 mA £ CTEFREIHE
U7z, AKOFEETIEI &SRR 2 b8 S 7z, E 7, (FB) A RE 72 ik &
IXEOHIMAE > T EF LT

3.0 GHz 7°5 5.4 GHz OFiH TA A PRIIFE R Th o 72, Fiz, MEBEEIZ L -
TAY U —ERPEL LT, ZAbD KIS E I OEIZL D H DT, RINE
TNHT DA F B 2 T, ABICHT 5 6 OIZHTER DR, £z,
WU I B A A = A M 4.25 GHz GEH OEBIRE) 1ZH~T 10 %2L ik
BT ORNA L.

TrTTRBIOHADEMNEEIE DL LT, KH~OERMEIENRL, 7T X~
DEROEFNE L TND Z RPN oTe. Fie, T 7T % 382V ITA
TALTEBRIS, A A AT A N 154W/A ZEER L, [F—E/IHOIENA T AR A
T 40 %DBHEN A BT,

D ARV B M RIS X o T, HoOF, H30F, OHY, OFDIFEN R STz, 7=, V' u—
FIVET ISR E OHEIZIHB N T, BRI B L T 2 ERbhol, —
JFERERIZIE, OH & HsOMEFER L D 0oL DIl H0 L ONTRR0DRDI/iAES b
TV,
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51 Z7a—NLETNIZONTOHOELE

51.1 EBTFNVEOIREDIZYMIZHOWNT

7u—rLET )V BT, EEOBREZMH L T L 57 0IChkx 2 BE Z &
TiEm LTS, 22T, RENZY ThoTenE I gk, 7a— ILEeT L LT
MCE DI NTIM LS. £z, WEE L TRE LI EBMEECER SN2 2L
SEDH LT, BRI T DRE LN, EREE COREOMBASIEEZL D
DI, FTEATAZOHRGFEBZDIZTEDLINTA L RT ERH D EHRGTT 5

5.1.1.1  —#AgtE

FT, Fr— VBT MCEIT Db o & b ERNREE L U CEHREEBNICI T HhL
FTO—MERD D, EEOA A FIZBNWTCE~A 7 a2 BdT567 7 FBLO0ZFD
JEBE B R T 25 ORLE I L - C, BT OMBFINAHEINTEBY, BFOZ L
X — X% OMBGEIR 2 FIC A L CWD 2 ERTREND. BT OTFRALX -0 04 %
oL A F OEMEIRBIRY, ETEE, A A VBELDMERFOZ L1205, FE—FRkME
PIFET 2 2 &%, A4 AV IREBHR ORI G OFE (Figure 5-1 () # A THHLNTH
V,3D-PIC ICL DR THIF—HRMEELF -1 T A THLZ LR ENOHLATND
(Figure 5-1(b)) . Z DIE—HEMEIL, 7 v — VLET IV EEEOA U E DR OR X 72785
272, BHRTE, b L ITERM AR E~DKRFE L EN TR R E OER 2 %S
TR THDLENRD.
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x(nglm)

Figure 5-1 (a) Front view of the operated ion source and (b) Time-averaged distributions of H,O"
ion current density in the z-direction on the x-y plane in 3D-PIC simulation (Nakamura 2019,

Figure 3(b))
5.1.1.2 REE

FARIZ, BN~ 7 AT 2 )VRARICHED & T DRE b EEOA A IR TIEHBE I 20
Z &M TS LS. ECR ANEATIE, ECR HIkIC & 2 B+ 2 R INBITINENT 5 72, INEIZ X
TEFEEDFEONT XL —FFFOZ LT, —HOEFDOHLNBENT R X —% £
DIREEIZ2 D, ZOZFRVF—=NERIZL > THAPITEMINUMMOEF~EnEbed b
VAT 2 VAICHED T e D AR TERY BT e A AU RIC oW T, BRI
X — BRI (Electron Energy Distribution Function (EEDF)) % & L 72f11Z 72 A%, ECR 7
7 A~PRIZKE LT EEDF Z & L7132 < 7757 5. Largarde 72 & O TlX, ECR H#BJE
WIZBWTETFORMIEI~ 7 AU 2V amiciEbT, BRI mhwoxrF—fFL o
IO 2 WETHDZ ENHLMNTR > TS (Largarde 2001, Toader 2004, Singh
2008) . BIRKRE SICKRERERNR S DL L OO, RFFETIY EiF 7oA A PRIZONTD,
I AT VA TV RN ER PRI, FFO—FRMEL R L < 3R E ORI
20D LFHTHD.

FEBRCIFE~Y I AT = VA RB T H/RE LT, ¥/ VT T AETMICEALT,
X DAFAEEIRIZ OV TET IV ERBRORRICEAEDN BN T RWZ ERHIT NS,
ARA A PR AN A A U FERE CIRIEO T2 DIZHE L7z %' 7 220, 2 flif A2 D
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FIEETARD L 10 % BREL-oTERY, £, HRMERA AL AT AXICET 2D
FATHFEIZ RIS 5 B — L D Xe DEIG ORER R S FERIZ 10 % BETHDH. — 5T, K
BT MZET D X DIFEHIT 1 % LT CTh 5. Xe? 13HFIZ 33.34 eV Pl EOmT= R /L¥F —
DEFIZESTRET LD, 77— LET VBT LBELY bET RV —DET
N, 2 MMOEBESIEHZ S BEL TWDLZ ENRBEIND. £, BT-RLTXT—E 1D
WML, EFBNEYI AT 2 ANHTHY, BT RKX —EF DIFIEMEREN @A & 7
STNLICERTLIHDOTHDL EEX LS.

REIZ DD DMOEE LT, RTOA A O MR OIREN T X TELWE L
ZENDDL. E, A FUBEFN BT AHETT A~ TRV X — A G 22 LISk 0O
WRRICOW TG LTV, [BlE, IREHRE D O IFHERE OFEFIC OV TH A L TV 5.
INHORETFMERFERENERLY GRS AEL O Z EEZBHRL TS, EEE,
ECR & L <X RF 77 XA~IROFEFICTIIA A RS SO MR HIRE % 500 K 2L T
BEL TV D] (Lee 1995) b & D, AWFZEICIIT DFHERR (300 K FREL) X0 @& E
Lo TND, 22T, FHERIFOIRE EROEE BH 7280, PR O R L ¥ —7
AKX (2-42) BV o To ABERLL, KT HPPERL FEE 2 500K £ T L S CRIR 21T
STz, EORER % Figure 5-2 (TR d. HYERLHRE O BRIV PR FEE O T, &
BEOEAPEAELAZ ) —BHRMETFTLTEY, TOMEIZ10%05 15%RETH 5.
— T, B, MR L THRITIE LZHE TERN LT\ 720, MHxtiZaMEREDHEE

FNFE AV ERERNENR D,
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Figure 5-2 Screen current, electron temperature, and neutral particle density while changing the
neutral particle temperature artificially ignoring the energy balance equation of the neutral

particle
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5.1.1.3  BAMHERS&MHE

AR BE R RAFICB L C, E7 AR CIIEENRE RMERIRTH D Z & 2HE L
TW5., ZNFETRLEL DI BIZIX Figure 3-5) EBEOA A RIZIET 7 F LA M
FFE L, Z OB EE R MFERIR TRy, ZORROZEIZE LT, Ak Uiz dE—HRELIAb
WZET NV ETRERHLOIL, A AV BINETFOBRLKEH CHD. 2T, 7V ETA
FrBIOEFORREBE LI EIGEOMRDOR Y V=&, 7T A~YRT v
Y IVBLOEFEEDOEIIONT, ZNENDOHEMEEZ 0.5 5000 1.5 FE T b3 L
E DORER % Figure 5-3 (2”3, RMEIEOL(LIE, EEIZA A B X OEF O E DL
ERITIED, A4 EBTOBRREBOLOEIEFERITEDTTAvRT vy
NDIALZ G| E T FRZA A ORKEFII OV TTZ DR RE <, By BT 4
FEDONTUZONTH 30 %IEEDEREMN TFHREIN TS, EFORKEBEOLEIT
10 %A N & 725 T A, AL, KiiE, EIICK L TTUEBB LEHETIERT 5 Z L iTank
OF MR TICBT 2R LA TH D, - T, TOBFIZE L TLd 2 FEBRE THAKL
L7l MOERMBZFET L& PHEND. £, HEBEOBIRE VWD KTIE, 414
OEREFERKOERIZ/2 5T 7 FORENEEIC/RD EEX BN, A 7 2Ok
TR, A A OFHRKERE V) R TOHRELARO HLD.

Flo, MOBMAREREIEL LTIZY vy FORERSH DS, ET NV EOT 78V TY
v ROREENL, BERTHWIZA AU ROREHEZ AW TWD 0, EEDZ Y v RidA 4~
E—LADOHEBIZL > TEHETRENIEN S TNDLZENBEEIND L, METDHZ &3l

LT IRANT Yy ROREEEEET-E OMREZLIZ DU Tl Figure 5-4 (27~ L 721
DWTHD. 7Yy RORBITHHER T BEICREREERD Y, IR THEICE->TE
THRELHEREO L UTELL TS, —F, BROEIIFFCKED DR RO
I[ZBAE T, 30 %D ZENTERY, L0 EMRMEORIEDL YOI 7Y v ROKFHE
FEEAZEICAND ZENHEETHD.
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Figure 5-3 (a) Screen current, plasma potential and electron density while changing the loss area
of the ions and (b) screen current, plasma potential and electron density while changing the loss

area of the electrons
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Figure 5-4 Screen current, electron temperature, and neutral particle density while changing the

diameters of the holes of the accelerating grid
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5114 v—RA

A A DPRITBET 2E L LT, BMFMEDIZNTT—RIZEHT 2 b ORFET .
U AERICET DRE, R—2EEOBE, 7V v FEAD O —ARBIZET 2 REN
HIFons. £, V—RAOERICELTIL, 77 X~k LTHoICH#OE L TREANT
O, BEEDOEMILLTORTERSINDIT A ETHESITONLIETHD.

gokT,
= |—— 5-1
o /ezne (1)

FRRICT A BEHET L &, RN EMHTHLWINET] 2.0 W, i 45 ug/s Ti, 0.07
mm THY, mIFMO 2mm &HADEFH/NENE TR RVMETH D, £, MimIZ
D E < BEMEVE, T2bbT A EORWATIIWIET 0.5 W, JitE 20 ug/s
DEFMFT 0256 mm & E S MO 2 mm (2%t LT /10 Z# X DEE 72> TWD. T34 EN
FROBMRICHRTEWZ &%, A A OBETAICHELZRFTEEZLND.
AR—LHEICEHLT, 2ZCEHNIFEBOBOOR—LHEELZEOLDE LTV
(Riemmann 1995, Valentini 1996) 7%, ZFEDA A kb4 2 L —HW —fhigdkiE (Laser-
Induced Fluorescence (LIF)) (2 X % SEBfEFITRI 2 L ICAR— L EN R L Z L 2R L
TELT, BTORFNFEIL VAT L] R—LBEEZFOLTIHRENLINTND
(Severn 2003, Baalrud 2009) . A7 AR — A3 T

2

Vg iNi

_ § B,j'J

UB,system — n (5-2)
e

J

TRINDHEET, ZOREIZNED &T5&, BN FTHDL HHOR—LEEITEFE LT
230, IS E D Ho O™ H3O O R — A 1T EH-9 5. 2W, 45 pgls D&MT, ThEho
R—LHEEHWIZIGE L VAT AR — L HEEZHWESGEEHKT 5L, A7 Y —
EIEILZILEN, 623 mA & 6.08 mA L7201, 2T 25 %I EThH o7z, oL L
TEHELIRENVEEFE RV,

7Yy REY O —RCE LTI, —fRICAZ U —2 27U v ROROENT, SBArs
BT Z ERMONTEY, 7Yy ROEE, 7I AEE, N7 ¥ v /LR EnbaE
REEAZFET D 2N TE D, 7L, ¥— A%, ZOIITAD A 22 B A I R it

e

# % (Child-Langmuir current)
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3

4 [2eV2
JoL =~ &, |~ -SG=AG (5-3)
o 9 0\/;1 LZSG—AG
WO KDITIENRD ZENMOENTEY, A 4 fFEREE
Jis = enjsvp (5-4)

ZERIEM IR B A T 2 2 L CEBRBLZENV ZHETHZ N TE D, 2R
AFHEHOETHE, A7 U—VEEZ 1500V, 77 B/VEEE 200V, 7'V v RiEESE
Z 04 mm & L7236, ZZMEMHIRERE LT —EIZEED, 564 mA/em® THDH. T
7' REART 819 mA OEIREICH YT 5. Wil 22 M B il BREETT A3 EBR oD & it i o —F
ThHHI0mAFSIZARD LHICHERIZED D L, RIE3S5mm BEIZRY v —ADIR
MONRBHDZENRBIND. A7 V=27V ROZERSOBEBFEDE LW ERE LT
SR TH Y, EBRITIE RO R BEAET 243, FEBRAE & 1322 W fE A i PR AR R B &
KA & LIeThRnAETL D 2 EDNBEIND. ARG DA F L JRDOF 1 7 AAEEHIZEB W
TE— AR ZIT 572 Nakano 2018 I L B &, 7T A~ OO MN E—LD5 EH LIZKE 72
HEEZHEZTHWDZEPHLNTHY, IE—ERMELE BIRIRICER T D BELH 5.

5.1.1.5 KRG

FT, KeFt ) AET D ONTET A 0E & LT, K(2-28)F LTUQ2-29)Ick TS5 3
RFRE S OGN B 5. 2 ITKIZE L TiX
2¢+H,0" = H,0+e (5-5)
2¢+H3;0" — H+HO +¢e (5-6)
DRSNS 3EWEAEAOFE L TELDBNLD. LML, KGO —RharAZ 2 B/~ SWND
&, BABEENFMERL B ISR LTS (17100 BLF) 3 IREUGD 2 ki - (BT LA 4 )
DFEEP T PR ISR LR LS 72 B 708, BOSEREEN EA L. filziX, ki
(5-5), G-OICKF LT, L—harz&y b

9
Kiri = 4 X 1073°T, 2 m®/s (5-7)

EHER SN TS (Avtaeva 2010) 23, B IR 10 eV IZBWT 102 més TH Y, EHE
N10°MIEETHDLHID, L—haAX L MIHSICEBHTE 5.

B E O SOUGKIFEFEIZ DV T, EBRE R K OBGRED S — R ICHE» D L e & T
WHLO, HEREN TV AWEREREEZHEHAL TS, L LA s, el Hwx
LS OBREELZZATND. BIZITIKDOA F ACBIEOF TR b FEHR D THD
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H,0 +e — H0" +2¢ (5-8)
WZBAL TS, Wil L TRBEBEZ 6 %DiaE, EFOTRLEF—ICHLTBBLL LeV
DENDH D &SN TWD (Itikawa 2005) . Z DFRE%2 B L CatH 21T 7-%l% Figure
5-5 1R ARZERPHAN CHITIE 2 2L SR, R REEMHEZATHLEREDOLE
BIZ 6 %fRETH - 7. (3-8)DIGIAK T T A~ DA A L EROP TR b EERNISTH 5
72, ZOMORIE, Bl Z ARG & ThIUE, WirfEoZbn b7z 5 aITE 5
INEV, ZORBEITZ OFTIARKRENCE > TV DFRZET, /NS < T 5 72O E 22 W
EAERE DR 2 BT 2 X0 3awv. ERITmEE2 MM L 7 /b 217 9 BRIZITE IS
BRETRNERETHD.

Fz, FRIKT T A<IZOWTE H0 DS OHRPER 2 15 2 &, AM A 525 %
TWRWI EEZRELTWD. £7, 0 DS OHRYERI-IZBI LTI, & DOFER A 5HRE RS
EOOBBLZAMLLZENTED. FIXITOHIZE LT, BETHMUGD7H T OH 23
AR D RUG,

H,0 +e — H"+OH+2¢ (5-9)
H,0+e — OH(A)+H+e (5-10)
H,0 +e — OH+H* (n=2) + & (5-11)
H,0 +e — OH+H* (n=3) + ¢ (5-12)
HO+e — OH(X)+H+e (5-13)
H,0 + OH* — H,O" + OH (5-14)
D6 D>THDH. MAT
H,O+e — OH"+H+2¢ (5-15)

THRALZ OH'D O H, B — L& E L Tol & H S g a2k C ik 122k L
TOH L7225, ZHOORISEEH) S OH ORAEFRPE I ZFHE L, H0 OFi& L i 5
LT, BBLEOEEEAMD I ENTE D, HIZITEAET 2 W, it 45 pg/s, RFET &
T 6.14 x 107 Pam’/s DIFIZ, LFt/DH OH ORAEREZE 2D EBBXZ 9.6 ng/ls, KHEHE
T 139 x 103 Pam¥/s #HY Th 5. 7 U v FH 5 ORFHE T HFHIZIFIT 5720, HO0 &
OH TII T EOFHRZ T L LEFIZIER U TH Y, OH ITBEB L% H,0 O 2 ElfF(E
THZENMEESND. 2 FIFERT D2 LI TEARVETHY, L BEE ERICHETT
572 ®OIZIX OH OIS, FFIZOH LB FOEHELZEE LI ET NV EHET L LBALETH
5. LU H, OH L EFOEZEICET HWimfET — 2 13+ Tid/e <, bW mE T
WA LT AL R ORRZ: ETCIRET DI EFE D, A%, FERIC K DM
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ENROOLNDEZATHD. OH LSO MR TIZB L ClRBOFFE 295 &, O 73 8.51x
10° Pam¥/s, H 23 1.32x 103 Pam’/s &£ 72%.0 (ZBI L TIL H0 @ 1/1000 F2E T 5 & A0E S
N, AAVELFRETHY, +RICBHTE5LZ2 005 HOFHEITX H0 O 42 5T
HDHDOT, WENSKI20 % THDHEZEEIXS BRETHY, OH LFEEEEL VBERET LD
TeDIZIIBET DI ENLETHD.

BAFAEALTUL, L—hav AF U IR T4 7V T THDH 10 x 1010 m¥s £V /)
EWVWED, AETFATHERL TS, —FHT, V—RACBWTET LR L I ICHEZD
B HFENCEG R D D120, EA A IR THRENEFMI NSNS ERTRENS.
3D-PIC FHRIZEBWTIEH D&M FITBWTAS I 2 G ATEEREMThT, REWEE
MIRNZ L DBHER STV S (Nakamura 2019) .



190 FS5E B
5.1 70— LT LI ONWTDELR

2W, 45 pg/s, Electron density ——
2W, 45 pg/s, Electron temperature ——— —
2W, 45 ug/s, Screen current —-—-
2W, 75 ug/s, Electron density
2W, 75 ug/s, Electron temperature
2W, 75 pg/s, Screen current
5W, 45 pg/s, Electron density
5W, 45 pg/s, Electron temperature
5W, 45 ng/s, Screen current
5W, 75 ug/s, Electron density ——
5W, 75 ug/s, Electron temperature ——— —
5W, 75 ng/s, Screen current —-—-
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1: Recommended cross section

2: 6 % smaller than recommentded cross section
3: 6% larger than recommended cross section

4; Shifted cross section by -1 eV

5: Shifted cross section by +1 eV

Figure 5-5 Screen current, electron density, and electron temperature while changing the cross

section of the reaction which generates H,O* within the experimental error
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512 SETNAIBITBEKREFE )V ONRT A —F B

7 a—NLETIUCE T D HERIZEB W T, KOHEERK E L TOMRENF& /7 ioxi LT
RELFELDLZENTRHRINTZ. ZZ2TlE, ZORTORRKIZONWT, Z7r— S LET )L E
TRLZENTELUERER T A =2, BIRBITITBEOEGR L —ha 2 g Uk,
AERREAB R ER T S 2 LIk Tim L 5.

5.12.1 =RF—0EKEEGICET 5 R

EHEC—ABRICEET 20134 4V ERTH L0, BABHOBRREGDH b, &
TUEEDA T U AEBICHW SN DREETH S, KeFtE OMFIZHWT, Figure 2-8,
Figure 2-9, Figure 2-11, 33 X O Figure 2-12 {2/~ L7z = %L X — D KEIS DO/ % Figure 5-6
T 5. BRI bAF U AERICHEDbN =2 L F—DEIGIL, KEFE /O TRE
AT, LD o T, HREIG LW O BLENBIE, KiTF &/ Tk L CRRE D)
TIZFAX—Z2FHATE WD, BROEIE TREREL, KOBRIIFHET DRI
LS, BEOBEKSTH L. MENRKE S Rolck, EHMRWRIF® ) 07T X~
BV TEEKIEDPEE T H =X F—NKEL 2 FILLEZ DTS, —HKTT X

B TIRESUS H D 2FA TR K TS 1 FFETH D DITxt LT, MBS H i
K1 EEZEDTWD, #RE LT, e, BEECTHE SN D=1V X—DEIGITRE T,
BIFBLOA T ONFERNF—L LTHESNDFEIT 10% UNDOZETH 5.

KOFEHEIZ BT 2 RIS DWT, BIEIZH O 2FIEILE OB L OEFRED L5
> T/ha< 5. 2, EFIRED ERICK MBSO LT, 7T A=K
TV VREFIRED LRI LD NPT R F—OBRREINMAREN D THD. —
U7, TN SOG IS )E T 2 RBESOS OFIG X, B OB LOEFIRED EFICHE- T
REL 2D, UL, EFRED EFIZEY, M- 3L ¥ —Z2 2 2 =310 — % kL

W52 2BFOEENHZ D120 THD. EFERIC, &4 4V ERKIED 2 HIZEHD
D IRBEMEA A AERBOSOFIE T L, #RE LT OH OGN 5.

KeExt /7 OELLIZHILETHRELTL, BEFOALADEZ IV IFRILITO Z
LTCTTAIRT Uy VORTZFEBTEDL I LEBEMTE S, A A OEHT R /LF
— L LTHBE SN =X =038 U, MRS A A AR RV =038 L, %6
INERDZENHETEX S, L, BEOETFATIII T —HULRADOZEELEE LT
W2, FEERICIE ECR I K 2 MBI D15 (4.25 GHz T 0.15mT) & A K DRk O
T 2 FHEEDERDHY, IT7—3RICIDEFHLEADPITONL TS, LIZi> T,
EEDT T A RT X VITET AV TOFR LD bIRWZ e PRI, £ 4 AT
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EON D TR X —[TMHIRENWEEZLEND. 2L DA F U AT AR THZHIZELD
LA ENTEY (B21E Goebel 2008) , 7 /LD IEME S DN S IS DR
EETHZLIINETHS.
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Figure 5-6 (a) proportion of power loss in the water-plasma model with absorbed microwave

power at the mass flow rate of 45 pg/s, (b) proportion of power loss in the water-plasma model

with the mass flow rate at the absorbed microwave power of 2.0 W, (c¢) proportion of power loss

in the xenon-plasma model with the absorbed microwave power at the mass flow rate of 30 pg/s,

and (d) proportion of power loss in the xenon-plasma model with the mass flow rate at the

absorbed microwave power of 2.0 W
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5122 AFUBIOEFDOAEREERICET S LB

KE Xt o CHIER B EN B K2R U7 2 Sk U CAER, BICEET 5kt
WA ERTDH. 26 28OFKMEINAT, ¥t/ v OERRE L F—OEEREDOKER
L= G OEBRIZHBWT, 4 A D4Rk, BRICET DK EZIT 72, TRENORML,
AERR, BRICBET 2FE 4 /3T A — % % Table 5-1 |27~ 7

RIS E U4ehiE, BEREE LTI 25 B3 ES /v oing L, RiEiE
ELTEZIBEEKRDITNENFHETHD. WAL X7 Z v AT FHRICHHIT 57290, K
DFBR2TFFEREL > THY, FHERE G FRERSCTVLERH D Z ENRKTHD.
F7o, BABNB L OHFERTFHEENRF L THLOI bbb, ETHEIX 10 £ 1
Xt/ DOEFPKREL, BFIREIIKOEN 4FELLERE V. TS FEOBR S & E2ET
EREDD IR SN G, AR EBROEEEE 0 EDE L7 DICLERETRENEL o7
TR THD. FHRBNCA T RIS TR T =03 DR 7o TWD. £z, Eifte
ELTIE 2 fRREDREIZE EE>TWDN, BENENT & EAR—LHEEN T & A
BUTAER, Z0REE -T2 TH D,

BREREZFA—ICLEBAITIIL— ha v 27 v FROARE BN TIERBRE I E -
TWD—, BTHEEIXAEESFE COHFBEY. TN AR—LAEEOHRIIZL D1 A
YOBKDL SITRNT D, £z, F—EN CRBEOBHELZ KT D720 ER
FETHREED LIEE OMEZFTLENRSH Y, FREHEEICL T10 I < IS T 5.
FER & U CTHEERIRIRIZDEA 10 50D LI LIAT Z L1272 5. HERIFEE A m< T 244
b 500, R0 EEEE MmO/ S SITER L, PR FBEEAL S T D0
BERMEDPRELSRSTLEI DL, FTENNENWZ L, FleprREICffoTH AT
BB APRKREL D ENRKRTH D,

HEMERIFI AR DT, HEDROZITHERE LT 5. #EERIFI AR, S/ v ofl)
LT - 15 %R T LTV D DKL, HEERRAY 11 - 12 %K T LT 5. HEERh=R
1, BB I THEEAIFIADR L TRV X —PROETH L7, KEF v/ o OHREHESHR
DETHEAFIRDEDOETH D EWVWZ 5. FRFIC, KEHWESEE S TR F—23 (%
X ERENRNT EN ERRICRLIEEFNL DN, THUEA A AR S
LT NF—ERIGICRERENLRN L E BRI TS, BLED K 512, HaEE
T EICHEERIFI A 2RO T ICER L, EREEZEEEEN/ NS <, A—EFRECHT S
L—har2Zy MRV Z &, BLOFEMMS S, FA—EREREICH L THrfsh
DRI P EN NS N ENFERFRTHLH EEZXLND.



IR =

51 70— N LEFILIZ N T DELR

195

Table 5-1 Parameters related to the production and the losses of the ions in three conditions

Propellant Water Xenon Water
Absorbed power 2.0W 2.0W 2.0W
Mass flow rate 18 pg/s 45.8 pg/s 45.8 pg/s

Volume flow rate

2.45 x 103 Pam?/s

8.57 x 10* Pam’/s

6.25 x 10 Pam3/s

Neutral particle density

1.61 x 10%° /m?

1.61 x 10%° /m?

4.18 x 10% /m?

Electron temperature

21.6eV

4.52 eV

8.19eV

Screen current

3.10 mA

7.41 mA

6.27 mA

Electron density

2.49 x 10" /m?

3.64 x 107 /m?

9.58 x 10" /m?

Ion production rate

6.24 x 10'6 Hz
(H207)
9.37 x 10'6 Hz

(Total ions)

2.26 x 10'7 Hz
(Xe?)

1.32 x 107 Hz
(H207)
1.86 x 10'6 Hz

(Total ions)

Rate constant

2.48 x 104 m3/s
(H0")
3.72 x 104 m¥/s

(Total ions)

6.14 x 10 m3/s
(Xe")

527 x 1005 m3/s
(H0")
7.37 x 10 m¥/s

(Total ions)

Gas conductance

2.75 x 103 m3/s

1.02 x 103 m3/s

2.75 x 103 m3/s

Bohm velocity 10.7 knmv/s (H20™) 1.82 km/s (Xe*) 6.62 kn/s (H20™)
Propellant utilization

321 % 22.0 % 2.55%
efficiency
Thrust efficiency* 1.83 % 152 % 1.72 %

* It does not include the neutralizer and the PPU efficiency. The thrust was calculated with assuming

the efficiency of divergence, dissociation, and multiply-charged ion were all 0.95.
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52 BARUVREBKRFEICEET 555K

B ROV EARAENEICBE LT, HEEERE L L COMERERT & 7 0 — S LE 5L & DRl D 2
RIZHOWTim U 5. HEtER E L TOMRERIIC OWTIE, KEFt /) CORBRKERNEZ

OMEREZE B L, ZBRAHZERKIZOWTH LD, Fa—rVULbEeT L & O T, FEBkE
EBEF ML TENETHHESND D, EERBRAET B HEIIMNE, 7 a—N
NVETIVACEET 258 L BEAHT R L 5.

52.1 BAROHREBE~OHER L L COMREEKTEMS

BRI EEFEOERE S LKA A AT A X O E L COMREIZ DWW Tl
U5, EBRERA2S LT, #i, el A A Efka b, #ERFIAEREZRE LB L, ¥
v v L DR FERT D, HENIHEIMREL yr 2T

2M Vsq
F =y %Isc

(5-16)

LELZENTE DN, T2 T, #EIMREZKIZOWNWT 092, £/ 250 T093 &L
THEN 2T 5. £72, PREBOMEBCLERREITAKE 25 ugls, ¥k i34 A IR
O 13 & U THHENZFEH L TWD, KOJEEIL Nakagawa H O FEERAERICES X, Ffn
FE~OBANFREITS L TEFBIEEROZANTE A LR RDIFEZMAL, &/ I
DOWTCIIHLE ECOFEBISEMEM E LT % (Nakagawa 2016, Koizumi 2018) . i 5F] H %)
RIZONWTIE, A A TR B DR ZIT> T 5.

MEREREA DG F: % Figure 5-7 75 Figure 5-9 (ZF & 7. K, &/ L OFNEINIZON
T, BHE S BT ORVZOEFHAICH L TT Ry NEToTWD, HENZFRREDOE
XUT, #HENTBREZ 23 /% ) v OFBEL 2> T0D. ZOETERDFRETH

WXL T FEABRLE 8 (52D, HAONR S FEDFEFIRIZHAIT 5720 TH 5.
HeHET) F K OMEEAIFI I3 L2 FEROBM Z /R LT\, 7272 L, HEERIFIH %
FIZK L THHES DOENNE L o THDLOE, T EOBRIICLD, IEShizA 4
DONHJHEEIIKDO T RRL 251 Th D, A A A=A ML T, FAREOE &
RIS L TUIRBEDO I R hE L5 TWD, A AU ERa A b & HEEAIF 2R O BIf%
T, AT A FOBN SEFITNEITR>TWDHZ &5 (Figure 5-8) . FeHES & HES
W THET S (Figure 5-9) &, WTNbAKDOEFNRFE /) AT 23 FRRE/NE L2
STEY, TUBRIK & 72> THEIIZNFEIT 18 %fTiL S 12 %fHTICE HIAATND. Zi
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INDHOEFFERE 70— LET VOMRGHT L - T, HEERIFI A REZ R ESE5 2
EMPERSGEICBW TR OEETH L Z b s, HEAFRIHAROK TIL0 FEOE

(2 & 2 MR- B ORI E O, B L O A OBISGEEOBINN EHK TH 5
EEZEZDONDID, TUOHEET 2 HFRBRDOND. PR O CiADIZT 7 v
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IR L TlRiEfb L2 L, KVELS, REO/NSRT7Y vy RET5HZ LI Ko THMR T
OACIADER EEELZ ENE2 NS, £, ZREMEIRERLNS T/ AT
REWZEZFIALT, 77V v REOE#Z LS, 778V 7 U v ROBEISLREE LY

B, MELTHZLEEEZIOND. A A OEKLEEIIR—LHEETREDL O, E TR
FEORBAEECTH D, REICKT DA 4 OREEMEZ/NSLSTLHLIERENRTRE L
TEZLND.

EHEA~OIEA L WO BUR CEREREZMRFT 5. Fa—7 %y NI BRICEIB LOE
FEIC R ERGIRDB DN D T2, A A BT A MTRE R EFRN R B OEMMB D720
ZEFRVHETHD. — T, AR TIE F—H A VUL ADIK FEEL . L L
N, BT A % VI WHEERI B OF S 2 £ L CHEERI B RO B2 #0792 & T,
=2 A IV ADINR RIAD 5. BARB IO EGVMCOWTIEE 6 I v g
VETCRUEEMICER L, VAT A E LCOMREERT

HEODOIERTICE LTI, Fa—7%y b~DIGHMTOATWS VAT (IpN 7 T A) X
memmN77z)&wa+%@$ EAMERCETCWD. Fio, HEEHNOWETHE
25 &, FlziE T RS PRCOYON (2B DA A AT A XL 69 kg DFFEITHK LT
%MN@%ﬁT%OkU@mmumw.:@%ﬁk%@fék,%;—7%yk@iéﬂo
kg %) (Z%F LT 200-300 uN OHENITIRE L, +0RBENRHDH VD, LD KE (50kg
70 8) O/NEEREA~OISHBENEEE 272 L SN B IO E I Z NS E 5
TR T ORI At RO b s, HEDB BRI 205 B & LT, (K& B T o g Rk
RE & 2 7%, BARMIZR MR A 5 6 B TIT 9
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Figure 5-7 Performance evaluation based on the experiment changing the microwave power
input and the mass flow rate for the ion source with using water and xenon: (a) Thrust, (b)
Specific impulse, (¢) Ion production cost and (d) Propellant utilization efficiency. Specific
impulse included the mass flow rate of the neutralizer as 25 pg/s for water and one-third of the
mass flow rate for xenon. Propellant utilization efficiency was only included in the mass flow

rate of the ion source.
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Figure 5-8 Propellant utilization efficiency verses ion production cost using water and xenon
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Figure 5-9 Thrust-to-power ratio versus the specific impulse. The specific impulse included the
mass flow rate of the neutralizer as 25 pg/s for water and one-third of the mass flow rate for
xenon. The efficiency did not include the efficiency of the microwave power source and DC

power supply.
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Iexp (mprop' Pabs)
Imod(Mprop: Pabs)
LEFRTD. HoOVimE, HOKNESOFERITK LT, ZOER S =WINE T & A&
b LT — VBT IVEGHR, TOMRLEERBEROLE L ST b DTH D, ERRFS
REETNLVOMENEERII—HLTANIL L £, ETALVOTEIDERENGESIT 1 X
DREL, MEWGEIT1T LSR5 EREETNVOERIEIZH LT 2y b
L7 b D% Figure 5-10 (a)IZ7. =7 — =TT XTAHIE L TEY, vy hOAILHE
ERLTWD. £z, PET vy b3k, PET vy RRFE ) 28R LTWD

Figure 5-10 (a)lZR N TN D L 912, EERFER & T 00 OHEEMITFHITAKE M TR
LML TV D, ZOFEBEEEBT S L, T COBFADLEKOBE O ATl L
TWAHZ L, ERFERLETAOENENCH L T—ETRNI L, ERFERLET LD
ERREICE S TUEL DX NHDL LD 3 ODBERICHITHZENTE S, FNEN, K&
X/ VTERIEENRHY 7o — VBT VKIS TWRWEE, EHoB{kic X
STEDLDLEE, FEOEMICL > TELLEBELHESTIERTHS.

FTKEFE ) CTRRDIEBIIONWT, KEZZETOET VK PERICEHT 5B
LV, DTROENELRESEETIEEZLND. 2, 22 TTRAENZ2HIT,
PR OBRREE L LOR—LEETHY, WTN LS TEOEHRICK IG5 H D
Thd £2Z7T, KERFOEETHEL LIS FEOEFHRIZHEI T HE N E2EZ,

TEm = (5-17)

Mprop 2

Prodified = My, ebs (5-18)
TEHRINDEEYA /7 nEENEZEAT S, ZOBE~YA 7 nlEE %A X e U THE
ZHERLIZH O Figure 5-10 (b)) TH 5. QBT HKE X ) v OENRL R, [T
%R LTS, LER-T, KEFE ) > TEDLEBIB LTS T RDOE
BIZDHDbDHEDTHDLEBEZLND.
S FEOEHFRIT DL DL LT, Bk PR 7 O R L O — Ll
[Nz T, ZeRBAHIRER (R(5-3) oA A DI A 71 b g
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WEIZ B E 525, £, A3 O A 7 v ha B 8IE, A A mEZE 300K & L7cd
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TV Z FF 5> TV D,

I CRLEEE~YA 7 aidE I L CEEN YIRS 213 <, ERRIRLE X
IR EERN B A KE LR, BIER CEmE R & &hol. BEIND
A EREINIHIET 2 HEE LR, BHRRA~DRE LB E L ELR o8 K &
ET 52 &, EREMHIRERICL2DREBELCAZ Y =07 U vy ROFEHEE
ETHZE, A F A7 bnOMREBELTA A ObEE X, A4 HKE
FREMETDHZ L, RENBITFOND. IEDOZLYEDOH (5.1.1) 2BV GEREL 91, #
FNRADEEZZE L FENN BRI L MET 5 & EMITET 5. £/, ZEHEMN
FIREIN LD EROMIEL AIEETH D, LOLERARL, WTLh T DO A TIEFHERE
REBBET, FLHIROESVEERENS T4 v T 4 7T HLERHTETLED
o T, EIE~A 7 aiiBHIC L > TRkEF® ) VORBEN—HTDHZ LT, ZNHDO
BNEDFK THDHZ L a2RE LTS SO0, FEEDOHENLOFEIZ ST H Y TITE
DI E D MITEN T L, fOHEMER, HEEHTRIT DMREEN RO HiLD.

AREBRIZBNTCE, BE~A 7 alfENCL->T &/ VOEBRERNS, 7n—L
TF NN EHOTKOERFERZ THITSHZ LN TE 5. REHEEAIONZE L LT, BEFED
HEMEA A F T2 VERE D> O OB HEEAIGE FIIRFOPERE 2 TICE 722\ 9 1T, BEEMAREZ V.
ARRDO LB, ZOFTFAMMDA 4 2T 2 THRERCHEIGTE 50, thoHtEx T
LIS TE DI ONWTUE, SHROMELE 2D, £, KXtV TERE L T VED
HRRETHD Z L1E, Kext/ COMREOERICET 2MFHIBE LT, 7 r—UL
BTN ENRN— AT ZEDREEELRIET 2D TH L. KeFxt / cdh@md 5 FER
EETIVDEICHED BT, ERECOMENLETHD ), Hx2RLEICE L TiX
ETMCESNTUTHI ZENTE D, Fa— LT A EHANWD 2 & T, EBRTIIHER
b0, BlzIX 412 TEBLIEE D RNTF A =2 O &% LT RN L~ A%
/DO EMTES.
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2B BIONTE, Z7a—ULET MIL>TELS FHTE WD EWVRD
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DRWGHEIZEVIEWIREE T I A ZMERFC&E 5720, BAMIZIIMEIZ L > TA
B E M E PRI R E MR AR o T FER, T AR CE RS o TVD EE
2D, —JF, ZOBST T a— LTIV TIEEBL L TV, Figure 2-9 (2R L7 X 9
WM BEDIR T TEFIREN EA L, W7 7 X~ BHFFCE < 2D, T7hb
L FIREZERRZR < EF CTHAERPMERIZHY G0 RDIANEL LN, 7l Ld
AR OFEHFAICB W TEZ O X 5 RBIGIIBH S TRy, Zo@EWIZE LT, M
BUZPE D WO REMEDOE R E, TETMIFEN T RWHIRRSH D EEX BN, &
BOWTRETH D, FFICKE NN L X, €7V ETRENKT R TOEENERLE
W72 BB R D—2 & 70 55 2 ENRBINTEY, FERO FRNBED L HITRED M
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Figure 5-10 (a) Comparison between the experiment and the model: the ratio of the experimental

result to the model and (b) the ratio of the experimental result to the model plotted using

modified microwave power defined by equation (5-18).
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53 FEEEFICEHTHIELE

AP TN D PEREDZALIC DWW T, AR TICHE S ECR EHOBE) &, FHREARE
ERIFFICZEAL LTCBERERm S O 2 i bBEET 5. £/, BRI FEITH D Mg RS0
T, RAtDIEHC UV AT MMUICBWT ED L O REB L B2 D a5,

53.1 JEBEHEZEFEIZEED ECR EOBEH)

~A 7 ORI AZET S5 LI K-> TC, ECR BN Z 2 5E (LLF ECR &) 2
G A RB BT AR B S, ECRMNEVL, ~A 7 nlDEEKEETFOr A 7 a ha L fE
WER—BTHZLICL>TEBI A7, ECR BIZHBWTJE I & BSOS ORI

eB
Wee = p— (5-20)
e

LD LTeh o T, JAEEITH LT ECR JEDOWG T —EBIZIRED. A A IRNE O
& AP35 ECR J8 DOELE % 7~ L7= 6 D% Figure 5-11 (27853 (Figure 3-6 OH48) . J&
BEPMEL 22 213 8 MRS, m< 251 E BItIC ECREPBEI L T\ D 2 L2307 % . ECR
JE OBENLE T O MBI OBE 2R L, BB EICHSG IR CGHEEIT 2 Z L 25 %
D&, AT UNEITERINDOMNMBENT HZ L E2ERLTWD, A4 OFARE
BOEITT T A= mDEbE b2 b L, HRBIZEEN 5.

EBRFERL Y, £2ToRES (2.5mm, 3.0 mm, 4.0 mm, 5.0 mm) (28T, 54GHz BT T X
~EMERFT D Z B TEDRROEARBCTH -7, FREK RIS T ECR B BRI
B, 5.6 GHz VL ETIIETOMBGEEN T T HImnWZ &, 7o T L OREENEEL
TT T F~DEEPRRKREVWIENFRTHL EEZOND. £, ARBEIHORE R K
L RHTLICED, ITHOBRTEBLOEFHILOHMLEERDDLEEZLND.
FRA~OBEICE L TE I OBEWIIBERA RN &, EKERICH 1D L TR
BE—ToHoZ &b, @ERROER LRICET 2 26D E R LTS, Zr—
FVVET R HHEKEBOBE (5.1.1.3 BTHEERSEIE) 2B\ TE, (4 oB K
g (77 F) oFNEFORKERE W) IHANTEETHLEINTEY, 20854
LT T T ~OBRKOIROFTNRENEEZEZBND.

(AR i ST K o THERF rTRE 7 A I B A 52 72 V|, 2.5 mm 7> B NEIZA/FE) A] HE
FHDIEL 2o TV RIZELFRKICE 2 5 &, BEHOK T ECR B2 Tt~ &
BEIL, 227V —27 0y ROIER—NVEG~OERLPEM LT LR —HTHD EE X
Bb. 7V RO, B SBMEWVIEEEROERE R CRAEL, ERERE T 5.
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532 HBEOGIERICXHHERL

EE DB X BHRED L, 7 u— S LEF A TIIRFATERVWEETHS. [F
HWHOEFIZL S ECR JEOBINL, ARSI~ 7 AT o VO MICEEZ KT L, M
WELLTWD EEZ NS, —F, AEEEELESERNE ZDOREBEDR S OETIL,
77— SV ETVICHRKMT 22 ENTE D, HEROE I ZEI T & EOMEROE
b, BEOFEBEDOERIZIIT D MHREDZ( % Figure 5-12 1Z7R . Pl L O IKAEICES
THERICBIT DA A FRIIHA NS OFE S X 3mm T, 72— VET L CIIHERDOH
E&E2mm & LTEHAELTW (77705670 vy RETOEHN 2 mm ThdH) 22
TlE, HEEOEIZHWANOOHEHTERL TWVDHD, ET AL TIEIRRFIN TV D E
ENH I mmEL L@ S CitEEIT o7z, £, HEREEWMINEIZ D & iiThbhTnb iz
D, FEFROIENZ L D ERAEDOIENTE T VKBS TN D,

Figure 5-10 \Z/k L7z X 912, FEBRE & €7 VO EBFRMEITEE 21T L7223, Figure
5-12 IZBWTHEA & 572 > TV D RN D00 5. Bl 21E 5.0 GHz O EBRE 135 S 12%f
L CHRBAT 203t L, FETVTIEE—2 2o TW\Wad. 2N ME e LCTid—
LTWAEN, TETANERZHFIL TWD EIIF ARV, Z0EWE, &I DERHR S
7T R~ OEFE, REFEOBEMLL EOSREE SO LERBR LTS, K, 7T X~
L7V ROFRE, &S HI~D Y —AEER EIRB 29 DEMop e LThITbns.
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Figure 5-11 Dependence of ECR layer on the microwave frequency (same as Figure 3-6)
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Experiment: 4.4 GHz ——H——  Model: 44 GHz — — — — ——
Experiment: 5.0 GHz Model: 5.0 GHz
Experiment: 5.4 GHz ———F—— Model: 54 GHz — — — — ——
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Figure 5-12 Comparison between the experimental results and the model with changing the

height of the discharge chamber
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533 JABRKEEICX AMEER BT ARE

AREBRICBVCTEB L REmOMRIL, BA~A 7 2ilkE2 1.0 W, & &2 2.5 mm, J&
W 5.2 GHz ORFZ, WINFEINZXT DA AR a A F3 145 WA L7258 Thotz
Z OPERRIE, HEROIEBIE TH 2 M S 3.0mm, JEHEH 4.2 GHZ IZH1TF 5 166 W/AIZxHL 10 %
RO ZER L TS, — 5T, FEBRHESR O Figure 4-7 7> 5 Figure 4-9 TR L72 L 91T, JAH
W AEEE L 2OMRENIT, ~A 7 il ORICKE S EBESLD. Figure 4-8 12

D, WINFENZxT A4 A v Ak a A &2 RD EW LN X DI, FRET L otk
ZALD IR IR E ) OZAIZ Lo TN TE, KFAREZMA 5 2 L 03%E LEET
HoHZEnbnd, EBIZ, 22 CRFE 2 RICBE LT, AENCRT 51 4 Ak =
A NTHRZ ERIEDN 177 WA THEN 181 WA THY, ~A 7 2O =Mz 5 X 5 7%
HEHINETH D.

H ECfEH & 4LD —fkBY72 ECR 77 X<, B EIC L DHAROBRHIZAZ T F 2
—F—EREL, TTRAEGOA VX R T T FE, ARV D7
VIREETHER STV D, L LD, REFRIZEIT 54 4 IO X S ICFH TR
560, FRENMNEE~OEHABE L TAXN—ARR LN D DTN\ TIE, EikE
WD, £~y F o O DOBBRE BT IR LN ENEN., LER-T, 7
T A~ OFMEH R~ A 7 n OB EIC L > TR EZMx ekitic T 628, B
L OEBRIZE SO G LR et 0SB L 72 5. ERRIC, BB X OENOKFHEICE LT
X, EEEAEEE L TWRVIREET S, HERRES AT L2 LB RS TND, 7
7 X~ DR, FrlCE B EDOBIGIZ XD EHEILA~DINEDEALD, A RIZEEL T
%. o T, AW TR, MEERISH LT R OREIR AN e > TL 5 2 L3
TREIND.

Fl, AF VAT AZDUV AT LERFT 256, BEBREEIIEATE L~/ 7k
JR, H51C GaN & L < X GaAs DT —7 » T ORPUC K & R 8BE KIET. BUEDA £ &
T AL TEIMH L TWD 425 GHz 38 L2 DA DJER I, ECR A 4 AT A X O
ZETITIR L b TV B JERE S Th 5 4.25 GHZ IZXHET DBEAE LN 0.15 T & 72> Tk
D, LB IRV~ U U A3 L NEgEA TR ICEB CEOIMREETCH LI L —
KThHd. —FHT, X"U—=T U TOEREEND STHE, LVEASEALSRL TS 5.6
GHz f1i5H L <X 2.8 GHz fHilticle~% &, [RESND. £/, @mEESdkiTa o R—x
R ONEULIZ 27 N0, EEA~OBER VI R THRIERH 5. RFRICE T 5 EBRT
1% 54GHz &£ COEBZ LB L, FWNENIKTT DA A A= A MIEWEREICE
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WTHERD B D EAE S L IFPREM STV 5. @A TOEENI X L TRk S
NIEMEBERER S ToA PRI L D FER, BLOV AT LRERTODNEROHEF 21T 5
ZET, VAT LE L TOMEROBEEIZDRND.

5.4 BEEmMBAEFICETHEL

BEHEMNETIZ L -, Wam, fIBE 7 o7 FOREICTHAT D EFREO LB &
Niz., Fiz, BT T O T AENNE BT L2 FEZRIZBWT, K& 72— LB
EEHBAILZ, 22T, Za— LT EHWTCEFHRAOE{LEET VEL, LT

BT, Eie, BN T S MERELLIC DT, OV AT A~D BTSN Tk
~5.

541 FEERBMERICXAIBEFHERIROEL

BEE B A TIZB W TRl S - EROEME, ETOERNE (L TnEZEERL
TV 5. Figure 4-12 33 X W Figure 4-13 1IZ/R L7 K 918, BIZIET > 7 F 34 7 ARFICIXEIE
ZRES LTV &, T T HIRNLDERNBRKE L o TW&E, WA (Titm) (2
NDEIITD R o T AFURMET 2 HMEIEE LTS, 7T F~D
BARAPHEMLTND I EEERL TS, 77405, 0V ORI, Bif & RIBEZEIC
MALTWIZEFR, BENEWEZ I T VT FHITHATDEIICR>TWND Z L EEKE
LTWa., ZO8R%E 70— LET )NV ETHETEINE ) hakist L.

7a—s VBT ECERICENT D DIET 1 — VBT S EBT 5 R(2-48)T, B O
DEVWRTHS. LNICHET 5.

%ev_e exp {— e((ﬁi—;;%)} Ae Z Ng),j

J

= Z qj{nsr,jvBAwr + 161,jVB (A + Yadse)}
J
ZDHH, BETOBRKERE, T U7, BiA, ZOMO =l aE L, EnEnIcEk
TOETVBNAATAISNIERT Y Va2 ROVEZ DL T U ARELERT TS, 5

(521

(5-21)
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1 €(¢ — s —V, t)
Zeve Znsl,j [exp {_ P k;e = Aant
J

— ¢s — Vna
+eXp{_e(¢p Z)T g)}Amag
(5-22)
+exp{ e(‘p‘,‘;T )} (Ae = Agne = mag)]

= Z qj{nsr,jVeAwr + N1, jVB(Aw1 + YaAsc) }
7
LELZENTE S,

F7o, EBROKMEEZFHBRT 5720, ERICBTD 0V AL TAREOEE S L2, A7 U—
YUy ROY—=ADIRN Y ZRIRE yv¢ DEEZED, EOIZT 7 ), Wa, ToMmo
BREREZEDD. A A OERKIFFETHTNAAT AL TEE LW ET D&, A4
VEROHITEMOLIZR D, FERIEDO A7 ) — EBHIZE D LI yg ZEDT1E,

Jion = Z qjMNsr,jVB,j (5-23)

TREINDA A DERBEZ S LI, HEH~DOA A EifizRD L. BFEREA A
CEIMDEPBI SN DERIZR DD T, ERIEICE ) KO ICEFERNRETE L. Ik
ESNTZEBTEROIL, /ST A0 0V ORFZEN e8RS BT 5720, KK
HEREOLIZFE LS 2D, 22T, BADREHIIBEMTHLDOT, 77 TBLIUOZ O
HoORKEMAEMD Z LN TE 5. (AL Z O, Tt OB LA O ICITEIE L
BRNEWVWIREEZENTWD., £, T 7 TOmBOEBEMTH 50, 77 FE Y OB
X7 o7 LTHRES LATETTH DS LIEE 2T, BT OBEIZ X 2 B EBOKRTN
LD, T T T OEBICH LT EDREDETFNEKTLNEIRMTHL. £DT
W, BEL L UIE VbR EL RS AE CTE DM AERZ V.

Fio, AFVOBKT T v 7 AFEA LIV, AR —ITZL L, fEkoERT
FNF—THD

Py = z (nsrijAqu ¢, + nq,vgAwq;®, + Yona,Vpdscq; P ) (5-24)

73, J
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Py = Z (nsr,ijAquj¢p + nsl,ijAantqj (¢p - Vant)
j

1
+ Ensl,ij (Awl + ASG)qj(¢p - Vmag) (5'25)

1
+ ng),; VB (EAWI - ASG) qjdp + YGnsl,ijASGQj¢p)

WL LTS, K(520)IFKNQB3NDOHBETH 5. Bl A T A &EDT 5 & &I121E, Kbk
FEDED Figure 3-30 1265 K 912, TIREREIINA T AZNT D2 L1285, 1> T,
A A VHERTL2ZRUF—IZE L TR L 5 & X, A 7 AEEO RN T2z
LbDE Ul Fe, BRAENE LT, ~A 7 a ENIIMNA TEFRERIC X 54— LN
#EZ,

Pips = Pabs + Vantlant + Vinag/mag (5-26)
LB LT,

PLEDARGEZ b EIZET VA BFE L CHERRE D 21T 572 % O % Figure 5-13 12777
TUTFRAT A, ANA T ANTNOEE S, 2O &2 EENICITEZ 52 &R
TETCVDEY, EREMITTEBENSLOND. 72T A T AR, S T ABJEICHES T
T T FTOWAD EnDH L, W EMEESOIRAETNS TR HZ EIZHETETVDHH,
ROLEERAZ ) —VERO LFIIHH I TR, £, 7T ~ORAERO L
A, EREICHARD LD, ZoZ &b, Z7a—rULET )L TIRBLIRWI B OB]
BUILESTAZ Y —VBROEMBEELTNWDI L, TV T TRT T X~DEMIL, £
THATHETLAZEDBRENZ ENTIRIND. WA/ AT AR, ADNAT AEE
WXL, MIBEIZEAT DB LT 2 Z E N TREINTWD D, FEEEOER TIX
SIEEWML TRV, £, BA~ORABRITIHELY bRELoTWD. T
MBEZ Xt 2B FDOACIADN, ETAVTORELV HIEL Vo TNDH T EEZEKLT
Wb E, ZOFITIET T T OBRITIZFEAEEDLL RN ENRTREINLTNDDIC
L, FFZ 10 V FHEDIEDNASA T RZH LT, REREMDBROENTWD. T 7 F 34
T AR LRI, 7T AR T O BEOREIEZRLTNDEEZHLNLD.

T TFNRA T ARGEORA YV —BROEANZ DN, 72— 3T IR NG
RELTEZLNDON, 7o T TEMB ER-T-Z L2k b, EENOELOARKT
HbH. BTNV ETE, TITRAORT Y /MIT Ty MR EN, TUoT ke ZzDIF
MO TIER A DY —AZRTED LA LTINS, L LERIL, T4 ENRIITE
WL 7L, MBEOEIFAIITELGNEL WL EEZLNS (5114 > —R) | FT-,



212 S E B
5.4 BEMENETICEET 552

WNEBIZBE B NFEET 5 Z & BIRIE, 3D-PIC (2L 2 EMEFHHE THRENTWS (Nakamura
2019) . 7T FENMO EFITHEST, Uy RiZR)o TIRAZIZEMD FRA>THS KD
Y0, TWMANCA A kT 2P I o T EHER SN D, T~ A F i
EROWIL, FRZT 7T J5m, T7bb LG M~OA F o EiROb 2 HE, 77
FTEMOEINC S TET L7720, 7 o7 FERICET /™R E AR END. £, T
TAA~DOA F 2 OEWREOHEINZ LY, A7 V=0T 0y ROFGLSMIERT 5440 b
ML, ZORERMBERRNET MR TRELRoTNDHHDEZ X LS.



213

Screen current —H&— Model: Screen current ----
Anttena current —<— Model: Anttena current ——

Magnet current 4+ Model: Magnet current
Side wall current —v—  Model: Side wall current -~~~
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Figure 5-13 Comparison between the model and the experiments applying the bias voltage: (a)

antenna bias experiment and (b) magnet bias experiment
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542 EEERBNETIC X AMERERN BT 285

FBRFEROFETIRARIZEY, T T T3, T ARHZ, Fek 12.8+0.36 mA OFEF & fidk L,
NATAZOV ELTEGEICHRT2HEUETHD. N AEREEDZA AU ERKa X
X154 +£50W/A THY,0V DLFAITHART A0 % O E72>TND. EREIT 1.96 +
0.03W TH DA, 2095 MY LERDEDLEEIL25% FRETH D, Figure 4-7 IR LT
L1, A A VERT A MIERBEH O LT, K& RDBEAICHDLDT, ~A 7
OB E2WRAT DL L EICHARTHERNA A AR A FEEBR LTS, £72, bY

BHRITERER CTH Y, v 7 BRSNS L @OWERDENIHHFTE L. R
A 7 aBIROHFEE 0.3, N LABROFEL 07T, R LAEROOSWIE~vA /0
WD 021 WITHY L, ~A 7 a B & T 2 TOA A A= A ME 135 WA B
LS HIZYGET S,

FEWA~DICHEB 2T & Z121E, Y AEROFEERN—DSORETHLLEVZ D, KD
e HIEE, SEEEREY 2 2y NAEL, 40 VEEOELZF-ES B 1.5kV &
1.54 kV) FHiETH DA, HHIZEEEERICHT 5 =M a2 RS 2 512725 TLE ).
— 75, BBfFOmEEEIRICH LT 40 V BEOBELZ AT X O REREERTH L, b

LEREOAAN 1.5 kV AL T AINTNDZ &2, WMENH LD, ZhAbD
M Z kT 5 Z N TENUL, FRICERICLERIITE L5 25,

55 A3 VEREICETAELE

7 a—rLET OV E EEREROERIE, TCICERBROEC/R LMY, OH & H:0
FHFREL D HZOIZ, H0ME ONTER LY 600D BRI/ b Tns. 72721, O1IZHE
LT, WEEN DS WD RERRELEZATEY, Z2< ORIZBWTITZZD
RAETHHTEIETHD. ZNDHDEIL, 77— LET )L EEEOA 4 U JROF T
D7, BLOEBRIZBEWTA A UFENPLGHTOHLREIND ETIZBIT A ICDZE, B&
OWEBEROREREICE-TBIAEEXLND. 22T, EBRAKROBEER L €
TV EDIIZIBWTHRAEL 9 2RRZEBERIZOW T L 5.

551 AFUREHEBICRITHIREER

QMS TOREIL, EHANTITA A DRz T Z L IZHET % b O T, Figure 3-27 1271
L7 49T 40 7L oTC, EFRERTRLIEL O BRAAVEOEISZEH L TV 5.
DT 4T 4TI Lo THALDEER, F& /) VENIRDO RRTE(ELL & D D A
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BMbonTWa, LLARns, EEOKORIEIZINTORRZETMILM 4 L L 35 7
MEELW, FEWLNCT 4 v T 47 838D MLy FERTHIEAR RGN TEY,
MAEDOHERIZoTo B OND. —HlE LT, WMEMEE 7 v T 47 OB EENT
& \Z Figure 5-14 (27, 37T 40 pg/s BT — X T, E— 7 DENRBB L ZR CIZR 5 X
N, RREA =L L TWD, AT — VT BRI DN TIEFy v a riZit L
7-.

T4 T AV TETRTHATITT U THY, (FET D EBZ LN LR D EM 2 HE
LTIt Tnd, L, 7497 4 7 TIFEEL T RNE =7 BN ORI
%. Bl ZIE, (2) 5.0 W, () 4.0 W (2B T,0H & H,0F DD 173 H729, BL O H0" O
— 7 X0 HEFREN183 ImIZE— 7 DR TE 5.(¢) 3.0 W, (d) 2.0 W @D H,0" D E'—
I GNP DI TVnD. 2L O E—7 OFRRIIAIALER, RIZT 7 X~k
TRWETNIE, H0" °OH" Z@ENZ ARG DJRKIC2Y 9 5. £z, (d) 2.0 W, (e) 1L.OW
DFITIE, H:O" 3L OH" DIEZOERT T Uinbi T LE > TRV FRAHERK &
WR D, BT PO TIUIRICENNRNERREL, FEEEORE IR/ EN
ZELERO—DOTHDHEEZLND.

ZDEFENOFEFRIZBNTORERFRELR & U TE, A A% H T UEMRE NI
Ji < ETOMHBEN 7 cm LRV (Figure 3-31 2f) Z L3 HIT LD, k795 5 2 525
FOEROF = N EETHD 5% 102 PanbBBLZ 1 x 100 /m* THhDH LT % &, Table
2-22 No. 24 OBH LIS T DA A O HBITFEZ 2.8 em 28 TH Y, 7 em £
HE, Fx U AEETBELETE m, RN T OPKEE Vps THED 2 Z &0

M, RT,
NAMn

ThbH. N7 OYRESE 800 Lis & L TEE Lo E L, WEICXT 281 4 DFEH
FH1THE % Figure 5-15 (/R 9. FRIC KRR T 7 em (ZITVMEIZ 72 > TER Y B AL BN
H5. L, ZOREIE, So— LT AOETHRE LIRSS &, FIT H0"
OIMZHFETHHOTHY, EBrEETNORMICET DA & 1T L,

PvacVPS = (5-27)
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Figure 5-14 Measurement results by QMS and fitting curves for each ion at the mass flow rate
of 40 png/s and at the microwave input power of (a) 5.0 W, (v) 4.0 W (¢) 3.0 W, (d) 2.0 W, and (e)
1.0 W. Every results are scaled as the peaks take the similar value. The scaling factor is 1/10 for

5.0 W, 1/7 for 4.0 W, 1/4 for 3.0 W, 5/6 for 2.0 W, and 2.5 for 1.0 W.
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BRI LI 5. Fm, Za—rLE T LB W TR OH 280350 4 Kb & ZE$ 5 W
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7 — BT EOBRFHIBWT, K77 X~FTF )L TILRIE O RE L [R5
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6.1 AT LADHERLET IV

BREAOEREBZ -GG, ATAZ~y ROMRZOLOTERL, H7a K —x
YN EEOEHES AT L LTOMENEE TH S, £/, /ML ECR A A AT ZHIT
BWT, ¥ 7 arR—3 FOMREITHEES AT 2L L TOMRICKRERERELE2 5.
—fFlE LT, SURRF A ALV AT AZDOA A AR =T A ML 800-900 W/A TH Y (Holste
2018) , /NRIHEMEREIZ 35 1T D RF OEEIRZIZFRITIRK 90 %FfEE (Tsay2017) T D728, IR
WA GO A A AR = A X 889-1000 W/A Toh 5. —J7, PROCYON [ZH#5#L S iv7z/
B ECR A AV AT AZ DA, A A AT A NE 220 WARETHLIN, v 7 nijlkE
JROZhFITIB B LZE 20 % (Koizumi 2016) TH Y, BIRNFEE GO A A A2 A M
10OOW/A L7025, TR BHEEK E L CTIT 4512 E A A Ei= X R asiE L VIV ECR A A
VAT ALN, BRNREGDDLEEDAY v MeRko TN,

INHEEREIC I W T T a R —3 o R AHEE S X7 A & L TOMREBIC S 2 D58 IT R
L, BT a v K=V FEEDTET MEEFFMICIM L, AT L8 LTOMREFE
M3 20ERH D, RHFHITHE, ZZETERRIL T L TETAKRA AL AT AZIZONT, &
AT AETIVEREST D, £arR—3x0 bOETILZER L, BHE L OO L
H0E1TD.

6.1.1 2R

KA F L AT AL DY AT AOREMERRX % Figure 6-1 I[ZR”T. AT AZa2=y F& LT,
A A AT AKX % (ITU:Ton Thruster Unit) & LA kY= v h%& (RIT: ResistoJet Thruster)
D2OEZEZD. AT VATAX BRSO ERa L R—3r M, 77 A~4E
A B e~ A 7 R 2 G T D~ A 7 m i ERR  (MPS: Microwave Power Supply)

L ONNE K FFNERD & O F I B 72 E R % (DCPS: Direct Current Power Supply) ,
HEMER 2 AR 3 D = HI#%  (MFCU: Mass Flow Control Unit) 288 5. 7272 L, &%

CITRNCHEER 2 R E T A E X 7% (Tank) L35, LY A MYy MREFEISE
DI a R — R M, #EER 2SR T DI ERIER 0L TH D, £z, Hetts
AT LD (TCU: Thruster Control Unit) 23 2405 0O 3 2 AR—3 2 h &3 5. HlfH%
1%, #EARD On-Board Computer (OBC) & DA LV H—T =2 —RA L, £aALR—F h~D
ON/OFF Dfs R DH%ATH b D & L, E7/RE/IHE L MPS, DCPS, MFCU 72345 T 5.
T, WENOHR SN SEELZBEIHER 28V LIBEHER 5VO2RHEMELT
WA ORRGE E 1T - 7.
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MPS: Microwave Power Supply

DCPS: Direct Current Power Supply

ITU: Ion Thruster Unit

MFCU: Mass Flow Control Unit
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RIJT: ResistoJet Thruster

Figure 6-1 Schematic of the ion thruster system
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Nakagawa ©H D7 —#4 (Nakagawa 2016) 23S\ TITH
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Figure 6-2 ICFEBRIC L DFER EET A DLE LN THA Y U — U EIREDOZ T 5.
CZITREND KO IT, ERER L ETLVOMBHIE IR LT EOME Ao TEBY,
MEOEIZ L HUBRENIZET VLo TEBBLETRTE T H I EnbND. 22
C, Figure 6-2 2R 3415 £ 9 7Zin(Pldh#R 2 8 A3 5. Il dh#ix

Iexp arr
... (6-1)
™ Imoa  In (BirPabs/Po + ll’rr)

LRSI, B/ FIET arr, i oo e FRELTZDOTH D, 72721, ZOIEEHIFRIZIX
WEERY 7215 51370 <, 1@ TREC N & 2 BTN 9~ 2 FRrE & BIg 2 IR U 7=, arfeldh
MERWDZ ETHLIRIENCHTHAL Y = BREET LT HZENTE, IE
ENTAREEY, AF LV ATAXDAY Y — BT
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178.7
IsG(Paps) = P — 7.898 ¢ I1mod (Pabs) (6-2)

h1(8133 ;PS+—7995)><106
0

LHEEDH. HL, Pb=1 ThHD. ZOELHEHBRICHT 2 EREDIZS > X3, HEYEFZET
039 mA BRETHD. £77, ZORDTRTOR ISR Y eSO Z L 2 IRET S, 44
VAT ABZDHESNTIA Y Y — o ERAE VT,

ZM
Fir = Z {r]div,] ’ (ISG] IAG,j)} (6-3)
J

j= H20+,OH+,O+,H+
LELZENTED. 1220, AFVREITTETAPIGFAET D 4 EEOAREZ 2. Z 2T
HEOZ DI,

A%~ 0.05 (6-4)

Naiv,; = 0.95 (6-5)
LD A7V —VERE T 7 R VEROMIZERIEO LW 2 fEEZ AW TN D, 72720
FEREED 7w RidFt /) b L7227 ) » RTHY, &EHI Ko T 5 alaetE
TE <, EBEE D HERENSEWIIO AR S 12785 T D, FEHCA Zh=- 1T HE 1 E O ft R
HICHERE L TR Y, HBBANEL 095 BEL T L L, BUEOET LI X OMIER
REHETEDHKRP BB L Z—8T 2. ULV, A F 2T 2AFDHETJZ, 7 n—r31
EBT T K DFEFERE T,

Lnod. i
F _.095222 o
. q] MHZO Imod

2My. oV 178.7
/ R P ~ 7.898 { Imoa (Pans)
In (81.33;—"5 + 7.995) x 106
0

EELZEMTED. SO, 2.1 KA A AT AL OJFH EEREREOH CER L
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ITBEAEBNITHD. LIzBoT, BAENEXWNENOEEDDLLERNH D, ZDL
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THDHH, T Z Tk Figure 6-3 IR LIZr Rl ©H 5

Pap
Tref(Paps) = 1 — ;_ :

m

P
=(16014exp<—419796 ;PS—-Q3147)4-008489 (6-7)
0

ERWLLOLT DAL, Pp=1TdH 5. ZOEPEIRHICHEN R ERIZ/2 <, 5T 0.8
FHECHRE T 2H[A L 0 EDZ LD THDH.ZOXFRARIL, A4 2T AEZKIKOTZ
X< DIRIETZ T TR, A AV AT AZIZELEy OEEBBRN/RKESBERLTEDY,
B LRGN R D 2 E RTINS,

A F RO EEEREIL, A A ROKE SITMAT, BELEHPHELRNE S I+5r
(CHEREE & DMEDRH D, BB — N FOKE 2 RI2T 7 VI AA—0OHMED 25 mm T
EN25mmb5H. AR ZEHORES HERL T, 25 mm x 25 mm x 35 mm & A 4 R
DEEIR LT 5.
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Figure 6-2 Comparison between the experiment and the estimate from the water-plasma model
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Fitting curve:
Fret=0.6014 exp(-0.9796 P/ Py - 0.3147) + 0.08489 ———

Reflection ratio in the experiment ©)
0.48

0.36

Reflection ratio

0.24

0.12

0.0 1 1 1 1

0.0 1.6 3.2 4.8 6.4 8.0

Absorbed microwave power, W

Figure 6-3 Reflection ratio with the microwave power input and the fitting curve
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6.1.22 HHfngs

A A= DOPRNIITH RN LETH D, TR A E—L LS LD DL

P RERERE KRBT HEINRDEND. Z 2 TIETERO LB T R A
Ing = I + 0.1 mA (6-8)
LEDD. ZDOA 7y MEIPROCYON THH SN/ fEIZHE-S<  (Koizumi 2018) .

Figure 6-4 |[ZHFIZREIEZ-40 V CTHEE LTZ & &0, BAEBENITHT 2 PRgsEiR &L O
Max hzpRd. PGRELEO EAIIBMHH BRI U THRWIEDOHEEN® 225, muvf
MEREEIIPRIROFMICEELRITT LEZELAONTND O E LRV, 2 2T,
HFNERTEE 240 V (2 E L CHipTd 5. Figure 6-4 X 10,25 ng/s LA EDOREBRAICITERE
ERASEDHRNPZ LN L, 4 WERAROTAA MI2 WRO 125 TH 503, EHift &
T 1 mA ETHATHZENTELZERNbND. LER-T, 4 WEASMETIE, Pt
Z 2 DT L iR E LTRAEBENZDRLST 50, BAENPRELS DL &%
AL Ciima DR T2 L 2B ETH0T AL — RETRRET .

ZITIE, EREICESWTEANZHIHERESE LI b0 L, KiKohMa A FTH D
300W/A RFENTTH SN LT HHDD —HODNRE — U ZHNni-. HIEOPF=a 2 kMR-
N5 LT LA, (FBRIC L - Tl K& ST, hRama et 52 L&t e L
TW5. |l % Case N1, %4 % Case N2 & FEFRS%. Case N1 D5, HFIZRELIX, Figure
6-4 D 25 pg/s B DOITELHHARIZRE W,

P
Ing(Py) = (6.7651n§ + 1.944) mA (6-9)
0

ET D MHL, Pp=1L75.Case N2 DAL, LEHRFZREIRICH LT, HF= A k300
WAL/ D L HICENEEDD. Thbb,

INE (Pin)

T 5. Case N2 DEEOENTKT D& E S FERIC Figure 6-4 IR L7, 1= 2 M A3
KI5 L IZHEL TWD DT, Case N2 DS BMLTHEREN R 72 5.

WO S RO SHEBEL, FREROAMER 22 mm THE I 20 mm, 2R 7 X
HOBBLZOEEIN10mm THLHZ E225,25mm*x 25 mm x 30 mm &5 5.

=300 W/A (6-10)
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Neutralizer current ~ Neutralization cost Fitting curve
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Figure 6-4 Neutralizer current and neutralization cost of ECR neutralizer using water

propellant at a mass flow rate of 25 png/s
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613 LVIRIPxzvy FROET L

VYA MY 2y NOMEEIZOWTIE, EINZ L D1EBEGEOBBICHET L0 & LT,
ETMEELITD (&I 2019) . LU R RV =y MEBIRFORBEAEBENL, LYVA RS2y b
DAFT AL~y RITEANT 2E N HEELT,

Pgy = Pyc + Pru + Pyal (6-11)
EELZENTED. ENERN, JULE, AT AZ~y RO —%—, U7 AT 58
NThD. iz, FHOHS L DR E B 2 1= & Z1T, HEEZIR ngy 13
o’

ZmR]PR]

Nry =

TERIND. JULBREN 257 £24CThH L X, BDH /) ANF LOVREEICKRT L CHERE
EIT 11 +3 %, HE/7134.34 037 mN, FEIREIL, 541 £0.07 mg/s THDHZ LR3bhoT
W5 Fo, KUERICEALLRAEITIZET T (FHEIX9+5% Tho7c) KOEIITHE
FEWEE LN TEY, TOEBENTEDDIERITB % TH -T2, ATT LB TE, &
LB TFIE, BT 2BV EHOEA 2 HD, Tk L THE R
FELRNbDE LTz, LMo T, KALEREAES Py &LV ARz y FREET)
Py DI

Z—‘s =0.83 (6-13)
Z O, R OBRANE KT 2 FEH 1T
Fry~ = 21p; gy Pry (6-14)
KO
Pyc = tigjLy (6-15)
X0,

—_ 277R] Pyc
Fpy = |[——P, 6-16
R ’ L, Py R] (6-16)

ERFTZENTED, 2IEL, Ly IIKOEEAEZL L, 2442 K/kg Th 5. X(6-16)5 1, #T)
TENTEBIT D, LTzid o T, KOZEFEI S BB HWZEHOFIG 2 —EIC L, HitE
A EICT LIl OB E - EE T BL N E BT H L
BT 5. Z0OHAOHIESITR(6-15DBE DT 0, X
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2nryLw Pry
72 P (6-17)
0 VC

Ispry =

L%, FRICESWTHEI LIV YA MY =y NOMERES Table6-1 ICFE &0 5. #ET), it
BITEATHBENCL > TRESH, AIETHD. £z, A L ATAXOYE, AT
TFEICERERAR LA 7 R EVEAINTZR, LYRA RV =y b OGEE LRSI
RTHEINDZ L1225,

Table 6-1 Performance of the resistojet thruster based on the model

Thrust-to-power ratio 273 mN/kW

Specific impulse 81.8s

VYA MYy MY, RHETERB KO EOMAEE) EZLICERE I, 4 BT 52
EEBELTND. LYA R 2y FORATAZ~y REOEREIZEE L% 20 mm x 20 mm
x20mm &L, TD 4 O %EEERBETHLVA N2y MIELETORFIZBEL T
X, REREROKREICEEND D ET D,

6.14 A7 uEROET IV

~A 7 EERONRITRFIC L > TRELLELSIND. - T, FERO—KHLRE
FIALIZFER TE 2. 2 TEBIE L T2 o0%# K (Figure 6-5) %AW, v F L 70
HEIZERND DL LT, EBERAFEOHE L Lz, REHIBWTIEBE BN TN
RRERD LD, BUEAFARETH 2 F O biEiRA I L7-. 723, PROCYON |
il S MPS OBFHEATOREITBE L Z 29% THh5 (Koizumi 2018) .

~ A 7 w3 B OREIR CTRIE Stk HAHERNOT v 73 —2 %/ T, 2 Bb
LLIE 3 BOT VT (RIANT UTBLOAAL T 7)) ICXoTHEIRBEND. IR,
TAYL—2EDC Tyl EfkTAF AR FRERICHIE SN D, ()Tl HEIEHRIZTI
#x (Divider) (2 X > T2 L THA SN, ENENA F R E Fgicfifs s n s —
77, (0) TlL, HAZWE DS 22T Y, ikt LTt S hs.
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(a)

Pre Amp. (if needed) Divider  DC Block (Ion source)
Ocillator - r.|_11
I 1 1
@ 8 I> l> l> @ o
| i
=—HH
Attenuator DI'lVlIlg Amp Main Amp Isolator —_—— ()

DC Block (Neutralizer)
(b)
Pre Amp. (if needed) DC Block (Ion source)

( ) ‘ : : (:) C |“'\
] I_i_
Attenuator >_ Lo-J

Driving Amp. Main Amp. Isolator

Qcillator
( ) : (:) C |“1
] I_i_
Attenuator >_ Lo-J

DC Block (Neutralizer)

Figure 6-5 Schematic of MPS (a) when using single main amplifier and (b) when using double

main amplifiers.

FWNT, BTORMEZIEET 5. FIEE & LTI Voltage Controlled Oscillator (VCO) % H
VY, FE{EIR & LT ANALOG DEVICES #1:8 HMC586LC4B # i\ 5 b D & Lz, fiA Sz
Ty TR, BEORMEBELTELT, AN L THITEOREEL DL
MTELHENRLDETH. RT7 437 7 & LT ANALOG DEVICES #h
HMC326S8GE & Qorvo fl:#1 QPA9121, A A > 7 > 7 & L T CREE #:%& CGH40006P,
CGH40010P 3 LT CGH40025P 7 — % v — hOfEx W=, ZnEhno h&EICTd
L4 LR OXIIS % Figure 6-6 (2579 CGH40006P (2B L TlE 4 GHz W D FefE,
CGH40010P (2B L CiZ 3.5 GHz WD #5E,CGHA40025P (2B L Tl 3.7 GHz B DR % v
T, 7=y — b EORREIEK L FRICY v F o 7BRNATHNLD Z L2 REL TS, #
BUEIZB W TS, CGH40010P [ZHBWTC, v v F U 7 ORI L > TTF—# v — b oKk
EITLVME SBFEEDFE) L7ed Z L 2R L TWD. RIANT T TOTA U B+43T
BNWEEICT VT T EMEHNLTRESEZHIET 5D L Lz, B\ TOIEzROH
KL, REWEICBT 2HEMBE AT Lz, 727210, EREICB OIS ShTuni
BCELT, 22 TIEaRHIIZOBREELZEZTICHRIZEZ D Z LN TELIHDLET
%.DC 71y Z7IZonTh, FERIEICK T 2HEEE HW -, LLEORHEIZ- DUV T, Table
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62 1ZF DT

20 70
60
50
5y
40 g
2
L=
(]
.5
s
30 /
-7 -7 CGH40006P: Gain —— | 20
ST -7 CGH40010P: Gain
=" CGH40025P: Gain ——
r CGH40006P: Drain efficiency ————= | 10
CGH40010P: Drain efficiency
CGH40025P: Drain efficiency ——— -~
0 : ' 0
30.0 35.0 40.0 45.0

Output, dBm

Figure 6-6 Characteristics on gain and drain efficiency of GaN power amplifiers: CGH40006,
CGH40010 and CGH40025P
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Table 6-2 Specifications of the devices included in the model of MPS

Part Ref.
DC block Insertion loss Spce -0.60 dB Based on experiment
Divider Insertion loss Spi -0.157 dB Based on experiment
Isolator Insertion loss Siso -0.2 dB Datasheet
Main Amp. Drain efficiency  7m brain 17-47% Datasheet (Figure 6-6)
CGH40006P Gain Gum 82-11.8dB Datasheet (Figure 6-6)
Drain voltage VM Drain 28V Datasheet
Main Amp. Drain efficiency  7m brain 31-67% Datasheet (Figure 6-6)
CGH40010P Gain Gum 10.5-14 dB Datasheet (Figure 6-6)
Drain voltage VM Drain 28V Datasheet
Main Amp. Drain efficiency  7m brain 11-63% Datasheet (Figure 6-6)
CGH40025P Gain Gum 9.8-13dB Datasheet (Figure 6-6)
Drain voltage VM Drain 28V Datasheet
Driver Amp. Power added Datasheet
7D, PAE 25-43%
HMCS586LC4B  efficiency
Gain Gp 13-20dB Datasheet
Drain voltage Vb, Drain 5V Datasheet
Driver Amp. Drain current Ip 475 mA Datasheet
QPA9121 Gain Gp 20.5-26 dB Datasheet
Drain voltage Vb, Drain 5V Datasheet
Oscillator Power Pos 90 mW Datasheet
Voltage Vos 5V Datasheet

BT MPS IZBITAIEEEN TS, &7 7OMINITr A4 v 2 AT

Pp out = GpPpjin

I% M,out = GmP M,in

(6-18)
(6-19)

EETD. FBEOT TR HHEEENNL, AT TR LT R LA VI gup
RZ A7 7125 LT Power Added Efficiency (PAE) nppag & HWT,

P M,out

Pupc =

IM,D

(6-20)
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P — Pp;
PM,DC — D,out D,in (6-21)
ID,PAE

L7273- 7T, Case 1 IZ81F 5 MPS DiEEEI1IX

Pumps = Pospc + Pp,pc + Pu,pc
GmGp 4 Gp — 1) (Pis + Pxe)Poc,out (6-22)

M,D MD,PAE

= Pospc + <
SpcSpiSiso

Case 2 IZH1T 5 MPS OHEE T
Pyips

= Pos,pc + Pp,pc + Pupc

= 2Pyspc (6-23)
P GpisG G -1 G G G -1
0C,out {( M,IsbD,Is n D,IS )Pi n ( M,NEUD,NE n D,NE )PNE}
LpceLiso NM,1s,D ND,1S,PAE 'M,NE,D "D,NE,PAE

Thd. 2020075 —AIBTDHEEENZ, AALT T2, RIA-T 7 3 I
L TCENENFEL, BbHBENND L R DMG6DE % MPS Ok L Lz, X(6-
22)1 L OR(6-23)NFE DWW TIEE B 51 Lo /E 5% Figure 6-7 (-7 H1EIH/IS
WEIR CIEEEARIIIZ (@)D BMEBEEINT/N S L, @ THAENZMH 2 72< 725 L (b)D R
PUZYIV B2 D, 7T 7HICH D REGRDT 7OV EX EIT> TNDHRTHD.
VT, MPS O 5EARFED BAES W 24T 5 . Figure 6-5(a) 2 X — A (2, DC 7' & v 7 Z R\ -
AT OWT, FEBRIZ MPS O%GEr, BUELFM L= & 25, FMETEIT 135mm X 35 mm X
15mm (237 ZEETe) Eipolz. RHEKOG)OHE, @)DHAEIZHARToHlRR %R nE
FHENHEL Y, WHNZT D 0ENRKREL 2D, LD, JHEROG)OHEE, SETE
2 110mmX 70 mmX 15 mm &725 b D L3 5. DC 7 1w 71220 T, FEEITER L=t
D, —o 5720 30mm X 30mmX 15mm & 5.
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0
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Microwave power output, W

Figure 6-7 Power consumption of MPS for microwave power output by both pattern (a) single

main amplifier and (b) double main amplifier in Figure 6-5
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6.1.5 ERBRERZROET VL

EERRIIAZ U — &R, 77 '/VER, PRZRERD 3 20675, HILERRIZ
BIOHEENZIUTOL Y ICERIND

Vsclsc  Vaclac . Vnelne
Ppc = Psps + Ppps + Pnps = + + (6-24)
Nsps Naprs 1INPS

T, ATCoOBRTHERBOEY 2 — L ERHAL, KEBROER, BT, KOHEE
Table 6-3 D X HIZEDT=. A2 V—VFEEIL 15KV £ 20kV DO 2ODr—AZMEL, %
OB LOVERMIX 6.1.2 THRR/eA A AT AZET VIS TRE LTz, 23X
PP ICE S EEM TH 5. SEHES [FERICBER G E Y 2 — v L 2O EEKN D H
FEH Y, SPS (2B LT 88 mm X 44 mm X 20 mm, APS & NPS O J5IZBH L T 44 mm X 44 mm
X10mm & U7z, SEERICEE L7 B EIR R O 5 E % Figure 6-8 (/-7

Table 6-3 Voltage, current and efficiency of the modules in DCPS

Part Value Ref.
SPS Vsps 1.5kV Fixed

Isps 0—-30 mA Determined from the ion thruster model

Msps 85 % Typical value of 2AA24-P30 (Produced by Ultravlot)
APS Vaps -200V Fixed

Inps 5% of Igpg Determined from the ion thruster model

Typical value of HAPM-0.2PS

Naps 30 %
(Produced by Matsusada Precision)
NPS VNPS 40V Fixed
Inps Isps + 0.1 mA Determined from the ion thruster model
Typical value of high voltage A series
1INps 50 %

(Produced by EMCO)
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Figure 6-8 Picture of SPS module and the interface circuit
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6.1.6 WMERHIEROET VAL

VAT LOPEEERHLX % Figure 6-9 (2R d . JiKIE S 7, il (MFCU: Mass Flow
Control Unit) 725720, DI, A AV ATAX LV VA Mz y MRS TV,
Figure 6-9 D@ IIRYERLTRY, ZL I T2 vF A "hbA F U AT AL O
FT, KOV VR MYy O E CHRERIEROHMATHD. 2L, LYA R =
v RDAT AL~y RICEBESN-E — % — IR EFIEROHPE & LT3,

ICV: Ton source Control Valve Ton/Neutralizer Accumulator
NCV: Neutralizer Control Valve typ. = 1 kPa

Regulation Valves ) (
‘. Orifice
(liquid) o ——
° Vi N _
. NCV I >< ‘I
_______ I V/C Heater : : |
| \\ I _E_E
‘ ‘ X
. . |
Tank attachment o 1 ..
Vaporization Chamber : ! Resistojet
typ. vapor pressure :_>< { thrusters
! :
1 1
DA
., Thruster Valves ‘| ’ —
Mass Flow Control Unit R Resistojet

Figure 6-9 Schematic of MFCU

HEERITH DKL, I LI OKE 7 D7 Z ZRNEIZ, RKELLTOM LT ADES T
CBWTHEERECTHRESNTWS. A F AT 2%, LY R M=y MW ThOE)R
L, FTHL7 FHROLF 2 L— 3707 (RV) BBEBLE 0.1 B4 —& —smrE B
PAL, WAHOKDS FROKALRICES SN D, WHOKITRALERER > HEAE R L, K
DK OKFER) ~EZL L TRRARILTNLS . LYRA MYz y OFEBIRFL S 512 Fi
D73V 7 (Thruster Valve (TV)) ZBI< 2 &I2L Y J A bAKREKEEH L, #HEHERES
HD, ZOR, SUbEO L —F =K VDt —F—% W5 Z L TKDENEZHNT
W5, Zh b OBEE, 6U F2—7 > b Téh D EQUULEUS (T S 172 2.5U #1124 0
#3271 AQUARIUS (AQUA Resistojet propUlslon System) , 353X OV3U Fa—7 4% v b
TdH % AQT-D (AQua Thruster Demonstrator) 258k X417z 1U ¥4 XD AQUARIUS & [6]—
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T 5 (Nishii 2020, Yaginuma 2020) . A 4> AT A X OVEEIHI S HICFRICHD T F =2
L L—% (Accumulator) Z VTt &l 2 Efid 2. EREILT F 2 b b —Z EfitoN
JL 7" (Ion thruster Control Valve (ICV) 33 & TF Neutralizer Control Valve (NCV)) %\ 7=/30
NN X o TiThi S . il O FUEIL FEBREEE 12 3\ Tk~ 72 F2BR R O Ui Bl o 2
TLhEFR-THD.

MR CHET 2B NIBLOHEARBICOWTHRINT L. £F, A A AT 2AX{E
BRFOBNNCONVWTEZ D, MEHERICBTHHEEENTe —F —DOHEEE L LT
DWHEENTHD. £ —F —DOHEEBNTKOEEE T3RFET 5 721 OB NER S
AT, KALZEIZBIT D KOKALEIZHS L,

Py = Pyc = (g + myg) Ly (6-25)
EELZENTED. £, "NV T TOMHEENIL, AR OT 2 —7 1 Agy,
Arey, Aney & VT
Pya1 = 2AgyPry + ArcvPicyv + AncvPrey (6-26)
EESZENTE, EFIRETORERIEROWEEEIX
Pyrcy = Pn + Pyal (6-27)
ThbH. 7V TDOEINL Table 6-4 (2w Uiz, 7272 L, EREIZHB W QIR E TRL, 414
VAT AL DPFRAEFINTH LR, RS OWEEES) K TO03IWIEZE) 1T+
DENTEDD, E—F—OBEBNEIARELRDLGENZ . —FH, LY AN =y ME
BREOE L, VLUA R =y b 613 THRARLEY, AfETH Y, HIHEIC K-> Tk
T 5. #) L EIIOBIRIL Table 6-1 IR L2 Y TH 5.

P EAIEIRE D ICV, NCV @ Duty HIFEKALE L T X a2 AL—F DIEJE NV T DAL 7y
AR, BEXORENOREIND. KULELX 3 kPa, 7F 2L —F% 1 kPa & LIz &,
Lee #1:#% IEPA1221141H @ Lohmrate (Lee fEDEDH D AL X 7 2 2 ADFEIE) Z 5 Lk
BIBBLZ032mgs LD, ZOWHELZ D LIZICV BELUNCV OB Duty b2 &
T 5. [AIERIZ RV ORI LA AJESDY 60 kPa DEFIZ 0.54 g/s THDHDT, £ LA
ERETE 5. VT OENB LOBRMAEB oA EZ Table 6-4 (TR LTc. A1 F AT
A S VEBIRFICIZ RV OBNTTEWETE 52 0¥ bnd.
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Table 6-4 Power consumption of valves in the ion thruster operation

Part Value Ref.
RV ARy 0.013%  when m; + niy = 70 pg/s
Pry 0.5W Model: IEPA1221141H
ICV Ajcy 14 % when m; = 45 pg/s
Picy 0.5W Model: IEPA1221141H

NCV Ancy 7.8 % when niy = 25 pg/s

Pncv 0.5W  Model: IEPA1221141H

it B R OFFOHR L M N ORFERAE S U & Table 6-5 (C—FE L TRT. 0T X
v F AN ERILEIZOWTE, AQT-D IZ K1) 5% EHE (Yaginuma 2020) 7> S HEE L7=. it
BEHIERITIZ S DSV T EZFEON, LT —2bh2 ) O EEFRBEITEB LZE VT ONE
EAMGMRE T HEFERE L TWD, 2720, BT HIEICBE L CEBZBT 5 & 512
RENTNWD /LT IZDONTEZE D532 < WA R LT\ 5. E£72, TV 2% ET 572
DNV T w7 MZOWTHIERFEICEF E L7z, MBS L2 ERST D 28 CllieZ &
ERETLN, LYVA N xy FOHEEL, £V 2— O 4BICRET L ZENELLND
MABH VLW, 22T, RIC2UDEY 2 — LA ELTOHLENHED D 3 [l
~OFEEZIEELT60cm & L7z,

T % 2 b L—Z OERFEIL, ICV 38 XN NCV OBIRAJEEE L K& < 03020 2 T2 D FAKBR 2
BRRREN LT OFEMPLIRET D, £, A AV AT AZ~OREHBEOTFFIES D
Ex+10 %ET 5. OISO IR &, IRENREZBRWT, EBRTHLEL TE
N TECWETHD. 2O, 77X 2L —FZDEIT £ 10 % THIE S 5 LENH
D. PNIVTDEE S TWDMDENZEA APace 1T, 7S T OBIBHEAN Ateyae &3V 7B
REfH] Atopen ZHWNT

my,o0 RTh,o0

APpcc = MHZO NaVace (tcycle - topen) (6-28)
LELZENTE D, ZOK, ST OBRRFEHBEIN IS THo/haneE 35 L,
_ My, 0NaVacc
teyce = mAPACC (6-29)

VT OB 7 BIBABRINC /2 5. 22T, hExa T OV T DFfmE Ny BIOBE
ZEHrb o0& LT,
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tlife,valve =~ Nyal tcycle (6'30)
ENRNT OFMERET D, ZHICKEE f 20T bOERBET LHEOHFmME L
Qife,sat = fSNval tcycle (6-31)

LT 5. ZoM, T xR 2 A L—F ONERIREI

v _ my,oRTy,0 _ Mu,0RTH,0 tiife,sat
ACGInsde = My oNaAPace '® ™ My,oNaAAPac fsNyal

CEREOFMMNORBLOND. hXxu/ ETII ANV TORRBIC L 2FMmITIBBLE 1 &
BIFREE & SNTERY, EEZOOEES T 50 pg/s, HEE 300 K, RS NDET DO
Z 100 Pa, ZRFE fg # 1.5 LT, EOHFME2F LT 5H. ZODH,

(6-32)

v 9.47 x 107
ACC™ 144 x 1012

LG ZHICEES 3mm OBEHEAEEL, T¥a2 b —% 1 OO EARMIZ IS5 em® & L7~

= 65 cm3 (6-33)
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Table 6-5 Estimated volume of MFCU

Part Number Size Reference
Tank Attachment TA 1 21.6 cm®  Estimated from the design of AQT-D
Regulation Valves RV 4 2 cm? Model: IEPA1221141H with margin
Vaporization

vC 1 25 cm? Estimated from the design of AQT-D
Chamber
Ion source Control

Icv 1 2 cm?
Valve

Model: IEPA1221141H with margin

Neutralizer Control

NCV 1 2 cm?
Valve
Ion source

IA 1 95 cm?
Accumulator

Estimated from Eq. (6-27) to (6-31)

Neutralizer

NA 1 95 cm?
Accumulator
Thruster Valves vV 4 3 cm? Model: LHDB0442145D with margin
Valve mount for TV~ - 8 cm? Estimated from valve size.
Flow path - - 19 cm? Estimated as 30 cm long with 1/4 tube
VC Heater VCH 1 Ignored  Enough small to include the volume of VC
TH Heater THH 4 Ignored Enough small to include the volume of TH
Orifice - 2 Ignored Integrated in flow path
Total 278 cm?
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6.1.7 HIEZROET VL

TR & U T B BERE T, BN MEERAEA~DE ) DG K VB O AL, #50
HOT VAN OEKEHE L OWETHD. fl#EROT v > 7% Figure 6-10 (2F &8
To. HIRENDOREIL 28 VRKOS VERZMEL, &2 RN—x A 3Hfilf#5% T DC/DC
A N=HEBEL TR ENDBOL Lic, 22 T O, DC/DC = /38— 2 O ZEHE
BhERIT T 90 %, FEIRBHELISMIHBE T 2B )L 1 W LEDTZ. LIzpi> T, HliERo
HEEE

Prcy =1W+ (0—19 - 1) (Pmps + Ppcps + Purcu) (6-34)
Ths. ZOENTE Y ORREICHERECHEEZ20E EDH CPU OMEEI & &,
T, Eiz, RROEAEHEIE 75 mm x 175 mm x 10 mm & L7z, P JimoO K E &3 AQT-

ZEIT D A —HERE D EIEMBNC A D S HERE T, & S AT EARE A o OV FELEB AL O 15

SEMELTND.

Other
Eff. 90 % conpornents
1
1
DC/DC converter 1
Satellite bus system :
(OBC and PCU/PDU) :
1 MPS
I
Power consumption: 1 W : 'I
1 DCPS
1
:
1
B MFCU

I

1

1

. S 1
Satellite bus system i

Figure 6-10 Schematic of TCU
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6.1.8 Z U I7FROETINVA

Z 2 RITBAZHEET, KEOBRRTZT 2179, T2 ETOBRETH 7 RS D
BRIZREL TWD DT, BEROERENRE SN OERICR 2 L9127 7 ROEERL &
ORI RE 22 HEHE A RS E S LD

FT, HEEANST T 57 7 OFBEZRETT 5. KOUTEZ BT+ 5 & S ICREICe 5
DHBIKOEHE, M OFHE L ED Z 7 OEE, E#ETH D, KIFRKKETT 0 CTHFL,
JE FIZBWTHIEE 0CHRER LD, UKD = AL 0.01°C, 610.6Pa TH D) 0°ClLil

B LEOMENBGEL S DIRETH Y, WAL K DM 25 L) ICERETX&ETH 5.
ZZTIITHE, ABUHRE L2 E ZITH LA ADENREL R BERNE S ICH 7N
HoOREEHR L, #HERKRBEICHT 2207 0RBEED. ¥ v 7 NEOKE
Vrankinside 15, KOWTR Vivar & LA ADER Vygwar &> T

Vrankinside = Ywat + VpgwaT (6-35)
LELZENTED, 7I7XDRESIIEHAL TS, —J7, KOEEIL 0 ClTBWTAD
09168 (5 THHDT,

|74
0.9168 = —AT (6-36)
ICE
ThD. BEAIR CIRENELWETHE, IBENELVIREAZKEL T,
Vrankinside — Vice _ Vpgice  Ppgwar
= = (6-37)
Vrankinside = Ywatr  Vpgwar  Ppgice
Thh, ¥ 7 NEEBEIZOWTHES &
Pogwar\ Vice . Pogwar
Vrank inside = (1 — b2 ) + L& — 1) Vwar (6-38)
Pogick Vwar  Ppgick

LD KEKDERELIIBEI 2 DT, LT ADEN I EED D Z LT, v 7 WA
RRETED., 22T, KBIRIETHD &L DO LT ADETS % 60 kPa, [EHTH D & &
DJES % 200kPa ThH D K 9 IZED, KOEFIIK L TH 7 ONEMARI B L2 1.13 f%
Lol ZOERMEIZR LT, OO HIRZE LT, SMEDHE %

2

Arank = 6(Vrankinside)? (6-39)
2
Vrank = {VTANK,inside + tTANK,w(VTANK,inside)B} (6-40)

LT D,
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BT, 6.1.7 ETOMFM TR LIEE IR =R NOERENDG, ¥ v 7 I TE DI85
EtET L. BRICEY 2V ERBET S L EaB LT L X, a AR —3xr b ERMARL
FEODLZEIEIARAETHY, T2 TEX TR AR EDEIES LB ZDLEND
5. I TIITHE, EBRIZCTTIERFADPER T LTRESATWLIKLV YA MYz y B R
7 AZIZERRO RIS D 21TV, BS > TERERHIA T2 FEHEZE 2 5. Table 6-6 |2
KL THETT 5 v A7 A L AQT-D IZ#5#k S 17z AQUARIUS-1U OEFERAEH Y, B LD
AQUARIUS-1U OEREDEMEZ ~T. EEOEFEIX Yaginuma 2020 (ZF-5<. Z O, A
R orpp &

For = Vest
PF —
Vact

(6-41)

#95L, MU Table6-6 (TR LI& 912, BBLEL865%THDZ E3bind. Uik
M, E Y 2L A X5 BERIEER REPET 5 2 L8 TE D, (HICHERAEER R
HBBERED 2 =AY A R RMbDHILHTED) ZITIL

% +V
TARK et module (6-42)

TP
T L DI, XU IREE, OV I HEERIFBS R AREN R E S 5.

K AT AOEHBEITX2—7H >y N THLHDT, YA X FZD2=y N TH D
TENEELWV. FZTREME LT, AVAT L% 2U,4U,6U DEY 2—/L & LT#EEFL
7RI E SN BHEHMERE LTV 22—V DOIEY A X% Table 6-7 (2o~ L7, #dim
(CTRE ML 2% 100 mm OfFTH 5 DITx L, #E#m A O w55 12 mm <
— UV EREETWDLR, ZHIUIEEARERO 7 L— A B2 6 mm $ToMA T Z & A4
ELTEY, TTICELNATWNEEL DAy R—F 2 bRRHALTWAETH S, Kb/
SN 22U EY 2 — /LT 446 %DEFREFIE L 72> TH Y, REEEO I L2039 e
FINZ7e o TWD. Fio, BFREENRE 2o T ERFEFRERTHM L TW L2, 20 »
54U T 22.8 %DM H 5 DITH L, 4U 25 6U T 6%DEMZE EE->TVD. 20
VAT BMZEWTIE 4U 1T EFE TIIREURIC L D EFER RO INNE L < KREW—7,
4U DL EOKRBUIZIE, HEEAEHEOE TIEISIEERERAV v ERRVENZ D, 7272
L, AR 0 IS+ FEERE —EL LTODED, 4713 NICAREL v IckT
D EAREOEMNTID20bD (AL LTV HD) ThHEEZXOLNDT-0,4U B X
O 6U DI E 300l & 2 1/ Nl L T 2.
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Table 6-6 Present volume of the module and comparison between the estimated volume of

AQUARIUS-1U and its actual volume

Present module

AQUARIUS-1U in AQT-D

Ton Thruster Unit 40.6 cm? 0 cm?
Resistojet 32.0 cm? 48.0 cm?
Microwave Power Supply @ 117.8 cm? 0 cm?

DC Power Supply 96.8 cm® 0 cm?
Mass Flow Control Unit 288 cm’ 115 cm?
Thruster Control Unit 131 cm? 131 cm?
Estimated volume 680.9 cm’ 293.9 cm®
Estimated tank volume - 466.7 cm?
Estimated total volume 759.5 cm?
Actual total volume - 877.8 cm?
Packing factor - 86.5 %

9 In case of using two main amplifiers in MPS

Table 6-7 Estimated volume of the module

2U module 4U module 6U module
Size ¥ 1654.4 cm? 35344 cm®  4963.2 cm?
Estimated volume without tank 706.0 cm? 706.0 cm? 706.0 cm?
Estimated tank volume 725 cm? 2429 ¢cm® 3366 cm®
Estimated propellant mass 0.63 kg 2.06 kg 3.15kg
Propellant volume per total volume 44.6 % 67.4% 73.4 %

) Assumed as 2U: 88 x 188 x 100 mm?, 4U: 188 x 188 x 100 mm?, and 6U: 88 x 188

x 300 mm?
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6.1.9 ETFTVALOKRTE

WIEL LT, v R—3 FOREMREZEL DD, £, A4 ATAZITHONT, #
ValE®

Imod
Fp = 0.952 E mod]
T QJ MHZO Imod

[aMy o1 178.7
HZO SG > — 7.898 ¢ I;mod (Pabs)
In (8133725 + 7.995) x 106
0

ThY, BAE EWIET ORI

(6-6)

_ Pabs _ abs
Tref(Paps) = 1= = = 0.6014 exp  —0.9796—>— 0.3147 | + 0.08489  (6-7)

in 0
THESNS. HHEEFEIT, 25 mm x 25 mm x35mm TH 5.
FRIERIC DWW TN ER & B — LB\ O BMRIE
Iyg = I, + 0.1 mA (6-8)
& L, Case N1 Tl & B OBMRIX

P;
Ing(P) = (6.7651n§ + 1.944) mA (6-9)
0

TV, Case N2 DAL,

Ing (P,
NEP( i) _ 300 W/A (6-10)

ThDH. HARREIL, 25 mm x 25 mm x 30 mm TH 5.
LY AR 2y MZOWT, BN
I, =820 (6-43)
TEEELTH. HENTENCL>T—EBICEEDLI LD L L,

H = 273 mN/kW (6-44)
RJ

ThDH. HAREE, ~y F—2H729 20 mm x 20 mm x 20 mm TH 5. LLEEF-T, A
FUARATABFHLIBATA VOB EHLBAEICKHT HHT), LAY =y B
X DB T DHENBRET S.

N OHEEKEZ BT T a R —% > k& LT, MPS, DCPS, MFCU, TCU 3% %.
MPS O{HEE 1%
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GmGp | Gp — 1\ (Pis + Pne)Poc out
Pues = FPospc + < 'm,p * 77D,PAE> SpceSpiSiso (6-22)
BIW
Pyps
= 2Pospc (6-23)
e e M e T

ZH O 2O RTANRNT T 3FEDAA T TN OWTENFIZITV, &b
Wb D& D IR, A(6-22) 2R T 55 A 11T, 135 mm X 35 mm X 15 mm, #(6-23)% £%
MT25A12F 110mmX70 mmX 15mm &725 D &35, £72,DC 7 1 v 7 OEFEN 30
mm X 30 mm X 15 mm X 2 {3 F1ET 5.

DCPS D% /1%

Vsclsc  Vaclac = Vnelne
Ppcps = Psps + Paps + Pnps = + + (6-24)
Nsps Naprs 1INPS

Thb. -, SHKREIT SPS 78 88 mm X44 mm X 20 mm, APS & NPS O M IHFIZEI LT 44
mmX44 mmX10 mm T 5.
MFECU OMEEINL, A 4 AT A X {EFEIFIZ

Pyrcy = (s + myp)Lw + 24y Pry + ArcvPicv + AncvPrev (6-45)
Thbd. VIRANzy MEBIFFICIMEEDOE N2 L 52 LN TE, #HENITxr LT (6-44)
IZHE > TRIET 5. MFCU DOIRFEILT F = AL —X OEFE & ZOMESE OERBENHIRE D,
T X2 —FONEERIE, 7F2 b —FDENEBHOFRMEAPAe HE D FEfm
tifesat: ZEH fg /T ORIAFFAT Nyg & HWNT

My, oRTH,0 tiife,sat

Vaccinside = 6-32
ACC,inside MHZONAAPACC fSNval ( )
Tho. £lz, THxa2 L —FDORIKE Vace 1THEHES taccw ©BRT
2
Vace = {VACC,inside + tACC,w(VACC,inside)B} (6-33)

Thbh. ZOMEEORIEZ & DOE - {KFEIX Table 6-5 [ZH 5D T,278 cm® TH 5
TCU OVHEEIIIL,
1
Prcy =1W+ (ﬁ - 1) (Pwps + Pocps + Pmrcu) (6-34)

ThD. HAREIL 75mmx 175 mmx 10mm THD.
Z 2 RITE N EMEET, AREIIMMOa L R—% 2 FOFEELEEY 22— LTORK
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FEOOIEEND . HEERIFSHIATEIC ST 2 % o 7 WEVAREIL, K EKDBE I X Ob#
TR L WURERF ORI U A DE S A W T

P Ty P
WAT ICE WAT
VraANK inside = (1 - ;g ) <V + :g - 1) Vivar (6-38)
pgICE WAT pgICE
ThHY, X7 IKREIT
2
Vrank = {VTANK,inside + tTANK,w(VTANK,inside)g} (6-40)
Thb., ZDOF L TIKEN
Vrank + Vest
——— = Vinodule (6-42)

TpF
=T X 0, HEEARE AN E S NS, U LEEFfI-o T, A AV ATAXE LU R B
Vv OEERRREICKT T A E S, B IO TRE R HEER SR ESIND.
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6.2 VAT LAMEREDRRITHER & &L

AHEITHL, BIEIOET MUIZEDSWTEERE LA AV AT R Z VAT AOMRER IR, 2U,
4U, 6U OFT a— )L LImE XD h—Z LA VISV RIZDOWTORT. £z, KA F AT
ABEKRVIZA N =y hONAT Y RERIZOWT, 2IREZHGET 5. 51T, £V
— & LCOMRRABEFEDE Y 2 — /L LT 5 2 & T, T OIS TREt: & A At Z R~

621 AFVAFREVRTALLTOMEE

AT LT A TR LTSRS, s A FEEREIZ RO W TR L7235 E (Case N1) DK
BIAEEIRC I T, TEBIR FTREREIAS S84 L7z, =t 2 k% 300 W/A CTEE L7-#H4

(Case N2) & AT, Figure 6-11 35 X O Figure 6-12 [Zfi#TAE B2~ 72721, 4 AR
~OENES A T AR~OEANREIIESL 7T 712> T 5. HRgOEI N KX
KD FTEDHZ &LITEY, Table 6-2 TN RIS L LT2T A A TIEEBLTERWEKE 72>
7= Z & NFEK T Case N1 DA EIC/EBY R ATREREIANFAET 5. EBRIH A SME L7 /G, FEIC
KEIRIZ DWW THFIZ A F 23 16 mA FFIZ 500 W/A & Case N2 (300 W/A [EE) (ZH~T 1.66
FHEWAFEL D 72> TWD Z ENFKTH 5. Case N2 OFEIE, HRi= X M EEE L
TWD 728, TRgRDOIEEE TN T S A ZOFBFFHANICIE Y, RLIZ T8 W £TOR
BIZB W TEBI AIRETH 5.

HEE) EHEBIHE, FEV R ATRE R LISMC A A R A~D~ A 7 a i ANET) 3 W 7
5 6 W BEDMRICBWT, NERRRERD. 2L, MPS ORI NSIkERdH v D0

(Figure 6-5 (a)) 75, DgaR/2 LA A > 7 7 2> (Figure 6-5 (b)) (CHIW b b mEEL
TWo., BHEREMESE TN &, Y10 b 2BRMICHEE D DS 2, HEBE R RED L
THY, MPS TORRE L OHRE TR OFRDBIROMERICRE R EL 52 TNWD 2
EWOMND. BE—7 OfEE LTI 6 mN/AW (27272 WEEIZ R > TEY, %/ o/
AF VAT AZEIZHARTHR, HENIIMD T A —F LiEWREICH L TE—7 %
Ffb, 40 205 50 pgls TIRRKIEZ &> TWDZ ENbnDd. 7272 LI E LTIE 500 #12ii7-
T, AF AT AL L LTHRWEICE EEoTnD. ZORMENORI T AT A LT
EAZRAR D2 <, HEEAIRI DR OIS NERTH Y, ~v FEOBEP RO HILD.

VAT KBGO HEEERIT 1 BIEE TH 5. HEAES I & S O BRE X O
% 224 #h#R % Figure 6-13 (278 L72. 7272 L, Figure 6-11 } O Figure 6-12 O 5.2 5 (X5 C
7y R LTV, BARMICE DN E WG BHEE RIS MER N H 0, b s
Case N2 FF D 7.6 W, 70 ug/s @ 1.18 % CThH -7z, F7=, il Lo Rl OB THEE N
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A5WAHEIZH 9 1 DOE—27 03810, il x1X 3.4 W,40 pg/s FFIZ 380s, 5.3 mN/kW, H#EiEzh=:
1.0%72 &L o> TV D, HEENROENHIZZN OB WWEELR TH D L2 5. [FAEEIC
Figure 6-14 |21, THEE N2 U COR L. HEAEBENE WD HTHD E 40 W T
=7 BB RESRoTWT, RENFHIA A AR A MBI RT D2 EITHIG LT
W5, ETz, ¥RIZ Case N1 OIEIE, KES), KERFFHIZIIRE 24EE N A2 HE S
VEED SN2 <, HRIZRE /1O & S AMEIC /2> T b,

HEBOWNRIZL, 1ZE~A 7 n R EERERRSEDTWD. REHIE LT, kit
2375 ngls, A A PR~OEANGRED 50 ng/s KD EFE T DOWNGR % Figure 6-15 (2773, MPS
& DCPS OB OFITHEIC 80 %ZE A TWD. F£7-,NiRIL, 4 W LLFIZBWTIE MPS
73 37-43%, DCPS 7% 45-50 % & DCPS 23 °X°% <, 4 W DL ED FICB W TRTER L & 722 o> T
WD, AFUAERITA MIEWNEZATEH 400 25 500V THY, A7 U — L BROEEN
1500V THHZ L, £, BEREFROMEEBNIIZLALERAZ ) —VERTHL I L%
FZDE, ENRBETHIUL, EIRERROHEEIN~A 7 0RO HERETHD
ETREND. Lo, EBRITHMSFICBRATLIE b~ A 7 n R85 b, BEROZE
WRELLDEDRIREIC R > TWDE. ZOERA A AT A ho%EICIE, PR

OPEREM B KO~ o 7 m IR Oz Em LR 6D, 72, HEHROEIR 15 %
iz HIE & 72> T %05, MPS, DCPS & it 22 b ks 2 EIROMICH 5 DC/DC =2
N—2 ZHHRDE > TWND Z ENFRKTHS.

EFEVa2— Ve LTEETLHZENTEDL h—F A7V R T 20 T2 kNm 2 TE
O, ERIZEDZEINRS D EEZ2 55,20, 40, 6U ZH7E LI BEOHEERIFEHE R 5
k=% A L 7L A % Figure 6-16 /59", 7272 L, FFIgROEL, Fia 2 F —~ETFHEX
NTWDHET N TH D, HEABHEN R 7200 T, 77 70FKE LTidBteiald
CIlZ7e .20 EE&ERBED A R—F 2 "R EDDLEENRKEL,4U,6U FTRELTDH
ZET, PNV RIE 245, 3 5580 bRELS BRI 2. #HEJE A 5.0 mN/AW
B 2 e 2 RFFEI R e RS L, RO P =20 A 7L AT 2U £V 2—/L T
2.92 kNm, 4U ¥ =2 —/LC 9.57 kNm, 6U £ = —/L T 14.6 kNm Th o7 T b IEEE
JIH3 78 W, HEJJEE I HEAS 5 mN/AW & 725 1T, HHEIIZ 473 s TH o T,

AEiOFE L L LT, HEENN S0 WHHIIZ/2 5 m & 80 WL (KR A7 AlIZHET 5
I KRB ITVME) 12722 50D 2 JIZHOWTHRERFER SR % Table 6-8 (T3, &6 56 g
BIHPMa A R —ECHAEINE Case N2 ZBA L T 5. £z, EHOOEERLITL
WHEE O TR HEEDENE NS D EEATND.
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Figure 6-11 Results of system modeling in Case N1 (Neutralizer power was determined from
experiment): (a) Power consumption, (b) Thrust, (c) Specific impulse, and (d) Power-to-thrust
ratio. Both axes are for the ion source. The system does not work in the blue area on top right of

the figures due to the lack of output power from MPS.
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(a) . (®)
Power Consupmtion, W Thrust, pN
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Figure 6-12 Results of system modeling in Case N2 (Neutralization cost was 300 W/A): (a) Power

consumption, (b) Thrust, (c) Specific impulse, and (d) Power-to-thrust ratio. Both axes are for

the ion source.
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Figure 6-13 Thrust-to-power ratio verses specific impulse in (a) Case N1 and (b) Case N2. The
dotted line in the graph shows the thrust efficiency.
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Figure 6-14 Power consumption verses thrust-to-power ratio in (a) Case N1 and (b) Case N2
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Figure 6-15 Proportion of power consumption at a total mass flow rate of 75 ng/s with Case N2
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Table 6-8 The highest performance of the system in less than 50 W of the total power

consumption and the one in more than 50 W

Type A Type B
Power consumption 48.7W 81.6 W
Thrust 264 uN 423 uN
Specific impulse 396 s 464 s
Thrust-to-power ratio 5.43 mN/kW 5.19 mN/kW
Thrust efficiency 1.05 % 1.18%
Total impulse: 2U 2.38 kN m 2.78 kKN m
Total impulse: 4U 7.95 kN m 9.30 kN m
Total impulse: 6U 12.2 kN m 143 kN m
Microwave power input 3.8 W (ion source) 7.4 W (ion source)

3.7 W (neutralizer)

5.9 W (neutralizer)

Total mass flow rate

68 ug/s

93 ng/s

Propellant utilization efficiency

3.55%

413 %
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Power consumption, W
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Figure 6-16 Total impulse with the power consumption and the thrust-to-power ratio for 2U, 4U,
and 6U module in Case N2. Empty marks in bottom are for 2U module, solid marks are for 4U

module, and empty marks with the higher total impulse are for 6U module.
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622 AFVAFARAEZELELVLIPAR 2y bOANALT Y v FER

BRTDHU AT LIE, ZEHEIHISLIEZL YA R 2y FEFATEY, LY ALY
= v MIVHEFANZA A AT A XA TRE W 2 et & U C L ATEE
D, T, AFVATAZEL I A Ny NEAGDE TEBHIELZ LT K
S>TREITE LM ELwm LS.

AF L ATAZLELUA RNV y FOEMRH L E

Tyt Ty = Aop ¢ (1= Aop) (6-46)
EEFT D L HEERI ORI
Aprop # (1= Aprop) = Aoptiyir ¢ (1 — Agp )1y (6-47)
T 5. HEHAR T O OHES T
Fop = AopFir + (1 — Agp) Fyy (6-48)

Thd. Fio, ERhHET) & I T

_ AopFrr + (1 = Agp) Fry

PP g(Agpriur + (1 — Agp)rhgy)
Fop _ AopFir + (1 — Aop) Fiy
Pop  AopPrr + (1= Aop)Pyy

EEIZENTED. FFIC, VYA N2y NOENEA AU AT A X EREE & [R5 O

Wz 5 &,

I

(6-49)

(6-50)

E AopFIT+(1 Aop)Fry

p Prot Prot

o

(6-51)

ll

il e

Thb.

Table 6-8 |Z/x L7 E Y o —/WIZ LR &S L7 #E R % Figure 6-17 & L CmRnd. 7272L, b
VAN NOBNEFIA A AT AL LEFL LT, HE %A Table 6-1 TE&Z LT
EICEELTWS. 2B, KEFALTIHILY R M=y MENB I & HHE DN E I X
STEL LN, LYA MY xy MEBIRFOE N Z A F 2 AT ZAZE#KEO LD &
F5Z RO b EE TRV, ZO), HEBROWERZHERAT L2001 T 2 K
Pz v hOEBREZEICHIZL, TORETA A AT 2 X OEEFE 2532 L1
LW, A F AT AXOREERNEE B x BT D EMIBICHHEN D ERJT 508, #1130
WBIR 7228 % LCRB Y, 44 AT AZDOHOIEBRHI R COEEHE B L2412
5 EE, MHENEIRBBLE 14 ITETEBLIAALTNS., LNLBRBRHLAF AT AZET
TIXEBLTE WK MER 2 —RFISER T 5 Z E N TE .
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Figure 6-17 Averaged thrust and effective specific impulse for hybrid operation of the ion

thruster and the resistojet thruster
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6.2.3  MEREM EDRIAHZB X OBEEE Y 2 —/L & O EEELER

AREDZ ZE T Tilam L CE2MERRIL, BB X O ERAFMEICE T 2 ERICESW T
ITONTEZ, B2, A AP L TET R TOATHMELEZ LT, Lan
ST, BBLIZERTTITILHREL LTHOLNTVAEEZ D LICHEEZTo TS, 22
T, EBRTT TILHE LA TWAEIZINZ T, OB CH JERHMAET & BEmE AT
WL TN EATAZEEZRE LT EEDEY 2— L E L TOMREZHR L 5.

JA A TN T, WMIRENICHT DA A A a2 MZ@m S 3.0 mm, EE%K 4.25
GHz @/ I T VR ET 5 166 WA 225, &S 2.5 mm, JHEE 5.2 GHz 1281 % 144 W/A
~EW L. oV EIA %

144

Tfreq =m

L%, Ei, BEmEAMATRERICKWN T, @EENER (777 e — 1K) @ 6.8+0.53mA

NG, T T FT/NA T AELEE 382V E LIz x(Z, A7V —&EWIE 128036 mA ~ &
WLz, ZofinEAs %

(6-52)

12.8

Thias = 68 (6-53)

LD, TR, A F AR A SO LOEREDOE N TO R TRARIZE Z
D ERET D &

’ Tbias

Isg Isg(Pabs) (6-54)

Tfreq
ERDETIART ) —VEBIRERDLZENTE D, £z, BEBETITED PRissEE
7713 Nakagawa OHEIZ L D &, 5.0 GHz DRFIZEIB LE 73 %E TR L7722 &, B L OYH
Wekiow i & 2 IEmicd 5 2 EAHE STV D (Nakagawa2018a) . Z DfEFR %
H Lz, PR A R & 300 WA 705 198 W/A ETFNRDZ L ERET D.
JER A L BE AL A A S IR D 2 biX
MPS OEFHAITERIC L > TR —3 5. &L,
U AFEPRE LTNPS R APS E Al XOFEPR (44 mm X 44 mm X 10 mm)
MR %
ERET D, UbEE b LICEHRE LIERERE, i Cih e F~v—27 LR oo % = —
Ty PAMEEE Y 2 —b, BELXORIEIETTRLEZ 2U Type B OFE YV 2—/b L & T
Table 6-9 (27”79,
FT, M ETICRLEE Y 2a— L ERVFv—T LRDEV 2 — NV ELKRT S L, H
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B, KBS0 O b—F LA LUV AT E IO TSR THEW. 2U DkA A
VAT AZEY 22— /UL, FEPPT 2k LT, b—Z /LA V7OV ANERFEY 72 0 CTRHFE T
BV, HEENHIIFSRE TH D, KEHEEH & 32 583 LT EMI OREN 22V EHME
itk & 72 %, FEEP 03 UHFEA AL AT AZ I LTI, b —2 A V7OV ABRERES -0 T
10 fEREEE /NS < 72 5 — 77, HEER DO MR RBR & O R CTEMMER H 5. N2 T, ME—
KA F AT AZEY 2= )L DHD, MiEEMESCRKHETEANFERL A MYz y
NEHEHE L TR, MHUSATRER I v v a UL,

IR SRBEAIE TH D RKATAZ TV 2 — W, X7 DRESEHEILEZ
LN TELRORERAY v b THD. AHEEZF LIHERTH 5 3 v EOMAGT7
ENRHIBR S D FEEP (£ YU L) %, X2 7 OV A ROEHEEE O F x5 L TR
ORI R OB B LB R DN, REY 2 — VIZBWTIIAETHSH. £, FFPPT
L, 77 A NN—DWNGEEZ T RTHZEICE T, RE(UDRES ThHDH B2 ND. i
>C, HEERRIZREH C&E H{ARE2 4U,6U L K& kD L, I UHRA A AT AZRFEEP T
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Table 6-9 Comparison of the performance of the ion thruster module with other CubeSat's

propulsion systems. “EX” means that it was estimated with assuming the effect of changing the

microwave frequency and the wall potential.

BIT-3 iodine

IMF Nano Thruster

Power consumption

80 W (max.)

40 W (Nominal)

Size 2 U (180 x 88 x 102 mm?) 1U (100 x 100 x 82.5 mm?)
Thrust 1.25 mN (max.) 350 uN (Nominal)
Thrust-to-power ratio 15.5 mN/kW (max.) 8.8 mN/kW

Total impulse 37kN's 9.0kN s

Total impulse per volume

2.29 x 107 N s/m?

1.09 x 107 N s/m?

Propellant / Safety Iodine / High risk Indium / Low risk
Acceptability Heat problem None

FFPPT Water lon/resist 2U Type B
Power consumption 48 W 81.6 W

Size 1U (100 x 100 x 100 mm?) 20 (188 x 88 x 100 mm?)
Thrust 240 — 380 uN 423 uN /22.3 mN
Thrust-to-power ratio 6.0 mN/kW 5.19 mN/kW / 273mN/kW
Total impulse 29-55kNs 278 kN s /0.507 kN s

Total impulse per volume

2.9 x 10°—5.5 x 10°N s/m’

1.68 x 10° N s/m? (ion)

Propellant / Safety PTFE fiber / No risk Water / Low risk
Acceptability EMI problem None

Water lon/resist 2U EX Water lon/resist 4U EX
Power consumption 71.4W 132 W

Size

2U (188 x 88 x 100 mm’)

4U (188 x 188 x 100 mm?)

Thrust

468 uN /19.5 mN

975 uN/34.7 mN

Thrust-to-power ratio

6.6 mN/kW / 273mN/kW

6.50 mN/kW / 273mN/kW

Total impulse

4.66 kN's/0.491 kN s

19.6 kN's/1.66 kN s

Total impulse per volume

2.81 x 10°N s/m? (ion)

5.55 x 10° N s/m? (ion)

Propellant / Safety

Water / Low risk

Water / Low risk

Acceptability

None

None
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HEREDOFE LA £ L 7= D% Table 6-10 (2737
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THELT ISR L COTICERT 2 b0 & L, ZXIPCE NITEE L T 5. Wi
2035 1 & LTiE, REIRPLE HEERR I K 2D OB a5 2 5. REBPUT KRG E
P(Rsar) » BLUEEE vg, , HROZEKIRIA ST DS Agar , KOOSR Cp ZHWT

l

1
Fsat,drag = EpairvszatAsatCD (6-55)

TRINHDBOE L, EIUREUL 22 &35, fHEICE < EBILIXE AR, RMEAML K
KRBT, KBGHRHEe ERH 503, 2 2 CIEf R ITEARN 22 RGN E 2 FF b, W ICHETT
FANZH U CREKIERIIDN RN b BB E2 L DD T 5, £, BELIC L - TERB L
AIEBEOEMIIEIA T ZAZITHOVTHR M THIGT A0 E LI ZTIEE R 20,

Table 6-10 Summary of specification of satellite and installed module

A B C D
Satellite size 60 cm? 120 cm?
Cross section for air drag® 10 x 20 cm? 20 x 20 cm?
Mass 8 kg 16 kg
Drag coefficient 2.2
Installed system Type A Type B Type A Type B
Power consumption 48.7TW 81.6 W 48.7TW 81.6 W
Thrust 264 uN 423 uN 264 uN 423 uN
Specific impulse 396 s 464 s 396 s 464 s
Propellant mass 0.62 kg 2.05 kg
Total impulse 2.38 kN m 2.78 kN m 7.95 kN m 9.30 kN m

3 Attitude of satellite is regarded as fixed at the minimum cross section for drag

compensation
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T UMD D ET 5 (Figure 6-18, The Committee on Space research 2012) .
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Figure 6-18 Atmospheric model from COSPER (The Committee on Space research 2012)
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—F sat dragdt

dM v M (6-57)
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dM,
M dt = —Fsa dragdt + Vexh dsat dt (6-58)

AVsatop = —Fsatdra f ;
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+7e | S (659
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Figure 6-19 Required time for orbit transfer from 400 km to the lower orbit and remained

propellant mass using the ion thruster with the duty cycle of 50 %
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Figure 6-20 Period for orbit transfer and remained propellant mass while changing power

consumption with (a) A: 6U: Type A, (b) 6U: Type B, (c¢) 12U: Type A and (d) 12U, Type B.



276 565 L AT L
6.3 v a VRN

6.3.4 ELEHERERICRET B MRS R

HLUEMERFICBE LTI, MERFSEEICXHG T 2 C, BEREHHBEE N2 ERTH LN
TX %. Figure 6-21 (T 4 FEE OHRREET /AT ONWT, MRS IR L CRER N EE
EEOBEINEE ST AHEHEAIOEHE (1 » AH7=v) %R L7 Figure 6-18 IZ/R L7
£ 91T, BMEN TR TV EHEBEBMICEEN LA L, BEICHE] L CEKIRPINE
T 2728, @EOAR FIZHE > TURERFEHHEENTAITEML T 5. SEHR R
BHSENOGE, MENHRF TEDRRAOEE, T7RbbA 4L AT AX OHET) & 22Tt
DEID A D ARIE 200 km 205 240 km L7 o TEY, ZOEERKRET VDA F LU AT AHK
R LGB mEMR N TEHRARTH D,

BUEES CBUEHEEF DR END, A A VAT AXEY 2 — VO FEHEEB K LT,
BB MR AT RERE] & FIRERE A2 ERTH LN TE D, BEELHER T 2120
BB BN BB O X5 ICKBIEBICK L C—BICikE 5. —F, TLEERIXE NS
AUEEWEERL, HEHEER D72 THD. LIEDR> T AF VAT AZIEHTE S
EEPNHBEENDIEEBE T L PUEHERET T b L & Uiz & &, BuBHERAIRF I3RS
725, ZOMGEICEDWT, KBt 2 FTHEE ) & PuB R aTREREM 2 F i L7
D% Figure 6-22 2R, F 2, FEEICK LT, REMRIEEEINTT HEBRERH, M
FEFTHER B, MERFRTRERFMEIRE 42 22 & L C Table 6-11 705 Table 6-14 ([ZFE L 7. 72721, #iL
EAERATRER IR F R E LTV D Z L ICERE SN, RVEBENWNEET, BELZT
F5 2 LN TEDGA ORGEMER TREREINE, P2 KIS BRI 6U (A 8L W'B) T
X 197 km 705 213 km T2-3 7 A CTHDHDIZXI LT, 12U (C BLYD) TIELMEE 220
km 75 240 km T 4-6 » H L 72> TS, ZHIFRMENKE oot 2 LIThE D et
DMK LT, A A AT AZ OHETIDEEIN L TR DD 21T, BB HER? AT RE 72 il
BENRELSR-oTNDHI L, BIUOA AV AT AZOHEER 2 > 7 BRREL 25 TND D
EBRFRNTHD. A A AT AXDRHEHNTE VKW EE TOMEMER 21T 2 7291213,
BHEREMSED LFARCA A AT RAZKREOH 2 L5, v L<IE 2 BRLEDOA A
VAZGARZEEHTOVNEN DD, o, L RWELEMERIIHEEA Y 7 2 RELTD
L TEIAFMETHD.



F6E VAT ARG
63 I via URNT

277

Power consumption, W

Power consumption, W

A: 200 km: Power consumption
A: 250 km: Power consumption
A: 300 km: Power consumption
A: 200 km: Propellant
A: 250 km: Propellant
A: 300 km: Propellant

50 200 o
=
£

0 1150
=
S

30 ¢ 2.

1100 £

20 g

o
150 &
10 ¢ >
o
(a) 2
0 ‘ ‘ ‘ 0o =
150 200 250 300 350
Orbit altitude, km
C: 200 km: Power consumption ———
C: 250 km: Power consumption
C: 300 km: Power consumption ———
C: 200 km: Propellant ——~~
C: 250 km: Propellant
C: 300 km: Propellant ——--—

50 200
=
£

01 1 150 =
=
2

30 | 2,

1100 £

20 | g

Q

150 &

10 | 5

(© 3

0 ‘ ‘ ‘ 0o
150 200 250 300 350

Orbit altitude, km

Power consumption, W

Power consumption, W

B: 200 km: Power consumption
B: 250 km: Power consumption
B: 300 km: Power consumption
B: 200 km: Propellant
B: 250 km: Propellant
B: 300 km: Propellant

80 |-
60 r
40 ¢
20 r
0 ‘ ‘ ;
150 200 250 300 350
Orbit altitude, km
D: 200 km: Power consumption ——
D: 250 km: Power consumption
D: 300 km: Power consumption ———
D: 200 km: Propellant =~~~
D: 250 km: Propellant
D: 300 km: Propellant ———-—
250
80 r
1200
60 r
1150
40 1 100
20 ¢ 450
(d)
0 ‘ ‘ ‘ 0
150 200 250 300 350

Orbit altitude, km

Propellant consumption, g/month

Propellant consumption, g/month

Figure 6-21 Power consumption and propellant consumption for orbit keeping corresponding to

the orbit altitude with (a) A: 6U: Type A, (b) 6U: Type B, (c) 12U: Type A and (d) 12U, Type B.
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Figure 6-22 Required power consumption and keeping period of the orbit corresponding to the

altitude with (a) A: 6U: Type A, (b) 6U: Type B, (c) 12U: Type A and (d) 12U, Type B
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Table 6-11 Summary of results of analyzing on the satellite A: 6U with Type A

Power, W Solar activity Altitude, km Orbit transfer, day Orbit keeping, day

Low 235.2 119.0 309.3

12 Mean 269.8 85.7 342.5
High 3154 49.0 3793

Low 2153 66.4 147.8

24 Mean 2394 52.9 161.2
High 274.8 36.8 177.4

Low 203.9 46.5 96.2

36 Mean 224.3 383 104.4
High 253.2 28.6 114.2

Low 196.6 354 70.1

48.8 Mean 213.9 29.8 75.7
High 237.6 23.1 82.4

Table 6-12 Summary of results of analyzing on the satellite B: 6U with Type B

Power, W Solar activity Altitude, km Orbit transfer, day Orbit keeping, day

Low 220.3 82.5 2323
20 Mean 249.8 64.2 250.6
High 287.5 433 271.5
Low 201.7 453 112.1
40 Mean 221.5 38.1 119.3
High 250.2 29.2 128.2
Low 193.2 314 73.5
60 Mean 208.2 27.2 71.7
High 230.5 21.9 83.0
Low 185.2 23.8 53.4
81.2 Mean 197.5 20.9 56.2

High 216.3 17.3 59.9
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Table 6-13 Summary of results of analyzing on the satellite C: 12U with Type A

Power, W Solar activity Altitude, km Orbit transfer, day  Orbit keeping, day

Low 256.4 201.7 1214.4

12 Mean 301.1 122.3 1293.8
High 359.4 42.1 1374.0

Low 235.1 115.4 592.6

24 Mean 269.7 81.2 626.8
High 3154 44.9 663.1

Low 2224 82.0 390.0

36 Mean 252.3 60.9 411.1
High 2914 38.2 433.8

Low 215.0 62.7 286.2

48.8 Mean 238.9 48.4 300.5
High 274.1 324 316.6

Table 6-14 Summary of results of analyzing on the satellite D: 12U with Type D

Power, W Solar activity Altitude, km Orbit transfer, day Orbit keeping, day

Low 240.7 143.0 897.9

20 Mean 279.0 98.1 942.8
High 329.8 49.4 991.5

Low 220.0 80.4 440.1

40 Mean 249.8 61.3 459.1
High 287.8 40.2 480.3

Low 210.9 56.1 290.8

60 Mean 233.5 45.0 302.0
High 264.8 32.1 314.9

Low 201.0 42.8 212.3

81.2 Mean 220.6 35.2 220.0

High 249.1 26.1 229.1
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Figure 6-23 Orbit altitude and keeping period with hybrid operating of the ion thruster and the
resistojet thruster with (a) A: 6U: Type A, (b) 6U: Type B, (¢) 12U: Type A, and (d) 12U, Type B.
The power consumption was fixed at the maximum value: 48.8 W for Type A and 81.2 W for

Type B.
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APPENDIX A: REACTIONS FOR WATER MOLECULES
ARIZBET ARSI LT, RigXD 7 a— LTV TRAT 0 E I hORitE1T-

TG %E, A Lo bDEEOT—EL LT

Table A-1 Reactions for water molecules

No. Reaction Type Reaction

1 Momentum transfer H2O +e HO +e

2 Ionization HO+e H,O" + 2¢

3 Dissociative ionization H,O+ ¢ OH" + H + 2¢

4 H2O + e O*+Hy +2¢

5 H2O + e O™ +Hy+3e

6 HO0+e H"+ OH + 2¢

7 H,O + e Hy"+ 0O+ 2¢

8 Electronic excitation H,O + ¢ H,O" (1°Bi)+e
9 HO+e H.0" (1 'Bi)+ e
10 H2O + e H,O" (1 3Ax)+ ¢
11 HO +e H,O" (1 'Ax)+ e
12 HO+e H,0" (2 'An+e
13 H2O + e H,O" 2 'Bi)+ e
14 HO+e — H,0"(3'A))+e
15 HO +e — H,0'(3 'B))+e
16 H2O + e HO" (2 'Ax)+ e
17 HO+e H,O" (4 'B)+ ¢
18 HO+e H,O" (1 'Bo)+ e
19 H2O + e HO" (4 'A))+ e
20 Dissociative excitation H,O + ¢ OH'(A)+H +¢
21 H2O + e e +O*('D) + H»
22 H,O+e e +O*('S) + H;
23 H,O + ¢ OH+H" (n=2) + ¢
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24 HO+e — OH+H" (n=3) +¢

25 HO+e — OH+H" (n=4) + ¢

26 Rotational excitation H,O (J=0)+e — HO(J=1)+¢

27 H,O (J=0)+e — HO(J=2)+e

28 HO (J=0)+e — HO(J=3)+¢e

29 Vibrational excitation H>0 (000) + e — H,O(010) + ¢

30 H>O (000) + e — H>O(100+001) +
.

31 Dissociative attachment HO+e — OH+H™

32 HO+e — Ho+0O

33 HO+e — H+OH™

34 Associative detachment O+0 — Ox+e

35 O +0*2'S) — Oy +e

36 O +0*(2°P) — Ox+e

37 O+0; = Os+e

38 O +H, - HO+e

39 H+H — Hy+e

40 H+0; = HOx+e

41 OH +H — HO+e

42 OH +0 — HO:+¢

43 OH +0*(2'S) — HOx+¢

44 OH +0*(2°P) — HOx+e

45 Recombination O+e — O

46 Triple recombination 2¢+ H,O" — H,O+e

47 2¢ +H30" - H+H0 + ¢

48 Dissociative recombination H,O"+e — H+ OH

49 HO"+e — H+02(A)

50 H,0"+e — H2+ O

51 H,0"+e — 2H+O

52 H,*+e — 2H

53 OH" +e —0*(2'Sp) +H
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54

55

56

57

58

H;O"+e — HO+H

Oy +e — 20

H,O5"+e — HO +20

H4O0,"+e¢ — H+H,O+ OH

Hs0,"+e — H+2H,0

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

Mutual neutralization

H +H" — H+H(@n=2)

H +H" — H+H(@n=3)

H +H," - H+H,

H+0" — H+O

H +OH'* — H+OH

H +H,0' — H+H,0

O +0"— 0+0

0 +0" > 0+0;

O +H* - O+H

O +H," > O+H:

O +OH" — O+OH

O~ +H0" — O+H0

OH +OH" — OH + OH’(A)

OH +H" — OH+H

OH +H," - OH+H»

OH +0" — OH+O

OH + H,O* — OH + H,0

H +H;Of — H; +H,0

O +H;0" - H+ O +Hx0

OH™ + H;0" — 2H,0

H+0," > H+0,;

OH +0" > OH+ 0O,

H +H,05" — HO,+ H,0

O +H;03" — 03+ HO

OH + H,O3" — 0, + OH + H,O
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84 Dissociation HO+e — OH(X)+H+e
85 HO+e — O('S)+Hy+e
86 Neutral-Neutral reactions 20H — O+ Hx0

87 OH + H,— H,O+H

88 OH+O0— H+0;

89 OH + O— HO;

90 OH+H— O+H;

91 OH + H,0,— HO: + H,0
92 OH + OH— H,0:

93 OH+0; — HO>+ 0,

94 H+HO, — 20H

95 H+HO; — HO0+0

96 OH + HO; — H,0 + 0>

97 O+HO; — OH+ O,

98 HO+H — Hx+ 0

99 2HO; — H202 + O

100 HO; + O3 — OH + 20,

101 H»O0,+0O — HO»+ OH
102 H,O0,+H — H,O + OH
103 H,0,+H — HO:+H>

104 0+03; — 20,

105 O+H, - OH+H

106 H+0O,+H0 — HO:;+H0
107 H+0; > HO»

108 H+03 — OH+ 0>

109 Charge transfer H,O + H,O" — H3;0*+ OH

110

111

112

113

H,O0+ OH" — H,O*+ OH

H,O+H" — H,O"+H

H,O + H," — H,O'+H;

H,O+H," — H;O"+H
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122

123

124

125

126

127

128

129

130

131

132

133

H,0+0" — H,O"+0

H +H,O — OH +H,

H,O"+H, — H;0"+H

H,O"+ 0, — O,"+H0

OH"+H — O"+H»

OH"+0 — O"+OH

H,"+ 0, — HO,"+H

OH"+ 0O, — 0"+ OH

0"+ H,0 — H,O5"

H,03* +H,O — H30"+ OH + 0O,

H,O5" +H,O0 — H40," + O,

H40,"+H,O — H50,"+ OH
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