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Deep Space Powered Flight of Hayabusa Asteroid Explorer
by Ion Engines

By
Hitoshi Kuninaka ™

Abstract : The Hayabusa spacecraft rendezvoused with the asteroid Itokawa in 2005 after the powered
flight in the deep space by the p10 cathode-less electron cyclotron resonance ion engines for two years.
Though the spacecraft was seriously damaged after the successful soft-landing and lift-off, the xenon
cold gas jets from the ion engines rescued it. New attitude stabilization method using a single reaction
wheel, the ion beam jets, and the photon pressure was established and enabled the homeward journey
from April 2007 aiming the Earth return on 2010. The total accumulated operational time of the ion
engines reaches 31,400hours at the end of October 2007. One of four thrusters achieved 13,400-hour

space operation.
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I. Introduction

Four p10, the cathode-less electron cyclotron resonance ion engines, propelled the Hayabusa asteroid explorer, launched
in May 2003, which is focused on demonstrating the technology needed for a sample return from an asteroid, using electric
propulsion, optical navigation, material sampling in a zero gravity field, and direct re-entry from a heliocentric orbit. It
rendezvoused with the asteroid Itokawa after the deep space flight in two years with a delta-V of 1,400m/s, 22kg of xenon
propellant consumption and 25,800hours of the total accumulated operational time of the ion engines. Though it succeeded

in landing on the asteroid on November 2005, the spacecraft was seriously damaged. It delayed the Earth return in 2010
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from the original plan in 2007. Reconstruction on the operational scheme using remaining functions and newly uploaded
control logic made the Hayabusa leave for Earth in April 2007. This paper reports the recent status of the Hayabusa space

mission.

II. Hayabusa Asteroid Explorer and Microwave Discharge Ion Engines

Spacecraft

The Hayabusa space mission aims to retrieve surface material of the asteroid to Earth. Total launch mass of the
spacecraft is 510kg including hydrazine fuel 67kg. Figure 1 shows its configuration, including the pair of stowed solar cell
paddles(SCP), which can generate 2.6kW electrical power at 1 AU from Sun. The high gain antenna (HGA) is mounted on
the upper surface of the body. The SCP and HGA have no rotational or tilt mechanisms. The ion engine system (IES) is
mounted on the side panel perpendicular to the z-axis, with which the HGA aperture is aligned. At high bit rate
communication with 8 kbps, the spacecraft orientates the HGA towards Earth without IES firing. In cruise mode, the
spacecraft orients the SCP face toward Sun in order to generate electrical power and rotates its attitude around the solar

direction to steer the thrust direction of the IES. Three reaction wheels (RW) control the attitude of spacecraft.

Ion Engines
The cathode-less microwave discharge ion engines have the technological features as follows:

1) Xenon ions are generated using ECR (electron cyclotron resonance) microwave discharge without solid electrodes,
which in conventional ion engines are the critical parts and the cause of flaking leading to electrical grid shorts. Thus,
the elimination of the solid electrodes makes the ion engine more durable and highly reliable.

2) Neutralizers are also driven using ECR microwave discharge. The removal of the hollow cathodes releases IES from
heater failures and hollow cathode emitter performance degradation due to oxygen contaminating the propellant, as
well as air exposure during satellite assembling.

3) A single microwave generator simultaneously feeds the ion generator and the neutralizer. This feature reduces the
system mass and simplifies control logic.

4) DC power supplies for ion acceleration have been reduced to 3. This feature also has the advantage of making the

system lighter and requiring simpler operational logic.

Fig.1 Hayabusa asteroid explorer Fig.2 Microwave discharge ion engine
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5) The electrostatic grid system is fabricated from a carbon-carbon composite. The clearance between the grids is kept
stable regardless of the temperature since there is no thermal expansion. This prolongs the life of the acceleration
grid due to the low sputtering rate against the xenon ions. Low wettability of carbon seldom causes electrical shorts
between the grids.

The p10 ion engine with 10cm effective diameter was developed for in order to dedicate to the Hayabusa space mission.

The ground qualification schemes are described in detail in Refs. 1, 2, 3, and 4. Figure 2shows the operation of the ion

engine in the laboratory. Four pnl10 are installed on the Hayabusa spacecraft, and three of them can generate thrust

simultaneously. The dry mass of IES is 59kg including a gimbal and a propellant tank, which was filled with xenon
propellant 66kg. A single u10 is rated at 8mN thrust, 3,000sec Isp, and 350W electrical power consumption so that the

Hayabusa spacecraft is accelerated 4m/s per a day by the maximum thrust 24mN.

III. Flight Chronology in Outward Journey

Figure 3shows the flight chronology of the Hayabusa asteroid explorer on the total accumulated operational time and

the remaining propellant. The following sections explain the history of the Hayabusa in the space flight.
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Fig.3 Flight chronology of the Hayabusa

Outward Journey

The Hayabusa asteroid explorer was launched in May 2003. Since July IES have been continuously accelerating the
Hayabusa, which reached a distance of 0.86 AU from Sun in February 2004 and 1.7 AU from Sun in February 2005. These
distances are the farthest that an electric propulsion system has yet attained in the solar system. Depending on the solar
distance IES was operated between 250W and 1.1kW in electrical power. The Hayabusa succeeded in rendezvousing with
the asteroid Itokawa in September 2005 after a 2-year flight, producing a delta-V of 1, 400m/s, while consuming 22kg of

xenon propellant and operating for 25,800hours. Reference 5 reports the details of the space operation on IES.
Proximity Operation

The Hayabusa executed the scientific observation® staying around the asteroid in September and October 2005. And in

November it succeeded twice touchdowns on the asteroid. Figure 4 is the snapshot taken by the Hayabusa and shows the
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Fig.4 Shadow of Hayabusa on the asteroid surface

surface of the asteroid and the Hayabusa's shadow on it at the touchdowns. The target marker, which was dropped in the

previous approach, was seen as a bright spot illuminated by a flash of the Hayabusa in it.

Rescue

During the proximity operation with the asteroid the Hayabusa lost the functions of two of three reaction wheels. And
just after the lift-off from the asteroid a fuel leak disabled the function of the RCS thrusters and disturbed to control the
attitude of spacecraft. Then the Hayabusa was missing on December 8,2005. It is believed that the Hayabusa without
electrical power and all of active controls caused serious nutation motion, which was attenuated to simple spinning by fluid
friction of liquefied xenon in the main tank. Revolution motion in the heliocentric space gradually made Sun shine on SCP
so that the Hayabusa recovered electrical power as seen in Fig.5. A set of commands from Earth initiated the Hayabusa again
and established the beacon communication on January 23,2006 fortunately. The cold gas jets from the canted neutralizers

generated enough torque over several tens micro newton meter to control the attitude of spacecraft due to long torque arm
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Fig.5 Rescue sequence of Hayabusa due to the orbital motion
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and rescued the Hayabusa. The combination of torques from four neutralizers and the timing on the spin cycle enabled to
control of the attitude of spacecraft on three axes. Successful reorientation of the spin axis toward Sun and Earth restored the
microwave telemetry data with high bit rate on February 25,2006. On April the checkout operation revealed the wholesome
of IES for the ion acceleration. From January to June in 2006 the rescue operations consumed 9kg xenon propellant in the
cold gas jets. Figure 3shows the profile of the propellant consumption and indicates the remainder 35kg, which is enough for

the homeward journey to Earth by the electrical-powered IES.

Hibernation

In order to watch and wait for the homeward journey from 2007 the Hayabusa hibernated in the way of the spin attitude
stabilization from July 2006 to February 2007. The ion thrust from IES spun down the Hayabusa from 1rpm to 0.2rpm by
continuous operation during 3days on May 2006. And the Hayabusa automatically made the spin axis track toward Sun by
mean of the photon pressure torque without any propellant consumption. Because the center of gravity on the spacecraft
does not meet with the action point of the solar pressure, the lean attitude against Sun results in the torque, which is devoted

to track toward Sun. Then the Hayabusa saved enough propellant for the homeward journey.
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Fig.6 Attitude control by means of RW, |ES thrust vector control Fig.7 Orbit plan to Earth

and photon pressure torque.

Homeward Journey

In order to execute the homeward journey the non-spin attitude control scheme using the RW-Z, IES thrust vector
control and the photon pressure torque was established. The only available reaction wheel RW-Z, which is set along the
z-axis as seen in Fig.6, takes a biased momentum of the spacecraft. The thrust vector control of IES by the gimbal can
actively generate torques around the y- and z-axes. The IES torque around the z axis is dedicated to unload the RW-Z. After
the test operation the Hayabusa spacecraft left the asteroid for Earth in April 2007. By the end of October IES achieve the
total accumulated operational time 31,400 hours and total delta-V 1,700m/s. One of four thrusters, which has been most
frequently used, reaches 13,400hours in space operation. The Hayabusa will come back Earth in 2010 after two revolutions

around Sun as seen in Fig.7.For the return trip IES is requested 8,000-hour operation and 400m/s delta-V.
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IV. Summary

The Hayabusa space mission is focused on demonstrating the technology needed for a sample return from an asteroid
and was launched in May 2003. Four p10, the cathode-less electron cyclotron resonance ion engines, which were developed
by the Electric Propulsion Laboratory ISAS/JAXA, propelled the Hayabusa asteroid explorer. It reached a distance of 0.86
AU from Sun in February 2004 and 1.7 AU from Sun in February 2005. These distances are the farthest that an electric
propulsion system has yet attained in the solar system. Depending on the solar distance IES was operated between 250W and
1.1kW in electrical power. It succeeded in rendezvousing with the asteroid Itokawa in September 2005 after a 2-year flight,
producing a delta-V of 1,400m/s, while consuming 22kg of xenon propellant and operating for 25,800hours. After a series of
scientific observations the Hayabusa landed on and lifted off the asteroid in November 2005. Though the spacecraft was
seriously damaged after the successful proximity operation, the xenon cold gas jets from the ion engines rescued the
Hayabusa. The new attitude stabilization method using a single reaction wheel, the ion beam jets, and the photon pressure
was established and enabled the homeward journey aiming the Earth return on 2010. The total accumulated operational time

of the ion engines reaches 31,400hours at the end of October 2007.
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Low Thrust Orbit Maneuver Operations for JAXA Geostationary
Satellites

By
Michiaki HORIT™* | Hirohiko DOSHO ™ , Shigehiro MORI™ | Takao Babauchi * *
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Abstract : Geostationary satellites need yearly velocity increment of 40 ~ 50m/s for the north-sounth
(NS) station keeping. JAXA's recent satellites are adopting low-thrust and high Isp(specific
impulse)engines such as DC arc jets and ion engines for the NS station keeping. This paper reports the
operation results of such NS maneuvers for the Data Relay Technology Satellite (DRTS) and the
Engineering Test Satellite-VIII (ETS-VIII).
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Actual maneuver operation of geostationary orbit

By

Yasunobu Maeno *!

Abstract : The number of spacecraft in geostationary orbit is increasing and the competition of the
communication service are also harder than before. In this environment spacecraft operation is need
more efficient and cost reduction than before. Not the exception of an orbit control, spacecraft operator
has to keep considering more effective maneuver strategy.

In this report, urrent maneuver strategy of Bipropellant thruster satellite is introduced and then a request

as spacecraft operator for a new actuator of the electric propulsion is shown.

Key words : Geostationary orbit, maneuver strategy
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Real-Time Estimation of Geosynchronous Orbit:
Performance Test

By

Sei-ichiro Kawase *1

Abstract : Real-time orbit estimation has proved practical for a satellite that uses electric thrusts twice a
day for geosynchronous station keeping. Range data are collected at two ground stations and are input to
a Kalman filter to estimate the longitude/latitude position of the satellite. The filter shows a transitional
residual over a hundred meters after each thrusting and then converges quickly. This residual provides
the monitoring of thruster actions. Orbit estimation results agree with optical observations to a few milli-

degrees, thus proving sufficient accuracy for geosynchronous orbits.

Key words : Communication satellite, Electric propulsion, Overcrowded orbit, Kalman filter
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Orbital Maintenance of Super Low Altitude Satellite by New Frozen
Orbit

By
Masayoshi UTASHIMA * and Atsushi NODA *

Abstract : This paper studies an orbital maintenance of a satellite with the altitude of about 180km by
the thrust of ion engines. Current earth observation satellites adopt the frozen orbit in which the altitude
profile for one orbital period is almost fixed. The drag-free system could cancel the air drag and realize
the frozen orbit. The installation of the drag-free system, however, causes a complicated and expensive
satellite system. Therefore, we studied different methods and found an excellent orbit in which the mean
eccentricity vector was kept constant by only adjusting the thrust of the ion engine in the interval of
one orbital period. We call it “New Frozen Orbit.” Furthermore, the “new frozen eccentricity vector”
is positively stable, and then the mean eccentricity vector autonomously converges to the “new frozen

eccentricity vector” and is kept there only by maintaining the mean altitude.

Key words : Frozen Orbit, Ion Engine, Air Drag, Mean Eccentricity Vector
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Several Topics on Orbital dynamics of Consecutive, Low-thrust,
Accelerated Spacecraft Trajectories

By
Hiroshi YAMAKAWA

Abstract : Orbital dynamics of consecutive, low-thrust trajectories is overviewed. Focusing on the thrust
direction constraints (e.g., transversal and radial thrust direction constraints), various trajectory design

strategies of low-thrust missions are summarized with concrete examples.

Key words : Low-thrust,orbital dynamics.
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V) L) RBMERRIE N BED Y — 7 T ADRELE T TV b,

BUTEAEAT v o> H IR EIBR 2L [F A R #E AR [BepiColombo ) (FT_EVFF5E20134F, KALFIF20194F) &, I—1a v
NFEHER (ESA) & FHMZAENZEHIERME JAXA) PEEH T ) REKEEEI v 3 ThY), KA
\ZBEb ARy, WA, WIS, REOMIHEAS D LT3 0T, IEESHIEHOEERE (MPO @ FRNHY) B
LAY Y ZEOHEERE (MMO: HAHY) O 2 50#E»OHER I NS, MEERIT 1oy 1—Xary
MBI NS FIFon-BiIE, 20— 7 2 — AEHAOEY 2 — VB E S N BEHEE L Lt v
DALY, B, HER &2, &2, KE, KE, KEAL IS LW L7 T U AERRIRIC, ALFHETE
IV LD KEFEPEICERA SIS [Ref7-9]. ZOEEMPLEICBVTDH, EEHO TV A LIz KL
HHoRE S, HIHANS S L HIFAPERTEIZB N TEE SN TN S,

%72, 2@ BepiColombo FHHEIAS T T Y = 7 b & L TCORMMLAGLIZES T TIZ, £ OKEEEDRED
MEtahTwnd, 1281, KE-KEEE7 2 - A BV TESHEEEZ AL LZHAKETIANA Iy a
YT, BHOIDKET T AN 25 LTt 34 L) FWRATREH TV, BB, RIEOBSE 5 Lk
BITITANATA A MN)REH TS [10). 200X, BEXMEEOHFHABELLKET v T7—-3v a3 vT
HY, T EFRICERAL ¥ 7N, 2T, EHITKM 5. SRR L C2. 34 & v ) T FRATEE ] TR 1237
T5 [11]. ZOWEEAAL > 7N, ARHEIEENE, KEOLRER L) 3R LIS WERFTRTES 5
TV RBLETH 55, [BepiColombo ] & Ik L CRATHIAH VDI, BEL TCWAHENORE S L
TRERNRRL720TH 5.

3. FEFHEICHIR S h A E#EEFRNEERRE FEE

— 5T, ARMED OB ST PEFROBEIEE ) THAHHH. 31, T, 2F 0, FLREIZE S
NOHEZRLIZHEICOWVWTEZ D, TOFLTOREREOECIC L 2HEESHOWEE LW S 21T 5
—MZETT (5177) BHOCKRESS OO n FlZ BT D EAET S L, FAPHEIHEL QWL HRT
X, n=-2TH5%. N, Za—rrO5HDEH] 2F), $XTOELOMIZIE, WHEOHEDRIZI
BIL, HEHED 2 ICKILHIT HT75, 2 O0OEAEMATANE L) ZEERLTWES, Z0=a—br])
FOWHR-TIX, Baldr 77 —&s), >F 0, BHPELLES L, PORE> S ORI S (LR A A
SOYEFMEEREHRMHDIOEE 255, HHVE, T7A) &, 1ERBRIC2E GLH, &5 £L, 2o
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BB L FERIC, b9 1O UBHE L P LhsmenTBl), #din=1, 2%, LI
HECIBIT 256 CTh Y, FAES NS, 7272, FUORERIIBEHIEOESICIIMEEY, 20080
LIS L, BIREO 7 7 A MIZ90BE TS 4 BAFFET 5.

n=0, 2F), BHHICLSTHONP—EDOLEEIL, MERIRIIA LT, EHROER TR S 1A ERTIK
. TTAMOMETEREINSL T TAMIEINIMETH L. n=-3/4,2F 1), 511125 4 55O = FHNIH#-
EBYEIIE, B3 OM LR ROBEL . ToL &, TTAKE3ITT 7 AIXI20E T LI
95 nx-31235L, 7T7AM (T7AMOME) FEEAKSF), PBEIESEABELZME, HEHN
APEEAMEREEIR LI L E RV, TNHOHLTOERIE [12] ICRSFEHLN TS,

NL#EE, &25viE, ZEREROWERIT*E 2 55461, WEofohid=a— M2 N%, 2F), n=
—2%MELL) AT, EHICATHREENELZ PEFAICMAZ S ZERTiEE 2L, 2F D, FLREIS
DFEEED 2 F\LILBIL 20 H1s, &5, NLMARFHOHEERETLI LR 5.

CONLTH PG L BIMEEDORE SHKREG2HOHHICL ST —EDOHAIIOVWTETEZL. HbHYI
7 (Bl 2, HBkiE) CRFEEERS A MiEZ O#E s 32 L, ZoMEE FOREENICL L5110
KRESDOUEDORE ST, Kby & Bt HIANC AL A Nz 72 L 212, WA#EoEEo 2/ F T
Kaho OB ET L2 E0bhroTnd [13]. B, KKBEAROMEEDOKE A, WIHHLE LT
DRELDOVBRELLET—ETH S & X121, TORERLSEN, 2F 1), KER2SHHT 272012, FIHIH
WO 2 B EOWEICEET 2 FNA2MEIIEEL 2. KIS, ALRRKEFROEEOKE 25, K
PriiED 2 el BT 2845525, ZoLE, KBENCI L5080 015 2 & LR 505 %)
HIMBLE L 3BT 2 N L0 2 BOKRG TR EEAS, WIHM#EIC BT 2 KEEDORE SO IR o7 &
KR ERMT 22812k 5 [13]. B, INLOANTHEKEHHOMEED S LT, #EBIRIH L
ZREMEHEOGEDLHS 22k > T D [13]. RIS, NLHZKEEHIANEEDLS, o478 T&LT L%
FIH L 72 80ERTE SOV TR T 5.

BB ZIGHBIE LT, fREANVEEZ L. BAEA VL, @BEROT T X< Tdh b KEET AL EF— %5
RO N LI 253 % 3 5 & & THMENIZAM T 2 FHHEE S A7 L TH Y, $E, H#IFEEX =
ALFRAOT-OOEEY I 2L —ay, HEHOEHNED-OOM FERS I 2L -2 a UyPFEDLNTWS
[14-22]. Z oS A VHERICBE LT, I HASIZIZKEHIAICHIR SN S 2 &, @HERE (B
IA)NV) OBFEHMHIZLVETORE SOHBEIMFETH LI L LV F-AENLLZFHI v a vIZon
THEPITON T 5 [23-25]. Blz1E, WIRDPSKRENOEEZ A ¥ 7N 2 FIH L 2 WiEEBTHE, A2
AL Y ITNABHICEBZREE DT 77 —#E, K2 GEEERS 2B+ 24 7 240 2 UKR R 5
g 2 AV F — % 15 5 KB R BLE S & mol B 122D S8 LT b [24]. 7, A& Tk,
HER A 1156 L CREIRICEAE 3 2 IS, RFp i & Sl 2 Ny 2 gL 5.2 5 2 & T, HERA A ~
TNA WEDOHIRBEN T 4 L F — 2l KALT 2 HRDS, s A ERELANCHIRE L2 SIS TRTHL I L %
RLTW2 [24]. =B, HIOEEITHLRKERORE, BEN—ETERVEWV) TIZERL, O
BRI\ A4 e RGE L 725 st BT OV R REEE L, SEID & L CoMETIRE, WETERE S ZE LT
EEORBERAEFEELE X, HERKICER S NAERFE CHET 2RI E bR 28 L T
% [25].

V=T — A VHEHEIZ B LTI, HRE, BORRS 5 NI EE 23N 5 Kb 0 L CRELB ROV — T —
TANVFEHEERELZD AT, A VOERIREOHIK &2 ZE L 72RERPED Y 4+ I 7 AZHL2IZLT
W3 [26]. F7z, HERERIBGEOH 72 2B ORIE L V) Blee s, FIEAREE 5L, KRR L hIREA
W DM EAEIC & o TH U 2 IR KB ORED 72012, v — T — & A VA % FI CHERE [R1805E 0 25 1
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JiTa) % ORI AHERE§ 28BS A F I 7 A2 62 L Twa [27].

4. BEHDEGMRICLBZIET 77 —8E

BHETT 2 R L 7z, BEROBBEEOA L 5, MEMHEOELEIZB T H IO e % ik
THIENTESL., 1208, BHEREICILAHMHERIT (7+r—A—23 v 7948 IIBJEERIMEEDG
HThsr FHERFEI v a Y2 WIRFEEHE (HH0ET 7T 0P 2 milifs) TEZLHBIC, I 7 A
AR AED 2 o0 A%, —EHEEET, 2o, HEEZEE Lo—EAMIIRET S LT, 1 OOBETIEE
HLE2WEWENTEE (F121350m) OFHLRFELXEBTEL. ZoL 12, BIEINSERT 28EHIE,
MM EDSETr 77—l L2 8 2 L2 FRL, Lad->T, #h, SISz 83 5720121, K12
£ #AEIES LI 2 5. [28] IZBW T, RESEHMEEANPELO 7+ — X - a7 74 P2BEELL
L X, MMERERED, I TR L TED L) ITHMNZER Y 32 0%, RINBRHERIZED XD RN
WZENTZTFORE S OEHHES AT ) LED D L OPEZYIS I LT

F 72, [29-30] TiE, KBy -3k -#E O SEMEIIB T, KIHEII X > THDH TERT 2 Fi7- 2 BUII5HK
& LT AL Z% A5 (AEP : Artificial Equilibrium Point) DIREZIT->Tw5. 2% 0, NI X 8k
HEAT) T LI Lo T, KB —HERFG M Z FE L - MREERICBNT, EROMETHLT 7T 0P 2 mrd
G5 A NLW %S (AEP) 254 U588, ZIUCLEREGIEERSHLMISNTWD, T2, Thh
D AEP $H ) OFRMHEDTFELER L, »2, AEP ICB AMEREEDFERDIT-> T\ 5.

xED

HETIIC & BRI OPE S A F I 7 AZOWT, W OpDFFER LoD, HEEITo72. §XC
OB % MFET 25 2 LIETE LD o72H, ZO—HiERT I LN TE/OTREEV 2L E) . BRIEEDOEH
kDL &ENEH)ThHho7o L), Gtk V—TF— v A Vi, RS LA VIEESE 3 Ll ot o
DUNERT LI, WEES A F I 7 A, HUERELOTHOH LWL, HREHEL QO LEDRH L.
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Analysis of Formation Flying with Low Thrust

By
Katsuhiko YAMADA *1

Abstract : In this paper, precise position keeping of a deputy spacecraft with respect to a chief spacecraft
is considered in the formation flight. Especially, the case where the deputy spacecraft is located at the
certain distance from the chief spacecraft in the tangential direction is analyzed under the J, perturbation.
The relative position between the two spacecraft is affected by the J, perturbation, and the two methods
to compensate the J, effects are considered. One is to set the initial velocity of the deputy spacecraft and
the eccentricity of the chief spacecraft orbit to alleviate the relative position variation. The other one is to
add the low thrust force to the deputy spacecraft to cancel the J, effects. These two cases are analyzed

and the appropriate control values are derived to compensate the J, perturbation.

Keywords : formation flying, Hill coordinates, J, perturbation, position keeping
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2HEDMEAATHIN BT, (EFHEAEFEBEI 0 L CEFT NI — 2 EE 7S B 72
Yt T AR, MERET) O JIHOFZE D 2 O FHEDO MM LEZ &) SR 2 0 & T L7z
ZOMBIZHED &, LI X DAL ELE) 2 Kk $ 57200, HEFEEOMILREE & T34
WOBERECEOREIZOWTER Lz, T ELT Z AT 572012, HEFHEEIE
RN AT Z MR B E OMEFHEATIOKRE S 2R, EFHBOBEHCRZBUIRET 5
CETHEBADOEE % H SR S D Z & &7z

1. FUBHIC

MEOFHERDS 7+ — A= a YEBRT LA, HEEDO LHICLAZEAD 7+ — A= a VIlEE%
BZBZEDNRICHMONTWS, 74— A= a  ICX B8, ME1EWTEy 2L ENLEMNZES
EIRAERZR L DD H Y, KM EEEIZOWTIZZOEELZMPEE T v LT 2 HEIHE &S h
TWBY, FWZETICOWTIRINETHE YVIEICIZ I N TR, LA L, 722 2RoFHEY 20
HEATHICEE L CZOMOMRZ — B IR OWEE2E 25 L, FNEESNEOREIC 502 RED 52 L
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DEEL 5. KAETE, EFHICEE SN 2 BOFHEIC BT, LIS L 55N 2 O AEI &
DL BEBERIT IR L, KEHEENNEHEOREL ) &, ZOEBHE 25 PR{TH LI %
FEIZOWCHRET 5.
FETHOVLBLAREZUTIORT. o HIROENEY R: WERORELE, ) HROENEF > v
MBI B 2 REOEH (J,=1.0826X10%), r: FHIEOEMRIZBIT HUENY MU, o BEELE, o B
OF BN, o THUEE I QRS M TN, B BEOAT AR, v o BT AU,
0:WEESE O=v+o0), q, ¢ BELEXRZ MVOBS (g,= ecosw, g,= esinw), n: FIHEM[BHE. 72
7 LUERBEORESY BT RICBOTEREBLET L JCRT c 2, EREREET L SR T 2002
CXIF A, EREMAICET A RERT L XILET0EO A, NS FARY Y 2RI OB
XUt BT BT A D L R ERT S

2. Hill BERICHTZBHRYINIIZX

2.1 Hill EZ%

FLUERIE A BB T A T HE S T H  (Chief Spacecraft), ZOFEFHBRIN LTI+ —A—=3 3754 b
T D FHEEE ETHEHE (Deputy Spacecraft) & 375, FFEEHEOE RO 2 FE L 3 2 BT 72 1E 3R
., HL2 S EFEHEIC D HIAS x #, FFREHBOBERICIER 2 FMA 8 (FFEHEOR S & % EIC
EB) L% EHITER ZORPTNZEER%Z Hill EEER &S, EFEHE S ETHRIIT .02 5 Ok
D2FIIILHBIT L I FIVOENIMATLBICLLZENPEH D ET A, EFHEICEHC LHEICLLE)
Bk HINEEAT)L f £]ed 5L, SR EEFHBOMBERE MO ToE0 L) ILRT 2 L4 TE (1),

3u,R?

fo= % (3sin%, sin?f,—1) (D
2
o= - 3u J24R sinZ, sin20, 2)
. A
2
fo= - 3u%sin% sind, )
rC
22 REXY MLOZEH#
FEHBEOME r % Hill BIERTRBL T
r= I:rx T, rz:IT (4)
EL, FHEORKEp %
pP= I:rX U fZ:IT (5)

T 5. PEFHBROTEFEHERIIS ST 2KEL op =p, — p. THFR L. FFHEOMEER

q:[aﬁiqlngjr (6)

s=|:aei.Qa)M:|T 7

ELTIRETHBRE FTFEBEOPEEEDREY g =q,— q., 0s =5, — s, &5 5hH. T Tl ds DEFRIZERE% K
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BT, Fhhs ap0) &oplv) (72721 op 2 FFHEBOE T SEEA v, OMBEALT) OMBEIREER < b
7 ADBTRD L, DFTIE, TOFEICLELBERREE

23 Op e og DEHa
Op & 0qg DEWIZOXD I HIZET LN TES,

)
op=Ay, 0q. A,=L ®)
oq |
oq
0q=Ay 0p, Ayp=dAu=7| 9)

EROBEHDEBT 20T ¢ FEFHEORE (BEEE) THMT 2L 2BRLTVL. LHOHET LY
BEOX M) TR Ay, Ay \ETTIZEPN TS [3].

2.4 0q+ os DEH
gL sIZEBICHMBEEEZETDHY, a i, QRIERTELRLIOTINSOMOEHIIZITEE RO LR R
Lwv, Wi,

0q=A Js, A = a—q (10)
* ® Os |,
—4 A =gi= OB
5s_ sqaq‘ .vq_ qx_ a i (11>
EBLZEICLEY. MEEDOMIZIE
M=E - esinE (12)
OB H L Z LS, EFEEROEDY TM =M, - M, #RKDLEDEDEH 1245 [2].
/ — 2
M = _vilze — [(1 —e¥)ov—sinv, (2 +e, cosv,)dc] (13)
(1 +e,cosv,)?
L7z Tov=2080—0w THAHI END
+e.cosv,)? sinv, (2t e, cosv,
g0= LTeeom) sy SV (Bre cosv.) 14
A/ 1 —€%§ 1 _ec

CORRE VLT A, DIEFEDIr KD B EDTE S [4].

2.5 os DEFREISEE

Ri%I2 0s OFFRFERZER~ M) 7 AORTRO L ). COBBY M) 7 ADRONL L, ERLOLEALR
WZEDRIRE~ M) 2 REDT DT L TREMICHINEIERIZBI LB N 2 ADEONLT L0 5.
C ZCHEMBLEEROLEE) T ERT Gauss DEEHER I 20 L HI1cEKEINL[2]. L p.=a(l —e?),
h,=ny/1-ela’b <.

da, 24* . De

= = . (ef siny, f;+ 7 f‘> (15)
de, 1

= Db+ (pen)cosnbre )] 16
di, 7, cosb,

— = o (17)
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dQ, _ 7, sinf, P (18)
dt h.sini, 7°
dw, 1 7, siné, cosi,
a E [—p. cosv, f,+ (p+r.)sinv, f,]1— W 1 (19)
am, b,
T + e, [ (p. cosv,—2r.e.) f,— (p+r.)sinv, f;] (20)
Z ® Gauss DEE FFEA %
ds
Sy (21)
EERT. INLY S OEHERBIIODEDLINITKDL ZENTE S,
%gi'=A&&& Ak==g§ (22)

W, CONREROMEBITINKD 2 2 LI TER. L LEEREEIC BV T 2 o FH I3 EFT RIS
ﬁﬁ%nfwétwém%%ﬁwéafu%%ﬁw%uxbé_&#féé.%ﬁ@t hm%ﬁ@i£$ﬁ&
AEH A BT LRETHLET L. COL X s OWMIME s () IZOXD L ITKDLIENTEL, 7275 L#
WY 2 XV EBIIEFHBO B MRy, L35,

05(0) = Aup(0), Ay = Ady @)= [0 4 0 0 0 0] (23)

FANPS 0502 KDDL EDZDL ) IZH 5.

0
0

3J,R? sin2i, sinw,, cosw,, dy
2d% (1 +ecO> (1 —ey)?

s (0) = _ 3JR*sin2i sin® o, dy (24)
2a3, (1 +ey) (1 —ey)? siniy
dy N 3J,R? sin2i,, cosi, sin? w, dy
ay (1 —ey) 2a% (1 +ey) (1 —ey)siniy
0

72720 aw, e, i, O FOPEERIIFFEHEOWIIRE B 2WEEROMEE E®RT 5. —F, 4, ODEHIE
B 2 0%, LKA L 2 WIHIZZ D (6,1) B9 (=3n./(2a)) 723 TH Y, MOBET T LHIZK
355, LehoTi (22) OEBIITRCTLEIKEST L2 L12%b. ThE DR (22) oGBIZBT 2 EF
HROMBEER a, e, i, o, QITTRT—ELAL L THERESZ L TL LED 1KROHIZBWTIZIEL
Wik SN S, K (22) OFRBICBWTEHM A HIcEETNL 2 L3R, FFEHEROBERSEA v, 28
BRI LS AEBE LTEEIND. £ TA, BL U os ZETSEEMA v, OB E A LT A,(,), dslv,) &5
FTEE, os(v) ZLED L ROTHICBWTOEDL)IZKDDL I ENTES.

N r
os (v,) ='/0. A (v.) s (0) ;dvc (25)

7L ERICBWTIE A = 20, OBIRE VT IZ X ARES 2 v IC X AREICE L 72, 720 (25) EHEI
PP LLTRTOETHENICETTELDIF TR L, 60) OEEESTTRBEZHICEHETE 2V, 208
Slidr, kX0 X IR LTS .

r.=a, (1 — cosve, — sin've?+ cosvsin'vel— ) (26)
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2.6 Jp DESHERE
ds (v.) BREL AR, TOFEEFEEAIZBIT S op(v) 1d Ay, = Ay, EDTHTETHEOND. Ay [ TFIE A
By, OB L R DD TINE Ay (v,) LERT L,

op(v) = Ay (v)os(v,) (27)

72720 Ay ) OFTHIZMEEE (a., e, i, Q, o, v) POWERIN, INLEFLHEICIYVEH TS, b
DHEEEZZvi (i=1,2,6) LT2L%, A, () CHEHEBEEED LIEIC L 2585 b E BT 205N
Hb. LJHEICEAZEH G EERB L e WES Ay (v) EFELZEIZT DL, Ag(v) I Ay (V) D HDED L H 123K
WHIENTES.

> 0Ay,
AIIS c AIISO + 2 ov. <28)

72720 ERICB VT 04,/ 00| 1 Ay (2B WT LIHDF ﬁ“%%%‘f%t%@@Am/ﬁu DIEZER L, Ao, 1 3#LE
B0, D LAOBEBIZL LB R ERT 5. Ao i3RI TRD LS.
" dv; 12
Av,:f o, (20)
o dt h,
ERICBNT, do,/de i3 (15)~(20) HRDDL I ENTE L. 72720 dv,/dt l2DOWTIER (13) EFEBRIC L

TO2EDLIHITRKOLNS.
dv (1 +e,cosv,)? dM, sinv, (2 +e,cosv,) de,
= 3 + (30)
dt (1-e)2 dt 1 —¢é dt
DEkagedT, pO)2sdph,) xRk b2, N2HIZE-Tos(0) 2k, ZofERE (25 ITRAL

Tosv) m3kKD, S5IZRKCNIZE > Top(,) ZRDNMT I\,

¢

3. —RABAOHEMLENEEE

3.1 EEEOHBAEE LM ORICKSMIE

HEIOFIE TS EDO LB EZ KO L Z LA TE L, EFHBITITH BT Hill BERO y AN 4,
PRUHERTW R REL WL § 2 L &, TOROUEFHBO EFHBIITT 2 EE) L, Hill EERIZBWTD
EDOLHICRTIENTED, 172 La= LR alk LTEFHBOBLF e, CRMAT 2L ED 1 kOEF T
RY

. ) I )
x=asin? i, cos2w, sinv, (1 —cosv,) dy+ éocsm2 iy sin2w, (1 —cosv,) (7 +2cos v,)d,

+a {sm‘ iycos 2w, sinv, (1 —cosv,) + 5 sin? i sin2w, (25— 9v, sin v, — 23cos v, — 2cos? v,) dee

(31)
_ 3 ). I,
y=d,— 1 a(l—3cos?iy) (1-cosv,)d,— 7 osin’ i cos 20, (1=cosv,) (17 +4cos v,.)d,
1
—5¢ sin® i, sin 2w, (9v, — 11sin v, +2sin v, cos v,) d,
+ |1—cosv, + %a( 1 —3cos? i) (1 +v,sinv,—3cos v, + 2cos? v,)
1 ..
- Zozsm2 iy €os 20, (1 —cosv,) (33— 11cos v.—cos? v,)
- iocsin2 i sin 2w, (72v,+ 18v, cos v, — 107sin v, + 18sin v, cos v, — sin v, cos? v,.) | d,e (32)
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z= —asin iy cos iy (1 —cosv,) (cos wy—cos (we+v.)) dey (33)

FRCRT EIICLHOEEII Lo Tx, y, z ZHE—AMNTEE T 2. z HAIZOWTIZZDOEB /NS
WS, x, y HIANIEBIEIKE L, Iy FMIZOWTIRERSHA v SZOFFEINTVL I ENnbiK
ﬁwﬁﬁﬁﬁﬁﬁé CITlkx, y HOEBREY %5 _HZ D X9 ICHETHED x, y o m#EE &+

OB e, ¥ RTETHILEEZ L), DEDREEBL.
~£$ﬁ&i/:fwﬁ ECHELERODMBLE % EE) L, ZB %2 2720 08LRIE L,DOF—FThHbETH.
- GEFHFEO Hill BRI BT 2 MUEE I, EEEROMBIREIC B 20HEMEEE ne=vi/d T 5
EEAn I LT LDF =S THHET D,
oL XETHEO Hill FEERICBITAEES &, e BE, INHIZE LT Ax, Aylite,d 1 KD
HEFTHEHERANTET LD TES,

sin v, . 2(1—cosv,) 2—2cos v,—3v, sin v, .
Ax = (1 _23(;0) Xt + €0 | Vo (34)
Ny Ny Neo
2(1- —4si 3v+3v, cos v +2sin v, cos v, .
A = - (1-cosv,) (1= (34cos v,) e, 3v,~4sin v, 4 Svet3ve cos vet2sin v, cos v eoljn  (35)

neo neo Ny

Yl K o THKEZEBHDP BN LD T, LJHICL > Ty ICHNLKFELBHLITHEHEHIT I L2 E XD, — KOO
ORI Hl kO XD L) Ik 5N [4]

. 3a2n, sin? i sin 2w 4

S d, (36)
N T ren (1 et

FR% e 1 ROEFCTREATLERNER L. ZHERK B2 ICBIFLKFEHEE ¢ 1 RDIEF Ty v+

VLT RS,

Vo=~ %l sin? iy sin 20, (1 +3e,)d, (37

OXIZLJEICE D xDEEZEZ D, 52 RETHIEIZL > TxDEF DD b x, & [T 5 sinv, DL F v
YENTHIENTE, IR ERD. 2720 x DEFIBIT 2 e DHBIE LD 2ROF — 5 L 72 %O TEL
5.

Xo= — asin’i,c0s2w g ody (38)
CDEHNTxy WEEDDEE, LEIZL Dy OEFIZB W TERLER e (DFEIL 0 1 ROF — ¥ THNLLDT,
BELE e BENCRRET 52 LTy DL HO ) bELGERLFEAMT 2R F vy VT2 TES. 2
DL EOBELFIIKRATHZ N5,

ey = 370( — g sin? lcO <9 5cos 2wc0> <39)
2 1
& (36), (38), (39) DEIIIjy i ecobEETAHEE, LEICLDx yOBBER (B, (32) 25, OX

DX, yOLHIZBALT B, 727706, =wotv. &L, LOLKROF—FETRERLTA.

— % sin? i, [sin 260, cos v, sin 20,] d, (40)

=1
Il

y o= dy- % sin® iy sin v, [2sin(2w0,4+v,) +sin 20,] d, (41)

COEIITx, y O—FHINEENL X, Jo, eDEERZTTEEIHZ SNEbIFTidRwnss, & (31), (32) &
RIS IR T E 5 2 Ebh b
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32 EHEOEHENEGANICELIBRE

XA E % E I Z 5 720120 LIS X - TA L 2388 2 BEICHIE T 2 LEXH L. 22 TIEID
BEEDORE S ZRKD L. op 13 Hill BEERIZB T S HRALE &AM EEOR T THE I N TS, Lzho
T op %KD AUE Hill R B 2 IMHEETED DAY, LED Hill EERIZBWTEI W) e LTERT S
WL, TONEF Y RV T L LN R MAT 2 2 L AT E UL Hill BRI BV CTHIXHLE %
—EIREOZEATESL. X Q7)) FEMMS T2 THOIEDED LI ITKDLND.

04, (ve) .

op(v) =A,, (0)3s (v.) + Ay (v)ds (v,) = pr

§(00) A () A, M 55 () (42)

FRIZE ST HO)ERDL I LD TE B, HMUBEZE JIHIZ L 2EHE ) T 20 TEO50EELYR (29
YRR EET D LEDD D,

EF RO LGE M A v, O & X TR RO LFEHIIT 2R EAT 900 = [0 4, 0 0 0 0]
ThoET L. ZOLEpOh)DELD I OMIEZ RS 7 DI HEFHEEICM A 5 XX )% Hill BERT
S S fe &L, SNOR LD 1LKRDF =5 TRDL LR LR D,

Su= —onZy [3sinv, +sin® iy, (= 7sin v, sin? @, — 2sin 0, cosw,,+ 11sin 6, cos 0,)] d,+2n% sinv.d, e,  (43)
= %anfo [3cos v, +sin? iy, (—7cos v, sin? w,,— 2c0s 6, cosw,,+ 8 — 16cos’m,, (44)
— 16¢0s? v, + 32c0s0, cos v, cos w,) ] d,—n? cosv.d, e, (45)
Je=0 (46)

FEFHEOPAEIZ L0+ — FOBELEND 5 &R (43), (46) OLARMEIEICH S L) B0 BNG 25, §d
HEOE e [, BLO S CBWTHELER LRI L CEHT LMD 2F v VT L) ITEDDLT LIIT AL,
Joo Sy POBONLHELROMIEFEL o TR E LS.
€= 370( - %sin2 iy (9—5cos 2m,0) (47)

1370 B9 LRIUCMETH Y, MHEFHBIINMA S22 HLBEF v VT 572D EFEHBICERET S0
FAX, WHEAEEE & HE OISR L o TH M ELE 22 572D I EFHBICHET AR EFLCEE RS 20
L) ICETHBOBLEERET L L EOUTHRIMZ 2REDNE S, fLETHEINLEOEDL ) 12K
b,

fu = 5 n% sin? iy (11 sin 26, -2 cos v, sin 2w,)d, (48)

ﬁv fn sin’ i (8 cos 26, +sin v, sin 20,)d, (49)

B, WEFHBICHIMEE X, WwWERET L L, M XS Coriolis JTHT D% £y, fi, 12X LT = 2ngp,,
2ngiok LT A Z &2 575, X (48), (49) ICASNAEEHEEZF ¥ UV TEHHDOTIELZVWOTIZT
ERHEE ORREITE 2 .

4. WIEFTEH

41 ARRZEHOE
CCIEMEFEHEDS EFEARIS L TR iic B W CHEAT I —E M2 T #E i : & 212, LIHORBEIC
Lo THIMNALED L ) LB 2 0 2 BHERHE 2TV, SRR E BT 2. EFHEEEFET e 312 HD
WEOD E\TMIZY I ab—2 a Y EITV, ZOMRY SMRAELE) % KO T Hill BIERTHGFERT 5.
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FFEEHEOMBELERE L GEHAIZB T2 0E0EEHV .

ay=7000 [km], Q,=0", 0,=30" , iy=45

BELZE el30F 721350 (39) fEZ H W 5.

BELE ec0=0& L CREFHED EFHBEICN T 208 GHERDPSAE 0,0 R) TOMIEL dp = [O

d, 000 0" LLTd =50 [ml &F2&E0, EFHEOEFHIINT 2 x, y RO EEHZ

LIORT AT d 2Z2 LEIW2E. 2 FIZZ e A EMEEEHPEL WO TEE). COMTIEY I
L—va UfRe (Bl), (32) ofiRzZHELTBY, X G225 FHEINL L) I12y HFIIKFELEHE

ChZE, YIalb—va VERIIIRERE L —F 2R 2 b hb.
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s >
£ 0.06 5
g %
% g
2 004 ¢ °
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(a) x AEREIIEZEE (b) y AEMEMAIEEED
1. BMUBEOEHE & BEROLER
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X 004} T.0.04}
K<) o
% -0.06f B -0.06+
o o
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= >
© 041l Case1:Simulation © 01l
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42 THEIRE EBORICE 2 AHAZTEORMIE

DENCOFMNES A O L BEGCEICL > THIET 22 L2 E 2 5. EFHEO EFHEIHT T 201
GBS S 0 08) COMBEEZ = [0 d 0 % J 0] £LTd, =50 [m] &F2LE, X
D2ODr — A OWTCEE T .

1. eq=0, =0, &L, »p& LT G6) IRz va L X

2. X Yo eo& LT (38), (36), (39) II/RTMEAEH S & X
W& Ty HOKELB 2 RET LI ENTE, BETRSOIEAMNEHZEET AL TEL. ZOk
BEH 28T, ZORIIRT LI, 1O —ATiEy FIMOKELZENIIZ SN2 EALEENILE <12y
HEZBWTHETH L. £72207 —ATIZRMNER %5 51ENS CHZONTWL I Ebhrsb. £/
B, BB & O— MR R 2R LT E2S, Y Ial—a VEREIV—HERT I DR 5.

43 BHRANC & 3 BHAZHORSE

O XM A T A Y AN LY FINER A BRI IA S EEF LD, ETHEOETHRIT 23T
Mot (RS S I 0,0 ) COMMIEE = [0 d 0 0 0 0] £LTd =50 [m] 32BLx, o
XD2o07 —AZOWTERHERLT).

3. e=0& LT, SEFMBIIMAL x AL y HIHIK (43), 45) OfFM5 L&

4. e, LTR (U7 D%, REFHHICIMZ S x HEIE y FRAICR 48), (19) OiE 5 & X
ZO2007 —ATHFHBIMR B RENEHBITIRT. ZOMITIRT LI, =007 —ZATRPLIO
EWHIRECBBH, eok LTR (D) OMEMDEHOEWEHLEEMLT, TPHME0LT 52 L
HCED,

x107 x107
2.5 T T T 2.5 T T T
---Case3 , ---Case3
] oL — Case 4f
15

Force-x[m/s/s]
Force-y[m/s/s]
o

15}
2 1 1 1 2 1 1 1
0 0.5 1 15 2 0 0.5 1 15 2
Orbit Period Orbit Period
(a) x FRIENEEH -V DH (b) y FEBEMNEEH -V DA

3. HBEHNENEHEERET 2 -DICEFTHEICMAZNER

4.4 RAHAZEOFMIEDILE

Db, TEFHEO ZFEBIT 2 MM EEB I Z 572012, EFHEOWIEE & EFEHEOB LFE 2
o L CH L EAS % & AR EIZ 2956 &, EFHBEOB O Z B0E L CHET IS E R I 22 CH
W EZBZBRITAHEICOVTHRE, 22 TIE, INSOREEIHEFHICLIE & 7 5 R 5 & A
MEZEHORE SIZOWT, OO 0,=0D0%ETHIET 5. ZOFREELITRT. ZORITIRT LD
BRI AT Z MR B E ISR 2 e T 5 &) b IE2 I REREER G ZLEET 5. EHEATIO
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e LEMZ T OEZOTRMAZEQL 72T OEIFHAILTREL S, —F, MHRELRET 256
121, »AHREOHMSMELEENIIE TSN NDT, ZOLEPHETELWLEIZE AL 2OHIESLEL
b,

Rl REFEEONBHRELRTET 256 CRFHEEICERANEMA 3HBEDEE (0,=0)
W BE R R it AT
B FEE 3 45 X —asin® iy ny d, Il fo | dt = 22asin? iy g d,
(1)=1) 0 [/ | dt=16asin? iy ny d,
JE N ZE B 5 sin iy d, ~ 5 sin® iy d, 0
¥ —asin’ iy d,~ 0 0

AR T, 2ROMBEARATHIEIC BT, WEFEHES ETHBI 0 U CHEETT 5T
T RAIZHIRTE ) D JIHO 2

EHEFT NI y BN B DS,
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Application of Formation Flying Control with Low Thrust Satellites

By
Shoji YOSHIKAWA

Abstract : Future scientific missions such as virtual telescope and interferometer require precise
formation flying where relative positions of spacecraft are controlled very precisely. A feature of the low
thrust that the minimum impulse is small is very attractive for such applications. This paper takes an
along-track formation control in low earth orbit as an example and numerically investigates how the size
of minimum impulse affects control accuracy under the two representative natural disturbances (J2 term

and air drag).

Key words : Formation Flying, Low Thrust, Minimum Impulse, Relative Position Control, Low Earth

Orbit, Earth Oblatenss, Air Disturbance

1. WERITICH T BEHEANDLEF
#i PR IRAT (Formation Flying) T, JIHEBEIC TIRATY 2 B O &2 A 2 H O A& A £8 2 5Hll L €
ATV, g WXCEK, THE BEEBN L EOSRRRBINI v e Y2 EHT S [1-5].

CZCBRRATICE B v Vg YR EHE LB O L L, 50D 72— X IGITH I ENTES (K1),
TV, BERomET O v N THE EIZEREAS S WAL 2350, KIZBEMIZE L 72 AH B4R & feA7 4

UK

-"’f-’f_, | [ L& T § ] \ o \

1 WHERTICLPEBI v 3 > DERLHER

* o ZEERMGUSH R S A e
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5 [BNEER AL HH D, REISEFOBNERICAL. EHOBMERTIX, FHEO/NEORE L% T
BRIZIRD I T D& RIS K Y BIIES 2 [HRBOAROHMER ] D131, BIIZESRIIS U TR O A X2 %
W5 [Hk A ZOEE ] BLUHROBRELE T 2 [MFTEIROLE ] © 2 OO@ENR 7 2 =AW b.
—fiZ, BEIEEICAER SN DI OHEER L, HEEO SRR (/DA 279V A [Nms]) 52 <, &
PHEERD =R (JHETD [s]) A b 3%, BRIHE OHEEROFRMIZ LD

(e 1] miorfgae 2 dilfE - BHEER A B L ORFIEROMFED 7 = — X mi AL

(B 2] meHEER)EE 1 0K 7 = — X2 BV CLEHER R OHIR % # U TEHMml
RENHRFEIND.

2. HREIORR ERTIREN

2.1. HBEFOHR

i, TWEltR COFHBY I v ¥ a Y IZBWT, RO E LA L& mREEE MR 5 2 &8
KHOOLENTWE, FIHO XEUS DFEETTHE SN2 L) 2, BLES A F I 7 A2 HHIC X > THETL 2 LT
T OMBFRAT 2 BRI ICEB T2 L0 77 0—FBH 505, 0Dl LERHIHEIEKA L & 21E25DH
%o

AT, REWZABRINELE GLHES A 7 I 7 A% ZE L T, BRI L7z & & ISHmBEIZIRD R
7oA &) B R BIIELE 1B A S 2 & RIS, —#ERB N COMBRIERO $ A #EsiEIs £ -
TR A2 &2 EBT 5,

P2, BN OHERDE 1 ORHTH 5. R HIEHE TH S 2 LA WMEBKOTHLOEENZ &0 &
) BRI R AT T BENICHE T 5. 2070, T TN EOHIEOAZ R E T S,

22, BEORREHS

MEIATOEBUNZL  OHEATHEDLR D ) [3], WHERITZDOLON VAT AHMTHLZ b, FEHIY
Y oa VB L HERE EEELE (LEO) THRERATO Y AT A FIHEATIIREN R ENTVWE 2 ED% W [6-8]
D& HRWA ST TOMETIEE VIR THHREMZ V2. ZLEWEIL, HIRE RHEE0E O FEE &
L, MPBIRIZMEE IS B CETH AN —E 2 RO L) 2BE (Ta 7 NIy 7 AMD T+ —A— 3
YIIAN) ET B ZOL) GRHEERTHIUL, REOEETRFEEZRS—HIIIINTn Ewvno s, —
DRI U ARIEZ AT 5 2 LA TE D, 220X ) BRFIGIROSE, Bl 2 XEESI 5 —HE
TN RED & &1, AT ET TN -8 5. Bk E ST bERR LS % &
B L, HIHREELE OB I TR 2SS RITT A, L) BIITEENER S D

®1 REIORTRSEMS

HH W7
FHERLE HERE BEELE (5 EE700km o FI#L5E)
LTIEZSI2)N B D50m Rl 7 % THEATRAT
RS AAHIL J23H & RSB
DI RE BRI Z B o AR R0 i 0
R A B LRI EAE GHIERZZ2 L)
il H A SELOTF T, BIRO0m i T IS FE fRFFT 5 2 &
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23. EEROEHE

BBIH T 2 FHEOMN BT, RFTAEREERO—MTH 2 Hill BIER [9] O x y, z TEHKTS (M2).

FROBELEZFEE L L, BEHEOmI N (BUEEH O MAEEEXY MVARPE) &y, HOhFmE z & L,
FHFRICED LI x BER,

2 Hill BIERDESR

24. VHBEORE

HRELD 2 & E S BIRDSRERI0 D #1725 50m FEE) L 72 Ki s CONLE - 3B & THR O MM E - HE L 35 GB
B & TR L T WA DIA O E S O WEAE AT —) .

3. SELOET
3.1. ROsE

F1OLMETIE, TR X, Z2) IZFNFRHEET2em, 12cm FEOEMZEBSE LS (M3). HEPEE
ICHARTHME L THROMT DS TN S WEF T, ZOEEIFIIAETIEEEC G L T2k 5. F7/-2, &
BRI BLEER ARG L, 0ED L I KICH A, LT T, #EESADISEDEEICOWTEE T 4.

501

50

E 409
* 498

|
|
= |
: : : |
9.7, 05 1 15 2

0 05 1 15 2
& B %
3 RICLZEMALBLTE

32, KREROEE

REIRPUTEE B L ORGIEBIRIC K E CHEAFS 5. 22 TlE, BUTFOFNETHEEES00km 2> 5 700km O #
PCRE S NG, REIIUC X 2R INEE OHiPH 2 JHAEDS 5.
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F 2 1R T EEES00km & 700km TORKGEEDF LAk [10] O 4 ODOMAEDEIZDONT
HLIEHEET. S5E3m/s @1 FE A 700km
AR EL00kg/m2 (GEPUAREL Cd2, B & m200kg, HiHifE1m2)
T - EFHETOMERIDOE 10%
AREMEE L CHMMEEZ KDL 25, K3 2H2, RIWTBWT, MMNMEEOHFZ Lo kv L,
INEWE ETIEY, KEWEETIE T2 %2 h. ZDXHIC2HHWENRL LI LM, T TGN
DEEN/NENEE (1E9m/s2) EREWVEE (1E-Tm/s2) O 2 FEEE TR 5.

xR2 AREHIC L2 EMIEEDRIEY

kg/m3 m/s2
R REFRE (F) | KR#EE (&K) FARSIREE | KEUEEE CP1) | RAERE ()
500km 476 X 1E-13 2.82x 1E-12 500km 13.6 X 1E-9 80.3x 1E-9
700km 2.36 X 1E-14 2.73%1E-13 700km 0.7 %X 1E-9 7.8 X 1E-9

SRS R AR 4 2R3, K4 L0, FISEFTHA (X)) 1210cm 205 10m @#LEE A O ZIZEMIC LT 59
AU 4. ZEIEIARRIHE (REEE, MERE Eueolbiz L) [UKET LD, BBLZFZ 2 TRLAM
FMEEDNLE WAL REVHEOTMIZBETLLDEEZHN5.

2002

EE{H-
P~

1] 05 1 1.5 2

3 0. i ]
i mE i mEW
() ARERICEIEHNEEHNI0E-9mis® (b)) AFMIEHIC & S b0 H 1 0E-T m/s

4 AFERICLZENUEES

4. BUERFFHIER

He HE W, 3 7S [ L 2, WHEAV = (AVx, AVz) ZGESIETH 2 /2R, REE T %o AE I,
5WD:®G)AVTﬁ&%6p&#T§%[ﬂ

AT AY EHCHGERIETIE, v 70— XN (FIERESBEZ) B2 eE2 605, REFEHO
HEMEZED T, HEOKREZS2LEHHHEZEC V) 7T —FbH 505, T TR, SHEOKRESICE
FUCHIEEIE 2 EES 5 2 & T, filf L 2wkRETGTOZIDOIEEESICT 5. BAEMNIZIE, HuE—E o’
410, BLUBEHIHEIT) 2L E2EZ L HHERE T LT5).

7, WE-FNICBT 5, LIS X 2 ET O TFEEA T () ZFHTE25 0L 35L& 1 3
ZIZBWT, AU L A E TN E ZB L7z L S ICROMEREBRBROMNE SIS ETICR 5 L)
R R JES S (X5).
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A ) 41
ERETHRO HERD D EREEDIR IR
fIERRE AV (HA)

B
&

N e N
F A (FESV)

u REFRAT 72 (Hm R«

5 BERFHIER

5. ELERSHIEORES

HEHE R O RBE DM S AHRALE O PRFFREEE IS KT T HE LY R L2 HE LT, T/ 278V A0%0.
2mNs, 2mNs, bmNs ® 3FEFHD A T A ¥ # HWV, FNENUIOWTC2RTHMN 2 AR TALZ 2% 2 5. ]I
BWEOEE®200kg L T5&, ZDEEDAV DIEIEX

0.2, 2, bBmNs D A7 A ¥ X 2K +200kg = 2E-6m/s, 2E-5m/s, 5E-5m/s

Db Fio, BIBOATAI DY A 7L LTI, 0.2mNs, 2mNs, 5mNs DNEIZ, Bz 1E, 7SV AFD T 5 A
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Research and Development of Electric Propulsion Thrusters

in Japan

By

Kimiya KOMURASAKTI

Abstract : Cathode-less ion engines are on the Hayabusa asteroid explorer, and Kaufman-type engines

are on the Engineering Test Satellite-VIII at present. A SkW-class Hall thruster and a 200mN-class ion

engine are under development. PPTs and laser micro-thrusters are prepared for the propulsion system

of microsatellites. This paper reports the recent activities on electric propulsion conducted in Japanese

universities, industries, and JAXA.

Key words : Electric Propulsion, Ion Engine, Hall Thruster, PPT, MPD, Micro Thruster

1. Space Missions

1.1 Hayabusa Asteroid Explorer (ISAS/JAXA)"

The Hayabusa space mission is focused on demonstrating the technology needed for a sample return from an asteroid

and was launched in May 2003. The cathode-less electron cyclotron resonance ion engines propelled the Hayabusa asteroid

explorer. Depending on the solar distance the ion engines were operated between 250W and 1.1kW in electrical power. It

is identified that a single thruster generates the swirl torque 2x10-6Nm. It succeeded in rendezvousing with the asteroid

Itokawa in September 2005 after a 2-year flight, producing a delta-V of 1,400 m/s, while consuming 22kg of xenon

propellant and operating for 25,800 hours. The total accumulated operational time of the ion engines reaches 28,000hours at

the end of May 2007. One of four thrusters, which has been most frequently used, reaches 12,000hours in space operation.

1.2 Engineering Test Satellite-VIII (JAXA)

The Engineering Test Satellite-VIII (ETS-VIII) launched in December 2006. It is a three-ton class geostationary satellite

utilizing four Kaufman-type ion engines for North-South Station
Keeping(NSSK). The major engine specifications are shown in Table 1.
Although its thruster design was similar to those on ETS-VI launched
in 1994 or COMETS launched in 1998, it was modified to extended
its lifetime from 8,000 hours to 16,000 hours. The engine system
was checked out in orbit in January 2007. After then, normal NSSK
operations have been carried out almost every day since March 2007.
The operation time is about six hours around the ascending node and

descending node.

Table 1 Ion engine Specifications.

Average thrust >20mN
Average Isp >2,200sec
Weight 96kg
Operation time 16,000hours

Total impulse

>1.15 %X 10°Ns

Number of firing 3,000cycles
Power consumption <880W
Grid diameter 12cm

Associate Professor, Department of Advanced Energy, Kashiwanoha 5-1-5

This document is provided by JAXA.



58

2. Flight Model Developments

2.1 MELCO Hall Thruster’

A hall thruster and a power-processing unit (PPU) have been developed
since 2003 as a national project under the contract of Institute for Unmanned
Space Experiment Free Flyer (USEF) sponsored by Ministry of Economy,
Trade and Industry (METI). The target specification is as follows: the thrust
level is over 250mN, the specific impulse is over 1,500s under the PPU

power consumption of below 5kW, and the lifetime is over 3,000hours.

Mitsubishi Electric Corporation designed, fabricated and evaluated the
thruster EM (Fig.1) and PPU EM. Fig.1 200mN class hall thruster EM

The thruster EM showed the thrust level of 264mN, the specific impulse of 1,720s under the thruster input power of
4.56kW. The thrust ranges from 87mN to 293mN, and the specific impulse does from 1070sec to 1910sec under the input
power range from 1.49kW to 5.46kW. The PPU EM consists of main power conditioners (PCs) such as anode PC, hollow
cathode keeper PC, two electromagnetic coil PCs, and primary bus interface. It is designed for 100V regulated satellite bus.
It showed over the total efficiency 93% at the output power range from 1.75kW to 4.5kW and at the anode voltage range
from 250V to 350V.

2.2 Next-Generation Ion Engine (AT, JAXA)**

The next-generation ion engine shown in Fig.2 performs very high performance over the wide thrust range from 80 to
200mN. The most important feature of the thruster is its large-sized ion extraction system, whose diameter is 35 cm. Current
efforts are directed to evaluation of reliability and durability of the thruster. A life test of a main hollow cathode was started
in March 2006. The high electron-emission capability of over 20 A and the anti-erosion graphite materials are its key
features. In this test, the cathode was operated in a dummy discharge chamber whose
geometrical and magnetic configuration were almost the same as the actual thruster.
Except for some troubles in peripherals, the cathode operation itself has been very
stable and favorable. Accumulated cathode-operation time reached 8800 hours in the
mid of May 2007 and the operation will be continued until fatal troubles occur. In
order to estimate the grid life by numerical simulations, beamlet formation should be

described precisely. lon-impingement current on an accelerator grid was measured

using a specially made gridlet. The gridlet

Fig.2 BBM ion engine.

was composed of both barrel and downstream
electrodes electrically isolated from each other.

The results will provide reference data to verify and improve a numerical model.

2.3 Space debris removal systems using electrodynamic tether (EDT)
propulsion (IAT/JAXA)’
EDT can be a totally propellant-free propulsion system if a bare tether is used as an

electron collector and a field emission cathode as an electron emitter. We have been

developing some components of the EDT system such as bare tethers, reel mechanisms,

Fig.3 Image of a debris removal

field emission cathodes using carbon nanotubes, and others aiming at demonstrating system with EDT propulsion.
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on-orbit operation. Figure 3 shows an image of a debris removal system in near future.
2.4 Pulsed Plasma Thruster for Small Satellites (Tokyo Metropolitan University)®*’

Pulsed Plasma Thrusters have been developed for the application to 50kg-class small satellites. Following the R&D of

a parallel electrode (rectangular) PPT, TMU has begun

L[
to study a co-axial PPT. Owing to its electromagnetic vaca | - :
| o — = » Pl
. . |~ Eectromema "'\-_ L [E
acceleration, a parallel electrode PPT shows the high w0 | pommmton Type,) s £etd |
. . . . . | e = -
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in which electrothermal acceleration is dominant, shows i . " \ At lian Ty
aa | . ¥on o
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It is favorable for the station-keeping and de-orbit. Wide e IPngastis, §

performance range (20uN-s impulse bit, 2,000s Isp to Fig.4 Performance summary of electromagnetic / electrothermal

ImN-s impulse bit, 14% thrust efficiency) has been type of PPT.

achieved as shown in Fig.4.

2.5 Microwave Discharge Ion Thrusters (ISAS/ JAXA)'""

In order to advance the technology of cathode-less microwave discharge ion engines known as the “u” family, two
programs are being carried out: 420 and 410HIsp (Fig. 5). The former is a 20-cm diameter engine, and the latter is a higher
specific impulse version of the 10-cm diameter ¢10. Table 2 summarizes the achieved and the target performance of the

models.

Table 2 Performance of “p” series ion thrusters.

Items ulo 120 u10HIsp
achieved | target | target
Ton Prod. Cost, W/A 230 200 230
Beam Current, mA 140 500 140
Microwave Power, W | 32 100 32
Beam Voltage, V 1,500 1,200 | 15,000
Specific Imp., sec 3,000 2,800 | 10,000
Thrust, mN 8.5 27 27 Fig.5 Front view of u20 and p10HIsp.
System Power, W 350 900 2,500
Thrust/Power, mN/kKW | 22 30 11

The performance of 120 was improved from the x10's level of 22mN/kW to 30mN/kW by the combination of a thin
screen grid and an optimized gas injector & magnet layout. Aperture diameter of an accelerator grid was designed for
improvement of propellant utilization efficiency. Evaluation of this new optics and the 1000-hour wear test of 420 system
are planned in this summer.

The potential application of the 410HIsp is a solar-electric sail mission to Jupiter, which requires solar electric propulsion
system with Isp of 10,000sec achievable using beam voltage of 15kV. Operation of the 410HIsp was demonstrated in the
laboratory using high voltage insulation techniques such as a DC block, gas isolator and supporting elements. Although
Isp of over 9,000sec was achieved, it has not reached 10,000sec yet because of relatively large drain current of 20mA to an
accel grid. It is thought that the non-uniform ion current distribution causes direct impingement of ions to the accel grid due

to cross over limit. By suppressing the impingement, 10,500sec Isp, 29mN thrust, 11.2mN/kW thrust power ratio and 58%

This document is provided by JAXA.



60

total efficiency would be expectable. A power processing unit for the #£10HIsp is under development in corporation with

NTSpace.

2.6 Project of Osaka Institute of Technology Electric-Rocket-Engine onboard Small Space Ship

The Project of OIT Electric-Rocket-Engine onboard Small Space Ship (POERESSS) was started. A 10-kg small satellite
with electrothermal PPTs, named JOSHO, will be launched in 2010. An orbit raising and attitude control of JOSHO in LEO
will be carried out by the PPTs. Their endurance test is under way.

An electrothermal PPT with a side-fed propellant feeding mechanism was tested. Initial thrust-to-power ratio of
43-48uNs/J ( uN/W), Isp of 470-500sec and thrust efficiency of 11-12% with stored energy of 4.5-14.6J per shot, and a total

impulse of 3.6Ns were obtained in a repetitive 10000-shot operation with a stored energy of 8.8] per shot.

2.7 Diode Laser Microthruster (The University of Tokyo)"”"*

Two types of diode laser microthrusters with different propellants have
been developed for 10cm class microsatellites. One provides total impulse of
30Ns within the propellant volume of 5 X 5 X 6cm’ with a single shot impulse
of 650mNs. This thruster will enable a microspacecraft to orbit around
mother spacecraft quickly. The other is a thruster of 3 X 3 X 2cmt’, including a
diode laser, optics, and micro-motor designed for reaction-wheel un-loading
of a 1kg cube-sat developed by Tokyo Metropolitan College of Aeronautical

Engineering, Japan. Its launch is scheduled in summer 2008 as a piggyback

satellite of H-IIA rocket. (Fig. 6) Fig.6 EM of the laser ignition microthruster.

3 Basic Researches

3.1 Osaka Institute of Technology

3.1.1 Hall Thrusters

The cylindrical Hall thruster (CHT) is an attractive
approach to achieve long lifetime especially in low power
applications. Because of the larger volume-to-surface

ratio than conventional coaxial Hall thrusters, CHTs

are characterized by a reduced heating rate of thruster

(a) TCHT-3B (b) TALT-2

components and by a lower erosion rate of the channel.
The 5.6-cm-diameter thruster TCHT-3B was operated, as Fig:7 Photographs of Hall thruster operations.
shown in Fig.7(a), in the power range of 30-150W to examine the effects of magnetic field configuration. By adjusting the
axial position where a large magnetic field is applied in the channel, TCHT-3B achieved a high efficiency of 18-39%.

The effects of magnetic field topography and discharge channel structure on performance were experimentally examined
using a 1-kW-class anode-layer Hall thruster TALT-2 as shown in Fig.7(b). The performance enhancement using a divergent-
type hollow anode was confirmed under the optimum channel length and various magnetic field topographies created by

magnetic shields and a radial trim coil. As a result, thrust efficiency was enhanced to 57% with the divergent-type hollow

anode at a discharge voltage of 400 V and a xenon mass flow rate of 3.0mg/s.

This document is provided by JAXA.



3.1.2 Electrothermal PPT with multiple cavities

An electrothermal PPT with multiple cavities (discharge rooms) was
proposed. It has an igniter and holes for inducing discharges in all cavities. This
mechanism was used as a substitute for the propellant feeding mechanism to use
a large amount of propellant. A PPT with two cavities showed an initial impulse
bit per stored energy of 75uNs/J with a stored energy of 14.6J and a lower
decreasing rate of impulse bit in a repetitive operation than a conventional

electrothermal PPT. Furthermore, a PPT with three cavities was successfully

61

Fig.8 Discharge in a multi-cavity

operated as shown in Fig.8. This inducing mechanism is applicable to a PPT electrothermal PPT.

with larger number of cavities for a higher total impulse. Unsteady phenomena, such as discharge in the circuit, heat transfer

to the PTFE, heat conduction inside the PTFE, ablation from the PTFE surface and plasma flow were simulated numerically.

The result showed the existence of considerable amount of ablation delaying to the discharge. However, it was also shown

that this phenomenon should not be regarded as the late time ablation (LTA) for electrothermal PPTs because neutral gas

ablated delaying to the discharge generates most of total pressure and impulse bit.

3.2 Kyushu University

Miniature microwave discharge ion
engines (Fig.9) are candidates for use as
miniature propulsion systems. However,
their thrust performance has been far
inferior to conventional ion thrusters.
For understanding the mechanism of
plasma production and loss, internal

plasma structure of this was measured

Thirsad, mkd
L ]
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Fig.9 Miniature microwave discharge ion engine and its performance.

and numerically analyzed. These results showed that there is an optimum magnitude of magnetic field due to the tradeoff

between a magnetic confinement and a microwave-plasma coupling.

3.3 Tokyo University of Agriculture and Technology'>'®

An electrodeless MPD thruster using a compact helicon source with
electromagnetic plasma acceleration has been studied for applications to
future electric propulsions. They already confirmed the helicon plasma
of 1013cm-3 inside a glass tube (Fig.10) and examined the principle of
electrode-less electromagnetic acceleration by RF antennae.

For future evolutionary propulsions, TUAT also has started a study
of propellant-less propulsion using photon pressure as the motive force.
A precision thrust stand discriminating 0.1uN is being developed so
that a 300W tungsten filament (as a quasi-black body radiation) with
a parabolic mirror demonstrates 1uN assuming 100% conversion

efficiency directly from electrical to thrust power.

Fig.10 Compact helicon plasma in blue-mode

in a 2.5cm i.d glass tube.
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17-20

3.4 Kyoto University

The microplasma source was made of a dielectric tube 10mm
long and 1.5mm in diameter, producing plasmas in the pressure
range from 5 to 50kPa. Optical emission spectroscopy and
Langmuir probe measurement showed that the emission intensity,
electron density, and rotational temperature of mixed N, increased
with increasing microwave power (Pin=1 — 10W), frequency (f =

2, 4GHz), and dielectric constant ( ¢ d =3.8, 6, 12 — 25) of the

tube. The rotational temperature was found to increase toward

Fig.11 (a) Microscope image of the micronozzle, and (b)

the micronozzle to achieve high thrust performance. At Pin=2 —
supersonic Ar plasma jet plume into vacuum (f=4 GHz,

10W with an Ar gas flow rate of 50sccm, the electron density and P.oSW)

rotational temperature obtained were ne ~ 10" — 10"cm — 3 and
Trot =700 — 1800K, respectively. These were consistent with the results of numerical analysis.

The micronozzle was fabricated in a 1-mm-thick quartz plate, where the nozzle had an inlet, throat, and exit diameter of 0.6,
0.2, and 0.8mm, respectively, as shown in Fig.11(a). Plasma discharges gave an elongated plume of supersonic plasma jet, as
shown in Fig.11(b), downstream of the nozzle exit into vacuum.

21-25

3.5 Shizuoka University

3.5.1 Studies on Electrodynamic Tethers

Shizuoka University is supporting the IAT/JAXA electrodynamic tether deorbit system with analytical and experimental
studies. The hybrid tether system in which the electrodynamic tether is used as the orbit restoration system of rotational
momentum tether orbit transfer system, is also studied. The results of the mission analysis at present show that the EDT-
momentum tether hybrid system can reduce the total system mass by almost 30% compared with an ion thruster-momentum
tether combination for the same missions. We are also studying about the new interplanetary transportation system using
the electrodynamic tether with a magnetic coil (we call this system “Mag-Tether”) and showed that this system was more

effective for the travel beyond the Jupiter than a mag-sail in the initial study.

3.5.2 Interplanetary propulsion system using stardust as propellant

i Charge chamber
For the travel to outer planets like Charain electmdeg Screen electrode
Jupiter and Saturn, the total mass ging ,
Insulator Carbon particles

of the transportation system can be
extraordinarily reduced if we can 2 : o

. . 5 L]
use the interplanetary materials as Needle socket % > o E>

LI .
propellant. We pay attention to the of e
stardust in space as an interplanetary
material. The stardust abundantly exists \
Y 30MQ .

in the asteroid belt and is easier to be Acceleration electrode
taken than gases in space. To use the T ‘ High voltage relay ‘
stardust as propellant, it is necessary — J_— —L
to accelerate effectively solid micro- Fig.12 Conceptual figure of stardust accelerator.
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particles.

We apply the contact charging and the electrostatic acceleration to charge and accelerate solid micro-particles. The
experimental study of stardust accelerator (Fig.12) is now undergoing to improve its charging and accelerating performance
of the solid micro-particles, and to find the effective way to supply the solid micro-particles.

3.6 Tokyo Metropolitan University”"”

Evaluation on hydrogen peroxide and another propellant reaction process with discharge plasma without catalyst is being
carrying on. The objective of this study is to estimate the effects of discharge plasma to the chemical reaction process for the
catalyst-less green propellant RCS thruster.

Evaluations of an electrodynamic tether system using a hollow cathode, another electron emission devices, and bare tether,
have been carrying on. Understanding the contacting process with simulated space plasma, it enables various applications of
electrodynamic tether system such as orbit raising, de-orbit, station keeping and power generator.

Fundamental studies on hollow cathode discharge phenomena and electron bombardment ion thruster performance

improvement are also keeping on. RF ion thruster with RF neutralizer is also evaluated.

3.7 National Defense Academy

A visualized ion thruster (VIT) was designed and fabricated for evaluation and validation the numerical analysis models,
and for the fundamental/educational understanding of an ion thruster. The shape of VIT is two-dimensional rectangular
parallelepiped, and the plasma is produced by direct current discharge. The electron produced within an electron source is
emitted to the discharge chamber through the keeper bridge plasma. Xenon propellant is ionized by electron bombardment
and extracted by a grid system. It was confirmed that the plasma sheath formed near the grid slit was convex against the
grid when the applied screen grid potential was low, and was concave when the potential was high. In addition, it was
also confirmed that the electrical connection to the anode/anodes changed the discharge path and influenced the thruster

performance.

3.8 Tokai University™™

We have been conducting microfabrication of micro-arcjets or -plasmajets
with ultra-violet lasers, and development rectangular DC micro-arcjets of
various sizes operated under SW. The micro-arcjet nozzle was machined in
a 1.2mm thick quartz plate. For an anode, a thin Au film ( ~ 100nm thick)
was coated in vacuum on a divergent part of the nozzle. As for a cathode, an
Au film was also coated on inner wall surface. In operational tests, a stable
discharge was observed for mass flow of 0.4 mg/sec, input power of 4W. In

addition, microfabrication of the micro array-nozzle (Fig.13) with UV lasers

was conducted. Fig.13 SEM image of a micro-arcjet array:
Moreover, its preliminary thrust characteristics were compared with the ~ M0?7l€ element height 500pm, spacing 100um.
single-nozzle as shown in Fig.12. Significant increases of the thrust and Isp with mass flow can be seen in the array-nozzle
case. To elucidate influence of the interaction of exhaust multi-jets on internal flow of the micro array-nozzle, numerical
simulation was conducted using a DSMC code. As a result, pressure at the nozzle exit increases through the interaction of

exhaust-jet boundaries. This effect must increase static pressure of boundary layers in internal nozzle flows. The boundary

layer thickness can be reduced by increasing pressure. Mach numbers drop between the jet-boundaries, and then the exhaust-
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jets are not expanded at the nozzle exit, or rather confined. These effects will reduce losses derived from viscous losses of

internal nozzle flow and under-expanding flow of exhaust jet.
3.9 The University of Tokyo™ ™

3.9.1 Hall Thruster

Sheath structures in an anode-layer thruster was computed using the fully kinetic 2D3V Particle-in-Cell and the DSMC
methods. The ion production current in an anode hollow is found to decrease with magnetic flux density: At the low
magnetic flux density, ion production current in the anode hollow is high and an ion sheath was created on the anode surface,
contributing to the stable discharge.

A two-dimensional dual-pendulum thrust stand (Fig.14) had been developed to
measure a thrust vector of a thruster with steering mechanism. Its measurement
errors were less than 0.25mN (1.4%) in the main thrust direction and 0.09mN

(1.4%) in its transversal direction. The steering angle of thrust vector of *2.3deg wi s |
S A
was successfully measured with the error of *0.2deg. -":'i'lf_f
RS

Xe density profiles in a plume were measured using laser absorption e

spectroscopy for the development of a plume shield. The maximum total number

density was 3.9 10”m ~* at the channel exit. Then, the number density decreased

by one order at 200mm away from the exit. Fig.14 2Ddual-pendulum thrust stand.

3.9.2 Pulsed Plasma Thruster

Liquid propellant is fed using a pulsed injector. A spark plug initiator

514 nm
emission
(Agutral)

is synchronized with the liquid injection. The single shot impulse was

measured using a thrust stand with the resolution of 1.0uN. As a result,

Isp of 3,000sec was accomplished by throttling the propellant down to
3ug.
In an ablative PPT, the acceleration processes were observed by

high speed photography (Fig.15). Monochromatic images showed that

high density, ablated neutral gas stayed near the propellant surface, Fig.15 High speed photo of ablative PPT (ion
and only a fraction of the neutrals was converted into plasma and and neutral emissions).

electromagnetically accelerated, leaving the residual neutrals behind.

3.10 Tohoku University

A high power magneto-plasma-dynamic thruster (MPDT) operated
with a magnetic nozzle has been investigated in detail. Experiments are
performed in the HITOP device, which consists of a large cylindrical
vacuum chamber (diameter 0.8m, length 3.3m) and 17 magnetic coils.

An MPDT shown in Fig.16 is operated quasi-steadily (1ms) with He gas

as a propellant. Axial magnetic field is applied to the MPDT and exhaust

velocity is measured by a spectrometer in order to clarify the optimum field

Fig.16 An MPDT with an extended structure
structure for the applied-field MPDT. for optical measurement.
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Experiments of both ion cyclotron resonance heating (ICRH) and acceleration in a magnetic nozzle are also performed.
This research is related to the VASIMR-type thruster, in which thrust and specific impulse can be changed with constant
electric power. When ICRF (ion-cyclotron-range of frequency) waves are excited by a helically-wound antenna, ion
temperature Ti drastically increases during the RF pulse. Perpendicular component to the magnetic field of ion energy
decreases, whereas parallel component increases along the diverging magnetic field. This indicates that the increased
thermal energy is converted to flow energy in a diverging magnetic nozzle. The ion acceleration along the field line is clearly

observed in both He and H2 gases. The exhaust energy can be controlled by input RF power only.
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Proposal of Nuclear Electric Propulsion System: Twin Star
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Abstract : We here propose a nuclear electric propulsion system that adopts a small nuclear reactor,
MHD energy conversion system, ceramic laser, and magnetic nozzles. The present status of the system
design is presented along with the future plan. The system is a combination of technologies that Japan

has been playing the leading role in their development.
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ECToOREBEAm BEOEWEBEHECRERINTEY, THEITELRHETTHL. —F, ik sICHD
IR AN (KT v 770 —6lf) (CBL Cid, Six ks s/c o< (RtEs, REEh%z L) %
WEL, SICEFNVHEOLE LT IR S RN L, ZEHPU—H bt 4 —OMIEHEBIINE > TWnwb 2 ek
EREREND. 2O L5, RMS ZHTO. Imm FELUT, 0.1Hz fHEOZEH) T 3 x10" m/MHz"* LU F DA xHr
BEFTHLZEPERENTVES., ZOEHODIZIE, BEEOT—I VL —b, JBHEEDOATAY D
VEE R L, ATAY L LT, KERFHESONIIZ 5 ICHET 2720 0RKMEDE, TR ET vy 77
) — Y ERT L7 0DEHE, AT AYHEOMEIMEILR S RIS, EHOEHIC
it 2 557 FOBMENPERENS. 2O EH5, DECIGO Tld, AMEI100uN, HIHEE0. 1uN/MHZ",
B TREEI0HZ DL b, 10'BLED#BA > 70V A Lo 72 PERE % 0 /N - (B O BERIEE A T A 8 & v B Rk
ATH5D.

PLEORIBINIRT$ 2 BB 2 BT 5 720121F, k2 720008 EZ %13 % WEE RS - §LE BRI L E
2% %. DECIGO O¥LEZEFEIZHB VT, ko S/IC DM IIEEIVN I WV E ) T LM T, KipEithss
BRI T2 (S/C LD DS, kA S OHifis R T vy GBREOERE), LBz A»HEEE TR
NIEEPSOER) REODEREZZBICANILEDNH L. I E TOMETIE, HWERAERPLE 2 ko
AHIZBRE L CERBT A2HESAEN ER>TWD, 3O S/ICIEZOBEMNEZY BEVORE Y ZFEE$ 5 & ) I2K
BEINE (La— FRHE) . MITEHEICE 2 s, BREFEHORENZWIEEIZIE, 1000km @ S/C FHHELS 1 4
B K30cm FREEZE BT 2 & ARED STwab, 72, BEENIZE S S/IC HOMR IR, 4x10" m/s"FE
ERELONTVAE. CNEITHHT 720 BLERIENZIOCONAZE MY L, ME5% I CHIET 5 2 & A7 8k
Th5.

3. DECIGO/NAT7 7> % —

DECIGO @ & 9 72 KB 2 BUAILE & 2 EB S 2 7201218, AL EaBre . FHEERBIAARTRTH 5.
% 2T, DECIGO i%, Z2HOHIE#EREZITE LIFAEMHICR > T\wb, ZORMD b DX, DPF (DECIGO Path
Finder) & %7 51T 5. DPF &, 1#D300kg /B RN, ZELL = —HiFHE 2008 (REER)
TR S NEEREO 7 77 - Ru—FW5H, FIv 7 7)) =3 A7 4 %883 5. 21U DECIGO O #
HE1000km O T Wt 2 i L T 1O EMNICIND 720 D & v ) fLES1F 2% 1), DECIGO & [FAiklz, Bk
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WE2777) - Ro—-THRTOEREZILE, EZLV—HF—HIILoTHNTLLDTHAS. DPF T3,
DECIGO EHD 7O ICEELRMBEATH S, (VELEDO KT v 779 =i, 2L —F—KiFHE Z0LEls A
T4, B —W—TFTHaHHE, 4)7 727 )) - A, O4Oo0FHEFAREZITH. /2, EitoeTo
VAT LR EfESERET, KA (01-1H2) TOENEROBMAZIT) . 8IS, HEREVWEZEZS
NTIEW A, b Lkc OO fHE T, FHERT 7 v 7 A—VOEKRHES, KEET T v 7 k- Lol
A IRBI R AE & - 72854, DPF Tl T 2 2 LS HETH 5 AR TH S, —J5, DPF CTHIMI L 7-5%
INSDOENENFBM SN o 2GEI12E, 2L ARV M2 EREZ 52528125, 2O
WEH COERDBEBII N T TIITbR TR WO, DPF TEONLENF— 513, # otz Tids
DN WEELZLDIIRAZEDNRATNS.

DPF Ti79 K5 v 77 ) —#l#iTix, DECIGO THWOHN L LD LREDMREZFio/-u— vty —%
AFGAYDBHANONDL TEIC o TwAH, /N - AHET) - MR DA T AV ZEELZFBREED 1 DIl oTH
D, MR & FHMIEERASED S oD d b, BE, DPF I, JAXA O/NRIEE I v v a VEHO 1 DISBESNT
BY, RET1REEDITS L% HIEL, T—F 2 77V — T TORGE & ERHAMREZ DO TV L EHTH
5.

4, TEH

Wk, mEIUEBIANG, ERBI S N R RE 2 R L, FHOHTLVWHRE L5 LTINS Z LA
TE5. TOHBEIZM?> T, HROEIW 7V — 7T, FHZZHE ) EE 5 DECIGO DRG] % #H T\ b
DECIGO Ti&, N F TIZMWEH 250l & FHBROGEALEII LY, NIy 77 -0z 0| - K5
HOATAYDORZEEI v ¥ a YIDIORBIZEDL L EELZERICR > Tnb, KREOGEVSEKY L, T8
RETENEENTH D,

SEW
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R E* NREE FFAST T — X0 77 )V — 7

Formation Flight All Sky Telescope = FFAST

By
Hiroshi TSUNEMI *, FFAST working group

Abstract : HEO/NEIETR >, T XOREEIR CIAWRZE 2 BHS A E AR X MBI A 2 5
FK9h, —HRIIA— =3I 7 —YEFEZHFEWLCHEESEHEETHY, b9 —J1d SDCCD &
WLZRMEGEE T, 80keV T TOT ANV F—FFHTEINT 5. 10keV Z#8 2 5 WK TOEE
Fe o 7EFMBIIINWE 223N TEL Y, HATHO TOMELBMZFETT S, —
i A21320m +10cm OFFEICHIE L, ZIFF LT 77 —WBEz EE$ 2. SEFEHRIEL DN
AR 2 IR 2 X ICBEHIE L MRS R I REREEFHEZ I TyiLd X v,
BN 77 —EOER AR O NS5, BEOFZEEBIZ LY, »& )RV KRZER
ERETE L.

Key words : ifl X #@00, #wEAIT, X—2,¥—3F— SDCCD

1. FUBHIC

FHOBEDIIE Y IV T, RIBEETIEIL AL LTI A THo7z. TNII2 TK OFH Y
FHETOBH D SHERINTVWD, ZOBROFHOREIT—HRIRELS OB TH Y, TofEe LT, —#
POIENITHENZBHEOFTHAEB L T s, BIZIZFEE TSR, WETRED L) REFEEE,PHL RS N
IHEN 5 I E T, 40MT 2 MR 2 IE— MDD 5. EIL, FHERIE»S 7T v 7 k— Vi EHLE T 8HF
DESENDD L. ZOMELIBFHOMRTHY, —HRECHBWEST RS, LIHH, BFHEzlin<T K
TOIANVF—EEIHETRLE, 107V IO ET L L) AETANVF-FEHBEOBE RN SOEZ D L, 25
B DIERY DB L. ZOXHZ, FEWAR SFHTIE—HPSOTREIMEATNS.

X MRRIF S BIGHF T 2 ZHERERL T 7 X< T, FREH T2 REPL CBIIS NS L)1k o7
BURSTCIX10keV LT (KT A V¥ —) OWEBUZZOEERES AT 25, EBUEES & 25 L, AT M VE
AR PR HTNDDIC10keV ML (B ANVF—) OFIHIIT AN F—ONFEHE L TEITWS. X
BRARO AT RADL SV ERFHORL TR, ZN5OFEMABIMMNIIE L A TVS, IS, X HHE
BIZBU 2 FHERBET (CXB) D723 WEICHSL I % - TR, FHS X BGHEOEA T, JEEN LA,
T AV F—FHITIX, CXB D75% 13 AGN % EJJETH 5 2 L DSEN®O S5 F TIZ7% -7z (Mushotzky, et al.
2000). G- T, KT A NVF—FIHTEIMAZOHIEIIE-o &) LTHRAZLEER .

* Graduate School of Science, Earth and Space Science, Osaka University
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Errtr::.' [ke] .
1, (k) $9» (BEIxILF¥—EE) & HEAOHE (FIXNF—H) ICLE->THESAAECKBDIRNF—T Ty TRIN
7 hb. (F) HEAO IC& BERAEERZETRRN L 2R XIRiR~Y v 7

EZAN, INFTOBMIIBNTY, EOoPRRLEREIHRELIN TS, DF D, SNI006 (Koyama et
al, 1995) 1IZRFEENE L)L, B2 72 RKIET, R ANV F—FHIBIC BV TIZEARY MUPEEHTY, BT
FIVE—D Eiﬁi“(ﬁj)é’\#ﬂé 5w FEORM, NGC4258 (Makishima, et al. 1994) % #50 & L TR & T
REL, BLANVF—FIHIZBOCEH 2R > TwE ) RELRETH S, CXB I X HBHO L0505 H 54T
BY, FOAXRT FVid40keV H72 D ICE — 7 R FFORENG o TRz (K1, Sreekumar, P, et al,, 1998). =
MZ10keV LT OO T R MG 2 AT 2 Db - RIKEZAET 5 &, EOHM R ME TIEFHAI D0 %
W, DF Y, 10keV PLEIZIE, FEAONLVREDSENTRDE Z &%) 020vbE 5,

BB LWREIZERSONTVuEY, KA VT —D2OoEBIAVF—F T2 N— L2 RKBNOF
(HEAO-1) ZXM1HIZRT. SUTHIZHL WREDZNZ LA 5. é%’yEmmM‘fAi%§Aﬁ®ﬁ
WCHUMHNAIIA 2S5 72 BURFH PR ANV F— R 2 5O TV I Lo Twb. ST 0% ERTOEINIC
E, S HIZERFR T DAL T, B AV F -G TV LR OFER Do TV D, TORST DS HIED
EFTNVRDOP, HDLVIIEDV 572D ONRIEHONERETH 5.

Z 2T, KA 1310keV Lh LD E T A4 )V F — IS KL O & W 2 TR TR0 TRITERISD 72 5 K Wil &
RHIATV 2, BT AIVF =B OB, 20 XBEXFORIRT, &9 LTdEmiE &Rt s Ol
A REEBUEDNH L., £IT, TN Zoi L TTRo/NIERE L L, WFERIT2 A L TEB L2,

2. FFAST EtiE

2.1. FFAST ZHV) &< B

X BRILFOEHFNENIZ1E, FORO XEUS GHEIASH ), HARLZMT A2 FETHL. WAHAWHLEEEETH -
OO, BRTIIHMIR- BOI 7TV a2 L2ICRESIND I LIk >T\wb. XEUS I3 EGHR 2 &Ml
WHEEDPORDLDOT, MHERITEIEFEICB TV, EERFEOOFEIT 4m D EICb %), HTHEHEE35m &
FIOERLGLIOTHL. BAOFHETIE, ZOMKRITZ R EBIRFRELTERLL) & L. 20K, &
BRERRA VT4 27T oUEDH 7272 A MRRIRAT TlE % <, SPRRATHER I TR E OB S 2
THWHENTIE R o7z, —7F, L212BT SMWHERAT TIRLELRREHID %  THED.
HAD X MR, B AVF—@llZ B L NXTHEZFH L T3, KA VF—#HPHOGRERD
BN, S AV F—FROBEOBVEBINE § 57201218, £XFEOH L VEH, A—/1—357—-05Y
PLECTH -7z, & 2HN, @RV F—#l, Ew%ﬁﬁﬁﬁz%f HTHD3.5m, T D4 5m 25
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RILTERT DBMITE KA 274 2 7B 2 FEA7 T 2imRMRATI1E, Rl ERE [ #R CTlE R L v,
—F, SEREL VD [/NIEREORKRITIC L 58T A4V F — 3L KER#E (Formation Flight All Sky
Telescope : FFAST) | (Tsunemi, 2005) &, &I AI)VF—FEIBOBEITH Y, ZHo/NEE A —#E % B2
JBRRERATT B, SAUSEERIIIHEERIEEZ LB LT, TAVE-—WICES RmERITTH L. o
FORS VT4 v TBINGHE R VDS, FIRBTFICS T, EAx OREOLREHE T CTILREEETBE) &
BIbDTHD. FMFEE o BT AN F— RO LK AERE, HRMIZRETOEEIZ% {, FFAST %K)
TH 5. FEMIIET S UTHEC NeXT X XBUS ~NED Y, TAMICIEMRERAT 2 B L 21k ) XEUS ~NERY 5.
ZOEHIZ, FRAST MO CL=— 27 28V Oz f->THBY), BAEOHMMN 2 FABEHEIZOFE > TV LEITHT
b5,

2.2. BEFEENEERMBE

XMRLFEOINE TOMRBIIFER AT v T2 BEATE TS, 1970507 7 VEREIZAF v VEETIEW
REXMOTEELZ. 0%, £XREFEOTHTANOIGEE TERAF ¥~ L2 HEAO 2, £HRICK
ERA VT4 T ERBNE LT A Y a b4 VR, GEPHL. FNhLIEENRREHo AN E
o7z, BUINIREIZH S T w7z X#ERRR, MR TR 2 RIKANEIZN 223, 03 CTIA Wiz EA L
T, MEIFHRESEA TS, ENR T Mo 72 RKERIZ0. 1~ 2keV OHFIF T ROSAT FHEIZ L ) % Sz
ROSAT 1, #HLWREDFKLIED D 2, BEWREFTHN—FT2ILI12L) CXB OMHIZLHE L7z HIZ%

Sl

MNeXT 12m

X2, BADXFHERHTHLRERBFEEEHL, RECR Lo TE NeXTHETER, X—/N—-3IF7-0OFHT, 2mdbD
R&EICKY), 80keV £ TOERBINFIRET H 5.
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BoORFEEZBRB L2720 TR <, 20 XM AV F — I MRS & BT IR 280 2RI, SO RES 28
RHEN7z. 2keV 2z 7210keV T TORIZ AN F—FHILTOBIMEIL, HTHLT ¥ FF, Z2— 2 TIT
BTV DA, BHIFEBIIR SN TwE. ZD10keV LTFTOZ RV F - TCOERERXLY HIEL T, £0R7%
ﬁthmmmsﬁEﬁﬁﬁéhtﬁ IS EHROAREAETHIMNIIEE s Ty, I RE0H A
I3 e-ROSITA & L CEIHISHEA TV 3.
mmv%EK%I$W#—ﬁIT®%ﬁﬁM@MW$ﬁ®Hmm-1,A2®Rﬂﬁﬁ%%@ot%@ﬁ%o
2. B TAVE - E L CTIZ60keV T TE 2> TS, Z0Dk, 10keV % B2 5 FHIH TR AER1Z2008
FICEBTFHAT— v a | %ﬁéﬂéM&ﬂiv&ayiﬁiﬁén&wmmmémmﬁﬁﬁfﬁmx7v
VAN A—=F DO, EESHET L BE, T AIVF—#HFHiZ60keV FTTH 5.
:ﬂif@N@V%tx%%l%»#—ﬁﬁ@ﬁwmu,%%ﬁﬁﬁi&#ot.%@tb,mﬁﬁﬁm
Ea) A= THEZELLDOPHFFIYAZ 2 bDICRENL TS, AFEWHZL S DIEHEAOL A-4
(13-180keV) T, @KEFRZIT\> (Levine, et al. 1984), FDH ¥ 1 7 121317mCrab F THOEER Y~ T )b,
KIVHORE G A TS, FIIUTH CHRETIE, 100ks OB T 1 mCrab ML T OMHEE % > (6 2
\¥ Ebisawa, et al. 2003) INTEGRAL 7 & 25&% 4. L #* L, INTEGRAL (213 & RERLDFEFIE X2\, —F,
SWIFT & (Gehrels, et al. 2004) Tld, JAWHEFZFFOBIEE BAT (2 & ) 15~150keV FHI TRV R 22 % EA4L
L, B8 TIZ 1 mCrab IETAHEEZF->TW5E, THIEFFIL~ A7 2 flio - ZIRTHHE#RTH A 72012
RO X BEEAFER AT NIZ A 236, B 2 XGRS CIE R ESE S 5 L RS ShTwnd

2.3. FFAST #E(CXT 2 ER14EE

FFAST 1, @AV F — XM CORNEIC L 2 MEEVRROFEHTHY, 3) A= RfFoft~v A7 12
RBL TNy 2759y FERLSTHIENTELOT, MITEHWEEZEHRT L. T2, %ﬁ@tfw
7280, SRATHR KN~ YT v EEOREORE L 7-R, IR O IBNI R E DL A 7 TR O
RIS 2 T 5. B X ZREOF XM & Bl CREs. A—/3—3 7 — Tl i?ﬁwﬁ%’ﬁ%
WOT, UYNINEEERROREERGEHEEZED, TN IBROLEFEZHWRT 25MHThH o7z LoLl, E
BHEOBEASF21E, TR 1 A0EEFEITK I ) DEB LR TV EHEIIL Twb. ZoHAICE, iR
FWONEEZL LRECT I EUREMA L. ERE—RIGEET L EE 2, HEFETLTREDO W L
ZEEL, X#HETARXT PP -LEOREEBADAT M5 L, 1EBOERIZL)EEOREKIL
FI10F [ @81 S A1, 10mCrab O KAk ﬂLf%%«/b%wé BIAVE— XMEO 7 &1 72 Ekon7:
logN-logS Bd£% (Ebisawa, et al. 2003) 12 L 1iE. ZOHE (10mCrab) ZMBKEDOHZ L LT, Thns L
b 2% L150MENL EOREAMR T E 5. BUAIIHE 2 M L 31U, SOV REF THN-TELILIIL 5.
L2L, B AATOUAELANVIZEEZELZVWOT, BlNHE2LEESLZLENH S, ZhIZOWTIE,
HBTHERL.

LAV F = FHIROENIREITIE, WHAWALLTLRYEH LS DD, BN T ORI AEEAH0. 3ELLIT &/
S, F 7o, ot L OBRESKAENEREE 25, ST OHENERELS 6m Tl0keV £ TH/N—L
7205, EHICEIANVE—FI) NeXT CTlidl2m &% 4. 2o LHi2, EHEHEIRVEIIVEMTHL. D
FEmOE LT, SR & RMERERE L 2R 4 ITE), WMRRITS €2 LV ZRRIBKROZLTHY, &
FHEESSm % HIE$ XEUS BHEICB WV THRET ST 5. Fi4 OFHH FFAST &, O /NUIE R OMFFRIT T
@%%ﬁ,MNS%@T@ﬁéﬂti5&547%4V7T@&<,Ef%ﬁf%%.ﬁof,ﬁ&%%L~%
H3 2720100822 AV F—T521E, 2R DEVHIBEO TIZER T2 TH 5.
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3. I v alrEREtEBERF SIS
3.1, XIEE=EEE
LAV F—FIHOENERG L LT, ATERFTHEOEA TV S A —73— 37— (Okajima, et al,,
2002) #EHL, HRICEET A, F10L) ARy 7 RIERET L. Z2I121E, HEBDO7-®IZ FFAST Tff
A a8mens, BAERESIN TSR X MBI E NeXT THEHT2 0L 2B TRT.

1, FFAST-s & NeXT ICH 1 3BT IV ¥ — X IFLREED LLER

EE T e R LAV F — i
FFAST-s 45cm 20m 93kg/ 5 1 10~80keV
NeXT 45¢cm 12m 66kg/ & 2 0. 5~80keV

FFAST #HH Cl, BT AV F -T2 bE10keV 2 5 FHIHIZE T B TH D12, 10keV T500em?,
20keV T400cm?, 40keV T250cm’ # MR 5. 2D & ZDOLEFEOHEEIZ FWHM TLODAREEIZ % B
PERGEOHBGURIIBURTII 1 TARETH LA, HRL72Z2T0m Ex B3, SEREBR SUMIT D729 121E
LNTWAEEHETIE, KERIMEAE% 7 Point Spread Function (PSF) (21320 AREOMVY v —T%aT70d
L5 ENHMOENT VS, PSEFDOY ¥ — 7% a7 IEECIERE L FEICN T A2EWIEEZEETE L 2 LIZEDP 5.

K3, (k) SEERSUMITICERALAX—/X—3I5—, BER40cm, ESEESM TH 3.
(&5) SDCCD & ZDELD. 30mm EADZHEAEZ TN R A TWS.

3.2, X #RHZE

M AR AL LT 2 AR I RO S A ERE R MET 5. FFAST O # i 2 121310~80keV O #iPH % ¥
JEL (A DML RS 2. UAZ OFH THRIEMROE W Lk b5, (L#EG#EE LT, PSF
DYy —=T%aT7HTFIH TNV TELLEMAEE LT, 0.2mm DFALETH 5. BRI X9 ISHRIERD
e R&ESE LT, 60mm PUAIZEL LY. KIZ, FFAST IZJAWVWREZERBNT L2010, 23BN 5
HIANEET 5. ZOBEHFEILE THHBENZ RGP 3HEP» o THVEZI TWREETH L. ZOLEHT,
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VB T AR RE, BRI RAEDS R T 5.

INFTRRKFETIEIXMHH % BB L CTCCD % 2E5A % (Tsunemi et al., 2005) L TH7z. &3 2,
Astro-E, T LD CCD /1 A F26, MAXIHEHED CCD 7 A5, 3R RSO CCD #ffio7- X A~RY b1
A =5 %S, CCD EEHRTELNTWAL DT, 10keV B Z % XA L T, ARSI T A5,
CCD DRI Z IO B DIZZRZIEGDIEETH D05, &5 T3hum, MAXIIZMEH T % FEF T80um, NeXT H
WZBASEH D b D13200um Z#Z 5 ETIZR>Tw5h, ZOHATOLREZIFIZ20keV I2BVT0%TH S,
i, BEZOLOTEIA VT — XHEEBRHETAZ LIZFEMICE LV EICERT S, ZHICHLT, &5
IANF B TOECRHELERTS00E LT, RKRKFETHENEA TS SD-CCD (Miyata et al.,
2003) b DH. Tk, YU FL—FHEPFECCDERKMIFEESELLDTHAS. SD-CCD TIHEKT AL F— X
UL CCD THEHEMB L, ST AVF— XBIL v FL—F TRELAZWHENEE CCD THET 2 X ) 12> T
Wh, DFNEIAVFE - XBOREHRIIY v FL—FTREL SIAVE—MTOY Y FL—F DN
A3 %, SD-CCD O AL ERIERE X, CCD OB FERETHIE 2D T, 0.2mm ZENIZECI L% 5.
I AV F—0fFEEIL CCD TIE AR Y ¥ FL—F TikE 5.

BIANVF—{OMIER#EL, P rF L= THRELD, FIENLDOZHERFTHL, BEFHL TV
T rFL—=FIIEE300um O CsI T, FOERFIIMELLTVE, A—3—=3I 7 —DENRETI &, SDCCD D
WA TRIORT. LV ERERIELER T 2120F, BEWs yF L=y 2#H53 250, BTHETORKERFET
o/ F L= PNETHL. TR L, MESFROSILEHRL LD VEEPLETH L.

FEBOIFLF—IHTLHNEN HBEBOIPNF—IzHTHEEE
A= A—E5—(F X)) SD-CCD( R3]

NeXT/HXT (3 units)

H=EDCCD S0—CCD

T-ray sargy (kel} (1] 1] 40 1] B
T 4 N —(kay)
4, () ChETOERFEERFHOXBBEEIA-—N-IF7-DAEBD I XILF —EKEFMEHERL 7. NeXTHEHEDZX —/¥—3
S—BBEIXINX—%TENRTES. (B) £KETHCCD & SDCCD & DIEHIIED I )L ¥ —kizit

CCD I X BB O R EO—DFFAN LM OE» 5 2 L, 2 F DB SREORNZ &12Hh b, L2HH
FFAST Tl CCD DI REETL T TH L T EHBUTO LI 2. BRI R7225, BERIFEWE 354
o THRIGR LEBET L. COBROBENIEEIN LWL ) ZECHIZIVBEEL 2D, HETIEEHRT
Exwv, L L, BREOBEHHEZ CCD OfftFidk it L AN —KT 2% & ) IR ETIUIMHRICHRTE 5. &
ITEHE, BAMLEELZHFHESTL L, REOBEZMHEATEF Y vV TESL (WHDWELFY 7 MAXFY V)
XTHD). TTTHHTIHARLFEELTE, 7V 7L =2k THoal ed s, g, #4
YTA Y TER TR 7V — MmN S L EIEE R EDES, AR K E RS % EOFEE
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XL Ebhb. MHGBHEEOY Yy F, I—MAEEIIRALTEL 2V, BIVARKEEREIEY. g, 2
GO LI E CCD Dt LM & 2 —H S LLETRE > T 5.

CCD Z IEHWICEES B 201203, WHIT A2 L H 5. BIFEE & L TE—100CRERENZE T LW, HT 20,
Astro-E2, T&<, MAXISSC R EHARDOEHE TIZF I EFTIIER L TRV, EFE2HRLZFEHTSLZ
EERETHDLY, Y FL—FEMEDFIT72 SDCCD O, ¥ v F L — 5 OFFED 5 — 60T FEEE AN iR # i
EhoTwa, LaL, MEBHEEO U VAIZEOBE FMICHbERITNEVIT R L6, wEITIE, 3
HOBOEWA SRR L ) LEPH L. ZHUITTICT SKFHETOMHAER LD, Tl EHRET
H5EHBL TS,

33. HEETESRES

B — 5472 ) IS CCD DA HFE 1L60mm U Td ), £ 3HEIC—WHEOFAL L & %5, W{fT—
FELTIE MEORZSIKGET LN, &TE25¥ 70— FTELHAARTIZ V. 2L, ZNETHCCD
AR XBBAEE LR L THD. 22T, HMET-FUHEEICL ST, BRODHDL ANV MNET 2%
T8 h,. BIZIIWERT A NS ML, 2088 — VB S, XA MERKBTES. DI, &
VH—OEEEL LT, B AVF—XH (10keV DI L) 7ZIFICELE D ETIUE, 4 XY MIEMICEEZDSHE
IZA-72E LCh, 7004 x> b HiE (38) TH5AH. fE->T, 5004 X b BUECTEIULH5THA ).
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A proposal of InSAR satellite mission by low power and continuous
propulsion

By
Tetsuya KODAMA *

Abstract : SAR Interferometry Dual Satellite System (SIDUSS) has been proposed since 1994
as a future InSAR satellite project. A proposal InSAR satellite and LEO missions by low power and

continuous propulsion are discussed.
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HEER KILMAIC & 2 i O EE S — HIRARICHFETEZ 200 MSAR DL =— 7 Rl Th D0, €O
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DOIVER % AT > 72, F 2B Tl TerraSAR 2 #12 £ % DEM {ER A% HAY L L7z Tandem-X I v ¥ 3 Y ASRTE & LT
W3,

3. SIDUSSHE XT LA

% < @ SAR HAhFE#E 2 2SRH L T2 5 Dawn Dusk Orbit (0 2) IZIZRD A1) v M5 5.

2 Dawn Dusk Orbit (Canadian Space Agency 7 = 741 kH»5)

WRERR AR S, BOKB NS BEAE A CTE 20T, KEIEZWHET S SAR 2 v ¥ a VIl
Kb B S VO - BREIHEHE 2 A2 L § 5 2 LAY R,
HEATGREHEI/NS %), BEZRCEETEL2DTT 7 74 71 HEBITHA.

— ey ot B G R & EEA R ASE 2 5 2\,

Dawn Dusk Orbit DFRFAIZ LY, ¥ ¥ TV EFEHT SAR BB HEE 2 EHTE 5700, HEOKI A ML -
FEEEERICES 5 I LD REE 225, SIDUSS DT RIF - Bl har 74 FaL—2 gy, BEREESRS
BlllHLELY 2N 3, K1 KPR 2ITRT. (BB SAR 7 v 7 F—HEHTOH)

SIDUSS {3 H-TIA O AREST (% EES50km D KI5 R HABLE 12 #95200kg) ISR LT3 EE~Y—Y Y2 H L TW»
L7280, FEFoREIE T LI EAMEE 2D, CNIHEOK I A M- BEEEER IS T5. 72,
FRICE L DOEF =Ny 7EREZFEWT L L L WETH L [6]

BIllHE L 1 HISEORYRHESE (560km) BIfZICHKET S I L& o T, BEEHIZL > T1 HigK 4 1l
OB EBRTEEL 725, ZOHEIZL D, JERS-1 LU ALOS T3 ZNZ144H - 46H TH - 721l H g,
2HDERIC L > Tl4H &% 4. LA b Descending & Ascending DEAIC £ - T, HMFBWMENM N7 bV OHEER
BEAKIBICH LS 2 EDEETH ), INLOENLIE ST 2 — S BT 2 RENRIERIEOND
CTEDNEFESI N T D [7] BISHETHIANIR LTl Al A< & iuk, EEMWCHEERTH, $abb—
BN —EOBM2S L 20, M 2 MR ATEROR & 25 2 EAMIFFCE 5. (NASA IX GPS % InSAR 7 —

® e 0
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K3 SIDUSSHTEV -#EEI>T7sF¥aL—Y 3>

1 SIDUSS E2/RH

SAR 500 7 ¥ 7 Fih370kg + EAAI T 130kg
TT&C 37 SHAYFT7ry5F+%2&t

AOCS 115 GPSR, fHEx &L

EPS 76 Li-ion 40AH battery X 2

SAP 50 ZEHaxhEE27 % @ multi-junction £V (2. 8kW)
DRTS 36 MDR72GB, X /\v F7 v 5 F&te
STR 300 HREREROF21% GEEIS%IEE)
TCS 35

R 112 LRR &

HesER 30 4N X 4,20N X 8, ¢550% > 27 x 2
HEIE 120  full tank

i #11400kg (3000kg A:iii@ 2 %)

&2 SIDUSS gilEE
MURHE  ROELE EUEEES $EEEE (kn]

28 -5 415 616. 734
28 -3 417 594. 302
28 -1 419 572. 049
28 0 15 560. 989
28 +1 421 549. 972
28 + 3 423 528. 070
28 +5 425 506. 339

& % FH L 72 Quakesim 70 Y = &~ THIED T %2 FE it [8])

BIfE ALOS kB LC, 7= Wik 7 v 7 F 22 7SR - L— ¥ R 2o o Tl s
KEFEMEREIRESIN T D25, MIkBIIEE O K 3FORMIZOWTIE, FEOMERETH Y, kR
FTREBEPHECHETLL ) 2 LORBRTH S [9]. CPRISFEOE T HBEEOREIC LU, B
NV TRMEFTERAN) I 75 =5 0MGEFMTHHT LI EEoTw5 [10])
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R, BEASAMO—- FEHEEEP L CHEIAAA Y0 VU 2 BETLEZIRET 5.

5. WEKEEII v P 3 ICE T SEIETAOLEN

REEBIANC X 2 ERBIE LT, BUiEmBllla e (TRMM) RESEBIIGE (GOCE) 25EH - FM%EHh
THHN, INOLOEHETIII v v a VERO [FE&] & L TRWBIHELE.EE S h7z.

T v v a v 2FE LTERYE, RICHESELEREEREZ 1/31231Ul, a4 X3 (1/3)
A (1/3) ~0.TRMAEEE L 2 5. X o THMWRRIZMEAZEEZN BT 2 25BUHAIEIE 1/3 ORI TE 5. B
ZA LS IR EHLHT I VA, T A ML, L) SHEZDORREHEOBEEZ S LT
L, B—MREZBER LX)y PPRBELRVEICSH S, EBRIZIZHEEIVNILT 512 84 1 — FRERIFET
T 5720, BRONULE ROFONF R 2 ML S 2T IR 52w, (ZHUIKI X MEORE ZREE L
%%)

HEH EOBIE TR, BT - W ERORCTTHEERAT A v M e b,

Lo THEBINIZBWTI v ¥ a3 VER EOLEEZ BT, TBIABEEZ YR CBIIEA R < T b &0 fkee
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