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(ZEB)FE % 52 £9(Kan and Sun, 1996), & RETILT VT = IEX FAC ZDH D TY, FAC
I RREE \ 2 T LR E B 2 R R BRI D B AE R IR A 2 T3, S S AE DO ERR 2150 UE, FAC 1T
ANAFARZ HEDRBLTEET, 2O I, MLl IR E L EBHEE ORI T, 77 =56
DFERRLTZIRREEE W2 F T,

B =% Tl BB L FAC IXB EIT DI > DN TWDIEE T, SR
KM LG Lo & SR CIXBREE I~ AT =00 B\EL TV, LS o TV zoa B L
T3, LU FEBITIXERERE 2 1 B HOREIR CHY . BAEOBGRITHO TN T, Z0LH7%0HE
ECIIBALE IS A DB AT O T THY, 2OV ENSITE Y = —%f i
FREW VOISR E T, XA T E IR E OSEEETHY ., #0 OBLI LT R LHE
EUNKUMEE T, 2D, TR OB BB HE STl FAC X A TN KITT-HDIC2>TL
FomEHTLEY,

3—3. fElk 2 (R2)FAC

FLIHNHNTNDINNC, BRI T ANV DI S AL, 7 AN— LB 8219 LR %
JEAK L TV ET (Hones et al., 1984), [HIZSIT-T AV OIERIL, KB REOEGRT —heZ
BT T A~ DIFELRESEE T, TTAIET TR~ — b L, ZERNCEHTIADS
NTCWET, /o T, ENEAIREICT DGO B ANTFEL TODIET T, TT7I9X
<~ —her—T7 DOIETI OV EWNTH IS T DYy F RO BTN, T TA~ — REIZHHIEIT
ROET, TR — D X FADOTZA= 5540 E, WRIEE EIC > TEBILET Y, X=-3.
5~-8 Re T —27L72-> T, HEIFI KRG U TUTHES T, B L E 9 (Spence et al.,
1998; Lui and Hamilton, 1992; Wang et al., 2001), ZD-X [A] XD 77 X< HE 1% X A1 Z DA
BRSIENTG AT HVIRHYET, EHICHHl=y P Tld-y FROER (WERETT) N7 T X~
—rOWMIEZ 2 BAANZ B> Tk, BREEH ST T AT 1% 2 DB R D72
nET,

RIFAC XA AT TERENSILADIZH L, R2FAC (377 A~ — N CEREN SNV E T, ZOBRENE
X, FIROT T X~ —NEREBEER R R > TODIT T3, ZHUZBL T,
Vasyliunas(1970)DELER N HVEST O T, a2 6 KITRLET, ZOMXIL, 77X~ —hDE
JEES AT 5 T AL E IR E . ZAUSAREL 7= J1/3\T 0 A% B 58U T2/ JL T 9, Vasyliunas OB
TIELOFBBKFORDINCHEZHIVET, ZIUTIROIDICH RS IVET, BRETE Y ER
BIXENEN, X AEE X AIZOT TAMHE 1% XA DUERHVET, LU bR
ENEBIZATURE L2 B DT, WM EX DT T XL SINTTE LD, BALERIZAM O
FNEL 720 ET, D ES D R2FAC L7~ TEBEREIZ 713 EV) DA Vasyliunas BER T,

Vasyliunas BEi@ | I LI D FAC 2T 5LV 5T, AT TSNS RIFAC LA
HILTWET, LrL7Ze235 Vasyliunas Bl CTHBLZSNTWDDIX, JINTAETTTOT, 2
AU RN —ZE AR N2 DM BENHNE T, TOT-0 SRR CORLIE TR E B 2 F 7, Zha
ZTCHINT VAT REREBIIHF A, ZOXRITEE DD @ EFICNT T, AR
SEERNC D) TWBD T, BEMEFEEZL T, BEEZEOIINHMEAL TWET, £7-5
JEFRDSBMANZ 2T T, EERIDSIRERNC B93> THAD T, AT EELTERLE T,

%6 XX, RZFAC NT T X~y —be Xz, 7 TA<L—RB R2FAC DX AT KT HE
VW), B RS 272> CODIEN G ET, xHitlL R2FAC E3AF 350 7 — b Ik
LET DT, FOETH A TREL 2> TWET, ZOERITERITE DB ER LT
NTCNDHHEETT, 58 7RI 2 —Tar bW TS R B2 L ET, ZORKIZH
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DI BRI, Vasyliunas BRER O LI DREEZ R CTWET, ZHUTESIT, IFANITIELT
UL 2L —2a TOENDPHIINDH LV LA FFET 6D T,

4. RARI— LE R

55 8 [XIZ Cowley (2000) (2825 M-1 it R A RLET, Izl —aillo T NLDE
PRI UT=D1%, 19954 LLKE T3 5 (Tanaka, 1995; Siscoe et al., 2000), ZO&E L RAlLY
Lab—Lar OFERENRVSE I T b g, FAC, i R EIR, ~7 RMR—X
BIROEEDIL, P2 —ar TRLAEHE R GB4AX) 2 ZKEKBIL TWET, —ibobh<
MOARIAS IV TWVDENE RIS, 5 9 X TRSNDR AN — LB R 23D £9 (Bostrom, 1964),
O TIXERIIHR CTENTHIET, 2, H<o DK B LE A —aT Y %o h
BAIEZ LN TS EERBHCRTT, 5 8 XEH 9 X k3 5L, 20 B OETHIET
T, STELLRIELWWNEZeb & fEim e SDDITR S ZETIXmNIS T, @V T
b B RATFENENNLTT,

ARANE—AE R TIL, F—F4 1T, up & down [ 5D FAC WX A EEIITHEESLT
VWVET, Vasyliunas OFLFGD, ZO X755 A Tl X AT EEBIRIIBMLER TlIHV RN
EMDIOET, o TH AT BTN DOBERIZLD, BHER T, &9 K THREm EIC
LRI DT v R/ T RAUTIBOEL . 2> DWAUCPEI BIG DR T v VES ThHhD
DT, VBz=constant TI 715, F ¥ RUIZI- T, PAVOTGE & RIRFIZRES OFE NN F
T LT HEIIMUTBES OBERIEIT S LTI AN T AP S A (F2PTRLIC DN ENY),
FTbbARAI— AEIRIZIIFNCOUOEDOEDRWER R T,

INFETOI 2l —var T, EFERFACREL T, RANE—AERBHEEL TREONZE
IHVERE A, ZOZLIFRANE—LEIER D ST FETHTZL THIRNENIZED | YIRDJF#ET
R

5. VT AN—2DFHH

WRBEZEE DS Thrb BEALOIIY 7 AM—AT7, ZhE2FHHTENE, BKE L)X
ETHITELEW S T&ET, IMFBz ERD% DY 7 AM—LD —r Ak, liEAR (55 1
O FEHEE ARSI, TTRX~— IR H#<eD) | Aty (GRIERIOA —a T3 528X
ZET) | JEKHE (BB 2V =y MRS TEIL, A —a I AR T %) | BIEFEE S TOTOE
9773(Baker et al., 1996), & D KO FHEII AN EREHEDO R B (42> 1) TH(Lui, 1996, 2001),
P2 MAT 3 AT DCAREGNE R BT 20, 22102V FHEN VBT,

PERD BB TIIAEFGME 2 R E IO AL EE L THMRLID LU, (LT 23 B 72 D0
ZHERUELZ(Lui, 1996, 2001), 4> & v MDA —1 T O IIMO CTHEEBAT, Zhz
RTEL OZREN, 7 2 b—AX MHD O E L EIRT 2 DX HEKRTT, Ikt
LyIal—3a  OffffrTlE, Y7 A h—2Z MIXRORE L ZE L L THETX E
T, ZOMRETIE. MIFEEY I a2l —yailkoa T, BHISHE2V T A =0 L ZF5
< OREEY 7 A b—L%E0 . BiEfROMITIG, 7 X h— L2 ZEMME G RIZBIT
5 )G O A AR S E) & L CBE L & L 7 (Tanaka et al., 2010),

P T A= LDOBAEIRD, E DBV FEL LI TODOREREL TL, SEXFR A AT RE
TIH, AMEOHITIE, BUUDEARE T, 2> D JFRFER ISV OEL T, #r L BLE RS
(Nagai, 1982; Lu et al., 1999)D bz, Z10XII/RLET, ZOHBITIL, FEIA] IMF 23R8 —av
I[CEELZHR 5% =0.0min LT, A By ME =52, 7min &8> TWVET, H10TIL, AlEA.
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BIBIREM, FAR—F) P —ar DT 7L 7 arOETHRIKHHRENTWDAONR LN
FT, RLTWEEAN, ZOIFNITHH EOWES 2 H)(Kamide et al., 1996)X°, BHID S AR —
ZUE—I 2> (Runov et al., 2009) T B UWVEFHLAS FLHIL TV E 97 (Tanaka et al., 2010), ZOEHIZ
P T A=A 2l —Ta i, BAEME DT FIRFR A TR R LD & T o8 A 5 2 HIT 0 7RI
ERLTWET,

5—1. M-IfEGRDRERLE 7T XA~ — FOWHY

IMFBz s L7 OREM T, R BELET, 22 TEF Y = —xi Tl
<, XA TEDAKE FACIZX > TEEh SN D xHi a5 2 £9, B8 D) 5 EBEREI it
S5 FAC IZBEE) S 4, M-TFEE XA R E T, ¥ o ¥ = —*%Hi CIEBMAICHAET D
BRIE DS BIZE T ORI A5 720 WA O EREE SHE O ITEEN 5 & TS
ETH, FEBRIITEREE IR KFERICRELE T, ZHUIFACHRIATIZEZD
NTEAT XX —THREI SN2 TT, bo & IEMICIE, KEGE—XE MR AEERTIX
XN— RN —F —iEEEEZDVENH Y £9 (Watanabe et al., 2007; Tanaka et al.,
2010), ZAUCR L CTIFAME CITFFEMEZE S ET0, o2 o< oHBbNA TV
1% T 9 (Cowley, 1973; Siscoe et al., 2001), DFE N X > V= —3HROBAIY ax7 v a v bwn
IRBL, EIIZIIEEMTRWE WS Z LT, HFEITIE, Xb—k L — ik
%, WS ATRENR Y FAVBE OB T, L LN LS OBRENZE T, Xr—kx
L — G AR L CRiG ) ax 7 v a VK AHEEN STV ET, Zhb i
RA72WNE NI EERO—DTL X 9,

A DI K ORHEIT, THER 77 X~ 2 — ks O T9 (Hones et al., 1984), Z D )%
WELTIE, 77 A< — B ET (B—7) DOEMINDHTEOHTHDH WD BRI A
2o TWET D (Bakeretal, 1996), TV HEH Db REREHEE T 5 DITKIL L72fITT,
VIab—va UREROBENTNG . ZHUEFRER Z EDB o TnET, ST A — |
IZZ DR G, WERRESCr — 7R TEHE S KO M-I S NBUIZ /2D £9°, il
K LT, NREIEA— e 74— L LR 2R L. £z n — 73 iR & xf
MREFERLEST, TOMRET T A~ — 2N L., 77 X~ — MBI 5 %f
MIZ X o TG L 77 AN SN TS, EO0OMKBNHERT, R LT, 77
A= — N L2 Z U F 9 (Tanaka et al., 2010), LU, FEEEREIXIIE G WD & Z O
B AxEtA, 77 A~ — bW o fEE (IFroT\Wzb a3 %) %@
UTC, BEMO M-IEADHER SN TV T, B & ERERE O EE) O sl &
LTHELTWDHEBEWIET, ZOMTH, 77 XAv I — MR THIERM X BKES &
FCHIER ) & RSB T) S 13890 B, BRI AT AR SNET, ZOZEIFFET 1K
HH R TERNET,

FTL1IXE, YT AP—LIEY T T A~ — DN T U A%, —XEZH-> T, P
& Vx EHTHINZH O T, ZAUFBIIITIERR LT 2 0EER T, A BB EMIZ
YL, 77 XA~ — hET, IxB (2) &-VP (1) IINT U ALTWET,

5—2. Gt T T A<D JINTG AL
KIFEN IR # RIS T 50084y b THY ., Aoty FOmERKEIEL, X/L—1/x

L—H —iEEDORBIZH S, FREHDO T T v 7 Aua—7 LR (NENL) OFRK TY,
T LS TT IR —FDINRT U ARED LI L THTL S, I a2 b—
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varmbibhET, FH1 1KALIZ, NENL (7F v 7 2a—7) Bzl &
IR T v ZADFh & F U LD HIERAI X AL (VDA > TITK OB B ET(3)

(4) . VxIIWEEEE (—9 ReNELTT L—R U 7 Z2RAELGS). DM, JE1(6).
BREEVR(7). WEREM@)DRFITIEM U ES, HHIINT RTEO T T v 7 ZAa—T7 0
FRATTN TS, ZHUDRRRITIENDDIZENZE L, BARICIEN 728 Z AT FEZE
MOIRREBRENE D . WEEKEOE N2 L E9(11), D554 v DR
BRI (L —Y—) ITHY LET, NBRXEOESN I, 7v—FIcX5Eho
IMUE D ENCRE QIR FT, BBOEKILT, 77X~ — DN T U ADEH
T9, B11IKOLE TS, Aty ML, NEBEAE (9 ReAN) TEIINT v
Z(9), HREE (9~2 0 Re) THEINSNT L Z(10)D 2 itk &I 72> TWD ORS00 F
T, BN T AT A= =T v g U OREE(10) T, 2L BBE SIS L
(Angelopoulos et al., 1992), i OfFHEZME L £7,

N AT ATORMREINT., MAHZEMORES T, REEEBNKL Z AR AET S,
EWV) DITHEZRDO R TTN, VYT A =20 LI RBEL AT L TENNREN
THNIATL X D, 1 2K, £8) (X Lo E 7)) DRl —r o A% F &
DiebDERLET, TRH T, NENL(Z 7 v 7 Au—7) [I4 1y ho 55400 ERTIC
IFRAELTWET, oty MIMIT THIERmEEREZEL (L h—%—) | T8N
HHKEIZET 2 &, MEROSHRENEZ 2008000 £73, Tty MEIIHEHT
EEGE (BBE)AS A L %9, BBF IXEEO EEIICET DRI L—% 24 U E98,
ALy b=y P THREL TS LS 7%, RIFAC & I3fEAITEZ Y A, EHEREIZHT
AT DI, EEROBALERNH3HAET D R2FAC TY, F1 2K THLRLND X HIT,
Wk )1 & INEEE 2 90 A 9 BBF Tlid, EWMIEEE W) K0 b HREET HHEN
BHnE4,

JEIRAE TIENENL I KRG S A ZIR L CTITE £ 9, NERKBEOENTE T L TITE
F9 . FAC ORZIZZ2 6708 9 TT,

5—3. B BRERLT TR —TEBIRARDERK

Foty MR, NEESE I ER LEERNM b ENTZERES EF AT AL
FT EGEL1IMAT) . ZHPEROREME, XRFib, 1= 7va T, Bt
BIIRT L BEEROBD THY A, fERE L THRWVESERERDPEZK IILET,
F13IKIZOEEOEIKERSR GBESX) 12, YIalb—rvarnbBohiEl, ith
ZHEELTHWEZHDTT, RIFACIIH AT &4, R2FAC EFEA L. &k E L
T 7 RV—7EiRE2R L ET, ERRIE. TOBEFR 550D, £ED k
AeY—3FESKE—FHTT, ZOETI/TIL, BEOEH) % EHERE 25 2 5 DIX R2FAC
C9 (Hashimoto et al., 2011), ZAUT I L > b7 = v ¥ TILRIFAC 2B OB % EHERE 12
fRxbZ &b, RESERY EF,

F13MOETNVTIEY T AR —LTHLH A FTEBRIIBALEMR THY . BEER» S
[ FACIITE RN OFRMEZI- LET, —KIZH, a2 b—3 g CCIEEERND
FACHREAETDHLWIMIMESLND Z LIV E 5 T, 2oz &iX, JEMES X EHERE
WO RZENEWN) ZEDOROETH D EEbIET, IEFICHERENZ 22, ZOFEH]|
T T A b—a LT BRRVWEDICR D, BREEE (SC) & bEUMERH Y F
9, EAEEENTERE D B2 202, SC @ PRI Tlt, KOS ELE N ET 5
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ZH b o, R/NOEREZE) LBl S EE A (Fujita et al., 2003a, 2003b),

4[5 EREEVEN B S 415 R2FAC 1%, EREE T &< O 7 — 7 )25 RIFACIZEN 5
DONHRTT (FE13X) ., ZodAF vy MIFRERT—7060FEDET, 20T
FEWHEY 7 A h—Ag KOGk E STV, Aty MIREREROT —7 DisE S
23(Samson, 1992), &9 DR S NVE T, EEF By MEIED FAC Zf#iWVWTH D
& . RIFAC OHEIINE., FENTIREMSEMBBRE->THET (1 4K)

6. B TTED A 1

BRI ZOEETITEHER O EW TT N, TNERER T HERB oI HuE, fi—IEHIT
B CELLEULNTEEL, UL, BKEZE OISR BRIE AR T 5 AR TITER L
% PERTFRITIRY Z U A LT 88 FEN LI £97, KB O AN E CTH DX

BBy TlIZe &R A B O RS MICER T 2L ERHY | 2L OBRE LI OfE % T
_ﬁﬁfp%}iéﬂé EERBBALELT -, 22—y a I T A=A THOEENICHBTHE2AF

THEELL TEELZ, ZOHATHE D Tl B EHEL TWHEZANRES EFTEREE R E
T, FORER . IREEEB L DD ED DT T AN— A R 2 i T AE A B EMRH
FeET,

F13XIL, FEFimD TSN ET, QD &EERKIZZ AR —TV 8 —a b A E
TEDTIRTUADILIAERSIVET A, WHIZEE 2 X, SOICER iRy EDJE 1137
VAL METT, ﬂ“r‘@b%ﬁ%ﬁ:%ﬁkﬁ&%ﬁﬁ%@ﬂﬁ‘/x@@@7"::@05% ECLLY, 2O
2 A $P O FATHERZFESIE T T, 2 EHIBRL TITIT IR, X—J’{}IL‘_“H-7X}\“_‘
A= LV IS, S FETEEA DTS &7%&5!%@7%07‘:’%{@]‘(%\ —EARCE BT
HZENHHETL LD,

Pi2 1ZE DI ENDN, A —a TR0 ARG T D, 7 Ah— A%
TR AT AT 20> KH RZZEIL PeS (272570 MP 71y 713 B ITIRTE T 570, BeA &
BT ANZ U R B ER BERR | e S 7 E | il <D BKEIDIL TV D0, AR ME IR AR
VORI LEAHVET, 2NBITT 2l — 2 a Nl o TR TAZ LN A[EE T,
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Convection and FAC in the early stage of study
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Force balance and energy conversion
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Plasma flow velocities
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Slab model of convection
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Plasma regimes and partial ring current
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Field aligned current system
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Bostrom’s type 2 current system
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Plasma sheet force balance showing the state transition
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Developments of flow and pressure during the substorm
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Region 2 current driven model of the substorm
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Abstract—In order to support future space activities, it is very
important to acquire space environmental data on the causes of
degraded space components and spacecraft anomalies. Such data
is also useful for spacecraft design and manned space activities.
Space Environment Data Acquisition equipment - Attached
Payload (SEDA-AP) measures the space environment around the
International Space Station (ISS) while attached to the Exposed
Facility (EF) of the Japanese Experimental Module (“Kibo™).
SEDA-AP was launched on July 16, 2009, and then attached to EF
on July 25 by using Kibo’s robotic. Initial checkout began on
August 4 and successfully ended on September 17.

The Plasma Monitor (PLAM) is one of the detectors in
SEDA-AP. PLAM measures the potential, density, and electron
temperature of space plasma by means of Langmuir probe
analysis. Such plasma measurement is important for analyzing
the charging status of surface materials and the potential of the
ISS.

This paper reports on the mission objectives, instrumentation,
and measurement status of PLAM.

Index Terms—Plasma monitor, Kibo, ISS, Exposed facility,
SEDA-AP

. INTRODUCTION

pace Environment Data Acquisition equipment — Attached
Payload (SEDA-AP) was developed to measure the space
environment around the International Space Station (ISS).
Space environmental data is very important to avoid the risks
posed by the space environment, such as total dose, single
event anomalies, surface charging, and the degradation of
materials. SEDA-AP measures these aspects of the space
environment by using eight types of instruments as follows:
1) Neutron Monitor (NEM)
Measures neutrons by using the Bonner Ball Detector and
the Scintillation Fiber Detector.
2) Heavy lon Telescope (HIT)

Measures the energy distribution of heavy ions, lithium,
carbon, oxygen, silicon and iron by using a silicon
semiconductor detector.

3) Plasma Monitor (PLAM)
Measures the plasma density and electron temperature by

K. Koga and H. Matsumoto are with the Japan Aerospace Exploration
Agency, Tsukuba, Ibaraki 305-8505.

means of Langmuir probe analysis.
4) Standard Dose Monitor (SDOM)

Measures the energy distribution of high-energy light
particles such as electrons, protons, and alpha particles by
using a system that combines three semiconductor detectors
(SSDs) and a scintillator.

5) Atomic Oxygen Monitor (AOM)

Measures the amount of atomic oxygen in ISS orbit from
changes in resistance in response to variations in carbon
film thickness.

6) Electric Device Evaluation Equipment (EDEE)

Measures single event effects and the degradation of

electronic devices used on Kibo.
7) Micro-Particles Capture (MPAC)

Captures micron particles that exist in 1SS orbit by using
silica aerogel and a golden plate.

8) Space Environment Exposure Device (SEED)

Measures the degradation of materials for space use
caused by the space environment, such as high energy
radiation, atomic oxygen, and UV.

SEDA-AP is attached to port #9 of the Exposed Facility
(EF) of the Japanese Experimental Module (“Kibo™). Figure 1
shows a photo of Kibo and SEDA-AP.

“PM: Pressurized Module

EF: Exposed Facility

Fig. 1. Photo of “Kibo” and SEDA-AP (modified NASA image)

Figure 2 shows a diagram of SEDA-AP and the location of
each instrument.
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PLAM is designed to measure the floating potential and
plasma properties of density and electron temperature.

This paper reports on the instrumentation of PLAM and the
initial results on orbit.

Fig. 2. Diagram of SEDA-AP

Il. OVERVIEW OF SEDA-AP OPERATION

SEDA-AP is one of the first missions of Kibo’s Exposed
Facility (EF), and was launched aboard the Space Shuttle as a
part of Kibo construction #2 (mission 2JA) on July 16, 2009.
SEDA-AP is mounted in the Experiment Logistics
Module-Exposed Section (ELM-ES), along with Monitor of
All-sky  X-ray Image (MAXI) and the Inter-orbit
Communication System (ICS), in the Space Shuttle’s cargo
bay.

SEDA-AP was attached to Kibo on July 25 by using Kibo’s
JEM Remote Manipulator System (JEMRMS). Initial checkout
began on August 4 and successfully ended on September 17.
After initial checkout, SEDA-AP began conducting space
environment measurements.

I11. DESCRIPTION OF PLAM INSTRUMENTS

PLAM measures the plasma density, temperature, and
floating potential by using a Langmuir probe. Table I lists the
four measurement modes. Figure 3 shows a diagram and a photo
of the PLAM sensor. PLAM design is based on the plasma
measurement instruments of the Space Flyer Unit (SFU).™

v ‘ MWM‘\[;E

Fig. 3. Diagram (left) and photo (right) of the PLAM sensor (dimensions in
mm)

The PLAM sensor employs a gold-plated sphere as its
probe, having a radius of 40 mm and a length of 250 mm. Gold
was selected as the surface coating material, given its uniform
work function and stability in the atomic oxygen environment
of ISS orbit. As the probe contains no built-in heater, there is no
active cleaning mode. PLAM has five measurement modes.
Mode 0 (a repetition from Modes 1 to 4) is used for nominal
cases of measurement. A mechanical relay is used to change the
modes.

Table I.
Measurement modes of PLAM

Mode | Probe Time of Applied voltage
mode measurement
No.
(sec.)
0 LP, 64 Repetition from Modes
FP? 1to4
1 LP 16 -2 to +2V sweep/16 sec.
2 LP 16 -50 to +50V sweep/16
sec.
3 LP 16 +10V fixed
4 FP 16 (Voltage measurement)

*) LP: Langmuir Probe, FP: Floating Probe

A. Mode 1

A voltage sweep is conducted from -2 to +2V (sawtooth
wave) relative to the chassis ground and structure of SEDA-AP
(as well as the ISS). The sweep time is 16 seconds, with 320
sampling steps (at equal intervals) and 8-bit quantization. Mode
1 has two types of current measurement mode, high gain (from
-0.2 pA to +2 pA), and low gain (from -0.04 mA to +0.4 mA).

B. Mode 2
A voltage sweep is conducted from -50 to +50 V relative to
the chassis ground. The sweep time, sampling steps,
guantization, and current mode are the same as in Mode 1.

C. Mode 3
Voltage is fixed to +10V. There are 512 sampling steps (at
equal intervals) with 8-bit quantization. The current mode is
same as in Modes 1 and 2.

D. Mode 4
The sphere is isolated from the chassis ground by a high
impedance circuit (at approximately 10°Q). There are 512
sampling steps (at equal intervals) with 8-bit quantization.
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PLAM Floating Potential and ORBIT
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Fig. 4. Floating potential and orbit data
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Fig. 5. Floating potential and attitude data

IV. FLIGHT DATA

Initial checkout was successfully completed on August 6,
2009. PLAM was then placed into continuous measurement
mode. Data processing is based on general Langmuir Probe
theory.™?

A. Floating potential

Floating potential is obtained from Modes 1, 2, and 4.
Figure 4 shows data covering six hours on April 4, 2011.

Floating potential is shown in the lower part of the figure. Mode
4 (floating probe mode) obtains Vpot. L and H denote Low and
High gain mode, respectively. The upper part of the figure
shows the absolute value of the magnetic field (red line); the
green lines show a solar eclipse [0=eclipse, 1=shine]. When the
ISS exits an eclipse, floating potential is increased by the power
generated by the PV array module. Variations in floating
potential are synchronized with the absolute value of the
magnetic field due to induced electromotive force. These results
are in good agreement with data obtained by the Floating
Potential Measurement Unit (FPMU) onboard the ISS.!
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Fig. 6. Plasma density and orbit data
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Fig. 7. Plasma Temperature data

Figure 5 shows one month of data on floating potential and
attitude of the 1SS in May 2011. The lower part of the figure
shows floating potential; the upper part shows roll, pitch, and
yaw. VT is obtained by determining the voltage at which the
current changes polarity in Mode 2 (Langmuir Probe mode).
The Space Shuttle was docked at the ISS from May 18 to May
30. During this period, the attitude of the ISS was changed from
+XVV (yaw=0) to -XVV (yaw=-rt) to avoid space debris from
striking the insulation tiles of the Space Shuttle. A lower
potential resulted from this change in attitude. The data on
floating potential is erratic during this period, as the location of
PLAM was changed from ahead of the ISS to behind it.

B. Plasma density

Plasma density is obtained from Modes 1, 2 and 3. Figure 6
shows the plasma density and orbit data of ISS covering six
hours on April 4, 2011 (same period as in Fig. 2). The lower
part of the figure shows the plasma density obtained from
Modes 2 and 3 at low gain. The upper part shows the latitude
and solar eclipse and sunshine. There is good agreement

regarding the plasma density obtained by Modes 2 and 3.

C. Plasma temperature

Plasma temperature is obtained from Modes 1 and 2. Given
the roughness of the voltage sampling rate in Mode 2, the
accuracy is very low. In Mode 1, the applied voltage is narrow
(£2V); therefore, data on plasma temperature can only be
obtained when Vf is under 2V. Figure 5 shows one month of
Mode 1 data obtained in May, 2011. Vf is almost greater than
2V, thereby limiting available data. The data obtained in Mode
1 is now being evaluated and its quality improved.

V. SUMMARY

PLAM has successfully been engaged in continuous
measurement since August 2009. The data on floating potential
and plasma density are in agreement with another observation
data obtained at the ISS. Given the currently limited and low
quality data on plasma temperature, we will continue making
efforts to resolve this problem. For future work, we will
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compare the data on plasma density and temperature with that
of the International Reference lonosphere (IRI) model and data
on floating potential through V,ssXB + | analysis.
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Abstract
HORYU-II is a 30cm-cubic Nano satellite weighing 7.1kg developed by Kyushu Institute of Technology aiming to
demonstrate highest voltage technology, so far. The demonstration test has still been carried out. However, recently due to
some failures we could not communicate with the satellite from June to July. Latter, the failure reason has been identified
by Failure Tree Analysis (FTA) and verification test. In this report, we explain the high voltage technology demonstration

test along with the verification of the anomaly investigation.
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The measurement total dose data considered the annealing effect
Dainichi Sukita (Kagoshima University) and Yugo Kimoto (JAXA), Hideki Koshiishi (JAXA)
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Abstract
Evaluation of total dose in spacecraft design has to have sufficient accuracy in order to avoid shortening spacecraft’s
lifetime, leading an improvement of models used in spacecraft design so as to have higher reliability by observing actual
space radiation environment. However measured total dose data shall be underestimated due to annealing effect. In this

presentation, total dose data corrected annealing effect and non-corrected data measured by TSUBASA satellite are

discussed.
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7 v 7 AORMZIEZ, EFOMdEeiE - @iABE - HWARROZNEND AT AT K
> THED HE T 5 (Reeves et al. 2003)

H R D IEME 72 T Z1T 5 7290121, 2 @ Fokker-Planck HFERIZE £ 543
T A= EEEEDOR NS D] ﬁ‘é%%ﬁ))b’b V. EORDIZT—ZEEBHVERTE -,
N E TOREBET — 2 FUEAFZETIX, T o T~ 7 4V E 2V TER S
[FLER LS DINE A T3 = 2 T ldo 2 NEINECTE R FE O HEE (Koller et al. 2007)%°, L3
TN~ 7 4 B & DT S iE O HEE (Kondrashov et al. 2000237 CT& 7, Th
5 ORFFEClX. BT MILER% % . Brautingam and Albert(2000) 2342454 % Kp f54%12
SRR EE VT 5,

AR LT ARV T 72T BAFE LKl 7 4 v 2 IS T — 2 Ak 24T
(Miyoshi et al. 2006), &R DBFSE TITHERE S 4L T Z 7220 o T IR EL D R 25 O HETE
BB D, FIRFICHREGHEE L, B IEH E R D 7 1 X > 7 2B b & HEE
T 5

This document is provided by JAXA



98

FHIAL 22T TE PR FE AR R B JAXA-SP-12-017

2. T—#[F1k

AW TIE, 2002 FAIZOIXSHFHENF L7 2 DORBR LRV X —ICB T HET 77
v I AT =2 EHWDHZ L2k 5T, Fokker-Plank jﬁifﬁo)?fﬁﬁﬁffﬁﬁki()\ THIRTHDH
KIFEBZ RO HRA v AT —F— NEEREDORMECOHE LR L, T72bb, £
T L LU CGHEEZ S ATZLLT O Fokker-Planck S VT, Z 0RO OHLEfREL
DL &1, 2 HEET 5,

of d (Dyy of f
o j20 (Do) o @
at aL\ L2 aL) 1y,

PERARER Dl @ LA FORXTHE T Z LN TE % (Brautingam and Albert. 2000), AHfF
ZETIE Do ZHEET D,

Dy = DoL° &)
7, W EEDHEIT, YT AVBICBI AR A v AT —F— N AL LD By FAEKILIC
EVEFRRIANEV AT Z LIZKDERERTIHEHETH S (e.g., Lyons et al., 1972,
Abel and Thorne, 1998, Albert, 1994), Z ZC, 1, & E L OFEEHREDOBIZIZLLTO X 9

72 B8t% 713 & % (Lyons et al., 1972),

T = Bwave_zTo(E) (4)
W T, Tg(B)FARA v AT —FE— NEE BT L Oy FARESREN G52 0N ETH
0 (Albert, 1994) . 57 7 A~ B EECH R K> TR 2, ARWFFETIER, 2Dyl
EEND Buawve DHEEEIT D,

T — X [FMkIZ & 7= > TiE. Miyoshi et al.(2006)IZ & » TR INT-Ri 7 4 L ZITH &
ST =FRbDa— REFERA L, KA L= =2 Lo TEBRAMEZEH L TN D,
ZIT RIRIEZEHE T L E OIS E RN TR, AR T T VU T OET v
ThzbhaWlxiE, fO, 2011),

X = f(X¢_1, V¢) [ 27 HET V]

Ve = h(xy, wy) [&lE7 1]
ZITC, e lBIREEEE AT ML, mIZT AT A A Xyl 3B bL w T8 A R
wR L, fI3—WeoTEFESTLHET (50546, Fokker-Plank J#2:0) . h |3fR7E
BT SV EBRANT MEEBRT HEE T TH D, AR TR, AEEMERE, IR
FR¥, WEERE A RAEEELN 2 ML x ICEENDEHE L, £z, DIXSHENBRIL-
differential 77 v 7 ZZ@WPS7 ML ylZEENLEELE LTS,
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3. R

3.1 400keV BFT7 T v/ A, 800keV BFT7 T v 7 ADT —# & AVI-FULFHEAE

11%. 400 keV OFEFIZOW T, Brautingam and Albert(2000) (2455 < §EHtR £k
LN Buae=10pT ZHWCHEA LR TH S, M1@IE, vYI2b—rarTROLN
7= differential flux, X 1(b)ix Kp f5%k. X 1(c)i% Dst 5% & 72> T 5,

ZHUSK LT 215, [7 U 400 keV OFEAICONWTT —F AHLAER 2T 2 5ER TH 5.,
2@, 7 —# bl X - CTEHE S 7z differential flux, X 2(b)i%, DI firE OBH
T =%, ¥ 2(c),(d)7? Kp 5%, Dst 5L 2> T\ 2%,

1(a) TR L2 BRIY 72 3T A — X CiHH L7z differential flux (X, L<3 OfEIKIZ 7 T »
I APEMLTODERT 3D 5, Zhid, | 20) TR LEBHOT =2 LD & B
MZLOHFBEIRT T v 7 AOEPRKRESE RS> TNWD Z LN D, ZhIZx LT,
T —Z [k & » TEHE 7z differential flux 13 (X 2(a)) . Hcdbrls o FARM) et iE ©
bHHE - Ay MEEN L HELSN TS, £, BKEIICT 7 v 7 AN —E-o
THLEMT 2 F 2R Eb BB INTND

HS"%OMV@$?77/71hOWTT A UL ZAT > T2l R 2757, 400 keV O

A L ARRIC, RRFFICAMEE -7 7 v 7 A0 1 [\ll-> T LR T 2RENHER S
fwéoik W TET 7T 7 AL, TOH%RAT Y ME~E T T v 7 ZDK
ML, Ary MEKOZ 7 v 7 AL T <A BB TE T 5D, —F., L=5~6 fF

OfEIX, BllShe7 7y 7 2k LTT —Z kb BB INTZT7 T v 7 A FT/hSn

EIZ72 > TWD Z Enghoie,

= _ F N DN D amsi Bk I 8 L—— ril
@ © R I 9 ol
3 Imﬂa L : ; 7§
Q 5 II --ll-l\l ;||I|i1ui! : 6 &
& . 5 @
=
£ 4 1 4 43
s -
- 2 3
» 3 1=
Bl

8

8

%
- =50
Z_738
—150
-200

120 180 240 300 360

day of year, 2002

1. BERAY 72 =T VIS K B EERIE, E25(@)400 keV &+ differential flux @
L-time # A4 7 77 &, (b)Kp f54%. (c)Dst f5f %+,
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3.2 ?&Eéhkﬂ?% — & OFHh

WIZT —ZFMEIC L s THE SN RT A—F RN, EO L5 REGFHERFF> T as 0%
ﬁ«tolawi 400 keV OEF 7 T v 7 AT —2OFT — X ALFHEERN S HEE S
ToYEEAR S L. 800 keV DET- 7T v 7 AT —4 OF — X [FULFHFE D DHEE S - SEK AR
BEEEBELIZHLOTHD, TRENO L, FTHDOIZOWTENENOHEEE % 3
L. OBEMIIHE N0 % TR O L > T 7 v T 47 LD THD, 800
keV D7 T v 7 A7 — & THEE SN ILHURE O EIL. 400 keV D7 T v 7 A7 — 2 THE
EINTZbDLYKREL, EBBREB =R VF—ITKFE L TND Z ERn05, RB)THR
LizE o1z, BIEY I 2 b— a3y THOLTW D IEBAREIE = RV X —I2&F L Tz
ZEEFHREL LTWD, T—HIEUEDRE RN B SN T RV — A LT IR R B
QX TEH SN TRV L X — TR LI BB N B S B A E8NCHE S LT
LA L TRETHH DO TH Y, BIREN, X 4(M)iX, 400 keV OB 7 7 v 7 AT —H
DT — & FMLFHRE D O HEE S U2 BRI L V800 keV DETT7 7 v I AT —H DT —
HEUEEHRE N HHEE SN HENRE &L ORISEZ R LT b DO TH D, WH OHEEM I HERT)
—E L TWAD, #EINTRENREILBB L Z8 pT (TiLICEF L TWDHZ ERNbhd,
ZHUE, BEOREBIMOMIERERNDIX, 77 A~ E e 2O A 2R R E I3 pT & &
N TE Y (Meredith et al., 2004 72 &), Z AU TRVWMEIZZ2 > TV D,

1075 prem 1000 g—rrrrm—rrrrm
nd® - (b) ]
- 100 £ i . e
= E ]
3 10°¢ |
= 510t 3
> -9 o E
E 10 E [ L '. at
o -10 Q T H .,- " L]
10 1k 0 g 3
g d : g t‘é.-‘.'." \
S 10 v E A :’_#%‘-"-"
[a] > r LY (0 /1] ek
N SR ot R 4
10—12 @ . E [ ..l .Il ':.l..ll s B
=13 L ™ J
0 s 3 001
107" ; ,= E ]
-15 ] 10-3 I T R T BT e I T Ml .‘.....-
m‘“’10‘”19“-"10“210'”10'"’10‘9 10‘a 10‘7 10 -5 10‘5 107 001 0.1 1 10 100 1000
DO(400keV) [/day] Bwave(400keV)[pT]

X 4. (@7 —Z[FMKIZ K > THEE S 7okt (1K), Bl 400 keV O&EF7 7
v I AT =2 DT —Z[FULI HHEE ST R ER O, fiEfihit 800 keV OETF 7T v
AT =2 DT —Z [FUED LHEE SN IRHIR B O A2 =T, OB, FmHTIc
BT YT 4T EFELTND, @%~&ﬂk*iofﬁﬁéﬂk&@ﬁf<tl)ﬁﬁm
I% 400 keV OFET 77 v 7 AT =X OT — X [AUED HHEE S AV BN RE O, HEdhix
800 keV DET 7T v 7 AT =4 D7 —Z At HHEE S V7o I BRE Ol 2 7~ 7,
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3.3 400 keV BT 77 v 7 AL 800 keV BF 7 7 v 7 ADT — & #RIKIZ AV = [F{LE
"

WIZ, 22D RXNF—DEFT —F ZRFFHTBHAN Y e LT —ZEHREITV (B
%, MEHELIES), 2 DOZRAX—DELFT T v 7 AOELEFRHZ LIS TFHRL 9 5
JEEARER, WEVRE OHEE A 1T o 7,

X 5 (@iX. ZoOMmEFHEIC iof%méntammv B 7T v I AThHD, X 5b)D
BT — 5&%@Ltk A, T—HAMLDOFERNOHEE S N7 T v 7 A L BT — ¥
L DFRFET, %h%hwizwﬁ%~®fﬁ%77/72%@¢ WCHWCT—Z Ak &21T - 72
L x| mmfmé<ﬁw —ZEMEDOFE R A LT L CWD Z LN ot, L, L>5

ORERICER LA, 400keV FEF7 7 v 7 A, 800keV BT 77 v 7 AT
NMSZIZ W27 — 2 [AMEEHR & ARk, AFHHRICB DT HBIIR R L OERFEICK
<L DELHATE W RN ELHLMNTR -T2,

S DOIMU DTN CTT — X AR Ko THEE SN2 7 T » 7 A0, BN~ THICR
<HEESND Z L3, @QRUCE TR TV ARWYBIREEO BEM A2 RET 50 L Bbhb,
INETOMZENS, IFICERIEHUSMNC R A v AT —F— Fa—F AL DB I
WEENTFEL TS Z ENERMINTEY [e.g., Miyoshi et al., 2003, 2007, Horne et al.,
2005], BYRES MALELASN DMK Z T 2 Z LITEHETH D,
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N kil BLinkiai i
N &
g tm — ||' II’ ki
E s |

3 o y TR Uu TR 7
A JIE
|l Ve W Il

Kp

60 120 180 240 300 360
day of year, 2002

X 5. HAHFAICL > TEONZ 400 keV TOT — X [AbfER, E225(2)400 keV E+
@ differential flux ® 7 — ¥ FLFER (FEEFHHE) . (b)400 keV E DO DOIE S FHED
differential flux |5 — % . (c)Kp f5%%. (DDst Ff5ia 9,

4. £+

ARFIETIE, DIXSHENEH L7z 400keV BT, 800keVET 7T v I ADT —H %
AWT, Kit-7 4 VEIZE DT — X FALEHE S | R OBV 5 APEECE 7 /L DI
BRI KO T X B E OHEE A 1T o 72,

T — 2 AL EAT o TofE R, BERURERF DS DIH R & Z DB OB, oA m >y MEIZ
BWTT T v 7 AT 2872 K < BB Sz, —F Sl o L=5~6 (23 T,
T =AML BHEESNDE 7 7 v 7 AN, BHMEIZR L TERVWMEIZ 2> TWD Z &)
Tholz, £l 2 DD FIF—NHMNTHEE SNV IEBREOMEIZ L W HEEZ S
DO, ZEOREITIL 800 keV THEE LIZEDIZ D A3 400 keV THEL7-fEL Y K& <,
TARNAXF LRGN R DT, 7z, #EE SN IRERE IIH pTRRETHY | Bk
ORI B ON TS MK/ 7T X< B b ADOREFREIZHNT 1 HRREKE
ELTHEE SN,

Ltk BUEDET VACE EN TR WNEIER 2 /LA T T VB ATV, 7 — X
Hm#%%ﬁ&é &CL B ERE, NEIE, TR, WO, FOFEKT, o

WL L TWENEHEE L, BURBEE O Z B 620 L THDEL,
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HAIZ 1 2 M S B AR O M B R Al D Rl 72

—

IRZsth (Htuhed SUBLRIT)

XL ®IZ

1989 4F 3 A 13 HOBKAIL. B FHX DA Kabr Xy 7O EEFHOEITEIRIC
W 7 ke S S T (Geomagnetically Induced Current, GIC) % i LA Eas 2 e L
Tofed, AT AR CIIRBRMEELZ G ZR I L, S 5IT 2003 412 b [ O 45 5 F ik
MAY =—F U CHRAEL TS, MKEFIZKDBGELSKE <20 GIC KEOMNN
b D EBEEHIETIX, IO DEBERE~OIGDOT-D, GIC OTFH2EDOHFTENEA T
W5 Bz X, HILF @3, 2010), —F. BAD X 5 RIEEER T, BKURDOBS A
B b EAREEE O 1/10 L TFRE O K& & L= (Pulkkinen et al., 2012). GICIc Xk %
FEEOLRMETENEEZ SN, REITEATHD EIFSVE, EERMZE L L TX
Watari et al. [2009] 23 bifE5E 18 HUHIE 2 350 T 100km O & ERRE O ZE BRTA ST
% GIC ZRHHI L7z Z LT o s, ZOBMITIE, 10nT/min OBEEEIZKT LT, K
AAFEE D GIC L &9, —f%IC 200A L EDON D EIERROFFRBIRICL D Lk~
TEHETH-T, ZOZ b, HARIXGIC KEIZITERZREELZTHLISIZEITHD, L
U B Z OBLAIA FE S S L7 R IR BE BN S FRER AN S o eI T 5 2 &
Nh, ZOMEORERND ARIILZE LS L Z LIRS DRORERH A 9,

BAEDOHSITENTRARMFEL TR . KEEREEN AT D & 207K
KELRVFD, KT, 1000 FIZ—E & 5D 5 2011 4 3 H 11 H O FHARKE K A #E5R
L7z HARIZEWTIE, £ 100 4-~1000 FFIZ—EDA X2 hTHoThH, TN KERKE
BRI, MESNEER L THHINT RN EWIEZNEHR SN TEY, GIC KELZ
DEHIRRED—>TH D, T, Frex 1T 100 4~1000 42— FF DMK E D <
BWVDOREZZFFOLDRONF3IZH S TTN R 0,

MR 1A

HFx OHFZEOIERO BAYIE, AARIZIBWTHE 100 4-~1000 FI2—EZE 2 % & 48E
ENDHHAD GIC b L ITFEEHR /L L THDH, ZTNEMET DL, KRS
N—T L LRI B EMRICE 5 HIERERR - HIERECE B %2 0 53 BHRRNT 72 1 ) 8 i 3
Thd, M6, ZOHEERT HITIE,
1) #5100 F£~1000 FZ—EDO KRB K7 LT ORE X,
2) KES7 V7 DMED H L 7= KB CME O KSR - B - BEERE I o & ik
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RKENAE Y RSB ELOIRE & AT hL,

3) WL | & il 2 3 HIRFHEEY & GIC,

D 3ODREMAT DMEN DD, o, HEOT Frn—F

A) BET— X OFGEHIRNTIZ X 2 R REIRDOHEE,

B) HIRHAIEZRIC K D RS OHEE,

C)  KB5-KBG 1% 5 B EE BfE B - b - 353886 85-GIC 23R 28 I 2L — a3 v,
(KB KGR - BB 1L 7 7 A~k Th v . H ERES-35EES-GIC O
EBRHED TR D, £, GIC ZRODITIFIATVEH L NVEEL AT LOA B
— X ANREROT, BEAIITRFEES RO DL ZENHEMICRA9,)

D 3ONDD, K TlE3 —A ZEICHHAL, 3—C OBMHEZHREIT ) DI NE e

BEEIT),

G T HIE BT I 2 36 1 2 B SR B2 LB O B S L 3K 8BS OHEE

HARBLGUTITHINE & B O MICHRBRIN Y LD b DOBREZ N, 2L 21X, HED
~J=F a— FEBHEIIHERBERNA AL, v/ =F 2— B 1 REW AL
BELE1V10I1ZHR5, ZHUTT—T o~ 7 - JeZ—HlE LTHALNATWS, £I T,
BRFHEELS GIC 5| XL 29 LB 2 b b MK EECBIE OME A 2R~ 5 2 &
L7z,

RGT MU BN Tk, B L 72 B SR b0 b I RBI R & 3t A D . 2D
Ly ORT T ABRE - AF LTS, SRIOMHTClE, Bl AbiEE K228, 43°54' 36"
N,144°11' 19" E) TEM SN 7-HBEKHLEO 5 5, 1957 F 5 2012 4 £ TO 55 I
BRI =072 1590 i D ssc (R A D 2hAER Sy Storm Sudden Commencement) . si(Sudden
Impulse)SI,SSC ZFIfH L=, Z O ZHW=BEBIX, 74 X b Sz iigs s v
A RNWEF SN TNDENETH D, ZORESMEZHTAL L, RITVFEHAIN 2 iz,
ZOFER D KRABIZ 1000 4RI —E OHFLD ssc, si Z#HEET 5 &, 1000nT/min & 725,
ZOfEIX 1989 4F 3 HA XY O 10ETHY . b LZOREOHMKIE IR HH L, HA
THEBHOEIEMOFREBEREZBTGICHAHVED LW I HEED H D, £ 72 Watari et al.
[2009] Dt B A il iZ 1000nT/min OFLICHTITH D L. HEESN D GIC 1% 400A & 7
D, REIVIFRERE LR S, 2k, AREOFHEMIIOFT THRELT 5 TETH D,

Watari et al. [2009]1%, Jt#EEE LT GIC Bl 24T ->7-, Zhn BASECTEE
(7R s, ZORREEFIHA LT GIC Z#H#ETHZ ENARETH LN, Tz LTENN
ARETH A I 0?2 ZOBCRIBEIC R 50N, MPOBRGEHEOSMATHL, b L, #T
BRABEENSMANARTHETH D20, A UBHEGIZR LTI Lol & ffilfd T s
NTWHHBMNAELFRCIZ/RETHAS, L Lai s, EEIEHRIN O #6513 4B
DEIUTHARTI0F b REE LR Z 7T, KIS, BRI CIHdtmE O FEREE
FEDO S ARIRIFE AP R RIR S 2T O—Roum iz Z Lioxk LT, FrIcEARICR N
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TIEMBD TARE—THDHZ ERMBNT NS, ZOZEIZE- T, HERENICL > TA
U5 FHEES O HIgAREN & 0 | FRCBE T TIXHITIC Lo TUTBOW B ITF 20K X 705k
BESGE TS GICRH V55000 L, B, EXGICRFHEELZHEET 5
B IE, i FESASEE AN & B LIFE NS TH S, Network-MT (Uyeshima et al.,
2001) 2 &2 AARDH T ERUSEE D AAHEE OSERBFFZ D,

%I

Fexld, BARIZBT D GIC £72IEFFEES OMbGEZ 5 6 720, Z OREBITHE
LTEIRETIERNA D, EWRI &I, H2R TIEREOREE FERERE 5 5 2 10
I FHRRMIZED 10 FLLERTA OV HENTE Y | HZERIZEW TN D OIS
LN TETND, BENTHZERIET Th < BEERROERK S 5 D 7 73 BRI Ze bF TR IR
A, HEREMAFRICHHIN T IEEZRE-TRETHA I,

%Iz, Biko ETREOTME LT 2 FEOH Y D-NHLZ LB L
WV, FTEHEOA N —2 3 TR AR R E-HIZIXH ZARA N HATHEBL TS
KRB ELIZTL AL OMERERL-ICE > TIE, BROBFTERE S, EBICHHET D
ToDIEEZR ) — R 2 A AR DIEREFET L ENEHEETH D, — ., M THAR
MR E VBB DMENKKF IS LT, BERZLO TR EETHLN, Tk HK
EIRET DA T TARNT I F X OEENRLE L 72D, ARIOKE GIC HROHEE X
BEOHKITHET L0 THD, 72120, KFEIE, H< ETARITBIT DR
HERAENI KT 5 GIC £ TFHFEELOEBN R EMEZROD ZENENTHL Z &
EHEE L TH<, K TIEKFIZONWTHEA LN, BT EIHNTMEEE B X
OTEHSBICZR LN RELDOTH D,

23 3R

® North American Electric Reliability Corporation and the U.S. Department of
Energy (2010), High-Impact, Low-Frequency Event Risk to the North American
Bulk Power System: A Jointly-Commissioned Summary Report of the North
American Electric Reliability Corporation and the U.S. Department of Energy's
November 2009 Workshop, 120 pp., North Am. Elec. Reliab. Corp., Washington, D.
C.

® Pulkkinen, A., E. Bernabeu, J. Eichner, C. Beggan and A. W. P. Thomson (2012),
Generation of 100-year geomagnetically induced current scenarios, Space Weather,
10, S04003, d0i:10.1029/2011SW000750.

® Uyeshima, M., H. Utada and Y. Nishida (2001), Network-magnetotelluric method
and its first results in central and eastern Hokkaido, NE Japan, Geophys. J. Int. 146,
1-19.
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® \Watari, S., M. Kunitake, K. Kitamura, T. Hori, T. Kikuchi, K. Shiokawa, N.
Nishitani, R. Kataoka, Y. Kamide, T. Aso, Y. Watanabe, and Y. Tsuneta (2009),
Measurements of geomagnetically induced current in a power grid in Hokkaido,
Japan, Space Weather, 7, S03002, doi:10.1029/2008SW000417.
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EXIRFEIRIZIZEH 1D FEP SILICHT 2 BRD FHE O W REM

FIHEN, Rimar, LH%E, BIHAET

PF R RFpE LA ge s e i oS ElT 1 — 1
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Possibility of N,-induced erosion of fluoropolymer was discussed based on the ground-based experiment and flight data.
Multiple composition beams with velocity of 8 km/s were formed with Ar+O, target gas by the laser detonation source.
The energy and composition of the beam, thus formed, were analyzed by time-of-flight measurements with a
quadrupole mass spectrometer. It was found that atoms in different masses, O-atom and Ar, are accelerated to similar
velocities, i.e., different translational energies (4.5 eV O-atom and 9 eV Ar). This is suitable for simulating sub-low
Earth orbit neutral gas environment. Erosion yields of fluoropolymer by O-atom and by Ar were evaluated individually.
It was found that the erosion yields of fluoropolymer by 9 eV Ar in the ground-based experiment and those by 9 eV N,
in LEO measured by MISSE-2 showed good agreement. In contrast, erosion yield of fluoropolymer by 5 eV O-atom in
the ground-based experiment and that in the orbit were not consistent. These results strongly suggested that the erosion

of fluoropolymer is due not by O-atom, but by Ar and N,.

1. INTRODUCTION

Materials used at the exterior surface of a
spacecraft encounter severe space environment which
includes high vacuum, thermal cycling, ultraviolet and
radiation exposures, and collision with neutral atoms.
It is well known that many polymeric materials, which
cover spacecraft for thermal control purposes, are
eroded in space especially by the collision with atomic
oxygen. After this phenomenon was discovered by
early space shuttle mission, effect of O-atom collision
on material erosion has been studied intensively [1].
However, effect of other neutral gas components in
upper atmosphere such as N, Ar, O, and He has been
ignored for the last 30 years. This is reasonable since
more than 95% of the gas atoms/molecules collide
with spacecraft surface is O-atom at the altitude of
400-500 km where STS and ISS are orbiting. The
development of very low altitude satellites (for
example GOCE by ESA or SLATS by JAXA), which
are orbiting the altitude of 200 km or below, requires
the knowledge of material response in the
environment of simultaneous hyperthermal collisions
both of O-atom and Ns,.

Recent understanding of the fluorinated polymer
erosion suggested that the fluorinated polymer is more
sensitive to the collision energy of gas molecules even
they are chemically inactive [2-5]. If N, collision
owed a part of fluorinated polymer degradation in
LEO, it would be remarkably increased with
decreasing altitude because of the N, density increased
more rapidly than that of O-atom density.

In this study, we present data/discussions
regarding the fluoropolymer erosion in a neutral gas
environment in sub-low Earth orbit (LEO) region.

Origin of fluoropolymer degradation in space is also
discussed based on the experimental results.

2. EXPERIMENTS

Figure 1 shows the laser-detonation O-atom beam
source used in this study. This hyperthermal beam
source has been developed at Kobe University in order
to study material degradation in LEO at 400-500 km
[6-8]. This type of the source is known as a Physical
Sciences Inc. (PSI)-type source [9], and uses pulsed
supersonic valve (PSV) and carbon dioxide laser (10.6
pum, 5-7 J/pulse). The laser light was focused on the
nozzle throat with a concave Au mirror located 50 cm
away from the nozzle. The PSV introduced target gas
into the nozzle and the laser light was focused on the
gas cloud in the nozzle. The energies for the
dissociation and acceleration were provided by the
inverse Bremsstrahlung process. The hyperthermal
beam, thus generated, was characterized by a time-of-

Samples QCMs

Nozzle

& \/ [
Scintillator Laser

Apertures

Au mirror

Figure 1 Laser detonation beam source used in this
study. Time-of-flight mass spectrometer was used to
analyse a beam.
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Figure 2 Time-of-flight spectra of m/z=16, 32 and 40 compositions in the beam formed by the target gas consist of
50%Ar+50%0,. With higher energies, O, component becomes weak.

flight (TOF) distribution measured by the quadrupole
mass spectrometer with scintillation detector which is
installed in the beam line. Translational energies of the
species in the beam were calculated using TOF
distributions with the flight length of 238 cm. A high-
speed chopper system was not used in this study [8].

Three types of mixed gases were used in this study;
50%N,+50%0,, 50%Ar+50%0,, and 70%Ar+30%0,.
100%0, gas was also used as a reference.
Hyperthermal multiple composition beams were
formed by the conditions as follows; high voltage for
piezoelectric actuator: 900 V, PSV opening duration:
0.4 ms, pressure in the target gas supply line: 0.3 MPa,
and laser power 5-7 J/pulse.

Material degradation was evaluated by real-time
measurement of mass loss by a quartz crystal micro-
balance (QCM) [10]. 5 MHz polymer-coated QCM
sensors were equipped at the bottom of the rotatable
mount in order to measure the flux of the beam.
Samples used in this study are two types of polymers;
polyimide and fluorinated polymer. A polyimide
amide acid was coated on a quartz crystal and curing
treatments at 150 °C for 1 hr. and 300 °C for 1 hr. were
carried out in order to form the polyimide structure
with a thickness of approximately 0.1-2.0 um. In
contrast, fluorinated polymer was prepared by the
plasma-assisted physical vapor deposition technique
developed at the Technology Research Institute of
Osaka Prefecture [11]. The resonant frequency of
QCM was recorded in every 10 seconds with the
frequency resolution of 0.1 Hz. All beam exposure
experiments were carried out at room temperature with
normal incidence.

4. RESULTS & DISCUSSION
4.1 TIME-OF-FLIGHT SPECTRA

In order to simulate the high-energy collision of N,
in sub-LEO environment, Ar, which is monoatomic
molecule, is mixed to O, gas on behalf of N,. This is
due to avoid the unexpected decomposition of N,
molecules into N atoms. Figure 2 shows TOF spectra
of m/z=16, 32 and 40 compositions in the beam formed

by the target gas consist of 50%Ar+50%0,. It is
obvious that O, signal is very weak and hardly detected
whereas O-atom and Ar peaks are clearly observed.
The promotion of O, decomposition is suggested in the
target gas of Ar+O,. Promotion of the decomposition
reaction in the Ar+O, target gas is due to the high-
energy collision between O, and Ar. Average energies
of these components are 4.5 and 9.0 eV for O-atom and
Ar, respectively.  This is ideal for the sub-LEO
simulation from the viewpoint of collision energy.

4.2 MASS-LOSS MEASUREMENTS

Real-time mass-loss measurements of polyimide
and fluoropolymer under the simultaneous exposure to
O-atom and Ar beams were carried out. The
experiment was performed using two QCMs, which are
coated by polyimide and fluoropolymer.  Spatial
distribution of O-atom flux was compensated using
two polyimide-coated QCMs at both positions (L- and
R-positions). It was measured that O-atom flux in the
R-position, where polyimide-coated QCM locates, is
1.28 times greater that that of the L-position. On the
other hand, spatial distribution of Ar flux, which could
not be measured by polyimide, was assumed the same
of O-atom distribution.

Erosion yield (Ey) of fluoropolymer by 4.5 eV O-
atom and 9 eV Ar were calculated by the following
equation;

Ey =[SxC]/[AxF xd] (1)

where S is the slope of frequency change (Hz/s), C is
the constant for 5 MHz QCM (-2.002E-8 g/Hz), A is
the area of sample (cm?), F is the flux (atoms/cm?) and
d is the density of the material (g/cm®). O-atom flux
was measured from the erosion of polyimide with
standard erosion yield of 3.0E-24 cm®atom with
100%0, target gas (translational energy of the O-atom
in the calibration was 4.5 eV). In contrast, Ar flux was
measured with TOF spectra intensities with a relative
sensitive factor of AO, 3.76. Densities and area of the
materials are 1.4 g/cm?® and 0.28 cm? for polyimide and

This document is provided by JAXA



W9 E ey R T A R E 111

Figure 3 MISSE-2 PEC-1 pallet in orbit (upper left
corner is the PEACE polymer tray).

2.1 g/cm® and 0.38 cm? for fluoropolymer. From the
slope of polyimide at R-position, flux of O-atom is
measured to be 7.8E+13 atoms/cm?s. The O-atom
flux at the position-L, where the fluoropolymer QCM
was located, was estimated to be 6.1E+13 atoms/cm?/s.
On the other hand, the Ar flux was estimated to be
3.8E+13 atoms/cm?/s. By using equation (1), Ey of
fluoropolymer by 9 eV Ar was calculated to be 2.8E-24
cm®/atom, which is close to the Ey of polyimide by 4.5
eV O-atom. On the other hand, Ey of fluoropolymer

by 4.5 eV O-atom is calculated to be 1.7E-24 cm®/atom.

4.3 COMPARISION WITH MISSE-2 DATA

The Ey data measured in this study was compared with
the MISSE-2 flight data. A fluorinated ethylene
propylene (FEP) specimen was exposed to space
environment from August 16, 2001 to July 30, 2005 by
MISSE-2 PEACE polymer experiment (Figure 3).
Following data on the FEP erosion was reported by de
Groh; mass loss: 0.01248 g, density: 2.144 g/cm?,
exposed area 3.447 cm? Kapton equivalent O-atom
flux: 8.43E+21 atoms/cm?® [12]. As a result, erosion
yield of FEP is calculated to be 1.9E-25 cm®/atom.
However, N, fluence during the exposure was not
reported. Therefore, N, fluence was estimated by the
MSIS-E90 atmospheric model in this study. The N,
fluence during MISSE-2 exposure was calculated to be
6.1E+20 molecules’cm®.  The accuracy of this
estimation was confirmed by the comparison of O-
atom fluences calculated in the same condition and
actually measured during the MISSE-2 mission. The
O-atom fluence calculated by MSIS-E90 was 8.8E+21
atoms/cm?, which is within the error of 5 % from the
measured value in the MISSE-2 mission with Kapton-
H. With this N, fluence, the erosion yield of FEP by
N, was calculated to be 2.8E-24 cm*/atom, which is the
same value of the ground-based data obtained in this
study described in the section 4.2 (Table 1). This result
strongly suggests that the erosions of fluoropolymer

Table 1 Erosion yield of fluoropolymer calculated in
this study (on ground and in orbit).

FEP Erosion yields (cm3/atom)

Experiment

AO N2or Ar
MISSE-2 1.9E-25 2.8E-24
Multiple Beam 1.7E-24 2.8E-24

and FEP are due not by the 5 eV O-atom but by the 9
eV N, or Ar. The consistency of erosion yields also
suggests that the N, effect in LEO could be simulated
by Ar in the ground-based simulation.

5. CONCLUSIONS

Possibility of N,-induced erosion of fluoropolymer was
discussed based on the ground-based experiment and
flight data. It was found that the erosion yields of
fluoropolymer by 9 eV Ar in the ground-based
experiment and those by 9 eV N, in LEO measured by
MISSE-2 showed good agreement. In contrast, erosion
yield of fluoropolymer by 5 eV O-atom in the ground-
based experiment and that in the orbit were not
consistent. These results strongly suggested that the
erosion of fluoropolymer is due not by O-atom, but by
Ar and N,.
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M=

Effect of cyclic electron irradiation on dielectric film for spacecraft is investigated experimentally because it may
cause cumulative charge deposition onto the film surface. 60sec and 30sec irradiation time, 90 min and 30 min
interval 40keV and 20keV energy, irradiation are tested and the result indicates that the surface potential does not
fall significantly as we expected. Results of volume resistivities just after each irradiation show that resistivity is
unchanged during multiple irradiations and it is lower in the case of 30 min interval and 40keV energy case.
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Fig.2 Time histories of surface potential with cyclic electron
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Fig.5 Volume resistivities at each radiation
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Electron Emission Yield Measurement of Polymers

Induced by Electron and Photon
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Abstract— The surface potential of the spacecraft
material depends on the current balance equation, in
which the emitted electrons induced by the ambient
plasma and solar photon bombardment play two main
items. The spacecraft thermal protection materials
polyimide and polyethylene terephthalate were chosen,
and the total electron emission yield was measured by a
small cylinder collector while the photoelectron
emission yield by a vacuum ultraviolet lamp with 5
narrow band filters. Meanwhile, the pulse shot and
sample scanning method were utilized in both systems
to prevent surface charging phenomenon. According to
the orbital environments, the comparison of total
electron emission yield between virgin and ultraviolet
irradiated samples was carried out, and the angular
dependence of photoelectron emission yield was also
tested and analyzed. The electron emission yield of
various surface materials under different constraint
conditions can establish the database, which will finally
be used in the Multi-utility Spacecraft Charging
Analysis Tool (MUSCAT) to accurately calculate the
spacecraft surface potential.

Keywords— spacecraft surface dielectric; total
electron emission yield; photoelectron emission yield;
surface potential.

1. INTRODUCTION

CCORDING to the current balance equation, the

electron emission yield of the spacecraft surface
materials plays the crucial role in spacecraft potential,
especially the total electron emission yield(TEEY) and
photoelectron emission yield(PEY) [1][2]. As the impact of
fast moving electrons in the ambient plasma, the long term
operation of spacecraft will gradually lead to the big
potential difference on the surface boundaries because of
different electron emission property. Usually the weakest
part, the triple-junction(conductor, insulator and vacuum),
will initiate discharge or even arcing phenomenon, which
will damage the spacecraft seriously. Therefore, in order to
take use of the MUSCAT for surface potential calculation,
at least the database of the TEEY and PEY for various
spacecraft surface materials is necessary.

However, the Low Earth Orbit(LEO) spacecraft is not
only influenced by the orbital high density and low energy
plasma, but also the solar ultraviolet irradiation and other
degradation effects. The ultraviolet irradiation is
accompanied with plenty of energetic photons which can
activate the surface physical and chemical variation; also as
the spacecraft is rotating in orbit, the electron emission
yield will vary with the incident photon angles. For the

TEEY and PEY respectively, the above two factors will
influence the yield, thus the charging property.

As the spacecraft thermal control material, the
polyimide(PI) and polyethylene terephthalate(PET) film
possesses high insulation and well thermal performance
and are widely used in the spacecraft body and solar array.
Based on the long-period developed TEEY and PEY
measurement system, the TEEY of the virgin, ultraviolet
irradiated PI and PET, and the PEY of normal and angular
injection for virgin PI and PET were investigated. The UV
irradiation system was used for 5 doses and 3 doses for PI
and PET respectively; the 30° angel was chosen as the
angular injection for PEY of both materials.

II. ELECTRON EMISSION YIELD DEFINITION

A. Total Electron Emission Yield

The total electron emission yield is defined as the
number ration of emitted electrons and injected
electrons(primary electrons) with certain primary energy
and angel. The curve of TEEY with respect to primary
electron energy in normal injection situation is shown Fig.
1. The universal curves exist for all solid materials, the
shape of which depends on the 4 key parameters, namely
the first and second crossover energy, E; and E,, where the
yield reaches unity, and the maximum value of the yield
and its related primary energy, Oy and E.x [3].

(o2

O-max

El Emax E2 Ep

Fig. 1. Universal Curve of Total Electron Emission Yield
for Solid Materials

B. Photoelectron Emission Yield

The photoelectron emission yield represents the number
ratio of outgoing electron to the incident photon. The PEY
varies with the incident photon energy or wavelength, the
calculation equation expresses as follow [2].

I o0
photoelectron . p F;‘ . Y d
_— = qe IO (/1) (ﬂ/) /l (1)
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where Y(4) is the PEY of the certain material, /jhotocicctron
is the photoelectron emission current, S is the light beam
area, PF(A) is the photo flux, g. is the unit charge.

III. EXPERIMENTAL PREPARATION

A. Total Electron Emission Yield System

The TEEY measurement system was developed on the
base of JEOL JAMP-10 SXII Auger Microscope with a
cylindrical metal collector. The chamber, with 7.0x10°Pa
vacuum, is mounted the LaBg electron gun, which can emit
the primary electron with energy ranging from 10eV to
10keV, 20nA current, 30us pulse and Imm? beam spot. The
system can measure the TEEY of all solid plate samples
with thickness less than 2.5mm. The system schematic is
shown in Fig. 2. Comparing to the sample, the collector is
biased to +50 V, in order to catch all the secondary
electrons escaping from the sample surface [4][5].

Electron Gun
Deflection Coil_Y__ Pulse(30ps)
XX
: Convergence Lens
! Signal Generator
1 Focus Lens
I
1 High Vacuum
! Chamber
I

Collector Oscilloscope
250V
v I Collector Current
-+ .
Sampl Amplifier
g N 3oov

Sample Current
(Amplifier)

; Pumping n:

System

Fig. 2. Schematic of Total Electron Emission Yield System

In the TEEY system, when the primary electron hits the

sample surface, the collector and sample current is
measured simultaneously and then the yield o can be
calculated as follow.

o= N””t,deé’tm” — ]collector — ]collector (2)
]vinielectron primary I collector + 1 sample

To calibrate the measurement system, the TEEY of gold
material was tested. The Fig. 3 shows the experimental
results by red circles and comparison with reference data

[6].
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Fig. 3. TEEY System Calibration by Gold Material

B. Photoelectron Emission Yield System
The photoelectron emission yield system includes the

vacuum system, the compressor, the HAMAMATSU
Inc.(Japan) Model L1835 Deuterium Lamp, with
wavelength ranging from 115nm to 400nm, and the
HAMAMATSU Inc. Model H8496-16 UV Laser Sensor
with spectral response from 160nm to 220nm. The system
schematic is depicted in Fig. 4, while Fig. 5 shows the
relative intensity of the D2 lamp. The five narrow band
filters were used for the incident photon, and their
transmittance property was shown in Fig. 6. In the
measurement system, the motor driven shutter is used to
control the light pulse, with the pulse width around 200ms.
The sample plate is grounded while the collector is biased
to +15V for photoelectron receiving.

Copper Shroud

CRYO Pum r
i Electron Collector/

+15V Bias d
UV Sensor

Oscilloscope

Pico-ammeter

Pico-ammeter

Fig. 4. Schematic of Photoelectron Emission Yield System

100 -
—— D2 Lamp L1835
80 |

60 -

20

Relative Intensity / %
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Wavelength / nm
Fig. 5. Relative Intensity of D2 Lamp L1835

25 —122nm

Transmission / %

100 120 140 160

180 200 220 240 260
Wavelength / nm
Fig. 6. Transmittance Property of Five Narrow Band Filters

As the UV light passes through the filters, the photo flux
distribution will depend on the filter property. For
calculating the photo flux acts on the sample, the filter
property NBF(A) should be added to the right side of Equ.
(1), then it turns to
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1 , ®
%:q .J'O PF(2)-Y(A)-NBE,(A)dA  (3)

where n=1~5, represents the five filter situations. In order
to calculate the Y(A) in Equ. (3), we primarily assumed the
linear function as:

YA)=a-A+b 4)
where a and b are the parameters. Taking Equ. (4) back to
Equ. (3), we can obtain the five calculated photoelectron
currents, which then are compared with the experimental
photoelectron current under five different filter situations
repectively. And the difference A between these two types
of currents is defined as follow.

A _ > Icalculatedﬁn 2
=) () (5)
n=1

experimental _n

When the difference A reaches minimum, then the best
value for @ and b is obtained, also the PEY property.

Based on this simulation method, we measuremed the
gold material to calibrate the system as shown in Fig. 7.
The calculated photoelectron current from simulated PEY
and experimental photoelectron current is also compared in

Fig. 7 [8].
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Fig. 7. PEY System Calibration by Gold Material

C. Sample Pretreatment

The TOREN DuPont Inc.(Japan) manufactured Kapton 100H
type polyimide with 25pum thickness, and PET film with 50pm
were chosen as research objects. The film was cut to be
35mmx35mm square shape, and ultrasonically cleaned by
alcohol in advance. Before the TEEY or PEY testing, the
backside of the samples were coated with Au as the electrode
by the SANYU Electronics Inc.(Japan) QC-701 type Quick
Coater, and electric potential of the testing side was checked
by the TREK Inc.(USA) 362A type Electrostatic Voltmeter. If
the potential is higher than +5V, the Omron Inc.(Japan)
ZJ-FA20 type lonizer was used to neutralize the surface and
eliminate the effect of charging.

D. Solutions for Surface Charging

In the case of insulation material, the surface charging will
influence the electron emission yield, as the generated
electron will be trapped by the surface potential. In order to
solve this problem, two solutions are proposed for both
systems. Firstly, during the measurement the sample moves
step by step, and Fig. 8 illustrates the measuring positions
on sample, and each position is only measured for one
electron or photon shot. Secondly, we used the pulse
control for each electron or photon shot. The pulse width is
30us and 200ms for TEEY and PEY system respectively.

P6mm

Fig. 8. Measurement Position on Sample for Scanning Method
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Fig. 9 TEEY Current Waveform of Polyimide at 150eV
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Fig. 10. PEY Current Waveform of Polyimide at 122nm Filter Situation

Fig. 9 and 10 show the typical current waveform of the
TEEY and PEY of polyimide respectively. From Fig. 9, the
current waveform’s flatness proves that the surface
charging is not obvious; while for PEY measurement
current wavelength of polyimide shown in Fig. 10, the
surface charging occurred and the surface potential is
around +7V. However, as the collector in PEY system is
biased to +15V, we consider that the photoelectron can still
escape from the sample surface.

E. Ultraviolet Irradiation System

The UV irradiation system includes vacuum and low
temperature, optical, sample moving and some auxiliary
parts. The UV lamp is HAMAMATSU Inc.(Japan) Model
L1835 Deuterium Lamp, with wavelength ranging from
115nm to 400nm and intensity is 2.23mW/cm?, and the UV
Laser Sensor is HAMAMATSU Inc. Model H8496-16 with
spectral response from 160nm to 220nm. The irradiation
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situation was as follow: 8.0x10°Pa chamber vacuum,
-150°C copper shroud and 28°C sample temperature during
irradiation. The PC program drove the system and the UV
irradiation intensity distribution of sample position was
automatically checked by the UV sensor every 30min. After
UV irradiation, the sample was directly installed on the
sample plate and together inserted into the TEEY chamber,
with not more than 10min air exposure.

IV. EXPERIMENTAL RESULTS
A. Total Electron Emission Yield

a. Virgin Pl and PET Film

The TEEY of pretreated PI and PET film was measured in
room temperature. Due to the material dispersion, several
groups of virgin PI and PET data were averaged as the
result, shown in Fig. 11(a). Tab. I shows the key parameters
for the TEEY property of polyimide film.
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Fig. 11 Total Electron Emission Yield of Virgin Pl and PET
(a)Experimental Data (b)Comparison with Furman Simulation

X

Tab. I Parameters for TEEY of virgin PI and PET Film

Items PI PET
E, ~25eV <25eV
E, 650 eV 1300 eV

Enax 150 eV 250 eV
Ohnax 1.7 2.4

According to the simulation theory of secondary electron
emission yield(SEEY) by Furman, the relationship between
the electron yield and primary electron energy follows as

[7]

) S - (EP /Emax) (6)
Y s—1+(E,/E,,)’
where the E, is the primary electron energy, O i the
maximum value of SEEY, E,. is the primary electron
energy when the O, is reached, and s is the related
coefficient ranging from 1 to 2 for solid material. As the
SEEY dominates the TEEY, the simulation tendency should
be same.

From Fig. 11(b) we can know that the tendency of the
experimental data well matched with the Furman
simulation data for both materials.

S(E,)=6,,

b. UV Degraded PI and PET Film

In this research, we chose 5 UV doses, including 17, 34,
100, 500 and 2000 equivalent solar hours(ESH) for PI film
and 3 doses, including 100, 500, 1000ESH for PET film.
The TEEY results of virgin and UV degraded samples were
shown in Fig. 12.

After UV degradation, the TEEY of PI gradually increased
with doses rising, while finally saturated at SO0ESH; the
TEEY of PET decreased with UV doses rising, and at
100ESH it almost reached the minimum yield. Meanwhile,
the E ., for both materials maintained.
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Fig. 12 Total Electron Emission Yield of UV Degraded PI and PET
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B. Photoelectron Emission Yield

a. Normal Injection for PI and PET Film

The PEY tests of virgin PI and PET were conducted in this
research. Using the linear simulation method in Section III,
we calculated the PEY property based on the experimental
results. Fig. 13 (a) and (b) shows the PEY of both materials
and the current comparison [8].
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b. Angular Injection for PI and PET Film

The 30° angular injection PEY for both materials was also
tested. Due to the system light beam is fixed, the sample
plate was rotated for 30°. Fig. 14 (a) and (b) shows the
experimental results for both materials.

Fig. 14 (a) and (b) infer that, when the injection angle
rises, the PEY slightly increases for both materials.

V. ANALYSIS AND DISCUSSION

The electron emission yield induced by electron and
photon for solid materials can be measured by our TEEY
and PEY system.

For the TEEY of UV degraded materials, as the energetic
photons acting on the material during UV irradiation may
change the molecular structure of the polymer, and the total
electron emission yield has deep relationship with surface
chemical and physics status, thus it varies after UV
irradiation. For further explanation, the XPS analysis is
needed for the elements variation.

For the PEY simulation, in order to verify the accuracy of
our simulation method, we calculated the photoelectron
current density in D2 lamp full wavelength range by using
the simulated PEY results, and compared with experimental
data in the situation of no filter, as shown in Tab. II. For the
gold material, the calculated currents density for both light
sources are little smaller than the experimental data, which
may result from the inaccuracy of simple linear simulation.
Fig. 7 implied that, the PEY of gold material at short
wavelength range is less than the reference data, and
especially the PEY in this range is tens of thousand times of
that in the long wavelength, so it plays an important roll for
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Fig. 14. Photoelectron Emission Yield of Virgin Pl and PET
at 30° Angle Injection (a)PI (b)PET

calculating the photoelectron current. Therefore, the high
order of nonlinear simulation is necessary to be used for
accurate simulation in the future work. For polymers in Tab.
II, the experimental current density is relatively smaller,
which may be caused by surface charging, as shown in Fig.
10. In fact, the current waveform peak for full range D2
Lamp is even sharper than that of filter used situation in Fig.
10. In that case, the real current peak value hasn’t appeared,
but the waveform already begins to decay as the surface
potential trapping the photoelectrons. So, the experimental
current becomes smaller. So the shorter pulse is needed to
improve the current measurement.

After we get the PEY simulation results, the photoelectron
current density in space environment can also be calculated
by using the AMO solar distribution and compared with the
real data from reference in Tab. II [2].

Tab. II. Current Comparison of Experimental and Simulated Data

Calculated Experimental
Light
Material Current Density ~ Current Density
Source
/A-cm? / A-cm?
D2 Lamp 3.73x107 6.26x107
Gold )
AMO 6.77x10° 3.90x107
D2 Lamp 3.17x107 2.51x107
PI
AMO 3.71x107"° /
D2 Lamp 3.18x107 7.08x10°®
PET
AMO 3.10x107"° /
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For the angular dependence of PEY, it is considered that
the angular injection of photon leads to the different light
reflectance for the materials, which changes the photon
absorption and finally the PEY. Thus, the optical analysis
will be carried out to explain this result soon.

The analytical tests are needed for explain the entire
experimental phenomenon. We also will conduct other
degradation test such as atomic oxygen erosion, energetic
electron and proton irradiation for the polymers, and
investigate these degradation effects on total electron
emission yield and photoelectron emission yield.

VI. CONCLUSION
(1) Electron emission yield induced by electron and photon
can be well measured, especially the insulation materials.
(2) Comparing to the virgin material, the total electron
emission yield of UV degraded PI film increases with rising
UV dose while that of PET films decreases. The FE,.x
maintains for both degraded materials.
(3) The 30° incident angle PEY of both PI and PET film
slightly increases to the normal injection situation.
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Analysis of characteristic of secondary electron emission
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ABSTRACT

We studied how to measure the secondary electron emission (SEE) of metal and insulating materials used for satellite thermal
insulation or other such purposes. SEE yield measurement is very important for analyzing charge accumulation on the satellite
surfaces due to the space environment because electron emission for irradiated electrons influences the amount of surface charge.
Therefore, we are developing the measurement system without the deceleration voltage and enable to obtain the characteristics
of the SEE vyield from insulation materials irradiated by an electron beam with energy of 200 eV to 10 keV. This report
introduces the developed measurement system and the SEE yield measurement results of metal sample and polymer. From those
results, we discuss the characteristics of SEE that depend on each material. Furthermore, we also propose a future plan of SEE
measurement for satellite materials.
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(Key words: Secondary Electron Emission, Spacecraft Charging, Electron Beam)
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Table 1. Measurement Samples z 2
. ; I
Thickness Density Wo_rkf_u netion or w 1.5
Sample [um] [g/em?] lonization energy w I
a [eV] » g
Au 250 19.32 49 I
Ti 500 451 6.8 0'5_
Kapton® 125 142 6.2 C_)L 7
Upilex® 125 1.47 6.2 Energy E, [eV]
FEP 125 215 83 Fig. 8. Measurement results of SEE yield & on polymer
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Table 2. Measurement Results

Sample }gvr?irz‘;{ili)rrllcgr?gr;; Maximum Energy En,

SEE yield 5, [eV]
[eV]

A 49 20 700
Ti 6.8 27 250
Kapton® 6.2 20 300
Upilex® 6.2 21 300
FEP 83 22 200

I K potzbEZBND,
4.2 BRFHHE

Fig. 8IZIE L7V A 2 K (Kapton®, Upilex®) 3L UFEP D
TR RS SR R, R L Y 6,15300 eV D & & Kapton®
T 20, Upilex®T 2.1, FEP T22 Th o7, ZHHDIEIT Table 2
IZEDE TR LT D, el ARRIEICROT RE i
MO ©— 7 2T 5 2 L3 TERN T

Kapton® & Upilex® T3 1 & 725 = F/LF—(1 800~900eV &
FF—BL T D28, BT Upilex®D 528 HMEE 72 2 f6Ta]
MME BT, HRIZ, 400 ~ 700 eV OFEFH Tl 05 DFERH Y |
FICARYA I RT7 VL THEPHERS N, £72 FEP (T
Ta. RV A I FL Y ETORKNESOZRAF—IZHBWTE
VMEE 22572, ZAUTESFHEHIBN T H @B L& [FERIC
A A AL R F =0 IR EF RO R KIS, (5B % -
ZTWHEEZ BN, FEP, Kapton® Upilex®fEHBIS % b
THEENTNG62 eV, 62 eV, 83eV THY, RUAI KLY
FEP OFNEL 2%, ZOFRERE LT FEP LV HRYA IR
(Kapton®, Upilex®) Ol N —KE T Z K LI K 2ot b
Zbivd,

4.3 HHBELtEHY FYAORDIRILE—E;

RN AT R E T D= FNAF T L > T RO X—
Ml (LkeV UAT) TLla@x EAL, ©—27 22 2RICE T
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HTIX, Fig. 3ITRT X IZEOT R AT L &b M
DIFINLF—%Eh L R/ B RAZRLE—E, LEHEL, ZOE,
&R EE pD BIRIC DUV TR 21T o 72, EOfER % Fig. 9 12
Y
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D IREFORHESIZ iofﬁ%éhé%ﬂ)}:%i LD, &
TR FRHI RS L72Bs, RBHBEMROEENT, BEE
FEHC tmﬁlﬁﬁfﬁ%@m&ﬁ\ﬁ< 75, FLT, ZKETHIE
B EIDALEDELS 70 D4, RERME CKETHERELIC
L Ted, LoT, ABHEEmMEL 725 L =V F—E, 13 &<
b EEZLND,
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Analysis of the physical properties of the polymeric material for spacecraft charging by measuring the
photoelectron emission current
Kazufumi Nomura Naoya Omata Hiroaki Miyake Yasuhiro Tanaka
(Tokyo City University)
Masamichi Ohhira Teppei Okumura Masato Takahashi (JAXA)

ABSTRACT
A lot of satellites in space have been widely used for satellite broadcasting, satellite telecommunication and so on, and have

become very important and even necessary in our modern life. However, satellite failures caused by discharges due to surface

or internal charging have recently been reported. And electrostatic discharge accounted for more than 50% of all satellite

accidents.

For the above reason, we must investigate spacecraft charging due to irradiation by radioactive rays, sunlight and the plasma

environment. It is required the value of secondary and photoelectron emission (SEE &PE) of spacecraft materials. SEE & PE

are important parameter for surface charging on satellites.

Therefore we focused on PE of polymeric materials for satellites under sunlight irradiation.

F—T7—F: REHE FHHMSE LT
(Key words: Surface charge, Spacecraft charging, Photoelectron emission)
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3. BAlEHHRUVAIEEY

Table.l 124 EIHIE L 72sBt O RBHE 2773, @B E
(Au, Al, SUS, Cu)$ L O, &% 144 FH(Kapton®-H, Upilex®-S,
ETFE, PVDF, FEP)IZ/0 0t ST SV A& IRET L, it &
NIZHE T FC IR VIELRIET 2. 2. HEKE
1%, 120-270nm TH Y | KRBT 2B L 1
%@ﬁbﬂ3%ﬁ%?é’k?i?%+@%m%ﬁ0Tw
Do Fo EOTMEHCOWT, BT R LS
%%ﬁéo%MTIMS;T?iQ 10 mm i@ CTHIE %
119 2 LI X D FEORBEEZME LT\ 5,

Table.1 Samples

Sample Tickness [um]
Au 250
Al 3000
Cu 2000
SUS 2000

Kapton®-H 125

Upilex®-S 125
ETFE 100
PVDF 4.5
FEP 25

P.D.

Measure

point

Sample

Fia. 3 Measurement point
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Fig.5 Quantum efficiency of Polymeric materials
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SRIELOGE Au, ALTZRER & SCHE I IE RIREE T
bAHZ EEMER LI, UL, Culc oW, HIEM & STk
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FIE L72 Cu OFERmMAEEL L T\ i/e Dl 74

Iz <7, T Rx-T=BZE 2N D,

WIT, BT MEA A b= oL F—OJEE & STHkE
BT 5L A b R F—DfEIZ, 1.0-21eV 2
ERRDM LI oT, TOEICONT, TV &S
T TV TIIEECERE SR ST Y . EBEO
MBIORRE L 72 272 DAE L b0 EEZBND,

Table.2 Work function of each sample 234

Work function or lonization energy [eV]

Reference data Measurement data
Au 4,99 4.9
Al 4.5 4.7
Cu 4.6 6.4
SUS 6.0
Kapton®-H 5.94 6.2
Upilex®-S 5.4 6.2
ETFE 9.4 7.7
PVDF 8.6 7.5
FEP 10.4% 8.3
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SR, Bex TR B OB RHRE 21T 9, E
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B HHHEZIT) TETH D,
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Evaluation for Insulation Degradation Properties in Proton Beam Irradiated Polyimide Films
Ryo Uchiyama, Kohei Horiguchi, Shin Ou, Hiroaki Miyake, Yasuhiro Tanaka (Tokyo City University),

ABSTRACT
The spacecraft like a communication or a broadcasting satellite flying in GEO (Geostationary Orbit) is always exposed to
plasma and/or radioactive-rays such as a-, -, and y-rays. When the insulating materials, in which the spacecraft is wrapped

to keep temperature in it stable, are irradiated by the high energy proton beam, sometimes an unexpected accident due to an

electrostatic discharge occurs. However, it has not known how the irradiation affects to change of the electrical properties of

the materials. In our previous research work, we especially focused on an internal charging phenomenon which must affect

to the electrical properties of irradiated polyimide for spacecraft. Judging from the measurement results, it is found that a

positive charge accumulates in polyimide rapidly up to a certain saturated value, then it gradually decreases even during the
proton beam irradiation. As the reason for the phenomenon, we consider the generation of RIC (Radiation Induced
Conductivity). In this paper, we tried to measure the space charge distribution and conduction current under DC stress of

100 kV/mm in proton beam irradiated different type of Polyimides to figure out the mechanism of RIC.

F—O—F T, MBEAE, e RS, RU IR, ZEREM, R
(Key words: Spacecraft, Insulating material, Proton beam irradiation, Polyimide, Space charge, Conductivity)
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Table. 1 Naming table of the irradiated samples
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Influence of space solar cell coverglass coatings for chaging
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Abstract

Spacecraft are charged under plasma environment and radiation environment in space, and it may lead failures and
anomalies of spacecraft when discharge on the spacecraft surface occurs. One of the most important surface materials is
cover glass for solar-cells which is a source of an electrical power. The purpose of this paper is to investigate
surface-potential characteristics of coverglasses with coatings after electron irradiation. We found that the surface
potential on coverglasses becomes positive within a few hours after irradiation. Comparing the surface potential histories
of coated coverglass and silica glass revealed that the positive potential of coverglass is due to ionization of metallic
atoms in surface coating material. The positive potential is relaxed over several days which will increase a risk of
discharge. We conclude it is necessary to select coating materials with lower secondary emission coefficient.
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1 EBREM
No.1 No.2 No.3 No.4 No.5 No.6
Sample Kapton® 200H | BRR/s 0213® | BRR/s 0213° | CMG 100 AR® | CMX 100 AR® | Synthetic Quartz Glass
Sample thickness [pm] 50 100 100 100 100 1.13[mm]
. Energy [ke 15 20 20 20 20 20
Irradiation - gy [keV]
Time [sec] 60 60 60 60 60 60
Current density [pA/cm?] 49 64 64 64 64 64
Vacuum level [Pa] 10 10" 10° 10° 10° 10°
4000 5000
= = 4500
§- 3000 §4000
B8 - £ 3500
§, 2000 |+ & 3000
2 h} — No.6 (&REHHSZ"AQ", 20keV)
£ % = 2500
5 1000 g
= « No.1 (Kapton 200H, 15keV) @ 2000
£ 8 1500
Qo 0 0
8 . 25 50 75 100 125 150 & 1000
£ % 5
5 -1000 ‘\ + No.2 (BRR/s 0213, 20keV) @ 500
I3 ‘ 0. S ‘ O
2000 0 100 200 300 400
Time t [hour] Time t [hour]
[¥ 3 Kapton® 200H & BRR/s 0213®? % ffi & iz, 1 5 ARAIEH T A DK B O R E
i ] P
5000 5000 |
S 4000 S 4000
s s
£ 3000 N § 3000 No.6 (BREZESSR"AQ", 20keV)
b= Py Coverglass k=1 5 i |
gﬂ * + No.2 (BRR/s 0213, 20keV) = No.3 (BRR/s 0213, 20keV) gh
£ 2000 I . No.4 (CMG 100 AR, 20keV) * No.5 (CMX 100 AR, 20keV) £ 2000
s e, | | 3 i
=} > =} overglass
§ 1000 Teees s e ede ..‘N‘il iepten b 1531 § 1000 SEEEEEEER +No.2 (BRR/s 0213, 20keV) = No.3 (BRR/s 0213, 20keV)
8_ L \EAR] T i g_ 1 No.4 (CMG 100 AR, 20keV) * No.5 (CMX 100 AR, 20keV)
8 0 % g 0 % /
8 T3 / 10 15 20 2‘5 3%) 35 g . 10 15 20 25 30 35
3-1000 | p Shihdaddadnddadiel 3 -1000 o= ISSTETYRIIEEE
¥ oy oo \;\;'0\0\Tt*,\ﬁ\»x»xfx»%mw» rerer e T@'T:!::T o ‘THH b e
-2000 " -2000
Time t [hour] Time t [hour]

[X| 4 Kapton® 200H & KE5#E#L A /S — 7 T A 3 fllC
K 2 2 i B D R E E
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TG OB D 9 BIZIEMI O BALICER LT
WBHZ ENbnb.

WHFSEER T, T E TICEMEREE P20
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PLOREEREZRT. F72, K 6 ICARAETZ
APAQ” L KB A N—H T A 3T T HREE
ﬁ@ﬁ%@@%ﬁﬁ:&%%%m%uﬁﬂ%ﬁﬁuv
V] %, BEd 5 R IR 1% O RGE IR t [hour] %

7.

BRRA T T AAQ DR IEFENIL, KEGFEHM AT AN
— T AD LD ITHEIFH D 5 HITEM B IEMIZES
T5HZERL, MAIZEBMPBEELTWHDORDN
%, [AERRICIRE R E SR K OVATEISHIR 2 R 7= &
A, GEA AT T ATAQ D IR E I E B
2.2x10%[sec], RFEHEHIRIT 6.1x10%[Q-m]& 72~ 7.
B Th B IR RS toEE oL, R
FEHESHIERIE 200°C o & = 3x10"[Q-m], 300°CD & =
3x10°[Q-m] & H DA, IR TOTFT — & Hi/p < Bl
BN TE RN, F2T, —RERGET T AD
RREIREIR L i 2 2 Lo 5. SCikfiE “Wkv,
FHYEH T A DEREHIRIZERE T 10°Q-mEH v,
BB AVE TRO I AEIT SR L » i RE W E L
Tpoi-.

5. BE

ABIOK 6 LV, RE=—T I BEEH
7= KBFE 7 S— T 7 A DR BN OB, 3
FEE -4 5UBLE & RIS OB 0 5 BIZTEM O
BAIZERE L WL A THEEM S S, £z, a—
T4 U THIOlE ST WERRA T T A, 1IE
HELTWRWZ LD, INR—FT7 ANIERET
LZOFREAT—T 4 THPRESHAELTND &
EibnD.

7J/*‘~7f?x75§IE%a§TéiiEH & LTLAT oG
BEZT. BHRERIC a—7 4 Y ITHENCE
iﬂééﬁm%(wpm %%t L, ZIR&ET
BT 5. @¥ﬁ%%E%i,%méﬂﬁTTwh
AFEBFPNEBSNAEBME 2D, BTRBHET
BRI EMEENE X, S EMICER L
Tb\éd) X, MRS EE ™ (Radiation Induced
Conductivity: RIC) DZhFIZ & 0 & 1R RS ik o &
%iﬁiﬁb,ﬁﬂ%ﬁ’fﬁ?é*%#%ﬁ&w

LIZNE Z @i L 7o R~EiH L, —“IR&ET
Bz X 0 & S = IEFLANE éhttﬁ)t&%z
b,

ZZT, %%ﬁﬁ%(%kﬂéﬁf)*owfﬁ
A THD. 72k, REFFEICENTXQ)RTRT 7
I%f®%%t%ﬂﬁbﬁﬁbt A OES
KXAREIT VI =0 22 e L TE T ORAMRE
ZEBRINKRO =X TH D0, SROREHIAT S &
nNTnwsda—7 478 Thsd MgF, DEREZ
THHE LT

1.38
r _ 0.407E i
Yo

VXUzFB VT, RITMR[em], EIXRHTLE T
TRVF[MeV], p lLERT OWE @Mf“[g/cm]%‘:n“
LTW5.

AFEBRTIE, BFOBRKNTRILXE-= owwmw
BT HME, >% D MgF, DEE p =3.15[g/cm3] T
HHDOT, ZhbzQ)URA LT E ZAEBETOR
FERIXR=58[um] &KFE 7.

a—7 4 VT HIOMNERESIZET BRI ST
LT EIETERD SN, ZEa—T 47 ENT
mé’&ﬁ%lmm&?%ékbf% a—F 47
FlofEkzE - ix@miE L, 77 ABICEELTWD
EEBEZHND.

HX—T T ADIEBNPER ST < FH <‘: L
T, HWIZABIZ N v ENT-ET0NHEHINE
> TREPA~EBEL, E}Ltﬁt/\btt&ﬁik%
zZ5.

KB A N—HF 2T % BRRIs 0213° (Gt
No0.2) DIEFEN DOREFIMEE ST 8.3x10°[sec] T - 7=
A, BEIZET EN+H+HETHD. B LERN
20[keV]DETF-#r % 1 3 HIRH T 27217 T, EEMH
BMESNDDICHBUENNDZ ERNb0rD. N
—HITANERET S LIL, HREEMNED A=
7 ABN OB CHBENM AR ST <D,
MEICEDV A7 E2@mDTLEH. HHENRMEEZ L
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VIRIOBENLETHD EBZD.
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