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Background

During the recovery phase of a magnetic storm,
fluxes of relativistic (>1Mev) electrons in the inner
magnetosphere (3<L<6) increase to beyond prestorm
levels.

The relativistic electrons are assumed to be generated

by resonant scattering of electrons by enhanced
whistler mode chorus.

The resonant scattering is evaluated by Qasi-Linear

Diffusion Theory with a wide spectra of whistler
mode waves in a homogeneous magnetic field
model.

Whistler Mode Wav-Particle
Interaction in the Magnetosphere

PARTICLE

Dispersion Relation for Electron Modes

ckATe

Whistler 404
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4

0 3 10 15 20
ck/Qe

Cyclotron Resonance Condition
W= kvy| = £|Q|(1 - o2 /A,

+ : Whistler Mode Wave (R mode)
— : EM lon Cyclotron Wave (L mode)

Chorus Emissions observed by GEOTAIL

EQTAIL Pwl WFC 230430/000343.552
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Electron Dynamics in Dipole Magnetic Field
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Parallel Velocity Variation with
Whistler Mode Wave (V> 0)

Kinetic Energy Variation

— w'n w's s

Vector Relations in Transverse Plane

Trapping Region in Phase Space

Field Equations for Whistler Mode Wave
é d
(ai +V, JZ)B“. = —V,AJ;

8 i Ay
(a* Vva)¢= Vo,

¢ d
al Vgt = —4yn
(5r+ Vs BZ)B" _JR

where B* = B exp (i¢) and J% = (Jo+iJ,) exp (i).

Chorus Emission reproduced by Vlasov
Hybrid Code [Nunn et al., 1997]

Hz Frequency Time Plot
1100 v + Fm il
1000}
900
800F-
700
600
.
500 N L )
LX] 0.5 1.0 Ty 323 25 35

Time (seconds)

Figure 1. The f/t spectrogram of simulated ris-
ing frequency discrete emission (run A) presented as a
shaded contour plot of spectral power. Such simulated
risers are easy to produce, are stable, and are the most
common simulation result.
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Rising Tone Emissions
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F—DEAEDOHIBIZOWTORIEREY T 21—y 2 v &1{T7o 72, Whistler mode chorus
DI RAROMENZBEIN TR 00, WEHOZ R LE—REL 2D
keV A= —OETTHH, BEFRIIMRFETD 2 LOFIPBNICZTANLN
T3, REETIE, BRRBICEET S keV A =¥ —DBE TP ORERGEIZLD
Whistler mode DIFEASFIEL E 21, I S 1172 KE) & MeV 4 — & — DX FRAVE = 2L
F—FFEPHBL, HREL TkeV A — 8 —DETOEE T F L F - MeV BT DT
FNE—ALTEINL YT U A DOREEEREL, FIEH S - a Vit KD TS,

2 YEab=Y3ayETI

AKWGeCEMT 23 HE T 2L —vavid, 7o AHBEBIEROBE L w25 RET
EWE, BEZRLX—OBETENFE LTS ETVIET0Tw5 1], ETLHT
BYEEOI— L FBF, keV A —F—DZF VX — 2B OBFROHENGHN I 2 LY —%
BoBTOIRFEELEIET 2 (AP TREZNFNONFEZERET. keVETEB L
' MeV BT EMES),

v Eal—iarZEHE LTEEMSICN o —ROTEEEFRTE L., keV KU MeV &
P 22— RRICTE § 2 AR L L C keV BT DO vgy, 1 fugy,| = 4.0 DIRE
HHMEEGZ 5, BERFICGERT 2 75 X ALEMIC X % Whistler mode D JEE)
OIS NS, R E N3 B OREIIIEEITIC X > T T 2 2 E S HRETH
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(a) i (b)

[1/m®%)

107"
"‘E /
10- 1’: ]

t = 1800.00 [0, 1]

10719

f/ﬂ,/,,,/,,ﬁ
]
15810 =
2
Viev [ \
151x107°

1: (a)MeV &0 EEIRZERH ETD 18000 TO4H, MeV 235 Bl f Iz i > THB L
Tw3, (b) HEXFNF—ORHEFEE, b 6HIZ Whistler-mode DB D L 8L F L
¥—, HR8F. keVE LRV MeV BFOEH T F VX —%737, [Katoh and Omura, 2004]

. ZOREED S DY 04170 /e, FIEEDS0.620, D Whistler mode (f&#fA 0°) 128
WTHREEIRK (112 x 1072Q,) ERBILEWREINE, ¥ al—a Ok
AT v 713 180091 (SERFEIC L THY 2msec) TH D, I DI R 7 — A DT DB
fE7re AL BIANF—ETONTFHEORMERZHS TR EED, Y(7n oy
IR 2 BEAR L 3 29 E-F FRIOMHEEIEM &L MeV EFOTMHOZENICOVWTEHT 5,

3 BR

IITIE2oDY S al—rarvfER (FNFNRunl, Run2 & 73) 2377, 1
X Run 1 DERTH D, MeV BETFOEEREMFPTONMEE, KT3I X —DRFHEZE
fLZRL T3, ¥Ialb—a yPTid0.423Q./c (mode 13;k = 13kn:,) D%
£$> Whistler mode D EDI#E S 41, MIZRTORKRIC BT I2HERTHET S 2
EDHEE E -, BIEE E 415 Whistler mode (FHAICUT VG OJEEN 2 <7 F L2
5, B 1(b) IZIZIB ORI & & b IZ MeV EFOHEE T 7 )L X =R L T 25D
RENTWS, TOR, K 1(a) KA ELs X9 i, MeV B 1 I3HB R % IK iR
(diffusion curve) ICi> 7= HIANCIEBEINT WA Z L6, MeV BFO#EI T )L ¥ —
DRi457 12 Whistler mode DI & OHEZ L CTkeV B oHEINZLDTH S
fEamf i od, Run 1 TERE S 17z MeV EF D OHEE) £ 2 )L X — 135 1.1MeV (Z
2172 D, Whistler mode D#E) & DIHLIBIZ & 2 = 2 L F—2{LEIZHY 46keV ITHY T 3,

KIZRun 2 £ LT, MeVEFDHMZ X HEFEIZIE Y, 100keV 2> 55 MeV % TDIA
WIRLVX =L ERAN—F B, REEM (f(Epn) = CEL,) ELT¥Ial—va
vEEMLE, ZO/KE. WEIGEWEy FAZROEZ ALY —BTO 55, FEEIC
FWRIRTIELZZ T 2 RES RSN, HlE LT, #HIRET 200keV DL 2L ¥ —
Ly PIKEETZETEZMD EWF 5 &, 18000, DRIC 300keV ZHEZ B2 T 2N F—ICF
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————— UlilublUil curve
Resonance curve
=== Path of a trapped particie

X 2: Run 2 TRESI N, @ TEHL§ NrBTOEFCHNT LTI [Katoh and Omura,
2004], A & BERZ N UL 2HROMRSPEREDL I Z 2 LICLD, R—DHFTIE—
DDILEHHRRIC D ARIB - T BT OMED, HEOIREEhR 2T IR 5 kf)]ﬂl£§ o,

THIERSNBETD0.05%DEETHAE Lz, ZOLI)ICEVIESREZ LA T 7 ek
AlE, K 2WlmEhns k9%, sl L BERICL2ROELRALEICL > THHTE
%, WEEFICERT 2 AKEETIE \WL #3ERT /T O Whistler mode SIS N3 2
o, WERSEFEOSZFLX —B FoMREIEIHI X 15 EREO NERRBIZ BT
%\ﬁ%@fm%xmio”ﬁi@ﬁf%m B U T A REOMETI S LB

4 FE&®

LI al—3avOiEEs S, Whistler mode DEFZ /L7 keVEF & MeV EF &
ORITCOZF VX —OBEINHE X, JEE 0 Whistler mode DIFENC X 2 HHIEH MeV
BFOLZNX—BICKECEERIZT I LR SN, Fh, RERTICERT 2
ALZEED & 910, AHEN EBERBELET 24 TICB W TAEL 2880 71
R ADFENEBREI N, B8, ARBONRIEIRFERLXO—FHLLTELDONT VS
2],

[1] Yuto Katoh, Takayuki Ono, and Masahide lizima, A numerical study on the resonant scat-
tering process of relativistic electrons via whistler-mode waves in the outer radiation belt,
Physics and Modeling of the Inner Magnetosphere, eds. T. Pulkkinen, R.H.W. Friedel, and
N. Tsyganenko, AGU Geophysical Monograph, (AGU, Washington, D. C., 2004), in press.

[2] Yuto Katoh and Yoshiharu Omura, Acceleration of relativistic electrons due to resonant
scattering by whistler mode waves generated by temperature anisotropy in the inner magne-

tosphere, J. Geophys. Res. 109, A12214, 2004, doi:10.1029/2004JA010654.
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WIS, BT, S, RERE, EAE, &)ime, SFHES (BRSTEW), /NEF&E=E,
BUSTESE, REAEE GRUEN) . BREE. MR, s, BEEE (N1 CT), &mERE, @,
SEPBRIE, MMET. WSS A, AEER (JAXA), WREX GLER). FIRIE, =
WschE GigR), BB R, ZARRE, JArEn G SR (BIRK) . BoTiE X, B
B, H)IBEE, B ms GuiiR) . WEFERE. T, ElEE (Bieh ., aRE=s, =2k,
R EEE (FIWER), EaE - (e, Wen e GRehEEssErT) . 2% EL GiX) . BHmE OF

TR, MIERERR - HEKREEZRNEERE =

VU AR—ADH B HERERO 1 OEUNONEESEIL. 6HIU LT x A —DRAL T TR
< NHIET BEEE S, WREE BT 3L — RIS W) 0o T, MRS X
N —BIRHETHRE, FEFICEATI v 7 ICEBT 20EDH5E/MTHD, = OEBROERIL,
FHRROMINAENNAT LN b DD, BHEHFRSROEL S b —RL2D, 20k, BEETHAEK
BRI RITOILT 2o, T OEBIE, HIREGEOT TR LT RXAF—DEORIFIZ LD T
BB BEATVWD, BEHREITT 9 5 OERBLICEASh, BN EICHFETHEKEE2 6
NTEE, L, 199 0EMRICHBITA2H-REEBERICLY ., - OEBRHBEKOEEN - TH
BB L TWAB I ERRBREN, 220, A via i BEOHDIRBIIBITHE R
XTI A AR OMFA L AL L. HECER 1 0 BUNONBERKEERICHBO T, HD
T ARR—FEADR T - B, WEORSBREITS 2 LIk by, NEREEICRBITA T A<0@
B, GE - MEWSEORI A B8, SR I TE R S OBBOWIER B XTI L0
BRTHBY, KIvva ik, FEERIBIT2EZ22 A AEEEORER. vy AmowkaE
b, SbIT, KERPARBIEOBBHEE TICBITAEELH., RERBEEREGRRITE
EBB: EORSERHENC, i CET 2 ME b A bR T2,

Z (Log)

2

e L

ol
i

8-640ke Vi

i~

f’:f

900728 210324 911012

{Li and Temerin, Space Sci. Rev., 2001)
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M1 :CRRESHEIZLS 1F3 7 A ORBBBREBNGER, MG FONERFT AT I v 7IZEE L,
9143 H24HDOREKEIZ - T, A & NEORNCH 2 IS Nk S v, EIRRkE L C
WHZ ERDRD, 199 0FRICIEIOLIITHHBEHERIELIELEL THDZ EBHLNITRD,
FORNOERENEZN TN D,

IR LI, 199 OFBICIIBEMENEL AT Iy ZIH LS EFH L TWD Z B 5T
720, ZORKOMANFIZIL TV D, FRICHAROBEIEHIZB VT, BEREIE OFE = RV —HhL
TRERIZHBER SN, BEAEROREL D LRI FOEREZ A Z LR, TFEOHITIEOHER P DE
BN LD mbid K)o TE Tz, Z ORISR OB/EEIL, #5065 EEITBIT A1
IEEREOIEARN 2R L LT, £, ALHELFHEM COAMIGENCEEZZEL 5 2 DR T#HO
JRE LT, BEEREARTH L, ZOINFOREMBEBEOTI & LT, W amsEiz L5
B (ONERELREE) & IR e AEIZ L B b o (WEINERL) & 0 2 SOEEENIRBI N TS, 7l
Flx, BRE—A b (=230 F—) OREVWET (highnE 1) OEJE% plasma sheet [Z5XE L,
Z 20 b OWERY iR TR AT —ETIHESND DO THY | HHIL, ERERFIIaH
EREEICVE A E 372 hot electron 7Y, DR TT I AvEHE L MAERTAZ LWL, IBEEND
LI HDTH S,

(a) FMERHERATER : radial diffusion (JEH) & #FEES (substorm injection) 2LV Fb#HE DI
NS B RV =R EA IR S5, Bl 72 radial diffusion 7217 T/ < (U L FIZEHZ L 5 radial
diffusion(Elkington et al., GRL, 3273, 1999), KBBEIZHKTF L 7= empirical 72 diffusion R &% %
BLEHIZELH 5 (Lietal, GRL, 1887, 2001),

(b) PEBHLAIL 1 @ A v AT —F— R & O EERIC X 2 B P E T O IEREINE
* broadband 727K A v AT —F— N & O EEMIC L D B BREE T OB EHY 72281 e

(Summers et al. JGR, 20487, 1998, Summers et al, JGR, 2625, 2000. #2250 .

- monochromatic 7278 A v AT —F— N & O EERIZ L2 HEBASENE TORL7F-IE (Roth et al.,,
Ann. Geophys, 631, 1999, Albert, JGR, 21191, 2000),

(c) Wi 2 : UL F¥E & OMAMERIZ X 2R ERNTS TOEREINE (Liu et al,, JGR,
17391, 1999, Summers et al., JGR, 15887, 2000).

(d) WELEEITL S - V7 X F— A2 X 5 induction BHIZ L A FEMEINE (Kim et al., JGR, 7721,
2000) .

(e) WERMLAFN 4  BHR T — FR-X, L-O, L-X) DU & OFEAERIC L 28+ (Summers et al.,

\
)

1TNo

JGR, 10853, 2001),

BV IRAF-SBEONTFEE
& BETHILF— [ =)

= S
<10eV 10eV-10keV 10-1 é}?‘é«;e? 100keV-10MeV
ABE — TSATL—F o~ UDTALYE — BEEFET
g2E T
g g -ﬂ—w 5 55 g ]
o b EERE
= RETFOE BaanE =
- ST o by § " radial diffusion
| BEEE | mEEC injection
HFOEs SEERRRRE IS
-BRENLO },3; ULFIES
BFOBES / L:f'“ii?-:«?:‘ < e

a d ",
EEEE

B2 OAAR=AI v g ERGOEEF, KO- X—#f oK+, B, HEIE R
BRI 2 Z Lok Y, REBICBUIIERLFICE D £ TORFOINEBEZ A<D,
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SNERHEAE & R T, BICHEMER T O W D007 A0 5 L0 Enm ED K 5 I Tn
BHERE LT it iE, NEREBERERCHNT, Y —R &R BEDRLE—RTF O
EEDIIE =R R—GEEDR T, BRFOEE, 75 A~ KBk AR REHIC
BHIL T 2 ERMLERERTH D,

EBIZERGIZZ OMEHREOHE T T, VAAR—RIBIT HEESERT T A YEIER
EWADTENTED, TNBDOYA ZUADT—v L ZDA L5y MBI T, AL~V
[RA KIBIZEBZ B DT, LFDOHR—LN—TR, LUTFO reference M L THEHE 721,

hitp://stdb2. stelab. nagova—u. ac. jp/member/shiokawa/vobosho/nakate. html
Shiokawa et al., ERG — A small-satellite mission to investigate the dynamics of the inner
magnetosphere, submitted to Advances in Space Research, (ILWS #¥£E7), 2004.
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ANTA A=A L D EERREINIC R 2015
ORAET (KB, BT UAXA), HAMK—H GUUATR), FIEFCR)

Study of the Upper Atmosphere Observation by Artificial Ion Beam
Sachiko Sugimoto (University of Tokyo),
Hitoshi Kuninaka (JAXA),
Kyoichiro Toki (Tokyo University of Agriculture and Technology),
And Yoshihiro Arakawa (University of Tokyo)

Key Words: Ton Thruster, Charge Exchange Collision, and Energetic Neutral Atom

Abstract
The observing method that uses ENA (Energetic Neutral Atoms), produced by ion beam injected from an ion
thruster, is studied and researched in order to estimate the density of neutral particles in the upper atmosphere.
The ion beam experiences charge exchange collision (CEX) with neighboring neutral particles to. transform
into 'ENAs. The ENA preserves the information about ‘the particles concerned with those collisions. We
propose a new method of estimating the density and the composition of the neutral particles from measuring

the ENAs and examine the usability by simple calculation and experiment.
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Experimental development of high voltage solar array in LEO plasma environment
Teppei Okumura, Satoshi Hosoda, Jeongho Kim, Mengu Cho (Kyusyu Institute of Technology)

Key Words: Solar array, Plasma, Arc, LEQ

Abstract

In the LEO environment, the arcing occurs on the solar array surface when solar array is operated at high voltage. We

develop mitigation techniques against arcing for LEQ satellite solar array.

We made some test coupons and tested arc mitigation ability. The tests were performed in a vacuum chamber which

simulates LEO plasma environment. In this paper, we report the ability for arc mitigation in LEO plasma environment.
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Electrostatic discharge experiment with a large solar array coupon

Takashi Kawasaki, Yuya Sanmaru, Yoshio Shikata, Satoshi Hosoda, Jeongho Kim, and Mengu Cho
(Kyushu Institute of Technology)
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Abstract

At our laboratory, the space environment proof test to evaluate the performance of the solar array against arcing is
being performed. Since most test facilities are not large enough to accommodate a full solar panel, laboratories usually
use coupons. Usually, the capacitance of coverglass is simulated by connecting a capacitor in the external circuit. But,
there are big differences among research organizations about how much capacitance is appropriate. The international
standard about the ground test conditions does not exist. The purpose of this research is to investigate the influence of
coverglass on arcing phenomena on GEQ satellite solar array. The experiment is performed by using a large solar array
coupon(400x400mm). The coupon has 50 Si cells. Extent of neutralization differ for each arc. Less charge is
neutralized as the distance from arc spot increases. At the worst case, 53% charge was neutralized at 325mm. Plasma

propagation velocity is of the order of 10*m/s but differ widely for each arc.
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Figure 2¢c. Object ToolKit model of spacecraft body with wing attached.
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Figure 3a. Geosynchronous charging result, showing maximum differential charging
toward outboard end of solar panels.
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Figure 4a. Potentials calculated for spacecrait in solar wind environment.
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Figure 5a. Example of auroral envir
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as used in ple auroral charging

calculation.
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Figure 3. Differential potential on satellite surfaces after 10s.

5. SPARCS & MRAT il

Figure 6. UML graph of SPIS conceptual class design. Each box is a class, the 2N part of
the box contains attributes (i.e. daia), the 3 part opersations (i.e. methods). Diamond
arrows indicate composition, triangle arrows indicate specialization (i.e. derivation).
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Figure 3. Prototype screenshot in wxPython and VTK pop up windows (pest-procressing)
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Figure 1. Virtual Testing Laboratory block diagram
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Figure 8. 3-D ion thruster plume simulation by the DADI-PIC module: potential contours
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Numerical Calculation of Electric Breakdown by Arcing
on Spacecraft Insulating Surface Material

BoOR 8k — - B A (RIRRZERZERENE T2

Hirokazu Tahara and Takahisa Masuyama - (Graduate School of Engineering Science, Osaka University)

Key Words: Spacecraft Surface Insulator, Space Plasma Environment, Arcing, Anodized Aluminum Plate

Abstract: In the future, LEO spacecraft will be larger and higher powered. Because of the balance of leakage currents through ambient space
plasma, their main conductive body wiil have a higher negative potential without plasma contactor operation. When spacecraft operate with a higher
voltage, more intensive arcing is suspected to occur on the surface. When an arc occurs on the spacecraft insulating surface, it causes some
problems such as degradation of spacecraft surface material. Therefore it’s important to know how much energy is supplied to an arcing and how
much an arcing degrades spacecraft surface materials. In previous works, it was observed that arc spots diameter tended to enlarge with initial stored
energy. Here, arc spots can signify the location on insulating material where an arc occurred. In this study, we carried out numerical simulation to
verify the dependence of arc spot diameter on initial energy and to estimate how much energy is supplied to arc plasma. Calculated Results showed
that arc spot diameter enlarged as initially stored energy increased. Furthermore, the plasma density near arc spot was much higher than that of

ambient space plasma because of ablation of the insulator due to arcing.
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Validation on Thermal Cycle Degradation of ADEOS-II Power Supply Harness
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Abstract

On October 25, 2004 ADEOS-II (Advanced Earth Observing Satellite-I; Midori-2) ceased supplying observational data
owing 1o a catastrophic power failure.  FTA (Fault Tree Analysis) suggested that a rupture or short circuit of the power hamess
between the PDL (Solar Array Paddle Subsystem) and the electric power subsystem was the most likely cause.

Material tests were conducted on the haress to elucidate the failure mechanism. - High-temperature thermal cycling was
seen to lead to anomalous expansion and contraction of the harness cable insulators.  This phenomenon resulted in abrasion

and fatigue of these materials.
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Analysis of Trust by Gas Jet Ejected from Power Harness
in Anomaly of Solar Generation Power Drop
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Abstract: ADvanced Earth Observing Satellite-II (ADEOS-II) was launched by the H-IIA launch vehicle Flight No. 4 from the Tanegashima
Space Center on Dec. 14, 2002. On Oct. 25, 2003, about ten months after launch, communication link was lost due to drop of solar generation
power. At the same time that the anomaly occurred, small attitude perturbation and orbit change were observed. The cause is estimated that
burned electric power harnesses of solar array paddle boom generate the thrust. In order to confirm this estimated cause, the length of burned
power harnesses is analyzed using two approaches. First approach is the method based on kinetic theory of gasses and second one is to measure

thrust by gas jet from burned power harnesses directly.
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1. Introduction

Accurate measurement of electric field is an essential request for studies of macroscopic plasma
convection, microscopic wave-particle interactions, violation of MHD approximation, ete. ~One of
typical measurement techniques -is “Double Probe method’, identical to that of a voltmeter: the
potential difference between two top-hat probes [cf. Pedersen et al., 1998]. - The potential of a
conductive material in plasma is mainly determined.by the balance of outflow photoelectrons (/)
and inflow ambient electrons (/.). In tenuous plasma, conductive materials are positively charged
because number’ of outflow photoelectrons exceeds that of “inflow - ambient electrons. -~ Such
potential is highly variable associated with density and temperature of ambient electrons. ~ For the
stabilization of the probe potential, the bias current J, is fed to the probe. k

Double Probe method can measure electric field passively and continuously in all plasma
conditions with high time resolution. ~However, accuracy, gain (effective length), and off-set are
affected by a) the disturbance from ambient plasma and b) the disturbance from the spacecraft body.
In this paper, we showed the results of the characteristics of DC electric field measurement by
EFD-P aboard GEOTAIL [Tsuruda et al., 1994], in order to evaluate the accuracy, gain, and offset
controlled by ambient plasmas. The results contribute to the improvement of Geotail measurement,
and will beused as a basis for the designs of future instruments.

2. EFD-P: PANT and EFD aboard the GEOTAIL spacecraft

Figure 1 shows an outline drawing of the PANT element.: PANT is a pair of top-hat antennas
composed of a conductive sphere with 105 mm attached at the tip-of a stainless steel wire, 50m in
length and 1.05mm. - "Wire surface except the outer portion 1 m is coated with Polyimide film for
insulation, and its inner portion 44 cm is covered by a copper-mesh sleeve. The surface of Sphere
.and outer-portion 1 m of wire is covered by Aerodag for photoelectron yield stabilization. By this
design, PANT can act in different manners for DC and AC fields.  For DC electric field (< ~100
Hz), PANT couples to the surrounding plasma at its:top (Sphere and Conductive part of the wire),
with effective resistance several 10 M and the effective length about 50 m (antenna length). - “For
AC electric field, PANT acts as a monopole wire antenna of 50m, and couples to the plasma with
capacity (~100pF) and the effective length approximately 25 m (half of antenna length).
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Output signal of the PANT is transferred to the receivers, EFD (Electric Field Detector) for DC
fields and PWI (Plasma Wave Instrument) for AC fields. The EFD data was used for this analysis.
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Figure 1. The PANT system aboard the GEOTAIL spacecraft [Tsuruda et al., 1994]

In plasma with MHD approximation, generalized Ohms law can be written as
) 1, 1 m, Of
E+vxB= nj+ —jxB ——VelP +—— ()
ne ne ne” ot

where E, v, and B are electric field, plasma velocity, and magnetic field vectors, respectively. In
quiet cases, right side terms of Equation 1 can be negligible. Based on this, we compared DC
electric field measured by EFD-P and v;x B measured by LEP (Low Energy Plasma Analyzer) and
MGF (Magnetic Field Experiment) aboard GEOTAIL. Used data set is summarized in Table 1.
For this analysis, the accuracy of v; and B are essential. Data selection criteria are shown in Table
2. Since LEP data after 1998 is not calibrated yet, analyses are done for the data in 1994-1997.

Figure 2 shows the relation between observed electric field by EFD-P, E,; (Y-axis) and v;x B
(X-axis) in 1994-1997. Majority of miss-match is caused by non-reliable v;, because of the
limitation of energy range, limited field of view in Z-axis, and the lack of low energy part by
spacecraft charging (in ion). Mismatch is more evident in the cases where ‘LEP-electron’ criteria
are not adopted, because the reliability of ion density is not considered in this case.

We assume v; x B as real electric field, E,.,.. Observed electric field E,j can be written as:

Ep [mV/im]| =4 X Epeust B (2)

where 4 and B is gain (= ‘effective length’/‘actual antenna length’) and offset, respectively. Table
3 shows the parameter A and B derived from Figure 2. Since E,.. has errors itself, we conclude
that the accuracy of E,, is better than 0.6 mV/m in E, and 0.3 mV/m in £,.

4. Gain and Offset
4.1. Variation

First, we evaluated the variation of the gain (4 of Equation 2) and offset (B in Equation 2) from
1994 to 2000. Figure 3 summarizes the result.  Gain slightly decreased in both £ and E,. For
the offset, clear increase is found only in E,. Both might be related to the enhancement of
photoelectron non-uniform distribution around the spacecraft, caused by the increase of
photoelectron production at the degraded spacecraft surface by ion implantation and/or UV flux.
Since the solar activity is similar in 1994-1997, it does not play a major role.  On the other hand,
degradation is not found in the accuracy of the electric field measurement.

We note that Figure 3 does not include the effect of ambient plasma parameters (see the
Instrument Data . dar Available data
LEP Ton: density{(IV}), velocity(y;), temperature(73) 12 sec. | 1993.9~
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Electron: density(V,), velocity{v,), temperature(7,) 12 sec. | 1993.9~1998.1

MGF Magnetic field vector (B) 12sec. | 1992.5~
EFD-P Electric field vector (F), Spacecraft potential (V) 12 sec. | 1992.9~

Table 1. Data sets used in this analysis. For LEP, the data after 1998 is not calibrated.
Instrument Condition
LEP- electron Reliable density & temperature N/N,=08~12, T,>20eV
LEP- Jon Reliable density & temperature Ni>0.1 NV}, 1,>20eV

EA mode FOV: center of &=+65.5°~-655°

MGF Stable B B <0.05 B
EFD Stable £ E, .. <1.0mV/m
General Normal potential No eclipse, No potential control

Table 2. Data selection criteria.  Criteria of ‘LEP-electron’ can only be applied to the data in
1994-1997. N(V,.) is derived from plasma potential by Equation 6.

al o With LEP-electron Without LEP-¢electron 3] N With LEP-electron Without LEP-electron
1 . . . - - . o i e g e 10 . . . . - o gy
;‘E? e E P
= =
£ » E 4
T uit
-5 5
34y - i H : B : G PN i i N . P H
40 5 o 5 100 S5 0 5 10 -t -5 o 8 -1 -5 @ & 10
{vxB8ix [mvim] {vxBly [mvim]
Figure 2. Relationship between E (Y-axis) and v;x B (X-axis) in 1993-1997: a) E, and b) £,
- Criteria with LEP-electron (Ea)x = F0T704x(Eu)+1.64 o ~0.63mV/m
o Criteria without LEP-electron (Eop)x = F0.724 x (Epu)+1.40 o ~0.94mV/m
5 Criteria with LEP-electron (Eps)x = 0756 x (Eeu)x - 0.44 c ~0.33mV/m
4 Criteria without LEP-electron (Egox = 10768 x (E.pu)x - 0.38 o ~046 mV/m

Table 3. Parameters fitted to ‘F,ps = 4 X E,oqy+ B’ from Figure 2. 4 and B is gain and offset.

a} Gain " [mir] by Offset [rim) cl o
.8 E) . .
- ] 1o
5.8 A
% 2 y

0.7 - T } o .

I O B e N
0.6 & o .

r‘w” wwwwwwwww
a5 ¢ ; B - : g ‘ : : :
1984 1986 1998 20001994 1886 1988 2000 1884 1296 1988 2000
year vear vear
- Ext with LEP-electron Ey: with LEP-electron
Ex: without LEP -electron — — — ~ Ey: without LEP-electron

Figure 3. Time variation of a) Gain, b) Offset, and ¢) Error in 1994-2000.
next section). Difference between 1994 and 1995~2000 is partially caused by the
difference of orbit, ‘Distant-tail phase’ before Nov. 1994 and ‘Near-tail phase’ after that.
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4.2.  Correction by Vs and T, (or 7))

We tried to refine the relationship shown in Table 3 according to the ambient plasma parameters.
We can assume that photoelectron outflow is constant. Potential itself is mainly affected by the
ambient electron flux proportional to Ny, = Ne\/T .. And photoelectron from and the potential
structure around the spacecraft are as disturbance factors, which are related to the spacecraft
potential V. and Debye length Ap. Since A, and ¥, are controlled by N, and T, independent

parameters are two. In this analysis, we used V. and 7, as correction variables. Since the
clectron moment data is not always reliable, we also used ion temperature 7;.  The accuracy in this
case is worse because T; is not always correlated to 7,. [EUV flux and magnetic field vector may
also affect the production and motion of photoelectron.  We do not take care of them in this paper.]

Figure 4 summarizes the preliminary corrections based on the data in 1994-1997, selected by all
criteria in Table 2. Qualitatively, Vi, is important factor for the gain (positively) and the offset
(negatively). T, is less correlated to the antenna gain (negatively) and the offset (negatively).
Corrected electric field by Vi, and ‘¥, and T, (or T})" is written as Equation 3-5:

(Ereal)y = [AO + A1*10g< Vsc)] (Eobs)y + [BO + lek)g( Vsc}] {3)
(Ereal)y = [Ao + Ar¥log(Vse) + Ax*1og(T)] (Eoss)y + [Bo + Br*log(Vie) + Bo*log(To)] 4)
(Eready = [Ao + Ar*log(Vio) + Ar*1og(T)] (Eoss)y + [Bo + Bi*log(Vse) + Bo*log(T)] (%)

Each parameter is summarized in Table 4. We also note that 7, (and T)) is not always reliable.
Correction by Equation 3 (only by ‘¥,.”) will be easier and reliable.

4.3.  Effect of Spacecraft Debye Length

We also evaluated the gain and offset associated with Debye length A, correlated to (TN,

Figure 5 summarizes the result. When the Debye length is less than antenna length (102m in
tip--to-tip), the gain, offset, and error of the measurement is relatively stable. On the other hand,
when the antenna length beyond Debye length of ambient plasma, error becomes larger, but the
electric field can still be measured.  Offset in E, is reduced, and the gain increases.

Figure 5 summarizes the result. When the Debye length is less than antenna length (102m in
tip-to-tip), the gain, offset, and error of the measurement is relatively stable. On the other hand,
when the antenna length beyond Debye length of ambient plasma, error becomes larger, but the
electric field can still be measured. Offset in E, is reduced, and the gain increases.

4.4.  Summary

We concluded that the GEOTAIL electric field measurement by the PANT system potentially has
the accuracy better than 0.5 mV/m in £, and 0.3 mV/m in E,. The error would be less, because
those values are limited by the accuracy of plasma velocity measurement. Further refinement will
be done not only by the rejection of the ambiguity in particle observations but also by the
comparison with EFD-B (electron beam technique) data [1: suruda et al., 1994].

We will also establish the quantitative model of double probe system, including the ‘shorting out’
effect in the gain and the offset caused by the potential structure and non-uniform photoelectron
distribution around the spacecraft [cf. Pedersen et al., 1998]. Numerical model will be made and
compared with the observations. We also expect the comparison to Cluster probe with guard
electrode.
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Figure 4. Dependence of a) Gain, b) Offset, and ¢} Error on Vs’ (Upper Dashed line is 7, =
100~158eV) and ‘7, (Lower: Dashed line is ¥, = 10~15.8V.), for £, in 1994~1997.

E, Ay Ay A, B B, B, o

Correction by V. +0.72 +0.60 - +3.67 -1.88 - 0.49
Correctionby Vy. & 7, +1.19 +0.82 -0.34 +2.47 -1.99 +0.60 0.41
Correction by V. & 75 +1.30 +0.73 -0.27 +1.92 -1.81 +0.57 0.45
E, Aqy Ay A, By B, B, o

Correction by Vi, +0.72 +0.20 - -0.09 -0.34 - 0.33
Correction by Vo, & 7, +0.99 +0.34 -0.19 +0.10 -0.37 -0.07 0.31
Correction by V,. & T; +1.12 +0.29 -0.18 +0.04 -0.38 -0.03 0.33

Table 4. Correctionby V.., ‘V and 7., and V. and 7} in 1995-1996 data

a) Gain [fen] b} Offset
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Figure 5. Dependence of a) Gain, b) Offset), and c) Error on Debye length in 1994~1997.

1985 1997 |

1985

This document is provided by JAXA.



5. How to achieve the better accuracy?

Key of the achievement of the better accuracy of electric field measurement is 1) Reduction of
the interference from the spacecraft and 2) Stability of the probe potential to the ambient plasma.

For the former requirement, the stabilization of the spacecraft potential is most important. ~For
those purpose, the spacecraft surface materials should be conductive and grounded to the structure
by low impedance, in order to keep the potential difference less than the order of 1 V (Most impact
is at the selection of conductive MLI / Cover glass and their grounding processes.). However, the
spacecraft potential itself is difficult to be reduced. It is possible by the ion beam emission from
the spacecraft, but it causes disturbances to ambient plasmas. Therefore, the potential structure of
the electrode is considered in order to reject the effect of ‘spacecraft potential’ to the probe itself.
Past US and European spacecraft have been several those challenges. Most recent example is
Cluster spacecraft.  Such thin space plasma condition can not be achieved in the laboratory, so the
establishment of the probe design is actually difficult. Good numerical simulation is essential for
such trials, and we are trying to develop and test the probe design by such methods. Numerical
simulations with increasing calculation power will be one of strong ‘propulsion powers’ for future
space programs.

For the latter requirement, the selection of the probe surface material is essential.  Probe
potential is determined by the photoelectron and secondary electron yields. The uniformity and
the less degradation of those parameters are most important. The past spacecraft have used
Aquadag, a carbon powder in the heritage of the early rocket and laboratory measurement.
Recently, TiN etc. is tested as a substitute of it, and it is used in Cassini spacecraft etc. The search
of such material requires the cooperation between space and material scientists. Such kind of
interdisciplinary cooperation will produce many contributions in all fields in future space programs.
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Robust Design of Satellite Systems against Spacecraft Charging
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Noriyoshi Onodera, Yoichi Murakami and Hideaki Koakutsu

Key Words: Satellite systems design and manufacturing, Electrostatic discharges,

Electromagnetic compatibility, Electromagnetic interference

Abstract: The spacecraft charging is one of major concerns of satellite systems. Space plasma can build up high
differential voltages resulting in electrostatic discharges (ESD), sometimes causing anomalous behavior of spacecraft
systems. We have studied the influence due to charging phenomena on satellite systems and mitigation techniques to
control charging, electromagnetic interference propagation and electronics immunity. Standardized guidelines for designing
satellite systems against ESD are needed. On the other hand, it is desirable that the requirements shall be appropriate and

practical for satellite systems design, manufacturing and testing.
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Atomic Oxygen-induced Erosion of Polymers under Surface Charging

BEAZET. BN FFRE TFEWH)
Kumiko Yokota, Masahito Tagawa (Kobe University)

Key words: atomic oxygen, charging, low earth orbit, synergy, erosion, polyimide, polysulfone

Abstract: Effect of surface charging on the atomic oxygen-induced erosion of polyimide was
investigated. Polyimide sample was spin-coated on the quartz crystal microbalance (QCM), and
mass loss of the film was directly measured from the resonant frequency shift of QCM during
atomic oxygen exposure. The experiment was carried out using the specially designed QCM,
which allowed a sample bias voltage up to 1500 V during resonant frequency measurements.
s, we confirmed that the erosion rates of polyimide at 1500 V were
almost identical to that at grounded. Tt was, thus, concluded that the polyimide erosion by
atomic oxygen is hardly affected by surface charging. Similar conclusion was also obtained
with polysulfone. This conclusion was inconsistent with that reported by King et al
Discrepancy of the experimental results would be due to the surface ionization yield of reaction

products under surface charging

Fro m the pav-rmnﬂfci e

1. INTRODUCTION

Pyromelliticdianhydride-oxydianiline (PMDA-ODA) polyimide (Kapton-H, DuPont) has been
used as a reference material for atomic oxygen fluence measurement both in flight and in ground-based
experiments. In order to maintain the accuracy of atomic oxygen fluence measurement in exposure tests,
erosion properties of PMDA-ODA polyimide in various synergistic exposure conditions have to be fully
understood.  We have investigated the effect of ambient air exposure [1], temperature [2], incident angle
[3], and ultraviolet exposure [4] on the atomic oxygen-induced erosion rate of PMDA-ODA polyimide.
Following results were obtained from a series of experiments shown above; (1) The amount of oxygen
adsorbed during atomic oxygen exposure would be higher than that analyzed after ambient air exposure, (2)
Due to high impact energy of atomic oxygen, the activation energy of gasification reaction of polyimide is
in the order of 10™ eV and temperature dependence of erosion is not appeared below 100 °C, (3) Erosion
rate of polyimide follows cosine function with respect to incident angle of atomic oxygen which suggests
reaction yield of atomic oxygen is independent of the incident angle, and (4) Simultaneous 172 nm
ultraviolet exposure promote erosion of polyimide up to 400 % depending on the relative intensity of
ultraviolet. Conclusions of synergistic testing listed above showed that polyimide erosion is influenced by
the environmental factors beside atomic oxygen in low Earth orbit.

On the other hand, spacecraft charging has been recognized as a serious problem on electronic
systems aboard spacecraft. It sometimes seriously damages spacecraft system due to discharge.
However, effect of charging on material erosion has not been studied intensively. The only literature was
the effect of electron beam irradiation in the atomic oxygen erosion of polysulfone that was reported by
King and Wilson [5]. They found that electron beam irradiation or bias voltages applied to the back plate
of polysulfone increased the signal of reactive products; CO and CO,. They examined only for
polysulfone. If surface charging also influenced the erosion rate of polyimide, surface charging
phenomenon during flight or ground-based test needs to be considered to provide an accurate fluence
measurement of atomic oxygen.

In this study, we examined the effect of surface charging on the atomic oxygen-induced erosion
of polyimide. A quartz crystal microbalance (QCM) technique, which was established to study synergistic
effect of atomic oxygen and ultraviolet on polymer erosion [1-4], was used to measure the erosion rate of

1 T £
polyimide under biased or electron beam exposed conditions. Effect of bias potential and electron beam

exposure on the atomic oxygen-induced mass loss phenomenon of polyimide witness sample was analyzed
and discussed.
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Figure 1. Atomic oxygen beam facility used in this study. Laser

detonation atomic oxygen source and high-energy electron gun are equipped.

2. EXPERIMENTAL DETAILS
2.1  Atomic oxygen beam source

The atomic oxygen source used in this study was a laser detonation atomic oxygen source. This
type of source was developed by Physical Sciences Incorporation [6]. Detail of the source used in this
study was described elsewhere [7]. The PSI-type atomic oxygen source was attached to the space
environment simulation facility at Kobe University (Figure 1). The translational energy of atomic oxygen
beam was monitored by the time-of-flight (TOF) measurement system consisting of a quadrupole mass
spectrometer (QMS) and a multichannel scalar. Mean translational energy of the atomic oxygen was
calculated to be 5.0 eV, which corresponds to the orbital velocity of spacecraft.

The atomic oxygen flux in a beam was measured by an Ag-coated QCM with an accommodation
coefficient of 0.62 [8]. The principle of measurement is explained in following section. Since the
reaction of atomic oxygen with Ag is a non-linear phenomenon, only the initial reaction, which gave a
linear mass gain, was used to calculate atomic oxygen flux [9].

2.2  Erosion measurement
Erosion rate of polyimide film was measured from the resonant frequency of QCM, which was
coated by a polyimide film. Resonance frequency of QCM is expressed in the formula;

Af = -fi? AW /NAp (1)

where, N is the frequency constant, 4 is the electrode area, p is the density of quartz, and f; is the resonant
frequency. Since N, 4, p, fj are known factors, one can calculate the mass change (AW) of the sensor
crystal from the frequency shift (Af) of the QCM. Resonant frequency was measured in every 10 seconds
with accuracy of 0.1 Hz. Fora 5 MHz AT-cut QCM sensor crystal used in this study, frequency resolution
of 0.1 Hz corresponds to mass resolution of 2 ng. The QCM system used in study was modified in order
to apply bias voltages to the front surface of a sensor crystal. Since a conventional QCM surface was
grounded to avoid ion-sputtering effect during plasma-enhanced chemical vapor deposition (PECVD)
processes, an electrically isolated manifold was used to float the QCM from the grounded vacuum chamber.
Bias voltage up to 1500 V was superimposed to the driving voltage of QCM sensor crystal (DC 8V) and the
QCM holder. However, the computer interface of the QCM driver was maintained to be grounded. This
electric isolation was achieved by a specially designed circuit.

Formation of PMDA-ODA polyimide film on a QCM sensor crystal was achieved by the process
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Figure 2. Photograph of the experimental setup for the e-beam
experiment. A high-energy electron gun is installed at the top flange of the
reaction chamber. QCM was temporally attached to the source chamber in
order to measure atomic oxygen flux.

below. Precursor of PMDA-ODA polyimide (Semicofine SP-510, Toray) was spin-coated on a QCM
sensor crystal and rotated with 12,000 rpm, 10 seconds. Two-stage cure treatment (150 °C, 1 hour
followed by 300 °C, 1 hour) in N, atmosphere was carried out to create PMDA-ODA structure. The
PMDA-ODA film, thus formed, has a thickness of approximately 0.1 pm, and X-ray photoelectron
spectrum of the film was similar to that of commercially available polyimide (Kapton-H). Polysulfone
film was also spin-coated with a solution involving polysulfone pellet (Mw=63,000) and N,
N-dimethylformamide as solvent. The spin-coated solution containing polysulfone was dried in air at 70
°C, 1 hour.

3. RESULTS
3.1 Synergistic effect with electron beam

Figure 2 shows the experimental setup for the experiment on the effect of simultaneous electron
beam. Electron beam (acceleration voltage: 7 kV, filament current: 2.2 A) irradiated the sample during
atomic oxygen exposure. Experimental results on polyimide are shown in Figure 3. Open circle
indicates the resonant frequency of polyimide-coated QCM under atomic oxygen exposure alone, open
triangle and solid circle are those under simultaneous atomic oxygen and electron beam exposures. Open
triangles are the data when sample was grounded, whereas solid circles are for floating cases. The
experimental data in Figure 3 are somewhat noisy, however, it is clear that no significant change in the slop
of the lines is obvious. The slopes of the lines calculated by a least square fit are listed in Table 1. As
listed in Table 1, the slopes of the resonant frequency in three exposure conditions are distributed within an
error of 3 %. Since electron beam exposure alone did not affect the mass of the polyimide (Figure 4), it
was concluded from a series of experiments that simultaneous electron beam exposure hardly affects the
mass loss phenomenon of polyimide due to atomic oxygen-induced erosion. The same experiments were
carried out with polysulfone, and similar results were obtained.

3.2 Synergistic effect with bias voltage

Bias voltages from 0 to 1500 V (positive and negative) were applied to polyimide-coated QCM,
and the influence on atomic oxygen-induced mass loss phenomenon was examined. Measurements were
carried out during the increasing and decreasing phases of bias voltages and the results were averaged.
Figure 5 shows the frequency shift of polyimide-coated QCM during atomic oxygen exposures with bias
voltages from 0 to 1500 V. Figures 5 (a) and 5 (b) indicate the results for negative and positive bias,
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Figure 3. Frequency shift of the polyimide-coated QCM under
simultaneous exposure of atomic oxygen and 7 kV electron beam.

respectively. It was clear that no significant effect of bias voltages on atormic oxygen-induced erosion was
observed. We have also examined the polysulfone in the same experiment, however significant effect was
not observed. From the QUM experiments reported herein, we confirmed that the bias voltage does not
affect the reaction vield of atomic oxygen with polyimide. This experimental finding provided a
conclusion that effect of charging on polyimide is not necessary to consider when polyimide is used as a
witness sample for atomic oxygen fluence monitor.

u

The effect of electron beam irradiation and bias voltage on atomic oxygen-induced erosion
of polysulfone was reported by King and Wilson [5]. They used a laser detonation atomic oxygen
beam, which is the same type of atomic oxygen source used in this study, and detected the reactive
products of CO and CO, by guadrupole mass spectrometer (QMS) during the experiment. They
reported that no significant effect of electron beam irradiation when spin-coated polysulfone sample
was grounded, in contrast, significant increase in CO and CO; signals were detected when the sample
was electrically floated. Since similar effect was observed when sample was simply biased, they
concluded that the increases in CO and CO, production yields are due to surface charging. Actually
they indicated that CO, signal increased when bias voltage was applied to the back plate of the film.

Table 1. Slope of the frequency shift of QCM under various exposure
conditions of atomic oxygen and electron beam.

Experimental conditions Siope (Hz/s)

. 2
Atomic oxygen exposure alone 3.7x 10

. -2
Atomic oxygen plus e-beam (grounded) 3.8x 10

. N - 2
Atomic oxygen plus e-beam (floated) 3.8x 10
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" Figure 5. Frequency shift of the polyimide-coated QCM under atomic

oxygen beam exposure with bias voltages of 0 to 1500 VDC. (a):
Negative bias, and (b): Positive bias. Bias voltage of 0 V means that the
sample was grounded.
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However, the experimental results obtained in this study were inconsistent with King’s report; i.c., mass
loss phenomenon was affected neither by electron beam irradiation nor by application of bias voltages up to
1500 V (positive and negative). The origin of this discrepancy would be explained by a surface ionization
phenomenon. In the King’s experiment, they detected CO and CO, ions. These ions are ionized in the
electron bombardment ionizer at the QMS. Ionization cross section of molecules in the electron
bombardment ionizer has not been evaluated, but usually low (maybe 10 or even lower).  On the other
hand, ions originally containing in the beam is detected with a probability of almost 1. King’s analysis,
which CO and CO, production yields become greater with bias voltage, is based on the assumption that the
amount of ions in the beam is unchanged by the application of bias voltages. One of the mechanisms that
explain two inconsistent experimental results simultaneously is the effect of bias voltages to the surface
ionization cross section. Namely, if the fraction of ions in the reactive products (CO and CO;) becomes
greater when bias voltage is applied, the experimental results reported by King and in this study can be
explained, simultaneously. This is because the detection probability of ion is much higher than that of
molecule with QMS. Measuring of the surface ionization cross section under application of bias voltages
will verify the proposed mechanism herein.

5. CONCLUSION

Effect of charging on the atomic oxygen-induced erosion of polyimide was investigated.
Polyimide sample was spin-coated on the quartz crystal microbalance (QCM), and mass loss of the film
was directly measured from the resonant frequency shift of QCM during atomic oxygen exposure. From
the experimental results, we confirmed that the erosion rate of polyimide at 1500 V was almost identical to
that at grounded. It was, thus, concluded that the polyimide erosion by atomic oxygen is hardly affected
by surface charging. It was confirmed that the effect of surface charging does not need to consider in
atomic oxygen fluence measurements using Kapton witness sample. ~ Similar conclusion was also obtained
with polysulfone. This conclusion for polysulfone was inconsistent with that reported by King etal. The
discrepancy would be explained by the change in surface ionization cross section of the reaction products
under charging.
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