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Invited lecture for the 3rd Space Environment Symposium at Tsukuba in December 2006

Presentation of radiation environment activities at ONERA/DESP and
collaboration with JAXA

Angelica Sicard-Piet

ONERA / DESP
2, Avenue Edouard Belin, 31055, Toulouse, Cedex 4, France
e-mail: angelica.sicard@onera.fr

Abstract

In a first time, ONERA, the French Aerospace Laboratory, is presented and more
particularly the missions of the Space Environment Department (DESP). The main DESP’s
objective is to evaluate the environmental conditions of space mission and to prevent the
damage they may cause. The test facilities for electronics and materials and for local
environment effects are also presented.

Then, the activities on planetary radiation belts are described more in details: data
coverage, data analysis (saturation, contamination), physical model Salammbo (Jupiter and
Earth), the CRATERRE Project and the data assimilation.

Finally, the collaboration with JAXA is presented through the analysis of
DRTS/SDOM and MDS-1/SDOM data. Comparison between these Japanese data and other
international data are done. One of the results of this collaboration with JAXA is the
development of a new geostationary electron model, IGE-2006, based on Los Alamos
National Laboratory data and DRTS/SDOM data.
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= What is ONERA ?

= What are the missions of Space Environment Department (DESP)

« Areas of expertise
* Test facilities
What can DESP perform?

= Presentation of our activities on planetary radiation belts

¢ Data Analysis
¢ Physical modeling

= Collaboration with JAXA

* MDS-1/SDOM
+ DRTS/SDOM

ONERA
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= What is ONERA ?

= \NVhat are the missions of Space Environment Department (DESP)

e Areas of expertise
* Test facilities
e What can DESP perform?

= Presentation of our activities on planetary radiation belts

» Data Analysis
e Physical modeling

» Collaboration with JAXA

+ MDS-1/SDOM
+ DRTS/SDOM
ONERA

ONERA (Office National d’Etudes et Recherches Aérospatiales) is the French
national aerospace research center. It is a public research establishment, with
eight major facilities in France and about 2,000 employees, including 1,500
scientists, engineers and technicians.

ONERA is organized in 17 scientific departments, grouped in four branches:

v'Fluid Mechanics and Energetic
v'Physics
v'Materials and Structures

vInformation Processing and Systems
+ Wind Tunnel Facilities
ONERA
/""—F.—___hh‘"“\
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= \What is ONERA ?

= What are the missions of Space Environment Department (DESP)

¢ Areas of expertise
* Test facilities
¢ What can DESP perform?

= Presentation of our activities on planetary radiation belts

« Data Analysis
e Physical modeling

» (Collaboration with JAXA

* MDS-1/SDOM

+ DRTS/SDOM
ONERA

X

" ‘What are the mlssya.n;! ofiSpace

- Envirenment Dep};ﬁppp

.._-
T 1A
H 's:l.l’!!

ent (DESP)

> DESP’s objective:

- To evaluate the environmental conditions of space missions and to
prevent the damage they may cause.

> Areas of expertise:

- To study and model the different components of the space
mission environment and to evaluate the associated risks.
The work of DESP mainly covers:

»the physical modeling of planetary radiation belts, engineering models (charged
particles and solid micro-particle flows),

»>the satellite's interactions with its environment (contamination, effects of wakes,
charging and discharging effects,...),

»>the vulnerability of electronic components and materials,

»the design, calibration and operation of on-board
experiments intended for the study of the environment

and its effects ONERA

R e~ T
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= \/an de Graaff : Electron and Proton (max 1.5 MeV)

+ access to big particle accelerators (IPN/Orsay, UCL,
JYFL, PSI, GANIL, CPO ...)

» SEMIRAMIS: Materials studies (UV, e-, p+)

Cobalt Source + Cf 252 and
Am241 and electronic test bench

For questions: sophie.duzellier@onera.fr

> SIRENE : simulation &
measurements of dielectric charging
: (simulation of GEO or MEO
e environment : 10keV to 400keV)

> JONAS : for large solar cells
coupons and ionospheric plasma
simulation

For questions: jean-francois.roussel@onera.fr

ONERA
,-"__—_—___—-"""--._
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= Environment specification: different levels of refinement

> Tests of materials (UV + particles) with in situ optical
characterization
« of electronics parts
« of charges-discharges

= Particle detector calibration (Van de Graaff e- & p+ 2 MeV, Am)

= Analysis of on board experiments (energetic particles, test beds)
of anomalies

= Studies for future technology (solar cells, opto electronic
components, nanotech...)

ONERA
/"'————._-—-h‘—‘\

= France : CNES, SupAero, Universities, CNRS...

= Europe : ESA/ESTEC, RAL, QinetiQ, Univ. of Southampton, Univ. of
Kent, Max Planck institute, BIRA/IASB, etc..

> USA : LANL, NASA (JPL, Goddard, Marshall), Aerospace Corporation,
UCLA, Boeing ...

= Japan : JAXA, CRL and Kyushu Institute of Technology
> Canada : Univ. of Toronto, ITL

> |srael : Soreq

> Russia : Moscow State University

= Argentina: CONAE ONERA
..... T e |
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» \Vhatis ONERA ?

= \What are the missions of Space Environment Department (DESP)

* Areas of expertise
* Test facilities
e What can DESP perform?

= Presentation of our activities on planetary radiation belts

¢ Data Analysis
¢ Physical modeling

» Collaboration with JAXA
« MDS-1/SDOM

+ DRTS/SDOM
ONERA

{

X

ivities oniplane iation belts:

N

Planetary magnetospheres:

Planet Mercury Earth Jupiter Saturn Uranus Neptune
Obliquity to 0.01 235 31 26.7 97.8 283
orbit (°)
Magnetic 0.0033 0.301* 4.28 0.21 0.228 0.142
neutral sheet TGOESQ;
Dipole tilt 169 169.5* 9.6 <1 58.6 46.9
to rotation
axis (°)
Rp (km) 2439 6371 71398 60330 25600 24765

Trapped particle
trajectory

Bounce

’
<
.
e \

Mirror Drift

oints
v wes
Protons

Radiation belts:

Electrons
East
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| Activitiesion|planet

AGE_EPM
b ACE SIS

ACECRIS
[ IMPB_GME

Caverngs

High energetic protons and
electrons data available at
ONERA

Coveraga

Covernga
Zg k-]
kb

[

=

=

Caverngs

Coverage

F SACC_IC4RE

ONERA

00:00 00:00 00:00 0000 Tirne:
1BNev19%0  18Nov1984 1BNov1B%8  18Nw2001 Date

X B

| Activitiesion: planetarysadiati |

A A 2

Data analysis procedure (COSPAR PRBEM guidelines)

> File format (CDF) : file name convention, global attributes, variables

> Obtaining sanitized data
= Electron data contamination
* Contamination by proton
« Contamination by relativistic electrons
e Summary
> Proton data contamination
« Contamination by relativistic electron
e Summary
> Saturation
> Background > More information available @
> Signal to noise ratio http://wwwe.onecert.fr/craterre/prbem/home.html
> Spacecraft charging bias
> Other problems
> Obtaining coherent data
= Inter-calibration based on trapped particle dynamics
> |nter-calibration based on SEP
> |nter-calibration of cold plasma data

ONERA
/""—F.—___h-"""\

This document is provided by JAXA.



=] 1]
Analy
B = ]ii
"éﬁgﬁxllllll‘l’ﬂ' BEZ=

GOES Example of contamination
Pro 39-82 MeV ;
Pr0 110-500 MeV of electrons by protons

T wwocma COonNtamination

Mev-t.cm2sris?)

or-2 w1 sr—1 M|

N3N 07'0< 8|3
€ESU-SdD

LANL 7980 006 /SOPA PSP D, 4,580 N/

& LANL-1994-084

o Ele 500-750 keV

L Ele 1.1-1.5 MeV

N‘n' 1 1
£ B Ly B el
S

3

s ONERA

Results of decontamination Example of saturation problem
All data SAC-C Ele 1.24-1.60 MeV
T T gg 10
%é GPS NS24/BDD2 Ele > 0.28 MeV
g §9 =
3 s ET L o
5 i1
Gt i
w0 T E 102
1 ‘ol
i 1972
07:58 07568 0758 Time 5 10t
130ct2041 13042002 1302043 Date 4
A &
O [ o g o 3 4 5 & 7 & @
| il L Value
JE 1
3 i .
1 Saturation
5
w — = Saturation: Flux limited to a certain value
while percentage of points increases
07568 07:58 07568 Tim
130t 2001 130ct2002 1302003 Date

Only good data

ONERA
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Radiation belts of Jupiter

= Physical model based on the different physical processes which occur in the
Jovian radiation belts: interaction with rings and moons, interaction with atmosphere and

ionosphere, synchrotron radiation (for electrons), charge exchange (for ions), radial
diffusion of the particles...

= Comparison of Salammb@d results with

VLA Observation (max = 1269 K)
measurements

=
1<)
=1
S

Salammb6 Proton > 30 MeV

g

Radius (Rj)
Tb (Kelvin)

(cm2s?)
107

0
4 2 0 2 -4

Radius (Rj)

Szalammbé simulation (max = 1264 K)

= DIFC A
R e

http://wwwe.onecert.fr/craterre/home.html

Radiation belts of the Earth

Empirical inputs

cnes
GEO HEO MEO GTO LEO
LANL_GECﬂ[GOIES][DRTS] GF’.S GLONASS CRRES ||[MDS1
s% = e = Ser-les = |l e
L/ \J
Direct assimilation Ensemble
: Kalman filter
. v
Time dependant space Time dependant space
environment maps environment maps

This document is provided by JAXA.



CActiviti es on plan etqmrgd-i'ati on belts:

A0 E
] =

-
o
=

] Salammbd with
; Ele04MeV | ANL 1994 084 only

AN

[N
(@)
=)

Ele04Mey Salammbd with GPS_ns33
and LANL_1994 084

Ele 0.39-0.45 MeV SAC_C data

SIS WO LA 1SS WO AN 1-S'p-AS - WD

Kp index For questions: vincent.maget@onera.fr
sebastien.bourdarie@onera.fr

ONERA
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= \What is ONERA ?

= \Vhat are the missions of Space Environment Department (DESP)

e Areas of expertise
* Test facilities
e What can DESP perform?

= Presentation of our activities on planetary radiation belts

» Data Analysis
e Physical modeling

> Collaboration with JAXA

* MDS-1/SDOM

+ DRTS/SDOM
ONERA
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10° SAC-C/ICARE
Electron 0.59-0.65 MeV

104

= Global coherence between the
two instruments (same dynamics
of electron radiation belts)

b T . Magnetic storms

'1.sr-1)

MDS1/SDOM
Electron 0.40-0.91 MeV

2 ¢

—

= Electron fluxes in radiation belts are
higher in MDS1 data because of the orbit

(more equatorial) OMNERA

== 10* T e e e |
31 Dec 2002

Flux (MeV-1.c

1 S'HHIHI iy il

27 Feb 2002 30 Jul 2002

Comparison with SAC-C data

SAC-C/ICARE - :
Proton 9.65-11.35 MeV L o
>
> 1012
z
Solar flares 10
MDS1/SDOM 100 o
Proton 6.6-15.0 MeV L H:
1 -1 o
e I 1073
= Global coherence between the 3
two instruments (solar protons 102
events are seen by both)
GOES-08
protons
= Proton fluxes in radiation belt (L<3.5)
are higher in MDS1 data because of the .
orbit (more equatorial) 27 Feb 2002 30 Jul 2002 31 Dec 2002

This document is provided by JAXA.
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Contamination by protons

Contamination problems ? }
SAC-C/ICARE g
Electron 1.24-1.60 MeV L g
EE— s

T

5
MDS1/SDOM ;’
Electron 0.9-2.0 MeV L 8
—_— = 100 3
| - \E./
3
SOIar pl'Ol'On eventS = LTI T TR T T Rl T L e L T AT 103 [
= MDS1/SDOM is one of the few :”’ GOES. 08
satellites which really measured 5 i
. . N g protons
electrons in the inner radiation belt 3
(L<2) =

01 Jun 2002 16 Jul 2002 30 Aug 2002

Comparison of DRTS/SDOM electrons flux with LANL electrons flux

= Only one electrons channel out of 4  10° ¢ I E
what exists can be easily use :0.59- B ]
1.18 MeV i ]
105 |
= Comparison of DRTS/SDOM ~ 0 1
electrons measurements after cross 3 qo: | 4
calibration with LANL-97A/SOPA 2 | .
electrons measurements (longitude + | i
of the two spacecraft are nearly the N; 10° E
same: ~ 90° ). AN 1
x L 4
To02 -
= Good agreement between g LANL-97A (0.5-1.1 MeV) 7
DRTS/SDOM and LANL-97A/SOPA ) L DRTS (0 59-1.18 MeV) ]
10 R S R L ! L L
electrons measurements 2003/01/29 2003/01/30 2003/01/31 2003/02/01
Date
ONERA
/‘-——"'_'_'_'_"‘"\._‘\
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| Collaboratlon wit

Problem of contamination ;4
GOES

i Proton 80-165 MeV
| Proton 165- 500 MeV

Contamination

DRTS

| Electron 0.34-0.85 MeV
| Electron 0.59-1.18 MeV
| Electron 1.51- 5.72 MeV

= The two last electrons
channels are contaminated
by high energy protons
during solar flares

[

(=]
s
hi

| Electron 6.33- 10.85 MeV
102‘

100

22/10/2003 02/11/2003 O NERA
date /""'————._-—-"“\

X

Qﬂaboraﬂon Wlth LANL and JAXA

New model of electron fluxes at geostatlonary orbit: IGE-2006

3001 DRTS eee

This model is based on more than 25 AR
years of data essentially from LANL 2501 LANLO7A = = = = - - -
spacecraft but also from DRTS 1094-084— —- - - - - - -

200 1991-080 == —— —— = = = = = = =

spacecraft.

1989-04

150 - 1987-097

Electrons fluxes come from 3
instruments on LANL spacecraft and 1
instrument on DRTS:

100

50

1979-053
1977-007

LANL/CPA (Charged Particle Analyzer) —— 1076-050 ‘ , , ‘
30 kev_z MeV W|th 12 differential Channels janv-76  janv-80  janv-84 janv-88 janv-92 janv-96 janv-00  janv-04
from 1976 to 1988 LANL/CPA  LANL/SOPA LANL/ESP DRTS/SDOM

LANL/SOPA (Synchronous Orbit Particle Analyzer) : 50 keV-1.5 MeV with 9 differential
channels since 1989

LANL/ESP (Energetic Spectra for Particles) : 0.70 - 6 MeV with 6 differential channels
since 1996

DRTS/SDOM (Standard Dose Monitor) 059-1.18 MeV with 1 differential channel
since 2003 ONERA
/"—-——._-—-h‘—"‘\
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Electrons flux in function of the year of the solar cycle

1E+06 ——0.03 MeV

1,E+05 -—-———l—T——"—!—-_.——-—-\. —— —=—0.05-0.075 MeV
. —4+—0.075-0.105 MeV

1,E+04 WM e 0.105-0.150 MeV
M —He— —

1,E+03 oo —— — o —— 0.150-0.225 MeV

—e— 0.225-0.315 MeV
——0.315-0.5 MeV
——0.5-0.75 MeV
—=—0.75-1.1 MeV

1,E+02
1,E+01
1,E+00

—_—
V——/\-—\_
A
M 1.1-1.5 MeV
1E-01 m 18-2.2 MeV

Flux (keV-1.cm-2.sr-1.s-1)

42227 MeV
LE-02 - 2.7-3.5 MeV
1,E-03 + T T T T T T T T v T T v |~ 3.5-4.5 MeV

7 5 3 1 1 3 5 |——4.5-6.0 MeV

year of solar cycle (min =0)

= There is more than a factor 10 between min and max electrons flux for the

highest energy (5.2 MeV).
ONERA

RS ER )

Electrons flux over a solar cycle (11 years
1,E+06 |
1,E+05 |

1E+04 §

1,E+03 §

1,E+02 \

1,E+01 ; \'i.‘\

1,E+00 r ——IGE mean case \k\&
—#— |GE worst case 1\\\\

Flux (kev-1.cm-2.sr-1.s-1)

1,601 I* —— |GE best case \
1,E-02 §-| =< AE8 200 deg
10 100 1000 10000
. Energy (keV)
=Differences between IGE and AES:
- low energy 1 IGE > AE8
- mean energy 1 IGE < AES8
- high energy : IGE worst case = AE8 M
/'—FF——.—-——-\""\
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= Questions on DESP activities: magdeleine.dinguirard @onera.fr

= Virtual Observatory available at ONERA with many data

= Activities of my team : 50% model and 50% data analysis

= Efforts on data assimilation to develop specification model for space
environment : (Salammbd model + data analysis)

= New specification models with international collaboration:
v LANL-JAXA-ONERA (CNES) for IGE 2006 model
v LANL-ONERA (CNES) for MEO model (based on GPS data)

ONERA

This document is provided by JAXA.



MEASUREMENT OF NEAR EARTH RADIATION
ENVIRONMENT IN JAXA - OVERVIEW AND PLAN -

Tateo Goka, Haruhisa Matsumoto
Japan Aerospace Exploration Agency, Sngen 2-2-1, Ibaraki, 305-8505, Japan

ABSTRACT

The current status of measuring radiation using JAXA satellites is reviewed. Starting with Engineering
Test Satellite-V (ETS-V; KIKU-5 in Japanese) in 1987, efforts to conduct radiation measurements in space
have continued using almost all Japan Aerospace Exploration Agency (JAXA formerly NASDA) satellites
(ETS-VI, ADEOS, ADEOQOS-II, MDS-1, DRTS (ongoing), and ALOS (ongoing)), in geostationary orbit
(GEO), geostationary -transfer orbit (GTO), and low-Earth orbit (LEO). Electrons, protons, alpha
particles, and heavy ions have been the main objects of study. Future plans for radiation monitoring in
JAXA, including GOSAT, Jason-2 (in collaboration with CNES), SmartSat (in collaboration with NICT),
and ISS/JEM/Exposure Facility/SEDA-AP, are presented.

1. Introduction

JAXA (formerly NASDA) developed TEDA (Technical Data Acquisition Equipment), which is able to
measure the space radiation environment and its effects on newly developed electronic devices onboard a
satellite. TEDA was designed to acquire engineering data useful to the design of future spacecraft, to
diagnose the anomalies encountered on orbit, and to collect data to make new radiation belt models
(electrons, protons, and alpha particles) to augment NASA radiation belt models. TEDA is composed of
various instruments for every spacecraft mission. TEDA was reviewed by two papers, Khno (1996) and
Fukuda et al. (1996) almost ten years ago. This paper reviews current TEDA instruments and data over the
past ten years, and presents our future measurement plan.

Il. TEDA Post-Flight Measurement Data
TEDA instruments have flown on board ten spacecraft (Table 1). All measured data are available on the
SEES (Space Environment and Effects System) website (http:// sees.tksc. jaxa.jp/).

Table 1: Spacecraft carrying TEDA
Spacecraft ETS-V| ETS-VI| ADEOS| ETS-VI) Shuttl |ADEOST| DRTS| 1SS [MDS-1]ALOS
Launch 1987 | 1994 1996 1997 | 1998 | 2002 | 2002 | 2002 [ 2002 | 2006
Orbit GEO | GTO LEO LEO LEO LEO | GEO | LEO | GTO | LEO SR o
Altitude 36k |B8k-38k| 800 | 500 | 400 | 800 | 36k | 400 | = | 700 EFS RO bt 1065:00)
DOM | DOse Monitor [ [©) [©) [ [©)
HPM | High energy Particle Monitor [@
LPT | Light Particle Telescope
HIT | Heavy lon Telescope © ©
DOS | DOSimeter (RadFET) © [©)
MAM| Magneto Meter [©)
AOM [ Atomic Oxygen Monito [©)
NEM | NEutron Monitor © ©

(kY]

POM Dats

PLA | Plasma Monitor
POM | POtential Monitor © [©) [©)
DIM | Dlscharge Monitor

SU Single event Upset Monitor ® 0 © © ©
ICM Circuit Monitor ® ©
SCM | Solar Cell Monitor

CoM | Conaninaion oo © | © |0 Fig. 1: POM/ETS-V measured data

et et

2.1 KIKU-5 (Engineering Test Satellite-V) (GEO, longitude: 150 deg. E)

A dose monitor (DOM) composed of two silicon detectors was installed on this satellite (Khno (1996)
and Fukuda et al. (1996)). The measurement data were gathered from August 1987 to September 1997 (ten
years). Single-event latch up data acquired by a Single-Event Upset Monitor (SUM) were reported for the
first time (Goka, et al., 1991).

The Potential Monitor (POM) measures differences electrostatic potential on the surface of
spacecraft. Figure 1 presents the POM instrument measured data for ten years. Three samples
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(Teflon (lowest), Kapton (highest), and OSR (middle in y axis)) were mounted on the POM. The
electric field leaking from an aperture of each sample was modulated by a chopper at 1 kHz, and the
electrostatic electrode detected the weak electric field.

2.2 KIKU-6 (Engineering Test Satellite-V1) (GTO: perigee 8,600 km, apogee 38,600 km)

A DOM composed of six silicon detectors and a Magnetometer (MAM) were installed on this satellite.
The data were gathered from August 1994 to July 1996. The measurement data were mainly reported in three
papers, (Goka et al.,1996). We made the first empirical radiation belt models (electrons, protons, and alpha
particles in a solar minimum period) by using this data and scientific satellitte AKEBONO data (Goka et al.,
1999).

2.3 MIDORI (Advanced Earth Observing Satellite (ADEOS)) (LEO-POLAR: altitude: 800 km, inclination:
98.6 deg.)

A DOM and a Heavy lon Telescope (HIT) were installed on this satellite. The data were gathered from
August 1996 to July 1997. The HIT measured the interplanetary anomalous cosmic ray (ACR), oxygen, and
nitrogen, with results quite similar to those of SAMPEX (Figure 2) (Kohno et al., 1998).

Flux

e e L

The geographic distribution: Oxygen

Flus-L_yvalue Distributon of MDS-1/SDOM

counte/bin
g

atomic No

Elemental distribution of trapped nuclei.
Feb.2002 1 Year Feb.2003  maseasos

Fig. 2: Geographic distribution of oxygen and elemental
distribution of trapped Anomalous Cosmic Ray (O, N, C, Ne) Fig. 3: Electron Flux (0.4-0.9MeV) L-t
Diagram observed by MIDORI /HIT(kohno et al., 1998).

2.4 MIDORI-2 (ADEOS-2) (LEO-POLAR: altitude 800 km, inclination 98.6 deg.)

A DOM was installed on this satellite; data were gathered from December 2002 to September
2003(Kimoto t al., 2002). The DOM data were used for diagnosis of the ADEOS-2 total loss anomaly (Goka
et al., 2005).

2.5 TSUBASA (Mission Demonstration Satellite (MDS-1)) (GTO: perigee 500 km, apogee 36,000 km)

A Standard Dose Monitor (SDOM)(Matsumoto et al., 2001), a HIT, and a MAM were installed on this
satellite. The data were gathered from February 2002 to September 2003. There are many reports on these
data (Goka et al., 2002, Koshiishi et al., 2002, Kimoto et al., 2003).

11 | ra—| 11
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—~ 1 o —e—MDS-1 observe:
E . 10 N\\ L—N%A'(AP'ES) nodel
he w10 10°
E g N N
Y W10t N 10
2 «‘E \ 10° \
T 5w Lﬂ\s{\\
g . :MESS:(KEZ;V model 10 [
10 10*
i LD
10° 10 10 10 100
Energy [MeV] Energy [MeV]
Feb.2002 1 Year Feb.2003
Fig. 4 : Proton Flux (1-1.5MeV) L-t Diagram Fig. 5: Comparison between MDS-1 Observed Energy

Spectrum and NASA Model

The SDOM measurement results are given in Figures 3 and 4. The electron flux (0.4-0.9 MeV)
and the proton flux (1-1.5MeV) are indicated on the L-t diagram, where the vertical axis gives

This document is provided by JAXA.



Mcllwain’s L-value ranging from L=1 to 9, and the horizontal axis gives time covering one year,
starting in February 2002. Figure 5 depicts the observed and averaged electron (right) and proton
(left) energy spectra, compared to the spectra calculated from the NASA AE-8 MAX (Vette et al.,
1991) and AP-8 MAX (Sawer et al., 1991) models, the fluxes of which were integrated along all data
points of the MDS-1 orbit. The measured averaged proton fluxes were ten times lower than those of
the AP-8 MAX model for energy levels below 20 MeV. However, we found that both electron and
proton fluxes were broadly consistent with AE-8 MAX and AP-8 MAX models on the geomagnetic
equator (Matsumoto et al., 2006).

2.6 KODAMA (Data Relay Test Satellite; DRTS) (GEO; longitude 90.75 deg. E)
An SDOM was installed on this satellite. Data have been gathered since September 2002. Figure 6 depicts
proton channel 11ch-15ch data (8MeV-211MeV) from October 2002 to January 2006.
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Fig. 6: Proton Ch. 11-15 (8-211MeV) data from October
2002 to January 2006, obtained by DRTS/SDOM Fig. 7: LPT (ALOS) Electron (1.8-2.1MeV) 1month
data on a world map.

2.7 DAITI (ALOS) (LEO-POLAR: altitude 690 km, inclination 98 deg.)

TEDA consists of a Light Particle Telescope (LPT) and a HIT. Data have been gathered since
February 2006. Figure 7 shows electron (1.8-2.1MeV) 1 month data on a world map, respectively.
These data cleary the increased flux in the South Atlantic Anomaly (SAA).

I11. TEDA Future Plan
JAXA are planned to be flown on various missions in the following years. Table 2 lists the confirmed
TEDA mission to date.

4.1 Engineering Test Satellite-VI1l (ETS-8) (GEO, longitude 146 deg. E)

ETS-8 will be launched in December 2006. TEDA has four components: a MAM, a POM, a DOM, and
a SUM. The MAM, a fluxgate magnetometer, was placed on the upper antenna tower. The measurement
range was 256, 1024, 4096, and 65536 nT, the same range as that of ETS-6. The POM instrument was the
same instrument as ETS-V,-VI, and ADEOS, except samples. Three cover glasses (BRR/s-0213, CMX-BRR,
and CMG-AR) were selected for ETS-8.
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Table 2. Planned TEDA Mission Plan

Spacecraft ETS-8 | Jason-2 | GOSAT |SmartSat|ISS/JEM

Launch 2006 | 2008 | 2008 | oo [2008-2009

Orbit GEO LEO LEO GTO LEO

Altitude 36k 1.3k 666 400

DOM | DOse Monitor ©

HPM | High energy Particle Monitol

LPT [ Light Particle Telescope © © ©
HIT | Heavy lon Telescope ©

[©)

DOS | DOSimeter (RadFET)
MAM | Magneto Meter

AOM [ Atomic Oxygen Monitor
NEM [ NEutron Monitor

©|0)

©|0|©

PLA | Plasma Monitor
POM | POtential Monitor ©
DIM | Dlscharge Monitor
SUM | Single event Upset Monitor ©
ICM | Integrated Circuit Monitor
SCM | Solar Cell Monitor

COM | COntamination Monitor

©|©

4.2 Greenhouse Gases Observing Satellite (GOSAT) (LEO, Polar)

GOSAT will be launched in mid-2008 into sun-synchronous sub-recurrent orbit with an altitude
of 666km and an inclination of 98deg. The nominal lifetime will be five years. TEDA is composed
of an LPT and a HIT. The LPT measures electron, proton, and alpha particles, and identifies the
types of particles and energy. It is composed of four instruments (LPT1~4). LPT1 and LPT2 have
the same configuration, composed of ELS-A, ELS-B, APS-A, and APS-B; but LPT1 and LPT2
have different fields of view. LPT3 is composed of three ELS-As and three APS-As. LPT4 is
composed of APS-C.

Each LPT is composed of compact and high-performance sensors (Table 3). LPT3 has three fields of
view to observe the distribution of pitch angle of particle flux with a geomagnetic field.

Table 3 : Sensors used in LPT
Sensor Energy range
ELS-A | Electron: 30keV~1.3MeV, 1.3MeV<
ELS-B | Electron: 280keV~20MeV
APS-A | Proton: 400keV~37MeV,
Alpha: 3MeV~16MeV
APS-B | Proton: 1.5MeV~250MeV,
Alpha: 20.7MeV~400MeV
APS-C | Proton: 100MeV~500MeV,
Alpha: 25MeV/n~500MeV/n

The measurement ranges of the HIT are:
* He: 7~48MeV/n
+ Li: 8.5~56MeV/n
- C: 13~90MeV/n
+ 0: 16~106MeV/n
* Fe: 28~201MeV/n.

4.3 Jason-2 (CNES/JAXA joint project)
CNES and JAXA agreed that the radiation particle monitor, the LPT, would be accommodated in the

CNES satellite Jason-2. The mission of the JASON-2 is dedicated to ocean and climate forecasting, in
continuation of the successful TOPEX-POSEIDON satellite launched in 1992 and the Jason-1 launched in
2001. Jason-2 is planned to be launched in June 2008. The altitude of its orbit will be 1,336km, and the
inclination will be 66 degrees. It was decided to load the LPT on the Jason-2 with the same specifications as
the GOSAT LPTL1. Therefore, the LPT consists of four sensors (ELS-A, ELS-B, APS-A, and APS-B).
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4.4 SmartSat (NICT/JAXA joint project)

The SmartSat is a small satellite (260Kg) that is a collaborative program of a government agency (NICT,
JAXA) and the private sector (MHI) in Japan. The space weather experiment of the SmartSat consists of a
Wide Field Imager for CME tracking (WCI), Space Environment Data Acquisition Equipment (SEDA),
and a mission processor (MP). Both instruments will be principal components of the L5 mission. SmartSat is
planned to be launched into a geo-synchronous transfer orbit (GTO) in 2008-2009. LPT was decided to be
installed on the SmartSat with the same specifications as the GOSAT LPT1. Therefore, the LPT consists of
four sensors (ELS-A, ELS-B, APS-A, and APS-B).

4.5 ISS JEM Exposed Facility and SEDA-AP

Development of the SEDA that will be mounted on the Exposed Facility (EF) of the Japanese
Experiment Module (JEM, also known as “Kibo”) on the ISS has been completed. This payload module is
called SEDA-Attached Payload (AP). The SEDA-AP will be launched by space shuttle and attached to the
JEM-EF in 2008-2009. It will measure space environment data on the ISS orbit. The SEDA-AP is
composed of common bus equipment that supports launch, RMS handling, power and communication
interfaces with JEM-EF, an extendible mast that extends the neutron monitor sensor 1m from the bus
structure, and equipment that measures space environment data.
(1) Neutron Monitor (NM)
The NM measures the energy of neutrons from thermal to 100 MeV by two detectors, the Bonner Ball
Detector (Thermal-15MeV) and the Scintillation Fiber Detector (156MeV- 100MeV) in real time. The
Bonner Ball Detector discriminates neutrons from other charged particles by *He proportional gas counters,
which have high sensitivity to thermal neutrons, and measures the energy of neutrons by using relative
responses that correspond to different polyethylene moderator thicknesses (6 pcs), with the same
specifications as the precursor measurements on space-shuttle (1998)and ISS inside(2001). The Scintillation
Fiber Detector measures tracks of incident particles by a cubic arrangement sensor (consisting of a stack of
512 scintillator sticks), discriminates neutrons by using differences of these tracks, and measures energy of
neutrons by measuring track length.
(2) Heavy lon Telescope (HIT)
The HIT uses a solid-state detector to measure the energy distribution of heavy ions (Li-Fe) that cause
single-event anomalies and damage of electronic devices. The solid-state detector converts loss energy of
heavy ions in the detector to electrical signals. The HIT measures incident particle mass from loss energy in
each layer (delta-E) and total loss energy of each layer (E) by the delta-EXE method, with the same
specifications as the ALOS.
(3) Plasma Monitor (PLAM)
The PLAM measures density and electron temperature of space plasma, which cause charging and
discharging of spacecraft, by the Langmuir probe.
(4) Standard Dose Monitor (SDOM)
The SDOM measures energy distribution of high-energy light particles such as electrons, protons, and
particles that cause single-event anomalies and damage electronic devices, by a solid-state detector and a
scintillator, with the same specifications as the DRTS and the MDS-1.
(5) Atomic Oxygen Monitor (AOM)
The AOM measures the amount of atomic oxygen on the orbit of the ISS. The atomic oxygen interacts with
the thermal control materials and paints, and lowers their thermal control ability. AOM measures the
resistance of a thin carbon film that is decreased by atomic oxygen erosion.
(6) Electronic Device Evaluation Equipment (EDEE)
The EDEE measures the single-event phenomena and radiation damage of electronic parts. Single-event
phenomena are induced by the impact of an energetic heavy ion or proton. The occurrence of single-event
phenomena is detected by bit flips of memorized data or sudden increases of power supply current.
(7) Micro-Particles Capturer (MPAC)
The MPAC captures micro-particles that exist on orbit. Silica-aerogel and metal plates are used to capture
micro-particles. After the retrieval of MPAC, size, composition, and collision energy of captured particles
will be estimated.
(8) Space Environment Exposure Device (SEED)
The SEED exposes materials for space use to the real space environment. After the retrieval of SEED,
degradation of these materials caused by the space environments (e.g. radiation and atomic oxygen) will be
estimated.
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Concluding Remarks

Space environment and radiation effects measurement has been a long-term effort since 1987. Radiation
monitors have been flown with almost all JAXA satellites for 20 years. This effort will be justified when new
JAXA radiation belt models (electrons, protons, and alpha particles with pitch angle distributions) are
developed in the very near future.

CNES and JAXA are attempting to make an International Geosynchronous Electron model version-1
(IGE1), adding the POLE model to DRTS-/SDOM data. We would like to contribute the JAXA model and
the IGE1 model to ISO TC20/SC14/WG4 standard models.

This resource will be further expanded with the instrument’s flight plan on a future mission, as presented
in this paper. The final goal is the creation of an international network of complementary radiation monitors
providing continuous and long-term measurement of the space environment. We have already exchanged our
JAXA-SDOM data with CNES-ICARE data, ESA-SREM data and Aerospace corp.-HEO dose data, and we
hope that our contribution is of interest to the international community.
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Quality assurance design guideline for solar panel, Insulation design guideline
and spacecraft charging guideline in JAXA
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Japan,nitta.kumi@jaxa.jp

1. Introduction

As a current JAXA activity on standardization, we are selectively working on domestic standardization
to intensively tackle problems raised in ADEOS-II (Midori 2). While we are doing this activity aimed to
consequently cumulate technological pool and by sharing it, prevent the problems from recurring, we are
taking into account that we should also make good proposals to international standardization groups like
ISO. Figure 1 shows the JAXA design guideline outline. In this paper, we introduced a project for quality
assurance guideline of solar panel WG8 in JAXA. We explained about a part of the research and analyzes
the results for the charging design WG1 and insulation design WGS5.

Software |

Promotion |
Committee

Elec.

Charging WQ Charging DGL

Ground Exp.

SAP WG
Quality assurance
design guideline
for solar panel

Figure1  JAXA design guideline outline

2. Quality assurance design guideline for solar panel WG8

This guideline object is quality assurance approach for solar panel. The guideline provides general
requirements for solar panel, built with processes, materials, and components that are flight-qualified or
proposed flight qualification. The requirements allow for the tailoring in accordance with the aim of each
spacecraft projects. Table 1 show the summary of the qualification and characterization tests

In this guideline draft Chapter 3, we explain about the qualification tests. The purpose of this chapter is
to show the ways of the thermal vacuum test, thermal vacuum cycling test and acoustic test. The way of
ESD test is incorporated herein by reference the charging design WG1

Chapter 4 show the ways of inspection and electrical test. It is define the ways of the visual inspection
and the electrical test performance.

In chapter 5 Qualification Controls, we state their fundamental philosophy towards the parts and
materials, the fabrication of qualification panel, the test record, the environmental control, the
management of test equipment and the management of change of design and/or manufacturing process.
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We will decide to the detail based on the some experiments and analysis. We will not only conducts
experiments, but designs the research and analyzes the results as needed from next year like the charging
design WG1 and WGS5.

Table 1 Summary of the qualification and characterization tests

No. Qualification and Characterization Test Test specimen

1 Thermal vacuum cycling Test Coupon :Using at least 2 CICs

2 Humidity test CIC:

3 Thermal vacuum test Coupon, Full-sized flight panel

4 Out-gases —

5 Acoustic test Full-sized flight panel

6 ESD (Charging - discharging experiment) Coupon

7 Atomic oxygen exposure Electronic, mechanical components

8 UV radiation effect characterization CIC

9 Angle of incidence characterization CIC

1 0 | hemispherical emissivity characterization CIC

1 1 | Solar absorptance characterization CIC

1 2 | (*¢)Bypass diode characterization Coupon, CIC

1 3 | (*¢)CIC electrostatic discharge sensitivity characterization CIC

1 4 | (%) Four-point bending (Three point bending) CIC

1 5 | Electrical test performance Coupon, CIC, Full-sized flight panel

1 6 | Visual inspection Coupon, CIC, Full-sized flight panel
3. Insulation design guideline WG5

This guideline covered with principal and accessory power source bus. The guideline defines the
primary power source bus upper and including separator circuit for short-circuit fault. The guideline
carries exhaustive information on vacuum insulation, plastic mold, coating etc.... The design flow on
insulation design show the following

1.

Depend on Insulation material, thickness, actuation temperature, and transmission frequency.

2. Dielectric breakdown test for the following conditions.
+ The electrical field strength coefficient Rt at 6mil
1mil==0.0254mm
- Temperature delating coefficient Rc

25

|

- Frequency delaiting coefficient Rf ' 2.5
- Electrical field strength E for operating time VAR ' id
3. Maximum allowable actuation voltage =RtxRcxRfxExt = k - —9 V,]
Figure 2 show the experimental set-up for the dielectric breakdown test. y& \1
Figure 3, 4, 5 show the one examples of each experiment. 2.5 /|
. $25 |

Figure 2 the experimental set-up
for the dielectric breakdown test
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Quantitative analysis from the viewpoint of charging-arcing issues from the early stage of satellite
designing phase has thus become necessary. Electric potential of a satellite body with respect to ambient
plasma and differential voltage of each surface component with respect to the satellite body potential are
the most important elements to consider in charging-arcing problems. A spacecraft potential analysis tool
that is available from the satellite designing phase is necessary to support the satellite operations.

JAXA has decided to develop a computational tool that can calculate charging the status of a polar
orbiting satellite jointly with Kyushu Institute of Technology. The simulation code can be used not only
for polar satellites but also for GEO satellites or a low inclination LEO satellite. The aim of the simulation
code is to give satellite designers chances to identify the charging hazard in the satellite design phase with
a user-friendly interface. The development of software, named Multi-utility Spacecraft Charging Analysis
Tool (MUSCAT), started in December 2004[2].

The most influential electrical properties of materials related to the electrostatic charge phenomena and
the measurement means used for characterizing them have been extensively explained. The main
properties to be taken into account are secondary emission under an electron flow, secondary emission
under a proton flow, photoemission, bulk conductivity, surface conductivity, and radiation-induced
conductivity (remanent conductivity).

We take particular note of the photoemission and the secondary electron emission yield. We conducted
joint studies for the Japan Aerospace Exploration Agency (JAXA) at the High Energy Accelerator
Research Organization (KEK), at the Musashi Institute of Technology and at the Saitama University to
investigate the relations among spacecraft charging parameters of solid state properties.

We measured SEE using a SEM with short-pulsed electron for accelerating voltage of 600V-5kV at
KEK. We also measured SEE by low energy electron emission and PE current at Musashi Institute of
Technology. Furthermore, we obtained photoelectron emission images at Saitama University. We started
this work in December 2005.

Table 1 Framework for the measurements of materials properties parameter

Material property

The range of primary energy

Place

Secondary electron
emission (SEE)

Accelerating voltage
: 600V-5kV

The High Energy
Accelerator Research
Organization (KEK)

Accelerating voltage

Musashi Institute of

: 200V-1kV Technology
Photoelectron Wavelength Musashi Institute of
emission (PE) 110 to 400 nm Technology

Bulk resistivity,
Surface resistivity

Saitama University
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5. Conclision

-We introduced a project for quality assurance guideline of solar panel in JAXA.
-We explained about a part of the research and analyzes the results for the charging design WG1 and
insulation design WGS5.
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Status of 1SO Standardization of ESD Test of Satellite Solar Array

Mengu Cho
Laboratory of Spacecraft Environment Interaction
Kyushu Institute of Technology
Kitakyushu 804-8550, Japan

ABSTRACT

Frequent satellite failures due to charging and arcing on solar array surface, there are strong
demands for more thorough electrostaic discharge (ESD) ground test before the launch. It is
necessary to validate that a given solar array design can withstand repeated arcing in space
before the launch. Test conditions, however, differ among countries, as there is no international
standard to define the conditions. An international research project started in 2005 to establish
International Standard Organization (1SO) standard on ESD test. In the first year, test coupons
of the international round robin tests were produced and the preliminary experiments were
carried out. In September 2006, the team members gathered at ONERA, Toulouse France.
Demonstration experiments were carried out and in-depth discussion was done regarding the
preliminary test results of KIT. In November 2006, the First International Workshop on I1SO
Standardization of Electrostatic Discharge Test of Satellite Solar Array was held in Kitakyushu.
The first version of the working draft of ISO document was discussed in the workshop and the
participants agreed to seek the ISO standard by as early as Fall 2008.

1. Introduction

Since the accident on Tempo-2 in 1997 where the satellite suddenly lost 15% of the total
power due to sustained arc™, various research institutions carried out the ground tests to verify
that a given design of solar array has sufficient immunity against the secondary arc phenomena.
The test methods, however, were not necessarily the same among the different institutions.
Series of malfunction of satellite solar array calls for more careful tests and international
atmosphere surrounding GEO telecommunication satellites calls for common international
standard regarding the test methods.

Since 2001, the need of the international test standard has been recognized among the
experts of spacecraft charging. The experts from all over the world met at 9th Spacecraft
Charging Technology Conference (SCTC) in 2005 at Tsukuba Japan to define a roadmap to
make an I1SO (International Standard Organization) standard regarding the test method. At 9th
SCTC, a resolution was passed, where the experts agreed to fully cooperate and make best
efforts as experts to draft an 1SO standard on solar array ESD ground test by 10th SCTC in 2007
and establish the standard within 3 years. At 9th SCTC, the experts also identified issues
remaining to reach agreement on the standard ESD test method. The NEDO-grant research
project “ISO Standardization of Electrostatic Discharge (ESD) Test of Satellite Solar Array”
started under these circumstances. The team members are made by 13 members from 11
organizations, namely KIT, JAXA, Sharp Corp. Mitsubishi Electric Corp., NEC-Toshiba Space
Systems, Ltd.,, CNES, ONERA, Alcatel-Alenia Space, EADS Astrium, NASA and Ohio
Aerospace Institute.

The purpose of this research project is to establish International Standard Organization
(1SO) standard on ESD test. We will carry out the following items;
(1)Find an effective test method that simulates the charging and arcing phenomena in space in a
physically correct manner via international round-robin experiments.
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(2)Exchange information via mutual visit exchange of test facilities

(3)Write an ISO document via international workshops.

During the first year of the project, the test coupons for the round-robin experiments were made
and preliminary experiments were carried out. Visits to the test facility at OENRA, France and
KIT, Japan were organized. During the visits, a demonstration experiment was carried out and
the discussion on the ISO standard was held. In this report activities of the first year are
summarized.

2. International Round Robin Experiment
2.1 Test coupons

Three types of test coupons were prepared. They are named as Type-A, Type-B and Type-C
and their pictures are shown in Fig.1.

Figure 1-a: Photopgraph of Type-A coupon. GaAs coupon (upper left), small Si coupon
(upper right) and large Si coupon (bottom)

Figure 1-b: Photograph of Type-B coupons.
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Figure 1-c Photrograph of Type-C coupon. TJ cells (left) and Si Cells (right)

The purpose of the type A coupon is to investigate energy and current injection to primary
arc plasma via coverglass charge. When a primary arc occurs, arc plasma expands over the solar
array surface like surface flashover. The plasma makes current path between the coverglass
surface and the arc inception point and the charge of coverglass is released like a RC discharge
where R is the resistance of arc plasma and C is the capacitance of coverglass.

There has been controversy over how far this arc plasma bubble expands, because the area
covered by the arc plasma determines the total capacitance and energy involved in the RC
discharge. Because the solar array ESD tests are carried out in a finite volume of a vacuum
chamber, the size of solar array coupon is limited, which is often much smaller than the area
that the arc plasma will cover. Therefore, we usually adjust the external capacitance Cey; to make
the energy injected to the arc plasma the same as the one in orbit.

The energy supplied by the external capacitance Cey is important from two points of view.
They are the following;
® The arc energy may determine the primary arc conductivity and likelihood of a
primary arc becoming a secondary arc.
®  The arc energy determines likelihood of solar cell performance degradation.

Various institutions carried out experiment to measure how far arc plasma expands over
solar array®**®l. So far, we have not seen the limit of the plasma expansion. In Refs.2 and 3,
coverglass of entire solar panel of 1m size lost charge due to a primary arc. At present the
majority of opinion is that we have to prepare for the case where arc plasma expands over a full
panel or even a full paddle. Then the energy supplied by the external plasma will become of the
order of 1J. Although the energy supplied by coverglass might be very large, it is not injected
instantaneously as the arc plasma expands with a finite velocity. The expansion velocity
measured by the various institutions vary from 0.7x10* m/s to 1.4x10* m/s for the case of
inverted potential gradient under electron beam irradiation®**!,

The remaining issues are to agree on the limit of plasma expansion, if any, and to agree on the
expansion velocity. With the agreements, we can propose a model of appropriate current
waveform that simulates the primary arc current that would occur in orbit. Once the current
waveform is fixed, the external circuit connecting the capacitance Ce Should be modified to
reproduce the waveform.

The type A coupons shown in Fig.1-a were originally made during a joint research project
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of KIT/MELCO/Sharp/ONERA/CNES/Alcatel. The NEDO-grant research project started based
on the previous collaboration of the six parties. The six parties research members agreed to use
some of the results obtained using the type A coupons shown in Fig.1-a, as making additional
sets of type-A coupons were very expensive. The type-A coupons consist of mechanical solar
cells that do not necessarily have flight quality electrical output. But the way the solar cells are
laid down and the substrates are the same as typical flight solar arrays. The TJ coupon has
MgF2 AR coating so that luminescence associated with expanding plasma can be easily
detected by a high speed camera. The TJ coupon and the small Si coupons has been tested at
KIT. The large Si coupon was tested at ONERA and will be shipped to NASA/OAI for further
test in late 2006.

Electron beam gun

Videacamera

MW Potential
J- robe

1

Figure 2: Circuit diagram of Type-A coupon test and test set-up..

In the type-A coupon tests, we bias the coupon without any external capacitance. The
current to/from every solar cell strings (5 strings for the small Si and theTJ coupons) is
measured by a current probe (see Fig.2). When an arc occurs at one string, the coverglass of the
unarced string will provide charge to the arced string. By measuring the current, we can know
from how far away unarced string can provide the charge. Also by measuring the time-delay
among the currents, we can deduce the propagation speed of the expanding plasma. The
expansion can be directly observed by a low-light video camera if coverglass emits
luminescence (Fig.2). Non-contacting surface potential probe is also used to measure the change
of surface charge distribution before/after each arc.

The purpose of type B coupon is to investigate Solar cell degradation due to repeated
primary arcs. During the past ESD tests at KIT, we found solar cell electrical performance
degraded due to a primary arc alone. There are two types of degradation mechanism. One is
contamination of coverglass surface. The other is short circuit of PN junction due to arc tracking.
Short circuit of PN junction occurs both for electron beam experiment and low temperature
plasma environment. Because primary arc inception is unavoidable in GEO unless entire solar
array surface is made conductive or rigorous active charging control is done, the power
degradation due to primary arcs should be included in power design to leave a margin in
satellite power at EOL.

As the previous tests were carried out using solar array coupons which had series-connected
solar cells, it was often difficult to do detailed analysis of the damaged cell. Each type-B coupon
was made with only one solar cell, so that the individual coupons can be analyzed easily. The
tests of type-B coupons are carried out in the following manner. First we bias a coupon with an
external capacitance, C but without the resistance R. After each arc, the 1-V characteristics
under dark condition are measured connecting a DC source power meter. If a solar cell degrades,
the degradation manifests as decrease in the shunt resistance of solar cell. The external
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capacitance is increased from a small starting value until we see degradation. Once degradation
is noticed, we now fix the external capacitance and insert the resistance in the external circuit.
The resistance works to decrease the arc current peak and widen the pulse width.

D, Dy
V2
V1 L fCV
source
CcC
sourc

_CPlp |_| Ebeam  cpy D,

D, JEth (~Uv

V2

Ry '|'cv
source

Figure 4: Circuit diagram of type-C coupon test for normal gradient condition.

The purpose of the type C coupon is to investigate dependence of secondary arc occurrence
on primary arc inception method. One of the major purposes of ESD test is to examine whether
a primary arc that occurs between the HOT string and the RTN string becomes a secondary arc
or not. Usually test coupons are made according to the design specification and we seek the
combinations of string current and string voltage that can have secondary arc. If those
combinations are well below the in-orbit operational condition of the solar array being tested,
the design is declared as safe from secondary arc.

A serious problem associated with this kind of ESD test is that we have to wait for a
primary arc to occur at the point where we want it occur. Primary arcs can occur anywhere
around a solar cell as long as triple junction along the edge is exposed to space. It is difficult to
control the timing and the position of primary arc inception. Experimenters always want to do a
controlled experiment. If the transition probability is the same regardless the way we produce
the primary arc, we can use the most efficient and controlled method to produce primary arcs
between the strings to save the test time that is sometimes a determining factor of test cost.

Up to now several methods have been tried to induce primary arcs. Most often, those

methods are based on the inverted potential gradient because the threshold voltage is lower. In
the inverted potential gradient set-up, the solar array circuits are biased to a negative potential
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with respect to the chamber ground. The coverglass is charged more positively either by

(1) Emission of secondary electrons due to impact of an electron beam

(2) Attraction of low energy (typically a few eV) ions produced by a diffusive plasma source
(3) Attraction of energetic (typically 1 keV) ions from an ion beam

(4) Emission of photo-electrons due to irradiation of UV ray

Normal potential gradient condition is also used because we can avoid the use of a high
voltage power supply. The power supply V, rsistance Ry, the capacitance Cey are removed and
RTN string of solar array circuit is connected to the chamber ground. The coverglass is charged
negatively by
(5) Attraction of electrons due to irradiation of an electron beam
It is rather easy to focus an electron beam at a high energy and concentrate primary arcs to a
desired point.

Among the five methods mentioned above, the methods (1) or (4) give the best simulation
of the charging situation in GEO. The method (2) gives the best simulation of LEO. The best
simulation method, however, is not always the most efficient method to induce primary arcs.

Figure 5:  Video image of high speed image intensified camera. The top picture indicates the
type-A coupon in the frames of the video sequence. Exposure time of each frame is 2ps.
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The length scale of secondary arc phenomenon is usually less than Imm. In this length
scale, the plasma environment surrounding the solar array is probably irrelevant to whether a
given primary arc becomes a secondary arc or not. If this statement is true, we can use a method
that produces a primary arc most efficiently regardless the orbital situation we are testing.
Before to do so, we need more evidence to support the validity of the assumption. The best way
to investigate the validity is to test identical test coupons in different environments and see
whether the thresholds of secondary arc formation are the same among the environment.

In total six type-C coupons were made. Three coupons use triple junction cells and the other
three use silicon cells. Each three coupons are identical. Each set was distributed to KIT,
NASA/OAI and ONERA for testing. Each institution plans to carry out secondary arc test using

the method (1), (2) and (5) and compares the results with others. Figures 3 and 4 show circuit
diagrams used at KIT for the type-C coupon tests.

2.2 Preliminary results of round robin experiments

In Fig.5 we show high-speed image-intensified camera images taken just after inception of a
primary arc. A donuts-shape luminescence is clearly seen, which indicates plasma expanding
radially from the arc spots. In this case the neutralizing plasma covered all of the coupon surface
(40cmx40cm) and the propagation velocity is estimated as 3x10*m/s. Currently we are planning
to use an image intensified camera to take many snapshots of the expanding plasma to
accumulate the statistical data about the propagation of the expanding plasma.
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Figure 6: VI characteristics of a TJ coupon after experiments.

In Fig.6 we plot the VI curves measured after the experiments of a TJ type-B coupon. One TJ
type B coupon was exposed to series of arcs. The parallel resistance of the coupon decreased
significantly and the peak power dropped from 970mW to 208mW. The arc current that caused
the largest degradation had a peak of 50A and the total arc energy was 30mJ. Figure 7 shows a
magnified photograph taken by a microscope after the experiment. It is shown that arc track

runs from the N electrode the P electrode, which suggests short-circuit of the solar cell PN
junction.

The results shown in from Figs. 6 and 7 are taken at KIT. During the visit to ONERA in
September 2006, a similar test was carried out as a demonstration. The type B coupons sent
from Japan were used. Similar behavior of the solar cell degradation was observed. Because
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there were also American members present at the demonstration experiment, we confirmed that
solar cell degradation due to ESD was real and the subject should be studied further.

Figure 7: Example of arc spots left on the type-B coupon.

At KIT we tested three different test environments for a type-C coupon. The results are
summarized in Fig.8. The inverted gradient condition, either plasma or electron beam gave
more or less the same result. The normal gradient condition produced by electron beam,
however, had a completely different result from the other two cases. Because the primary ESD
current was too small to induce a secondary arc, it would give misleading and underrepresented
results if the normal gradient condition were used as the ESD test method. The similar tests
were carried out at ONERA in 2005. Their results were contradictory, where the beam normal
gradient condition gave secondary arcs as easily as the other two methods. This discrepancy
should be investigated further.
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Figure 8: Results of type-C coupon secondary arc test under different charging conditions.

3. Other activities

In September 2006, the visit to the research facility of ONERA at Toulouse, France was
organized for one week. A representative of European Space Agency was also invited as an
observer, because ESA plays an important role defining European Common Standard for Space
(ECSS). Demonstration experiments were carried out at ONERA using JONUS chamber and
framework of the ISO documentation was discussed.
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In November 2006, the First International Workshop on 1SO Standardization of Electrostatic
Discharge Test of Satellite Solar Array was held in Kitakyushu. In conjunction with the
workshop, the visit to the research facility of KIT was organized. More than 30 participants
attended the demonstration experiments that were carried out using the round robin experiment
coupons. In the first workshop, the first version of the working draft of ISO document was
discussed. 40 people from Japan, US, Europe and China participated. The working draft was
reviewed line by line.

Figure 9: Group photos of visit to ONERA (left) and KIT (right)

4. Conclusion

Since the start of the project in October 2005, the research has progressed significantly. The
first workshop held in November was an important milestone toward the establishment of the
I1SO standard. In February, the new work item proposal regarding “Space Systems - Space Solar
Panels - Spacecraft Charging Induced Electrostatic Discharge Test Methods" has been submitted
to ISO. The official process has now begun. The next important milestone will be the second
international workshop that will be held at Biarritz, France on June 22nd, 2007 following the
10th Spacecraft Charging Technology Conference.
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2. BBLVKEIZH TR FHIERIZLDHE (Rainer and Reitz, 2007)

Table 11.6. Mission doses from galactic cosmic rays for Reference Missions to the Moon and Mars,

Spacecraft  Solar Shield BFO-equivalent dose rates BFO-mission equivalent dose/mSv

shield activity  material

thickness inspace on Moon on Mars® Moon, 190 days Mars, 450 days Mars, 47 days
gem2 mSva” mSva' mSva~!

10d 180d 190d 420d 30d 450d 422d 525d W7d
trip stay total trip stay total trip stay total

| Alu nLy 3559 195 175 195 8184 828 813 993
(pressure 1977 min PE 694.7 3474 119 190 171 190 7988 98 809  BO26 171 974
vessel) Alu ma 1359 74 670 44 3124 N7 3139 402
1970 max PE 2652 132.6 61 72 653 706 3050 50 310 3064 817 3

5 Alu 6469 3235 1.1 1594 177 7439 754 474 918
(equipment 1977 min  PE 584.3 202 19 160 144 160 6719 98 682 6751 171 846
room) Alu 255.6 1278 70 630 700 2939 99 2953 38
1970 max PE 292 114.6 61 63 566 628 2636 S50 269 2648 877 33

10 Alu 589.0 294.5 16.1 1451 161 6773 687 6805 852
(shelter) 1977 min PE 49.0 249.5 19 137 1230 137 5738 98 584 5765 1Tl 748
Alu 239.5 1198 66 390 656 2754 B0 2766 364

1970 max PE 198.7 994 61 54 490 544 2284 50 233 296 8§77 317

20 Alu 517.6 258.8 142 1275 M2 5952 605 598.0 769
1977 min PE 4140 2070 19 1.3 1020 113 4761 98 486 4783 171 649

Alu 7.7 1089 60 537 596 2503 255 2515 339

1970 max PE 166.3 832 61 46 410 455 1912 50 1% 1921 877 280

¥ minimal shielding only

R3. KELABEIRILF—TOMIRRIZES B TO#HIE (Rainer and Reitz, 2007)

Table 11.4. Worst! case SPE radiation exposures in Sv during different mission phases for critical tissues under different mass shielding, given in
parentheses in equivalent gem® aluminium; lens = ocular lens; BFO = blood-forming organs.

Mission phase  Concluding Space suit (0.3) Pressure vessel (1) Equipment room (5)  Radiation shelter (10)

Skin Lens BFO Skin Lens BFO Skin Lens BFO Skin Lens BFO

Free space Z=1 173.80  66.80 378 5540 3180 34 57T 501 168 226 213 1.06
Z=2 11490 1330 040 820 330 035 066 049 024 035 029 0.19
ISZLI0 530 09 001 050 020 000 002 002 <001 <001 <001 <001
1<Z< 090 020 001 020 0o 001 001 001 <001 <001 <001 <001
ALZLN 020 010 001 010 010 001 002 000 <001 <001 <001 <001
T 29510  81.30 411 6440 3550 352 648 554 193 262 243 1.26
Lunar surface  Z=1 8690 3340 189 2770 1590 157 289 251 084 113 1» 0.53
Z=2 5745 665 020 410 165 018 033 025 012 018 015 0.10
I<Z<0 265 045 <001 025 010 <001 001 001 <001 <001 <001 <001
1<Z<N 045 010 <001 010 005 <001 <001 <001 <001 <001 <001 <001
ALZ<H 000 005 <001 005 005 <001 001 <001 <001 <001 <001 <0.01
Total 14755 40.65 11 3220 1775 176 34 277 097 13 1n 0.63
Martian surface  Total 045 0.4 032 044 042 031 038 037 028 033 032 0.25

¥ 23 February 1956 event (GLE 5) as approximated by 10X fiux of 29 September 1989 event (GLE 42).
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The ground-based experimental results of the incident angle dependence on the erosion rate of
polyimide under hyperthermal atomic oxygen beam exposures are reported. A hyperthermal atomic
oxygen beam was generated by a laser detonation-type atomic oxygen beam source. In-situ mass
loss measurement was made during the atomic oxygen exposure using a quartz crystal microbalance.
It was observed that the erosion rate of polymers was followed cosine function with respect to the
incident angle of atomic oxygen.  This experimental finding clearly indicates that the reaction yield
of atomic oxygen with polymers is independent of the incident angle. As for the fluence monitoring
material, erosion depth or mass loss of polyimide simply reflects the effective atomic oxygen fluence

which is calculated by multiplying normal flux and cosine of the incident angle.

1. Introduction

There exist many environmental factors in low
Earth orbit (LEO) such as microgravity, thermal
cycling, plasma, ultraviolet, radiation, neutral gas and
space debris. In particular, one of the most important
factors that gives serious damage to the many
polymeric material is atomic oxygen, which is a
dominant neutral species in LEO. Due to the
difficulty to simulate atomic oxygen environment in
laboratory, details of the erosion properties are still not
understood deeply. Many polymeric materials are
exposed to real space environment as well as simulated

atomic oxygen environment to study their survivability.

Since the absolute fluence of atomic oxygen in
material exposure test is difficult to determine, Kapton
equivalent fluence is widely accepted as a method to
measure atomic oxygen fluence. In this method, the
material erosion of a targeted polymer is compared
with that of Kapton-H whose erosion rate is assumed
to be 3.0 x 10%* cm*/atom. However, it is natural to
consider that the material response with hyperthermal
atomic oxygen collision depends on a material. It is
thus emphasized that the erosion properties of
Kapton-H (PMDA-ODA polyimide) in various
exposure conditions have to be well-understood as a
standard material for material erosion tests. Not only
PMDA-ODA polyimide, but also polyethylene and
fluorinated polymer should be studied in the same
manner since ASTM-E2089, which describes standard
method of atomic oxygen testing, requires the
measurement of the erosion rate of these polymers as
standard materials [1].

In our previous study, we have reported the
temperature dependence of polyimide erosion under
hyperthermal atomic oxygen beam exposure [2]. It
was discovered that the erosion rate of polyimide is
almost independent of temperature under 120 °C.

From the slope of the Arrhenius plots, the activation
energy of the mass loss reaction is calculated to be 5.7
x 10™ eV for the 5.0 eV atomic oxygen beam. This
activation energy is evaluated that the erosion of
polyimide in  hyperthermal atomic  oxygen
bombardment is temperature-independent below 120
°C. This unique property is due to impact energy as
high as 5 eV. In contrast, Minton et al. reported that
the erosion rate of polyimide increases in the
temperature range higher than 120 °C [3]. These
research results suggest that the material exposure test
should be conducted below 120 °C in order to use the
erosion yield of 3.0 x 10%* cm*/atom for Kapton-H.

On the other hand, these material erosion properties
have been experimentally measured by the normal
incidence of atomic oxygen. However, the incident
angle of atomic oxygen in the flight tests depends on
the attitude of spacecraft. Especially, the exposure
time of flight experiments aboard the International
Space Station are usually longer than those aboard
space shuttle, and may be affected by its attitude.
Also actual MLI is bombarded by atomic oxygen in
various incident angles and the effect of incident angle
should be taken into account for precise predictions of
its erosion.

In this paper, we summarize our recent results
regarding incident angle dependence of atomic
oxygen-induced erosion of polyimide and some other
polymeric materials from the viewpoint of space
environment monitoring material.

2. Experimental details

The laser detonation atomic oxygen source was
used in this experiment [4]. The atomic oxygen
source is based on the laser detonation phenomenon
and is originally developed by Physical Sciences Inc.
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[10, 11]. This type of atomic oxygen source uses a
pulsed CO, laser (5-7 J/pulse) and a piezoelectric
pulsed supersonic valve (PSV). The laser light is
focused on the nozzle throat with the concave Au
mirror located 50 cm away from the nozzle. The
PSV introduces pure oxygen gas into the nozzle and
the laser light is focused on the oxygen gas in the
nozzle. The energies for the dissociation of oxygen
molecule to oxygen atom and for the acceleration are
provided by the multiphoton absorption process. The
atomic oxygen beam, thus generated, is characterized
by a time-of-flight (TOF) distribution measured by the
guadrupole mass spectrometer installed in the beam
line. Translational energy of the species in the beam
is calculated using TOF distributions with the flight
length of 181 cm. The mean energy of the
hyperthermal atomic oxygen was calculated to be 4.7 -
5.0 eV, whereas that of molecular oxygen (byproducts)
was 5.0 — 6.0 eV. The atomic oxygen fraction in the
beam was approximately 45 %, balance molecular
oxygen (thermal and hyperthermal). The atomic
oxygen flux of the beam was measured by an
Ag-coated QCM. A typical atomic oxygen flux at the
sample position was calculated to be 10" — 10%
atoms/cm?/s depending on the distance from the
nozzle.

Quartz crystal microbalance (QCM) was applied to
measure mass change of the polymer films. QCM is
a device measuring a mass change of the oscillating
quartz crystal, and it is proud of one of the highest
mass resolution in mass-measurement technologies
existed. In space engineering, QCM was used as a
molecular contamination monitor during a flight
mission [6]. QCM has also been used in the atomic
oxygen-related researches. We have pioneered using
QCM in order to measure translational energy
dependence of polyimide erosion with an ion
beam-type atomic oxygen source in 1994 [7, 8]. The
synergistic effect with simultaneous ultraviolet
exposure has been studied with this method [9-11].

In this study, spin-coated PMDA-ODA polyimide
film (Semicofine SP-510, Toray) on an Au-QCM was
used as a target material. A polyimide amide acid
was spin-coated on a quartz crystal at 12,000 rpm for
30 s, and the curing treatment at 150 °C for 1 hour
then 300 °C for 1 hour was carried out in order to form
polyimide structure with a thickness of approximately
0.1 um. Polyethylene is also spin-coated on a QCM
sensor  crystal. In  contrast, fluorinated
polymer-coated QCM was prepared by the
plasma-assisted physical vapor deposition [12].

3. Results and discussion

3.1 Polyimide
Figure 1 displays the frequency shift of the QCM

P XOX 2l ENR NoX J

Frequency Shift (Hz)

20 40 60 80 100 120 140 160 180
Exposure Time (s)

Figure 1  Frequency shift of polyimide-coated QCM
during atomic oxygen exposure.

during atomic oxygen beam exposures at impingement
angles from 0 to 90 degrees. The impingement angle
was taken with respect to the surface normal. A good
linear relationship between the frequency shift and
exposure time, i.e., mass loss and atomic oxygen
fluence, was observed at all impingement angles.
The good linearity of the mass loss with fluence was
also identified for larger time scale [13]. The results
shown in Figure 1 were obtained at a sample
temperature of 38 °C, but similar results were also
observed at sample temperatures from 15 °C to 70 °C.
The slope of the mass loss rate at every impingement
angle was calculated by a least squares fit, and plotted
against the impingement angle. The results are
presented in Figure 2. It is clear that the rate of
frequency shift, or erosion rate, of polyimide depends
on the impingement angle and the dependence follows
cosine law as indicated by the solid line in Figure 2.
Note that the data point at the impingement angle of 80

0.03

o
o
N

Erosion rate (Hz/s)
o
I

000 1 1 1 1 1 1 1
0O 10 20 30 40 50 60 70 80 90 100

Incident angle (deg.)

Figure 2 Incident angle dependence of atomic
oxygen-induced erosion for polyimide.
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Figure 3 AFM image of polyimide after exposure to
atomic oxygen. 4.6 eV, 9.6 x 10*” atoms/cm?

degrees was affected by the QCM holder which
blocked a part of the incoming atomic oxygen beam.
Banks and co-workers reported that the
impingement angle dependence of the erosion of FEP
Teflon in the LDEF flight experiment followed cos"*6
law rather than a cosine law [14]. An analysis of the
flight data of Kapton-H and Mylar aboard STS-8
concluded that the impingement angle dependence
followed cos™®@ law [15]. However, their
conclusions were based either on a small number of
data points obtained by the flight experiments or on
the large uncertainty of the data which spoils the
accuracy of the analysis. Furthermore, no physical
explanation was provided for the cos™*¢ dependence.
The cosine law of the impingement angle
dependence observed in this experiment was
physically explained as follows: the effective flux of
atomic oxygen at the sample surface decreases with
increasing impingement angle; the effective flux of
atomic oxygen is in proportion to the cosine of the
impingement angle. The fact that the impingement

0.10

0.08

0.06

Erosion rate (Hz/s)

0 20 40 60 80 100
Incident angle (deg.)

Figure 4
polyethylene.

Incident angle dependence for

angle dependence of the erosion rate follows a cosine
law clearly indicates that the erosion rate is
proportional to the effective flux of atomic oxygen; i.
e., the reaction yield of oxygen atom with polyimide is
independent of the impingement angle. Figure 3
shows the atomic force microscope image of the
polyimide film that was exposed to atomic oxygen
with a fluence of 8.8 x 10" atom/cm?. Note that all
experimental data shown in Figures 1 and 2 were
obtained using the same sample, so that the atomic
oxygen fluence at the sample surface reached 10™
atoms/cm?, including pre-exposure of 6 x 10%
atoms/cm?, when mass loss data were taken.
Although, the atomic oxygen fluence in this study is
relatively small compared with many in-flight
experiments, the surface of the polyimide was already
roughened due to the atomic oxygen attack. The
peak-to-valley height of the surface was larger than 10
nm which is approximately 100 times larger than the
size of a carbon atom. Therefore, on the microscopic
scale, the impingement angle of oxygen atoms incident
to the polyimide surface is widely distributed due to
the presence of microscale roughness even though the
macroscopic impingement angle is fixed. Therefore,
the microscopic roughness at the polyimide surface
erase the impingement angle dependence of atomic
oxygen reactivity and the macroscopic erosion
phenomena of polyimide simply reflects the effective
fluence of atomic oxygen which follows cosine law
with the macroscopic impingement angle.

3.2 Other polymers

The same experiments were carried out using
polyethylene and fluorinated polymer-coated QCM.
Figures 4 and 5 show the incident angle-dependence of
erosion rate for polyethylene and fluorinated polymer.
It is clearly indicated that the erosion rates for both
materials follow cosine function. From the

0.7

0.6 |

05

0.4 |

Erosion rate (Hz/s)

0 20 40 60 80

Incident angle (deg.)

Figure 5 Incident angle dependence for fluorinated
polymer.
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experimental results shown in Figure 4 and 5, it is
concluded that the cosine rule is applicable for
material gasification reaction by hyperthermal atomic
oxygen in many polymeric materials.

4. Conclusions

The ground-based experimental results of incident
angle dependence on the erosion rate of polyimide
under hyperthermal atomic oxygen beam exposures
are reported. The in-situ mass loss measurement was
made during the atomic oxygen exposure by using a
quartz crystal microbalance. It was observed that the
erosion rate of polymers was followed cosine function
with respect to incident angle of atomic oxygen. This
experimental finding clearly indicates that the reaction
yield of atomic oxygen with polymers is independent
of the incident angle.

As for the fluence monitoring material, erosion
depth or mass loss of polyimide simply reflects the
effective atomic oxygen fluence which is calculated by

multiplying normal flux by cosine of the incident angle.

It is thus concluded that the Kapton equivalent fluence
can be calculated by taking into account the cosine rule
for the incident angle even if the Kapton witness
sample is exposed to atomic oxygen in angled
incidence conditions.
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Table 1. Impurity concentration of various silica glasses (unit: ppm)

Al Ca Cu Fe Na K Li Mg Mn Ti OH

N 9 0.6 0.03 0.4 0.6 0.3 0.2 0.2 <0.01 1.6 200

ES 0.1 0.1 0.01 0.05 0.05 0.05 0.05 | <0.01 | <0.01 | <0.01 | 1200
EDH <0.01 50
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PASSIVE MEASUREMENT OF DUST PARTICLES ON THE ISS (MPAC)
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Yugo Kimoto, Junichiro Ishizawa, Akira Fujiwara, Mineo Suzuki

Abstract
The Micro-Particles Capturer (MPAC) is a passive experiment designed
to evaluate the micrometeoroid and space debris environment, and to
capture particle residues for later chemical analysis. It is mounted on a
frame about 1 m long, which it shares with the Space Environment
Exposure Device (SEED), a materials exposure experiment. In this paper
we focus on (1) Visual inspection of the whole surface of MPAC&SEED,
and (2) Impact feature morphology and track analysis in the MPAC silica

aerogel.

1. Introduction

It is important to investigate pm - mm sized micrometeoroids and space
debris in the nearby space environment. This range of debris size
includes the majority of primary impactors on spacecraft, and also of
secondary debris formed by collisions. The distribution and composition
of small-sized debris are not well known, as these particles are too small
to be observed with ground-based telescopes or radar. In-situ sampling of
dust particles is useful to obtain information regarding the composition
and source of the debris.

MPAC is a passive experiment designed to evaluate the
micrometeoroid and space debris environment, and to capture particle
residues for later chemical analysis. MPAC experiments are not only
useful for evaluation of the dust (meteoroids & debris) environment in
the orbit of the International Space Station (ISS), but also useful in
estimating the effects of dust collisions on the ISS and of its own

emission of debris.

2. Description of MPAC&SEED Experiment

The Micro-Particles Capturer (MPAC) is a particle-capture experiment
consisting of three identical units (numbered #1 to #3), each containing
silica aerogel  [hereafter aerogel], polyimide foam and an aluminum
witness plate, and deployed on the exterior of the Russian Service
Module (SM) of the ISS. A more detailed description of this experiment,
together with impact flux and chemical data for impactor residues is
given by Neish et al., [1] and Kitazawa et al., [2]. MPAC is mounted on a
frame about 1 m long, which it shares with the Space Environment
Exposure Device (SEED), a materials exposure experiment (Figure 1).

Three SM/MPAC&SEED units were launched aboard Progress M-45
on 21 August 2001, and attached side-by-side on a fixture mechanism

attached to a handrail outside the SM via extravehicular activity (EVA)

on 15 October (Figure 2). The first unit (hereafter SM1/MPAC&SEED,
or SM1/MPAC if referring only to the particle capture segment) was
retrieved via EVA after 315 days’ exposure, and brought back to Earth on
board Soyuz TM-34. Then SM/2MPAC&SEED was retrieved after 865
days’ exposure and SM3/MPAC&SEED was retrieved after 1403 days’
exposure.). All SM/IMPAC&SEED units were retrieved safely. Details of
the SM/MPAC&SEED experiment plan are reviewed in Neish et al., [3]
and Kitazawa et al., [4].

Y Y
L. x |
— One MPAC/SEED unit e

io Expose materials to the i -

space environment
=SEED

Holder-1

Holder-2 Sample the space debris

and micrometeoroid
environments
=MPAC

Holder-3 MPAC: 3 materials

-Polyi
Holder-4 +6061-T6 aluminium plate

Dimension 900(H) x 570(W) x 156 (D)mm|

Launch mass 285kg
Return mass 9kg

Ram side

Wake side

Structural Aluminum alloy
material

- - - red outline: SEED materials; green outline: MPAC materials
Fig. 1 Configuration of SM/MPAC & SEED.

of

units during
exposure.

Three units were
attached on the

(RAM side view)

3. Inspection Procedure
3.1 Visual Inspection of the entire surface of SM/IMPAC&SEED
Visual inspection of the entire surface of SM/MPAC&SEED and
creation of basic data sets for curation were carried out according to the
following procedures: 1) Each surface of the SM/MPAC&SEED
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structure (includes MPAC’s samples and SEED’s environment monitor
samples) was scanned with the aid of an 8x optical scope. 2) When an
impact-like feature was detected, the 1D of the impacted part and the X
and Y coordinates of the impact were recorded. 3) Dimensions of the
feature were measured, and photographs and/or sketches were made of
the feature with the aid of a 50-175x CCD optical scope. 4) A
morphological assessment of the feature was made (impact-induced or

not).

3.2 Silica Aerogel Inspection

After removal of all aerogel tiles from the frame, silica aerogel tiles
(exposed area: 37mm x 37mm per tile) were inspected as follows: 1)
Each tile was scanned individually with the aid of a 150x CCD optical
scope. 2) When an impact feature (T/Den>1 and Den>100um, T: Track
length, Dey: Diameter of the track on the aerogel surface) was located, its
X and Y coordinates were recorded and photographs and/or sketches of
the feature were made. 3) Track length, inclination angle to the surface
and other morphological parameters of the track were measured, and
particle remnants were searched for. When typical tracks were found,
aerogels were sliced with a microtome into thin, small pieces of between
1 and 3 mm thickness and the following procedures were performed. 4)
Optical microscope images and SEM images of selected typical tracks
were obtained. 5) EDS, X-ray diffraction and Raman spectroscopic
analyses were carried out to determine the chemical composition of

residues left in the tracks.

4. Inspection results
4.1 Entire Surface of SM/MPAC&SEED
Visual inspection of SM/MPAC&SEED was conducted on all sample
holders. Data sets of impact features were compiled for curation.
Morphological judgment placed the feature in one of three categories.
Class | (the first quality level): hypervelocity impact-induced features
which meet all of three criteria (<1> the feature has a crater-like rim
and/or central peak, <2> the feature has radial cracks and/or ejecta, <3>
the feature has a shape similar to those induced by hypervelocity impact
experiments.). Class Il (the second quality level): probably
hypervelocity impact-induced features which meet one or two of the
criteria. Class I11: not hypervelocity impact-induced features.
The number of impact-induced features was almost directly related to
the exposure period (Figure 3). The impact rate was almost constant,
with the sum of Class | and Class II events about 15 impacts per year.

Detailed analyses of impact features and residues will be performed.

4.2 Silica Aerogel Inspection

The inspection of silica aerogels from SM1/MPAC and SM2/MPAC
has been completed, but the inspection of SM3/MPAC is still underway.
Here we present the findings on SM1/MPAC and SM2/MPAC aerogels.
Inspection data and discussion of dust impacts on the 6061-T6 Al plate

and polyimide foams are reviewed in Neish, et al.[1] and Neish, et al.[3].

60 |

7’ /+
50T cf: .7  Total Impact Features
Total Impact Features of .7 of MPAC&SEED
g MPAC&SEED include Re
c 40 "
=3 second guality level. Pid
E 4 SM#3
5 30 o
3 -7 SM#2 MPAC&SEED Structure
E 2
-4
o} SM#1 - iy
Y MPAC (Polyimide foam)
& &
o A . e | J

0 200 400 600 800 1000\ 1200, 1400 1600
MPAC (Silica Aerogel)

Exposure Period (Day) N
MPAC (Aluminum Plate’

Fig.3 Number of impact features of the first quality level (Class I) on
SM/MPAC&SEED versus exposure period.

4.2.1 Surface alterations of silica aerogel

Figure 4 shows surfaces of retrieved aerogels.

The aerogel surfaces on the WAKE side are yellowish and have
countless fine cracks. SM2/MPAC displays more pronounced yellow
discoloration and more fine cracks than SM1/MPAC. The appearance of
the surface of the aerogel near the cracks is similar to that produced by
the deposition of metal vapor with a thickness on the order of one um. In
contrast, the RAM sides became whitened and a maximum of about
seventy very minute tracks (Dene <20pum, and T<300um) per aerogel were
detected in SM1/MPAC. Moreover, in SM2, about a thousand foreign
bodies were found in each aerogel (milk-white ellipses, average diameter
about 100 pm) instead of minute tracks. Similar shapes are produced
when atomized organic solvent hits the aerogel. EDS detected carbon in

addition to the Si and O that are the main ingredients of the aerogel.

RAM Face -

Non-Flight Surface

WAKE Face -

Fig. 4 Surface alterations of exposed aerogel.

4.2.2 Typical tracks in silica aerogels

Figure 5 shows comparisons of two impacts with hypervelocity impact
experiment results (Kitazawa, et al.,[5] ). Regardless of surface
alterations of the aerogel, tracks from experimental hypervelocity

impacts are quite similar to those seen in flight tests.

Track Images in
MPAC aerogels

Examples of Hypervelocity Impact
Experiments (Kitazawa et al. 1999)

* | Impact velocity:
6.5 km/s @ 45°

Impact velocity:
| |4.8 km/s @ 45°

Fig.5 Comparison of tracks in MPAC aerogels with experimental

hypervelocity impact tracks.
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4.2.3 Chemical composition of captured particles

Metals (aluminum and others), TiO,, ZnO, CaCO; etc. were found in
captured dust particles and/or inner wall surfaces of tracks. Figures 6-8
show examples of chemical analyses. Figure 6 shows an analysis of the
inner surface of a track. An Al component was detected by EDS and the
Raman spectrum indicates the Al is metallic rather than a component of
Al,O; Figure 7 shows one of the smallest particles for which Raman
analysis was possible. Analysis shows the particle to be TiO,, a typical

space debris component.

Example 1 (SM#1: RAM side)

|::> Ramaﬁ"é’ﬁé&“l?um of Inner
Surface of the Track

Si

MW
Track in 3RD3 | M

(Carbon was coated for SEM-EDX)

EDX Analysis of Inner Surface of the Track
Fig. 6 Analysis of the inner surface of a track. Metallic aluminum

was detected.

3RD3#2
Example 2 (SM#1: RAM side)
R

‘Wavenumber (em)

TiO,Rutite

o (632.8nm)
o, From Univ of
Parma HP

Wavsnumber (cm’)

Captured Particle in 3RD3
(Diameter: <2 pm)

Intensity

f

Raman Spectrum of Captured Particle

Fig. 7 Analysis of a minimum-size particle of TiO,.

Figure 8 shows one of the most interesting of the captured particles, a 20
um particle that is a mixture of Ag,O and Ag.S, an aggregation of
smaller particles with sizes of tens to hundreds of nm. A natural pyroxene
grain of about 1 pm in diameter is included whose EDS and X-ray
diffraction and Raman analyses indicate it to be a fragment of
H-Chondrite. X-ray diffraction identifies the particle as orthopyroxene,
and EDS shows the composition of the particle to be Wo;EngsFs,
(Cap,02M1.70F€0.285i206)

4.2.4 Estimated impact flux on silica aerogel

Table 1 shows a comparison of the impact flux estimated from
inspection of the aerogel and calculated results from MASTER-2001.
Particle diameter d was estimated using a linear relationship between d
and De, as reported in the experimental results of Kitazawa et al., [5]
and MASTER-2001 results refer to Neish, et al.[3]. Flux results from the
aerogel investigation indicate five to 100 times greater flux than
MASTER-2001.

Table 1. Impact flux estimated from detailed inspection compared

with calculated results from MASTER-2001.

RAM Side WAKE Side
; Particle pection Results Model Particle Impection Results Model
Di SM sM | Forecasls | | Diamet SN [ sMl | Forecess
[um] #1 #2 [fmélyr] [m] #1 #2 [fmtyr]
5 | 54%10° | |10 | 5 4.2X10° | | 2x10°
10 | 16%10° | | ax10? | 10 | 22x10° | | 7x10'
20 63X10° | 39X10° | 2X10° 20 | 1.4X10° | 26X10° | 2X10'
5. Discussion

5.1 Entire Surface of MPAC&SEED

A database of impact-like features and part IDs of all MPAC&SEEDs
are available for curation. The database also includes detailed inspection
results for MPAC samples. The sample curation system and sample
distribution plan will be discussed in the next step.

In Figure 3, the number of impact-induced features was almost directly
related to exposure period and the impact rate was almost constant. These
data show that during the exposure period of MPAC&SEED (October 15,
2001 - August 19, 2005), there was no noteworthy change in the dust flux

environment.

5.2 Silica Aerogel Inspection
5.2.1 Surface alterations of silica aerogel

In a previous aerogel experiment in space (Kitazawa, et al., [6]), no
noteworthy surface alterations were reported. In contrast, the surface
alterations of MPAC’s aerogels are quite remarkable, and seem to be the
result of the deposition of carbon-containing particles (whether gas,
liquid or solid) over the entire aerogel surface.

Problems in the operation of space stations such as MIR and ISS are
strongly related to the gas-particle environment that forms around the
station, which can contaminate external surfaces. The attitude control
thrusters widely used on space stations contribute significantly to the
formation of a gas-particle environment (Rebrov and Gerasimov [5]).

Figure 9 shows location of Soyuz, Progress, Service Module of ISS,
and MPAC&SEED. The effects of contaminants emitted from the

thrusters of the ISS, Soyuz and Progress are under discussion.

5.2.2 Typical tracks in silica aerogels

Regardless of any surface alterations of the aerogels, the shape of
penetration tracks, which are presumed to have been formed by
hypervelocity collisions with dust particles, are in good agreement with
track shapes observed in hypervelocity impact experiments (Kitazawa, et
al., [5]). Therefore, it is possible to estimate the impact parameters of the
dust particles, such as their diameter, impact velocity, impact direction,

etc., from the results of the hypervelocity impact experiment.

5.2.3 Chemical composition of captured particles
The captured particles were mainly metals (aluminum and others), TiO,
and other artificial space debris. The space debris particle shown in

Figure 8 is a mixture of Ag,0 and Ag,S, but it includes a small natural
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grain about 1 nm in diameter. Therefore, the particle is secondary debris
formed by natural meteoroid impact on the surface of the spacecraft. In
addition, as the particle features indicate, it is an H-Chondrite, and the
presumed size of the original meteoroid in earth orbit is greater than the

observed hundred pm.

5.2.4 Estimated impact flux on silica aerogel

Flux values estimated from inspection of the aerogels shown in Table 1
are five to 100 times higher than predicted by MASTER-2001. The
causes of elevated flux levels may be; 1) model uncertainties, 2) elevated
flux values from dust swarms (dust clouds), 3) contaminants emitted
from the ISS, Soyuz, Progress or the Shuttle, 4) secondary debris. It is
thought that at least the flux of the smallest particles (less than 10 um) is

affected by contaminants.

6. Near Future Plans
Detailed inspection of SM3/MPAC and analysis of contamination will
be carried out. An MPAC&SEED experiment is also scheduled for the

Japanese Experimental Module (Kibou).
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Abstract
Space agencies of some countries have space debris environment model for design of spacecrafts. These models can estimate
debris flux as a function of the size, relative impact velocity, and impact angle in a spacecraft orbit. However, it is known
calculation results of models are not always consistent with each other. Therefore, international common implementation
process of debris environment model is required. In this paper, as the first step of international standardization of
implementation process of debris environment model, we compared estimation results of debris impact flux in low Earth orbit
calculated by available three debris environment models, namely NASA’s ORDEM2000, ESA’s MASTER2001 and

MASTER2005.
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Table 1 Model characteristics

ORDEMZ2000 MASTER?2001 [MASTER2005
Size range >10 um >1um
Altitude range 200 - 2000 km 186 - 38786 km 186 - 36786 km
Time range 1991 - 2030 1958 - 2050 1957 - 2055
TLE background Yes
Fragments Yes
Objects |SRM dust/slag All sources Yes
source NaK droplets together Yes
terms Paint Flakes Yes
West Ford Needles Yes
Meteoroids None Yes
Modeling approrch Measurement data Semi deterministic analysis
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Fig. 1 Flux calculation results of three models against altitude and inclination
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Table 2 Specifications of DAICHI?

Launch 24 January 2006
Lifetime 3 - 5years
Size Satellite body 6.5 x 3.5 x 4.5 [m]
Solar array paddle 3 x 22 [m]
Sun synchronous sub recurrent
Orbit Altitude 692 [km]
Inclination 98.2 [deq]
Table 3 Specifications of suzaku?
Launch 10 July 2005
Lifetime 5 years
Size Satellite body 6.5 x 2.0 x 1.9 [m]
Solar array paddle 5.4 [m]
. Altitude 560 [km]
Orbit Inclination 32 [deg]
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Fig. 6 Flux against diameter in the SUZAKU orbit
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Possibility of sustained arc on solar array through plasma created by space debris impact
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Abstract
In recent years, a solar array of a spacecraft has become larger with the voltage higher. Therefore, the risk of debris impact and
discharge on the solar array is increasing. There is danger that discharge through the plasma created by debris impact leads to a
sustained arc and loss of the generated output from the solar array. In this study, hypervelocity impact test using two-stage light
gas gun and the pseudo debris impact test using YAG laser was carried out to evaluate possibility of the sustained arc on solar

array through the plasma created by space debris impact.

Key Words: Space Debris, Solar Array, Plasma, Discharge
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Measurement of photoemission current of materials used for thermal control
of a GPM/DPR project’s satellite
Takuya Okano, Yasushi Yamano, Shinichi Kobayashi (Saitama University)
Kumi Nitta (JAXA)

Some kinds of paint-type coating materials are used as a thermal control material for the dual-frequency
precipitation radar of the GPM core satellite. It is necessary to survey the characteristics of the thermal or
optical properties and mechanical properties, electrical properties about them. However, there is a few data for
electrical properties, in particular, the photoelectron emission characteristic in Japan. This report describes
results of measurement of the photoemission current from the paint—type coating materials excited by
ultraviolet—1light.

The used coating samples were seven kinds of white coating materials (inorganic conductive, inorganic nonconductive,
silicon based conductive, silicon based nonconductive) which are used for the antenna portion of DPR. The following
measurement results were obtained. Photoemission currents value of silicon based samples were smaller than those
of inorganic samples. Photoemission sites on inorganic conductive samples were distributed into active area and
inactive area. Photoemission currents value of conductive samples were larger than those of nonconductive samples

except for AZ-93 (inorganic nonconductive sample).

F—U— N HRE @, LR, ETEN

Keywords: Electron emission microscope, Photoelectron emission, electron current
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Measurement of Surface and Volume Resistivity of
thermal control materials used for the GPM/DPR project
Masahiro Takahashi (Saitama University), Yasushi Yamano (Saitama University),

Kumi Nitta (JAXA), Shinichi Kobayashi (Saitama University)

This paper describes surface and volume resistivity of materials used for thermal control of a GPM/DPR project’s satellite.
Materials used were three kind of white inorganic paint materials, which were called “AZ-93, AZ-2100 and AZ-2000”
respectively. These inorganic paint materials are planed to be used for the antenna portion of DPR. The surface resistivity and
volume resistivity were measured in atmospheric and vacuum condition. The measurement results showed that the surface
resistivity in vacuum condition becomes higher than that in atmospheric condition. As the cause, the influence of moisture vapor

adsorbed on the surface of thermal control materials can be considered.

F—— kB2 KRR, FEHE

Keywords : Vacuum, Surface resistivity, Volume resistivity
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Measurement for Conductivity in Electron-beam irradiated Insulating Materials
Wei Dang, Mai Tahara, Yasuhiro Tanaka, Tatsuo Takada and Rikio Watanabe
(Musashi Institute of Technology)

Abstract

Spacecrafts flying in GEO (Geo-synchronous Earth Orbit) are always exposed to plasma and radioactive-rays such as a-, - or
v-rays. Especially in GEO, dielectric materials are expected to be irradiated by high energy electron-beam. In the case of high
energy electron beam irradiation, the electrons are injected into the bulk of dielectric materials and they accumulate in them.
Because there are no basic data based on practical experiments, it is difficult to expect when and how an accident of ESD
(erector-static discharge) caused by accumulated charge will happen on spacecraft. Therefore, we need to measure the charge
distribution in the bulk of dielectric materials. We have been developing a system for measuring such a charge distribution in
dielectric materials using, so-called, PIPWP (Piezo-induced pressure wave propagation) method. However, the spatial resolution
was low and it was difficult that the space charge distribution measurement in the material used with actual spacecrafts. To obtain a
good experiment result, we must use the PEA (Pulsed Electro-Acoustic) method. It is necessary to develop a new PEA
measurement system, for a real-time, continuous measurement to secure reliability while irradiating the sample. In this report, It
introduces a small, real-time Space Charge Measurement System using PEA method.
Key words: space charge, PEA method, electron beam.
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Measurement of sustained arc threshold for satellite solar arrays (WG1)
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Abstract
In this paper, we report about the test result for Working Group 1(WG1), which was established to make a
Japanese guideline for spacecraft charging design. We investigated threshold conditions of sustained arc inception.
The TJ GaAs solar cells were tested. Laboratory tests were carried out with an external circuit simulating a spacecraft
power system. Solar array coupon panels simulating the hot and return ends of a string circuit were tested under various
combinations of string voltage and string current. We revealed that the threshold conditions of sustained arc formation
were different in string voltage even if the string current are same.
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